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1 Thesis Abstract 

The microbiome is closely linked to human health and disease. Research has shown that the 

microbiome changes throughout life but studies looking at: how early life events influence 

the differences in the microbial composition in mid-childhood; how the microbiome changes 

over a long period of time; and whether microbiome transplantation can shift imbalance in 

the human microbiome are limited. Thus, here I explore short and long-term fluctuations in 

the human gut microbiome that are associated with early life-events, ageing, and an 

intervention.  Firstly, I hypothesise that adverse early life events in preterm children change 

the microbial composition, functions and metabolic products of the gut microbiome in mid-

childhood. My results identified different active microbial species as classifiers of the 

preterm condition together with functional changes, altered profiles of plasma and faecal 

amino acids, faecal volatiles and faecal calprotectin levels. I speculate that the preterm-

specific changes observed in the active gut microbiome were established in early infancy and 

are associated with on-going low-grade gut inflammation. Secondly, characterisation of the 

gut microbial composition of artist Billy Apple
®

 from stool contaminated toilet tissues 

collected in 1970 and 2016 showed that the microbial composition in 2016 represents 45% of 

the microbial species in 1970. Moreover, components of Apple‟s microbiome were 

associated with the allele frequency at seven single nucleotide polymorphisms in his genome 

confirming that genetics contribute to the selection and maintenance of the microbiome over 

the artist‟s lifetime. Thirdly, I studied the short- and medium-term effects of lean donor faecal 

microbiota transplantation on the gut microbiota composition in a group of female 

adolescents with severe obesity. My results showed that the faecal microbiome 

transplantation is capable of shifting the recipient microbiota successfully at 6 weeks, post-

faecal microbiota transplantation. The engrafted microbiota remained unchanged for half of a 

year in spite of subtle dietary and environmental changes.  
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Chapter 1. Introduction to the human microbiome 

1.1 Foreword  

The work within this thesis is based on the idea that the microbiome is malleable and changes 

in relation to the early life adverse event, i.e. being born very preterm; over a person‟s 

lifetime; and as a result of deliberate short-term interventions using faecal microbial transfers 

(FMT). Therefore, this thesis will focus on three main topics: 1) changes of the gut 

microbiome of children born very preterm compared to children born at term; 2) the gut 

microbiome of Billy Apple
®
, an artist 46 years apart; and 3) gut microbial transfer from 

healthy donors to obese adolescents - a pilot study.  

Sections 1.2, 1.3, 1.4, 1.5, 1.7 and 1.8 were published as part of “New era of obesity and 

metabolic disorders: evidence and expectations for gut microbiome transplantation” by 

Jayasinghe et al, 2016 (Jayasinghe, Chiavaroli, Holland, Cutfield, & O‟Sullivan, 2016). 

1.2 Human Microbiome 

A human being has approximately an equal number of microbial cells and their “own cells” 

human cells (Sender, Fuchs, & Milo, 2016). A “reference man” (adult male, 20-30 years old, 

70 kg weight and 170 cm height) contains 39 trillion bacterial cells and 30 trillion human 

cells, which make 1.3:1 ratio of bacteria to human cells (Sender et al., 2016). At the gene 

level, our ~20,000 human genes (X. Yang, Xie, Li, & Wei, 2009) are vastly outnumbered by 

the human microbiome‟s 2 to 20 million microbial genes (at least 100 times the number of 

human genes) (Knight, 1993). These microbial genes (99%) are mostly encoded by the 

microbes within the human gut (Qin et al., 2010). It is increasingly clear that these microbial 

communities interact with the human host at many levels, which include the local and 

systemic gut and immune function  (Macpherson & Harris, 2004). 

There are a wide variety of micro-organisms residing in and on the human body consisting of 

bacteria, viruses, fungi, phages, and archaea (Cani, 2018). There are about 500-1000 different 

species of bacteria existing in the human body (Huttenhower et al., 2012). The most 
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dominant bacterial phyla in the human gut include Bacteroidetes, Firmicutes, Actinobacteria, 

Verrucomicrobia and Proteobacteria (Flint, Scott, Duncan, Louis, & Forano, 2012).  

Each individual has their own unique microbial population whose composition is affected by 

host genetic make-up, history of exposure to microbes, age, diet, environment, and 

geographical location (The Human Microbiome Project Consortium, 2012; Ursell et al., 

2012; Yatsunenko et al., 2012a). Moreover, even within an individual there are a myriad of 

distinct environments, each of which is colonised by different microorganisms (e.g. skin, oral 

cavity, gastrointestinal, respiratory, and urogenital tracts) (Gerritsen, Smidt, Rijkers, & de 

Vos, 2011).  

According to the Human Microbiome Project, the oral microbiome exhibits the highest 

within-subject microbial variation, measured by alpha diversity, compared to microbial 

diversity in other body sites (Huttenhower et al., 2012). By contrast, the vaginal microbiome 

has the lowest alpha diversity (Huttenhower et al., 2012). Moreover, between subject 

microbial diversity, measured by Bray–Curtis beta diversity, showed that the skin microflora 

has the highest Bray-Curtis index. However, oral and vaginal microflora is more or less the 

same among individuals (Huttenhower et al., 2012). Microbial compositions and 

functionalities in each person‟s unique microbiome change with time but, compared to 

between-subject microbiome changes, those changes are minor (Huttenhower et al., 2012). 

1.2.1 Spatial Distribution of the Gut Microbiome  

It is generally accepted that the high surface area and availability of nutrients make the gut an 

ideal site for microbial growth (Gebbers & Laissue, 1989; Sekirov, Russell, Antunes, & 

Finlay, 2010). However, the gut microbiota composition changes at different sites within the 

gut (E. G. Zoetendal et al., 2002) and even within the different layers of the gut epithelium 

(Donaldson, Lee, & Mazmanian, 2016; Earle et al., 2015; Tropini, Earle, Huang, & 

Sonnenburg, 2017). Factors like pH (O‟May, Reynolds, Smith, Kennedy, & Macfarlane, 

2005), oxygen level (Albenberg et al., 2014), nutrient availability (Berry et al., 2013), and 

immune factors (Vaishnava et al., 2011) contribute to this heterogeneity. For example, mice 

gut dissection studies have shown that facultative anaerobes like Proteobacteria and 

Lactobacillales are the dominant bacteria in the small intestine, while in the colon, where the 
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transit is slower, orders Bacteroidales and Clostridiales dominate (Gu et al., 2013; Peter J 

Turnbaugh, Ridaura, et al., 2009).  

Human microbial composition data are available mostly for the faecal samples, assuming that 

faeces reflects the microbial population of the distal colon. Therefore, there is limited 

information available on the spatial distribution of the bacterial community in the human 

intestine. It has been indicated that the microbial community of the distal ileum is similar to 

that of the proximal colon, and the distal colon has the highest microbial diversity compared 

to other parts of the small and large intestine (A. W. Walker et al., 2008). Despite this 

complexity, the ease of collection and the high microbial content (Hütter, Schweickhardt, 

Hunneman, Piper, & Spieckermann, 2012)
 
mean that faecal matter is generally used to study 

„the gut microbiome‟. Therefore despite the fact that the numbers of bacteria are several 

orders of magnitude larger in the distal colon, which seems to have a relatively uniform 

composition of microbes (Eckburg et al., 2005; Gerritsen et al., 2011; Ley, Peterson, & 

Gordon, 2006; Whitman, Coleman, & Wiebe, 1998), this does not reflect the situation 

throughout the entire gut.  

Not do only microbial communities differ between parts of the gastrointestinal tract, but 

different sections of stool itself harbour different microbes or microbial proportions. Solid 

and liquid parts of faeces again have different dominant microbes. For example, 

Ruminococcaceae in phyla Firmicutes are enriched in the solid part of the human stool while 

Bacteroidetes are prevalent in the liquid phase (A. W. Walker et al., 2008). There is less 

information about human gut-resident viral, fungi and protozoan communities and their 

interactions with different parts of the gut (Tropini et al., 2017). Further studies of human gut 

biopsies are required to understand the microbial communities living in different parts of the 

human gut. Furthermore, it must be borne in mind that faecal microbes do not necessarily 

inform on the composition of the microbiome within the distinct environments that are 

present throughout the gut and are characterised by differing levels of pH, oxygen levels, and 

food transit rates. 

1.3 How do we characterise the Microbiota? 

The application of metagenomic techniques (B.-S. Kim, Jeon, & Chun, 2013) to the study of 

the composition, functional capacity, ecology, and integration of human microbiota with 
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human cellular metabolism (Tremaroli & Bäckhed, 2012) is increasing our knowledge of 

how this „microbial organ‟ integrates into the human system. Metagenomic techniques 

overcome limitations of conventional bacterial cell culture and other molecular techniques 

that have been applied to the study of the gut microbiome (Table 1-1) (Aslam, Yasir, Khaliq, 

Matsui, & Chung, 2010). The Human Microbiome Consortium, the European Consortium of 

the Meta-HIT and the International Human Microbiome Consortium have developed and 

applied these techniques to understand microbial effects on human health and diseases (B.-S. 

Kim et al., 2013).  

Table 1-1: Techniques used for the analysis of microbial communities.  

Reprinted from “New era of obesity and metabolic disorders: evidence and expectations for 

gut microbiome transplantation” by Jayasinghe et al, 2016 (Jayasinghe et al., 2016). 

Category Advantages Disadvantages 

Denaturing gradient 

gel electrophoresis 

(DGGE) 

A comparative tool for the study of 

inter-sample microbial composition. 

Useful for studying microbial 

population changes over a specific 

time period (Vaughan et al., 2000).  

Specific taxonomic information can be 

obtained by band extraction followed 

by re-amplification and sequencing 

(Heuer, Hartung, Wieland, Kramer, & 

Braunschweig, 1999; Riemann & 

Winding, 2001). 

Less expensive than other techniques. 

Bias due to PCR 

(Wintzingerode, Göbel, & 

Stackebrandt, 1997) and 

different DNA extraction rates 

(Theron & Cloete, 2000). 

Provides a semi-quantitative 

measure of species abundance 

(Vaughan et al., 2000). 

Limited by cultivation 

techniques, especially for strict 

anaerobes (Vaughan et al., 

2000).  

The ecological role of microbes 

cannot be determined (Heuer et 
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al., 1999).  

16S rRNA gene 

amplicon 

sequencing 

Culture independent technique 

(Rajilić-Stojanović, Smidt, & de Vos, 

2007) used to detect a wide range of 

microbes by amplification and 

sequencing of variable regions within 

the16S rRNA gene sequence (Vaughan 

et al., 2000).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

PCR bias (Schloss, Gevers, & 

Westcott, 2011a; Sipos, Székely, 

Révész, & Márialigeti, 2010). 

On its own, it does not inform on 

microbes functionality within 

samples (Vaughan et al., 2000).  

Metagenomics, 

metatranscriptomic

s, and 

metaproteomics 

Culture independent techniques that 

identify gene composition and 

functional outputs of the microbes 

present in a sample (Verberkmoes et 

al., 2009).  

Ideally performed as a combination of 

metagenomics (populations‟ DNA 

complement), metatranscriptomics 

(population‟s RNA composition) and 

metaproteomics (populations‟s protein 

composition) (Verberkmoes et al., 

2009). 

Expensive (Wooley & Ye, 

2009). 

Complex bioinformatics (Meyer 

et al., 2008). 

Extraction biases. 

 

Conventional techniques for the identification and characterisation of microbial communities 

are mostly culture dependent and are unable to easily identify all of the microorganisms 

present and functional contributions that specific microorganisms make to the complex 

biological environments in which they exist (Verberkmoes et al., 2009). Despite their 

expense, metagenomic studies overcome many of these limitations. 
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1.3.1 Analysis of microbiome data  

Microbial sequencing data obtained from 16S rRNA gene sequencing, whole genomic 

shotgun and meta-transcriptomic sequencing undergo different bioinformatics and statistical 

procedures, which are relevant to analysis and interpretation of microbiological data (Figure 

2). The most common 16S rRNA gene sequencing data analysis package is QIIME2™ 

(canonically pronounced chime) which stands for Quantitative Insights Into Microbial 

Ecology (Caporaso et al., 2010). HUMAnN (HMP Unified Metabolic Analysis network) is 

used to analyse shotgun sequencing data from whole genomic sequencing (metagenomics) 

and metatranscriptomics (Abubucker et al., 2012).  

Figure 1-1: Different sequencing and bioinformatics strategies for human microbiome 

analysis.  

Image was downloaded from Bikel et al., 2015 (Bikel et al., 2015) in October 2018: Raw 16S 

rRNA sequences can be analysed by first filtering using quality filters and then clustering 

into operational taxonomic units (OTUs) to represent similar organisms. After that, those 

OTUs are BLASTed (Basic Local Alignment Search Tool) against known 16S rRNA gene 

databases and relative abundance of each OTU is calculated for each sample. The resulting 

OTU table is also used for downstream analysis. Shotgun approach consists of whole 

genomic, metatranscriptomic and viromic analyses. In the whole genomic analysis, the short 
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DNA sequences are mapped to reference genomes/genes to obtain putative microbial 

composition and functions. Viromics analysis, viral particles are enriched and sequenced. In 

the metatranscriptomics analysis, RNA sequences are mapped to reference pathways and 

genes in order to obtain the active microbial composition and functions. Furthermore, de 

novo assembly of genomes and transcriptomes can be also performed to identify novel 

genomes or pathways. 

 Qiime2™ 1.3.1.1

Qiime2 is an open source software package which is used to obtain bacterial population from 

16S rRNA amplicon sequencing data generated from Illumina, Ion PGM or other platforms. 

In the 16S gene profiling, raw DNA sequences will be demultiplexed (if necessary) and 

quality filtered (e.g. using filters DADA2, Deblur) to minimize the presence of sequencing 

artefacts in the Qiime2 pipeline (Caporaso et al., 2010). After the quality filtering is 

completed, The “feature-table summarize” command of Qiime2 gives information on how 

many sequences are associated with each sample (Caporaso et al., 2010). Furthermore, 

the “feature-table tabulate-seqs” command performs the clustering of sequence reads into 

OTUs to represent similar organisms followed by taxonomic assignment via blasting 

sequences against the “NCBI nt database” (Caporaso et al., 2010). Other features of Qiime2 

consists of phylogenetic diversity analysis, quantifying population diversity (i.e. within and 

between the samples, as the alpha and beta diversity measurements, respectively), taxonomic 

analysis; and visualizations (Caporaso et al., 2010).  

 HUMAnN  1.3.1.2

Human Microbiome Project (HMP) Unified Metabolic Analysis network (HuMAnN) is 

commonly used by the microbiome community to analyse whole genomic and 

metatranscriptomics sequencing data (Abubucker et al., 2012). HUMAnN generate the 

microbial composition and functional data directly from short DNA reads (Abubucker et al., 

2012). However, it is important to remove the short reads (e.g. reads less than 50 bases) by 

using a tool like Trimmomatic (Bolger, Lohse, & Usadel, 2014) followed by removal of 

human sequences using BMTagger (Rotmistrovsky & Agarwala, 2011). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/transcriptome
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 Lefse 1.3.1.3

LEfSe (Linear discriminant analysis Effect Size) determines the features (organisms, clades, 

OTUs, genes, or functions) which possibly explain the differences between groups by 

performing two statistical tests (i.e. Kruskal-Wallis and Wilcoxon signed rank test) (Segata et 

al., 2011).  

 MaAsLin 1.3.1.4

MaAsLin (Multivariate Association with Linear Models) is a type of multivariate statistical 

analysis to find associations between clinical metadata and microbial composition or 

functional data (Morgan et al., 2012). The clinical metadata can be of any type; continuous, 

boolean, or discrete/factor, and it is able to find the associations between many metadata and 

microbial measurements. Normalized microbial composition or functional data ranging from 

0 to 1.0 is required as the input for MaAsLin (Morgan et al., 2012). 

 

Figure 1-2: Overview of MaAsLin analysis. 

Image was downloaded from  http://huttenhower.sph.harvard.edu/maaslin in October 2018: 

Two data sets (i.e. metadata and microbial composition/abundance data) are used as input for 

MaAsLin analysis. Boosting and additive general linear models are performed in MaAsLin 

between one group of data (e.g metadata) and another group (e.g. microbial composition 

 

http://huttenhower.sph.harvard.edu/maaslin%20in%20October%202018
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data). Purpose of boosting is for choosing the metadata that is potentially to be associated 

with microbial abundances which occurs per OTU. Next, selected metadata data are used in a 

general linear model using metadata as predictors and OTU arcsine-square root transformed 

abundance as the response (http://huttenhower.sph.harvard.edu/maaslin). 

1.4 Importance of the functional microbiome 

The microbes comprising the human microbiome generally have a symbiotic relationship 

with the host. The human intestine provides them with a supply of nutrition and a relatively 

stable living environment. In return, microbes play a vital role in our body by digesting non-

starch polysaccharides into additional nutrients for the human host (Vercellotti, Salyers, 

Bullard, & Wilkins, 1977), synthesising metabolites (e.g. vitamin K, thiamine, biotin, folic 

acid, vitamin B12) (Gorbach, 1996), providing a physical barrier in the form of a biofilm to 

boost the immune system, and protecting from pathogens (Mazmanian, Liu, Tzianabos, & 

Kasper, 2005). Moreover, intestinal microbes may also be an important factor for brain 

development (Diaz Heijtz et al., 2011), metabolic function, hormone, and neurochemical 

production (Lyte, 2013a).  

1.4.1 Digestion of non-digestible carbohydrates into absorbable forms/metabolites 

Humans lack some endogenous enzymes which are required to digest plant polysaccharides 

or non-starch polysaccharides (NSPs). These NSPs include mono/oligosaccharides (100%), 

pectins (90-95%), cellulose (20%), β-glucans, pentosans, heteroxylans, and xyloglucan (Cook 

& Sellin, 1998; V. Kumar, Sinha, Makkar, de Boeck, & Becker, 2012). NSPs pass through 

the small intestine intact, as microbes in the small intestine use simple carbohydrates for 

energy (Erwin G Zoetendal et al., 2012).  Those undigested dietary NSPs are then fermented 

into the volatile short chain fatty acids (SCFAs) in the large intestine, specifically the 

caecum, by anaerobic bacteria (Macfarlane & Macfarlane, 2003). Other metabolites 

generated during this process include lactate, pyruvate, ethanol, hydrogen, and succinate (G. 

R. Gibson, Willems, Reading, & Collins, 1996).  

The main SCFAs produced by microbes in the colon are acetate (C2), propionate (C3), and 

butyrate (C4). Collectively these 3 SCFAs represent 90-95% of the SCFAs (Ríos-Covián et 

al., 2016). NSPs are the main contribution to SCFAs production, however branch chain 

http://huttenhower.sph.harvard.edu/maaslin
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amino acids such as valine, leucine, isoleucine can add approximately ~5% to the total 

SCFAs production. Resulting SCFAs are known as branch-chain short-chain fatty acids 

(BSCFAs) which includes isobutyrate, isovalerate, and 2-methyl butyrate (Ríos-Covián et al., 

2016). Colonic epithelium absorbs the majority of SCFAs via passive diffusion. Propionate is 

transported to the liver via the portal vein where it is used as a substrate for gluconeogenesis 

and regulates cholesterol synthesis (Cook & Sellin, 1998; Thursby & Juge, 2017). Colonic 

epithelial cells use 70-90% of the butyrate that is produced by the microbiome as an energy 

source (Cook & Sellin, 1998; Lora V Hooper, Midtvedt, & Gordon, 2002). Acetate is the 

main SCFA in the blood, and it is released into peripheral tissues where it is used as an 

energy source, and into the liver where it is used for lipogenesis and cholesterol synthesis 

(Guarner & Malagelada, 2003).  

1.4.2 Vitamin synthesis  

Vitamins are an essential type of micronutrient for human health. Vitamins cannot be 

synthesised endogenously by humans as we lack the genes that encode the necessary 

enzymes (LeBlanc et al., 2013). Bacteria are cable of producing water-soluble vitamins 

including Biotin, B12, folic acid, riboflavin (B2), niacin (B3), pantothenic acid, pyridoxine, 

thiamine, and fat-soluble vitamin K (Albert, Mathan, & Baker, 1980; Hayashi et al., 2017; M. 

J. Hill, 1997; Thursby & Juge, 2017). Bifidobacteria are the main producers of folate 

(Pompei et al., 2007) while lactic acid bacteria produce mainly vitamin B12 (LeBlanc et al., 

2013). Several human and animal studies have shown that microbial dysbiosis associated 

with intake of antibiotics results in a deficiency of the above vitamins causing different 

disease conditions such as Alopecia (Hayashi et al., 2017).  

1.4.3 Gut barrier functions 

The luminal surface of the intestinal tract is covered by a single layer of epithelial cells. The 

gut epithelium covers a huge surface area with brush border cells and villi. The tight 

junctions of the gut epithelium control the absorption of compounds into the bloodstream 

from the lumen. However, inflammation can cause increased permeability of the gut barrier 

which is also known as “leaky gut” (König et al., 2016). In this condition, compounds such as 

partially digested food, toxins, and microbes enter into the bloodstream further contributing 

to the underlying inflammations.  
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Gut microbes play an important role in epithelial cell homeostasis (e.g. development, 

maintenance and repair of the intestinal epithelium (Turner, 2009). It has been demonstrated 

that Bacteroides fragilis improves gut barrier integrity in offspring of the maternal immune 

activation (MIA)-mouse model by upgrading MIA-associated changes in expression of 

Claudins (i.e. transmembrane proteins of tight junctions) 8 and 15 (CLDNs 8 and 15) in the 

colon (Hsiao et al., 2013). It has been suggested that probiotic administration may treat the 

leaky gut by enhancing the gut epithelial barrier (Hsiao et al., 2013; Krishna Rao & Samak, 

2013; L. Madsen, 2012; La Fata, Weber, & Mohajeri, 2018). 

1.4.4 Development, stimulation and regulation of the immune system 

There is a symbiotic relationship between microbes and the host that modulates protection 

against harmful pathogens (Belkaid & Hand, 2014). Microbes play an essential role in the 

development of the gut immune system by programming both innate and adaptive 

components of mucosal immunity (Akira, Uematsu, & Takeuchi, 2006). Mouse models have 

demonstrated that immunoglobin A (IgA)-producing immune cells are absent in germ-free 

mice, but an increase in IgA was observed after bacterial colonisation (Chung et al., 2012). 

The number of T lymphocytes and plasmocytes within the intestinal lamina propria have also 

been shown to increase in response to intestinal colonisation (Goulet, 2015). Furthermore, 

development of CD4
+
 T cells is found to be influenced by the gut microbiota (König et al., 

2016). Microbial dysbiosis in inflammatory bowel disease (IBD) patients is hypothesised to 

significantly contribute to the compromised signalling of the mucosal adaptive immune 

system. Consistent with this, studies have demonstrated that microbial dysbiosis results in 

immune dysregulation, leading to autoimmune disorders (H.-J. Wu & Wu, 2012).  

1.4.5 Process nutrients and energy intake 

Microbes play an essential role in the harvest, storage, and expenditure of energy obtained 

from the diet. In a healthy individual, most of the carbohydrates (85%), protein (66%–95%) 

and all of the fat is absorbed in the small intestine (Cani et al., 2007). The indigestible 

carbohydrates and proteins, representing approximately 10%–30% of the total ingested 

energy, then enter the colon (Krajmalnik-Brown, Ilhan, Kang, & DiBaise, 2012). Colonic 

bacteria digest the undigested content including resistant starch, unabsorbed sugars, cellulosic 

and non-cellulosic polysaccharides and mucins into SCFAs which contribute 6%–10% of the 
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entire energy requirements in humans (Krajmalnik-Brown et al., 2012). Even though 6-10% 

seems to be a relatively small portion of the daily energy requirement, the impact of the 

microbiome on energy balance in humans is significant.  

Germ-free mice studies have helped to understand more about the role of microbes in energy 

harvest in human hosts. For instance, it has been demonstrated that germ-free mice are 

protected against obesity, and inoculation of microbes from conventionally raised mice to 

germ-free mice results in an increase in body fat content and insulin resistance (F. Backhed et 

al., 2004).  

1.5 Microbiome development in early stages of life 

The human gut is generally considered to be sterile in utero (Ley, Peterson, et al., 2006; 

Maynard, Elson, Hatton, & Weaver, 2012), with microbial colonisation thought to begin 

during delivery when new-borns come into contact with microbes from the maternal womb, 

vagina, faeces, and skin (J. S. Lee & Polin, 2003). The timing of the very first microbial 

colonisation of the infant was controversial as some researchers claimed that the sterile gut of 

a new-born infant starts colonisation immediately after birth (Cilieborg, Boye, & Sangild, 

2012). However, meconium of healthy neonates, collected within two hours of delivery from 

healthy mothers, has been shown to contain microbes (e.g. Enterococcus faecalis, 

Staphylococcus epidermidis and Escherichia coli) (Jiménez et al., 2008). This has led to the 

hypothesis that bacteria from the maternal gut are transferred to amniotic fluid, possibly via 

the circulation (Kornman & Loesche, 1980), and through foetal swallowing of amniotic fluid 

in utero (Goldenberg, Culhane, Iams, & Romero, 2008a; Neu & Rushing, 2011). Given that a 

foetus swallows 400-500 mL of amniotic fluid per day late in gestation (Dasgupta, 2016; 

Goldenberg, Culhane, Iams, & Romero, 2008b), only low numbers of microbes would be 

required within the amniotic fluid to facilitate microbial colonisation of the foetal gut. This 

mechanism of foetal colonisation is supported by the detection of microbes and microbial 

products within amniotic fluid isolated from healthy mothers (DiGiulio, 2012; M. Li, Wang, 

& Donovan, 2014). Finally, microbes have been isolated from the umbilical cord (Jiménez et 

al., 2005), placenta (Aagaard et al., 2014) and foetal membrane (Steel et al., 2005) of healthy 

infants (without infection or inflammation). Collectively these observations are consistent 

with the hypothesis that the foetus is colonised by microbes before birth. It is clear that the 

mother gives a major dose of microbes to the baby during the delivery, via milk and skin-to-
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skin contact. A study which analysed neonatal oral microbiomes has demonstrated that the 

neonatal oral microbiota is comprised of microbes of maternal oral (65.53%), placental 

(3.09%), and unknown (31.56%) origin. Notably, there was no evidence for microbes of 

maternal gut origin (Gomez-Arango et al., 2017). 

Facultative anaerobes are among the first colonisers of the gut (e.g. Enterococcus 

faecalis and Enterococcus faecium), but within days, strict anaerobes become abundant in 

full-term vaginally born infants (e.g. Clostridium, Bacteroides, and Bifidobacterium spp. 

(Adlerberth & Wold, 2009; Cilieborg et al., 2012). By 10 days of life, most healthy full-

term neonates are colonised by a heterogeneous bacterial microbiota, with bifidobacterial 

species dominant in breast-fed infants (e.g. Bifidobacterium longum, Bifidobacterium breve, 

Bifidobacterium bifidum, Bifidobacterium adolescentis, Bifidobacterium 

infantis and Bifidobacterium catenulatum) (Adlerberth & Wold, 2009; Itani et al., 2017). By 

around three years of age, the infants‟ gut microbiota attains the diversity and complexity of 

composition that resembles the mature adult anaerobic gut microbiota microbes (e.g. 

Clostridia, Eubacterium, Bacteroides and Escherichia coli) (Adlerberth & Wold, 2009; 

Chong, Bloomfield, & O‟Sullivan, 2018) 

1.5.1 Factors affecting the development of microbiome  

There are two broad groups of influences on the gut microbiome: dynamic factors (diet and 

drugs) and less dynamic factors (genetic, early events/exposures and lifestyle factors). Diet 

contributes to dynamic changes in the gut microbiome and influences approximately half of 

the microbial population activity (C. Zhang et al., 2010). Microbial colonisation at the very 

early stages of life is determined by several factors such as mode of delivery (D. M. Chu et 

al., 2017a), type of feeding (O‟Sullivan, Farver, & Smilowitz, 2015), environment 

(Rothschild et al., 2018), illnesses and antibiotic usage (Tamburini, Shen, Wu, & Clemente, 

2016). Age, diet, geographical location, supplements like prebiotics, probiotics, antibiotics; 

and environment influence the microbiome even after it is established (Fredrik Backhed et 

al., 2012). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/clostridia
https://www.sciencedirect.com/topics/immunology-and-microbiology/bacteroides
https://www.sciencedirect.com/topics/immunology-and-microbiology/bifidobacterium
https://www.sciencedirect.com/topics/medicine-and-dentistry/neonates
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  Mode of delivery 1.5.1.1

Mode of delivery (e.g. vaginal delivery or caesarean-section) has been observed to have a 

significant impact on the microbiota within the new-born gut (Dominguez-Bello et al., 2010; 

Neu & Rushing, 2011). Studies have demonstrated that caesarean-section (C-section) born 

neonates have delayed microbial colonisation (Cilieborg et al., 2012). Interestingly, children 

born by C-section have a greater risk of obesity in later childhood, suggesting a possible 

causal link between early gut bacterial colonisation and later obesity (Blustein & Liu, 2015). 

C-section has also been associated with colonisation with greater  numbers of Clostridium 

difficile and lower number of Bacteroides spp. (Penders et al., 2005, 2006). Gestational age 

of new-borns (e.g. born prematurely, at term or post-term) also correlates with gut microflora 

composition (DiBartolomeo & Claud, 2016; Grier et al., 2017; Gritz & Bhandari, 2015; 

Korpela et al., 2018; N. T. Mueller, Bakacs, Combellick, Grigoryan, & Dominguez-Bello, 

2015). The gut of preterm infants contains higher levels of Clostridium difficile compared to 

full term infants (Penders et al., 2006). Moreover, data obtained from short-term stool culture 

have shown that colonisation by Bifidobacterium and Lactobacillus is delayed in preterm 

infants, whereas colonisation by potentially pathogenic bacteria (especially E. coli) is 

increased (Butel et al., 2007a; E. a M. Westerbeek et al., 2006). However, most recent 

research has demonstrated that by six weeks, no detectable difference was seen in the 

microbiota in infants born via C-section from 81 pregnant mothers regardless of the variation 

observed in mouth and skin microbiota in first few weeks of life (D. M. Chu et al., 2017a).  

 Breast feeding vs. formula feeding 1.5.1.2

Infant microbial colonisation and development from birth to early years of age (~2.5 years) is 

diet-dependent (Koenig et al., 2011b). Breast milk, which contains lactose, whey, casein, 

different oligosaccharides and bioactive components such as IgA, lactoferrin, β-lactoglobulin 

and α-lactalbumin, is the primary form of nutrition for most new-borns (Mountzouris, 

McCartney, & Gibson, 2002). Breast milk is a major source of bacteria for colonisation of the 

infant in the very early stage of life (Fernández et al., 2013). Prebiotic oligosaccharides of 

breast milk stimulate the growth of Staphylococci and Bifidobacteria (Hunt et al., 2011; 

Zivkovic, German, Lebrilla, & Mills, 2011) which are considered to be the earliest colonisers 

of the infant gut (Ekaterina Avershina et al., 2014; C Palmer, Bik, Digiulio, Relman, & 

Brown, 2007). By contrast, formula-fed infants tend to have more Enterobacteriaceae, 

Bacteroides, and Clostridia (Cilieborg et al., 2012). It has been demonstrated that the child‟s 
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gut microbiome resembles some of mother‟s oral microbes through breast milk (e.g. 

Bifidobacterium dentium) (E Avershina et al., 2013; Cabrera-Rubio et al., 2012). After the 

introduction of solid food during the weaning stage, the diversity of the gut microbiota has 

been found to change with increased numbers of butyrate-producing bacteria such as 

Bacteroides and certain Clostridium spp. (Fallani et al., 2010; Koenig et al., 2011b).  

 Diet  1.5.1.3

By 3-4 years of age, the gut microbiome composition is dominated by two phyla (> 90% of 

bacteria): Firmicutes, which are pro-inflammatory and obesogenic, and Bacteroidetes, which 

protect the host from these effects (Cani & Delzenne, 2007; Clarke et al., 2014). Once 

established, the gut microbiota remains relatively stable throughout the life of healthy adults 

albeit subject to temporary modifications (J. Faith, Guruge, & Charbonneau, 2013; Chana 

Palmer, Bik, DiGiulio, Relman, & Brown, 2007).  

In otherwise healthy individuals, diet quality is the major modulator of the gut microbiota, 

accounting for 57% of the host gut bacterial variation (C. Zhang et al., 2010). Diet-induced 

changes to gut microbial content are relatively rapid, occurring over 3-4 days and are readily 

reversible (A. W. Walker et al., 2011). Modification of the gut microbiome can also be 

achieved through the use of prebiotics and probiotics, and antibiotics (Binns, 2013; Modi, 

Collins, & Relman, 2014; A. W. Walker et al., 2011). Prebiotics and probiotics appear to 

support a more favourable gut environment (Binns, 2013). However, these supplements need 

to be consumed regularly to maintain changes in the gut microbiota (Binns, 2013), as it is 

unclear how long these changes last in the gut. Short- and long-term modifications of the gut 

microbiome can also result from antibiotic use, which reduces diversity by promoting the 

elimination of some bacterial species and horizontal gene transfer of antibiotic resistance 

within the remaining flora (Modi et al., 2014). Alcohol consumption also affects the 

composition of the gut microflora (Mutlu et al., 2012a), with chronic alcohol consumption 

causing microbial dysbiosis, a reduction in the number of Bacteroidetes and an increase in 

the numbers of Proteobacteria present in the gut (Mutlu et al., 2012b). Notably, alterations in 

the structure of the gut microbiome in alcoholic subjects correlates with increased levels of 

serum pro-inflammatory toxins (Mutlu et al., 2012b).  
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 Antibiotics intake 1.5.1.4

Antibiotic intake by the mother prenatally or postnatal intake by the neonates results in 

changes in the quality and quantity of the microbiome (Deshmukh et al., 2014; Fjalstad, 

Esaiassen, Juvet, van den Anker, & Klingenberg, 2018; Langdon, Crook, & Dantas, 2016b; 

Ramasethu, 2017; Thanabalasuriar & Kubes, 2014). A study has assessed the oral 

microbiome of neonates of mothers who had antibiotics and found that neonates who were 

exposed to antibiotics while they were in their mother‟s womb had higher levels of 

Proteobacteria while the microbiome of neonates who were not exposed to antibiotics in the 

womb had greater numbers of Streptococcaceae, Gemellaceae and Lactobacillales (Gomez-

Arango et al., 2017).  

Further, prenatal (by the mother) or postnatal (by the infant) antibiotic intake not only 

changes the composition of the microbial community but it also results in increased antibiotic 

resistance in the neonate microflora (Fjalstad et al., 2018). Different adverse conditions 

during early life such as preterm birth and very low birth weights require antibiotics for the 

infections caused by pathogenic bacteria such as Escherichia coli and Klebsiella pneumonia 

(Ramasethu, 2017). Therefore, neonates with very low birth weight or those born preterm are 

given antibiotics within the first few days of life, which can lead to the development of 

antibiotic resistance within the microbiome and the destruction of helpful bacteria from the 

gut environment (Langdon, Crook, & Dantas, 2016a). Notaby, long-term antibiotic therapy 

(> 5 days) in preterm infants (< 32 weeks of gestational age and < 1500 g birth weight) is 

associated with higher incidence of late-onset sepsis (LOS) and necrotizing enterocolitis 

(NEC) (Kuppala, Meinzen-Derr, Morrow, & Schibler, 2011) and changes in the microbiome 

(Mai et al., 2013).  

 Genetics  1.5.1.5

It has been increasingly clear that host genetics influence inter-personal differences in 

microbiomes (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 

2016; Goodrich, Davenport, Clark, & Ley, 2017; Jayasinghe et al., 2017a; Kurilshikov, 

Wijmenga, Fu, & Zhernakova, 2017; Lim et al., 2017; Ussar, Fujisaka, & Kahn, 2016; 

Weissbrod, Rothschild, Barkan, & Segal, 2018). Studies on the heritability of the microbiome 

have revealed some of the microbes whose abundances are partly genetically determined by 

the host. Christensenellaceae family has been identified as the most heritable microbial 
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family (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 2016). 

Furthermore, a genome-wide analysis study has identified associations of 9 and 33 loci with 

microbial taxonomies and microbial pathways, respectively (Bonder, Kurilshikov, 

Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 2016). Not only microbes but 

microbial genes have been demonstrated to be associated with the human genotype (Bonder, 

Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 2016). For instance, 

associations have been observed between higher levels of Bifidobacteria and the human 

lactase non-persister genotype which causes lactose-intolerance; and Christensenellaceae and 

its association with low body mass index (BMI) (Bonder, Kurilshikov, Tigchelaar, Mujagic, 

Imhann, Vila, Deelen, Ley, et al., 2016). Moreover, the influence of host‟s genetics on the gut 

microbiota, in combination with diet and environmental factors, impacts on the development 

of diseases including diabetes, metabolic syndrome (Ussar et al., 2016), and cardiovascular 

disease. Therefore, it is important to understand host-microbe interactions for a better 

understanding of human health. 

 Environment  1.5.1.6

The environment has been identified as one of the major factors in shaping the microbiome 

(Rothschild et al., 2018). Exposure to different environments vary hugely starting from birth. 

In this context, environments include the surroundings in the womb before delivery, the 

hospital environment after the birth, the home environment, or any other surroundings to 

which we are exposed. It is unclear whether host-adaptation is directly due to shared early 

environmental exposure or because of the inheritance microbiomes. However, recent research 

has demonstrated that the environment effects on the microbiome are more dominant than the 

effect of host genetics (Rothschild et al., 2018). Moreover, studies analysing the microbial 

composition of premature infants have demonstrated that the microbiomes share greater 

resemblance to the neonatal intensive care unit (NICU) environment (e.g. nasal colonisation 

with Staphylococcus, Streptococcus, and Enterobacteriaceae) (Bokulich, Mills, & 

Underwood, 2013; B. Brooks et al., 2018; Hartz, Bradshaw, Brandon, & Gregory, 2015; 

Ternes et al., 2013). Moreover, a study which assessed the effect of environment on the 

intestinal microbiome and cytokine responses in humans identified annual seasonality as one 

of the important environmental factors influencing cytokine production mediated by bacteria, 

fungus and virus (ter Horst et al., 2016). 
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1.5.2 Gut microflora development of preterm infants 

The Word Health Organization defines preterm birth as being born at less than 37 weeks of 

gestational age (Beck et al., 2010). Preterm births can be further classified as extremely 

preterm (less than 28 weeks), very preterm (28 to 32 weeks) and moderate to late preterm (32 

to 37 weeks) (“WHO | Preterm birth,” 2016).  

The factors responsible for the altered colonisation patterns observed in premature infants are 

not well-defined (Chernikova et al., 2018). However, physiological differences such as 

premature gut epithelium likely alter the colonisation patterns of preterm infants from birth. 

Furthermore, premature infants are exposed to a range of different treatments in their early 

life compared to their healthy term counterparts (e.g. exposure to antibiotics, parenteral 

feeding, lengthy hospital stay, less skin contact) which are implicated to contribute to altered 

gut bacterial colonisation (Milani et al., 2017).  

 Immature development of gut 1.5.2.1

Development of the intestinal epithelium begins while the foetus is in the uterus and it 

continues to develop even after the birth (J. Sun & Dudeja, 2018). The intestinal growth of 

the foetus almost doubles during the third trimester of pregnancy with increased villi and 

microvilli population (Neu, 2007). During the early stages of the gestation, intestinal 

developmental landmarks occurs (i.e. cell differentiation, cell proliferation, morphogenesis) 

but functional maturation and growth of the gut (e.g. gut motility, normal digestions and 

absorption, communication with the central nervous system, immunity and barrier functions) 

are not yet completed even by 20 weeks‟ of gestation (Montgomery, Mulberg, & Grand, 

1999; J. Sun & Dudeja, 2018). Specifically, since digestive and absorption functions do not 

mature until 40 weeks‟ of gestation, preterm infants most likely miss out on this 

developmental stage resulting in reduced absorptive capacity and less developed intestinal 

mucus layer (Neu, 2007; J. Sun & Dudeja, 2018) leading to various gut-related problems 

such as increased intestinal permeability.  

 Lack of physical and immune defences  1.5.2.2

Preterm infants lack a number of physical and immune defences such as gastric acid, 

secretory IgA, and intestinal mucus (Ho et al., 2018). Premature infants have less organised 
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small intestine motility caused by an immature enteric nervous system that delays transit time 

leading to the accumulation of fermentation by-product gases as a result of bacteria 

overgrowth (C L Berseth, 1989; Carol Lynn Berseth, 1996). Moreover, increased 

permeability of the premature gastrointestinal tract or immature mucosal barrier function 

together with low levels of protective mucus and secretory IgA in premature infants cause 

intestinal inflammation allowing systemic entry of microbes, microbial products, and toxins 

from the gut lumen into the circulation (Halpern & Denning, 2015; Piena-Spoel, Albers, ten 

Kate, & Tibboel, 2001).  

 Less skin-to-skin contact 1.5.2.3

Absent or limited exposure to maternal microbiota is one of the constraints that may 

adversely affect the initial microbial colonisation in and on the preterm infant. Unlike term 

infants, preterm infants; especially extremely preterm infants (infants born at < 27 weeks‟ 

gestational age) spend part of their last trimester in an artificial NICU with restricted human 

interaction (e.g. ~20 to ~60 days) (Gonya, Ray, Rumpf, & Brock, 2017). This is notable 

because skin-to-skin contact plays an important role in the development of the infant‟s 

microbiome by transferring microbes directly from mother (Christensen & Brüggemann, 

2014; Cooijmans, Beijers, Rovers, & de Weerth, 2017). For this reason, reduced skin-to-skin 

contact between the mother and preterm infant disrupts the microbial signals that infants 

receive, potentially affecting  long-term developmental outcomes (Green & Phipps, 2015).  

For example, preterm infants (< 37 weeks‟ gestational age) in NICU had microbiota with 

lower alpha diversity in multiple body sites and higher numbers of  skin  microbiota such as 

Streptococcus, Enterococcus, Enterobacter, Staphylococcus and Escherichia compared to 

full-term infants (Younge, Araújo-Pérez, Brandon, & Seed, 2018).  

 Increased prenatal and postnatal antibiotic intake 1.5.2.4

Preterm infants have a higher vulnerability to infections (e.g. early and late onset infections 

caused by group B streptococci, Escherichia coli, Listeria monocytogenes, Staphylococcus 

aureus, Enterococci, Klebsiella spp. and Pseudomonas spp.) caused by interfered protective 

mucosal and epithelial barriers (e.g. mechanical ventilation, intravenous lines ) and lack of 

maternally transferred antibodies (Cox et al., 2014; Sharma, Jen, Butler, & Lavoie, 2012). For 

this reason, preterm infants are given routine antibiotics in the NICU (e.g. intravenous 

penicillin, gentamicin, flucloxacillin, aminoglycoside, vancomycin, amikacin, clindamicin 
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and teichomicin) from birth to approximately one to two weeks of their life (Arboleya et al., 

2012, 2015; McGuire, Clerihew, & Fowlie, 2004). Prolonged exposure to broad-spectrum 

antibiotics shifts the microbiota away from infant's developing gut microbiome (Bokulich et 

al., 2016; Ferrer, Méndez-García, Rojo, Barbas, & Moya, 2017; M. K. Gibson, Crofts, & 

Dantas, 2015). For example, new-born antibiotic use has been demonstrated to be 

associated with lower Bifidobacterium and Bacteroides abundance (Chernikova et al., 

2018). Mice studies have also shown that antibiotic intake just after birth (1-3 days after 

birth) decreases not only the composition but also the diversity of microbes (Deshmukh et al., 

2014). 

Similarly, not only infant‟s antibiotic intake but maternal antibiotics intake (e.g. ampicillin, 

ampicillin, erythromicin, clindamicin) during pregnancy may affect the gestational process 

and the maternal and neonatal microbiota composition (Arboleya et al., 2015; Stearns et al., 

2017; J Stokholm et al., 2014). For example, intrapartum antibiotics prophylaxis given to 

treat group B streptococcus-positive mothers has been observed to influence the microbial 

colonisation process of a new-born (An et al., 2014; Seedat et al., 2017). Moreover, recent 

research indicates that early life antibiotic treatment not only eliminates microbial taxa 

enriching antibiotic-resistant microorganisms but also induces metabolic alterations and 

affects the ileal expression of genes involved in immunity (Cox et al., 2014; M. K. Gibson et 

al., 2015). Thus, the impact of altered microbial ecosystem caused by early life antibiotic 

intake on human health and disease throughout life with disrupted metabolic and immune 

development is evident (Arboleya et al., 2012; Broadfoot, 2018; Butel et al., 2007b; Cox et 

al., 2014; Jacquot et al., 2011; Langdon et al., 2016b; Schulfer & Blaser, 2015; Shao et al., 

2017; E. A. M. Westerbeek et al., 2006).  

 Change in breast milk composition 1.5.2.5

Maternal breast milk contains viable bacteria which serves as another source of bacterial 

diversity for the breastfeeding infant and also innate and adaptive immune components that 

inhibit pathogens from colonising the infant gut (Houghteling & Walker, 2015; Perez et al., 

2007). Additionally, breast milk also consists of glycans and, antibacterial peptides (e.g. 

lactoferrin and lysozyme) which provide broad-spectrum bacteriostatic and bacteriocidal 

effects providing a further level of protection for the infant (Morrow et al., 2004).  
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It has been found that the breast milk of mothers who delivered preterm infants is different 

from mothers those who delivered full-term infants (Boyce et al., 2016). A study which 

analysed the nutrient content of preterm milk (less than 35 weeks‟ of gestational age) over the 

4-6 week period demonstrated that there were significant changes in macronutrient content, 

phosphate and secretory IgA concertation (Hsu et al., 2014). For instance, increased lactose, 

lipid, calorie, and phosphate concentration and decreased protein and secretory IgA 

concentration was observed in breast milk of with gestational age of ~30 weeks with no 

differences in calcium, lactoferrin, leptin, and lysozyme levels (Hsu et al., 2014).  

While it is important to provide sufficient nutrients to support the extra uterine rate of growth 

and adequate neurodevelopment of preterm infants (Isaacs, Morley, & Lucas, 2009), preterm 

milk is found to be less in calories, protein and for early postnatal nutrition for weight gain of 

preterm infants (Sauer, 2007). Therefore, it has been suggested to fortify the preterm breast 

milk with artificial supplements, such as the human milk fortifier (Nutriprem, Cow and Gate; 

Nutricia) to fulfil the increased nutritional needs of preterm infants (Boyce et al., 2016; 

Guerrini, 1994). Even though research is lacking how this fortified milk, supplements change 

the gut microbiota in preterm infants and their effect on long-term microbiome development 

and on the health, its effect on gut microbiome development in early stages of life can be 

different from that of term breast milk.  

There are several studies which observed how microbiome of breastfed and formula fed 

infants are different (Biagi et al., 2017; Forbes et al., 2018; Madan et al., 2016; Schwartz et 

al., 2012). For instance, exclusively breastfed infants have the gut microbiota with greater 

diversity compared to exclusively formula-fed infants (Schwartz et al., 2012). Furthermore, 

exclusively formula-fed infants were more often colonised with Lachnospiraceae, 

Escherichia coli, Clostridium difficile, Bacteroides, Lactobacilli and Bacteroides fragilis 

bacteria compared to breastfed infants (Forbes et al., 2018; John Penders et al., 2006). By 

contrast, breastfed infants had a bifidobacteria dominated microbiota with lower abundance 

of Escherichia coli, Clostridium difficile and Bacteroides fragilis (Houghteling & Walker, 

2015; John Penders et al., 2006). A recent study has shown introduction to formula milk 

stimulate changes in microbiota that are associated with overweight (Forbes et al., 2018). 

However, further studies should be conducted to understand the effect of infant feeding 

practices on microbiota development and its influence on health outcomes. 
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1.6 Microbiome stability over the lifetime and long-term changes in the gut 

microbiome 

After the microbiome becomes stable; at approximately three years of age, it undergoes short 

and long-term changes moulded by factors that include diet, medication, illnesses, and the 

human genome. Early gut microbiota colonisation is crucial to this process as it impacts on 

the microbiota in later life, exerting the immunologic effects for the entire lifetime (J. J. Faith 

et al., 2013). Changes to the microbiome over time due to age-related lifestyle or dietary 

changes have implications for the health of the individual. For example, the presence of an 

imbalance in the composition of the gut microbiota at all ages, which is also known as 

“dysbiosis”, is associated with obesity (F. Backhed et al., 2004; Ley, Bäckhed, et al., 2005; 

Peter J Turnbaugh, Hamady, et al., 2009a). Furthermore, reductions in the levels of 

Faecalibacterium prausnitzii are associated with diverticulosis in older patients (Barbara et 

al., 2017; Jayasinghe et al., 2017a). 

The microbiome undergoes characteristic changes in elderly patients (Tiihonen, Ouwehand, 

& Rautonen, 2010), which include increases in the levels of Lactobacilli, Coliforms, 

Clostridium and Enterococci and a decrease in the number of Bifidobacterium (Mitsuoka, 

1990). Consecutive changes have been demonstrated in the microbiome composition 

associated with age in a cohort of patients aged 0-83 years (Yatsunenko et al., 2012b). 

Similarly, it is evident that Bacteroides, Lachnospiraceae, and Bifidobacterium genera make 

age specific contributions to the microbiome composition in Japanese subjects younger than 

20 years old (Odamaki et al., 2016). Moreover, the same study found that 21-69 old Japanese 

adults have a microbiome that is rich in Blautia and Bifidobacterium but contains less 

Bacteroidetes genera (Odamaki et al., 2016). However, overall there is a lack of long-term 

longitudinal studies that investigate the stability of the microbiome over time.  

1.7 Microbiome and its influence on health and diseases 

The human gut contains an extensive population of microbes that effectively constitute a 

microbial “endocrine organ” (Cani & Delzenne, 2007; Clarke et al., 2014). Research has 

implicated these microbes as having a significant role in the development of obesity (F. 

Backhed et al., 2004; Bäckhed, Manchester, Semenkovich, & Gordon, 2007; Ley, 

Turnbaugh, Klein, & Gordon, 2006; Peter J Turnbaugh et al., 2006a; Peter J Turnbaugh, 



Introduction 

23 
 

Hamady, et al., 2009b), diabetes (Larsen et al., 2010a; Qin et al., 2012a), and cardiovascular 

disease (Hazen, 2014; Howitt & Garrett, 2012; Ordovas & Mooser, 2006; Z. Wang et al., 

2011). Therefore, environmental effects on these microbes and our ability to manipulate them 

in a controlled manner are increasingly under scrutiny. 

1.7.1 Obesity 

There are four mainly bacterial phyla in the human gut: Firmicutes, Bacteroidetes, 

Proteobacteria, and Actionobacteria (Khanna & Tosh, 2014). The most common bacterial 

genera in the adult gut include Bifidobacterium, Lactobacillus, Bacteroides, Clostridium, 

Escherichia, Streptococcus, and Ruminococcus (Conlon & Bird, 2014). These bacteria 

produce different products, such as enzymes for carbohydrate metabolism (Xu, 2003), SCFAs 

(Bergman, 1990), lipopolysaccharide (LPS) (Munford, 2008), and secondary bile acids 

(Nicholson et al., 2012) that then enter into the human circulation contributing to energy flux 

(Tehrani, Nezami, Gewirtz, & Srinivasan, 2012; Trompette et al., 2014). 

Lean and obese individuals have been found to have differences in their microbiome (Ley, 

Backhed, et al., 2005; Ley, Turnbaugh, et al., 2006; Peter J Turnbaugh et al., 2006a). For 

example, it is evident that obese individuals have less diverse microbiome (Peter J 

Turnbaugh, Hamady, et al., 2009b; Walters, Xu, & Knight, 2014b). It has also been observed 

that these obese people have more Lactobacillus numbers, while anorexic patients have 

higher numbers of Methanobrevibacter smithii (Armougom, Henry, Vialettes, Raccah, & 

Raoult, 2009). Moreover, an animal study has demonstrated that obese mice have reduced 

numbers of Bacteroidetes and increased numbers of Firmicutes compared to lean mice (Ley, 

Backhed, et al., 2005). Changes in gut microbial populations have significant implications for 

energy homeostasis. For instance, a 20% increase in Firmicutes and a corresponding 20% 

decrease in Bacteroidetes is estimated to provide an additional 150 kcal of energy per day to 

an adult human (Nicholson et al., 2012).  

Meta-analysis has shown that the microbial changes associated with obesity are not simply 

phylum based but are the result of a collection of numerous small differences within the 

overall population structure (Armougom et al., 2009; Walters et al., 2014b). Therefore, it is 
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important to look at the overall composition of the gut microbial population structure as an 

indicator of obesity. 

1.7.2 Diabetes  

Animal and human studies have identified differences in the microbiomes of individuals with 

type 2 diabetes (Arumugam et al., 2011; Cani et al., 2007; Larsen et al., 2010b; Ley, 

Backhed, et al., 2005; Qin et al., 2012b). The microbiomes of diabetes patients have been 

found to have more pathogenic bacteria (e.g. Betaproteobacteria), and reduced levels of 

butyrate-producing Clotridialis bacteria (e.g. Roseburia and Faecalibacterium prausnitzii) 

when compared to healthy subjects (Larsen et al., 2010b; Qin et al., 2012b). It has been also 

demonstrated that the Bacteroidetes to Firmicutes ratio is correlated with plasma glucose 

concentration in type 2 diabetic and obese patients (Larsen et al., 2010b; Schwiertz et al., 

2010). Moreover, correlations have also been observed between increased plasma levels of 

branched-chain amino acids (BCAA), insulin resistance, and gut bacterial species including 

Prevotella copri and Bacteroides vulgatus (Pedersen et al., 2016). 

1.7.3 Irritable bowel syndrome  

Irritable bowel syndrome (IBS) is a functional disorder of the gastrointestinal tract. There are 

multiple factors and pathways involved in the pathogenesis of IBD, altered intestinal 

microbiota and dysmotility. Dysregulation of the brain-gut axis also plays a major role in the 

pathophysiology of this condition (Salem, Singh, Ayoub, Khairy, & Mullin, 2018). Over the 

past years, various research studies have shown that subjects diagnosed with IBS have gut 

microbiota dysbiosis (Distrutti, Monaldi, Ricci, & Fiorucci, 2016; Rodiño-Janeiro, Vicario, 

Alonso-Cotoner, Pascua-García, & Santos, 2018). For example, increased abundance of 

Firmicutes, Proteobacteria, Veillonella, Dorea and decreased levels of Bacteroides, 

Bifidobacteria, Actinobacteria, Faecalibacterium spp. and Lactobacillus (Ford et al., 2014; 

Jalanka-Tuovinen et al., 2014; Jeffery et al., 2012; Salem et al., 2018). Furthermore, not only 

microbial compositions are different but metabolic profiles also have shown to be different in 

IBS condition (e.g. increased colonic short-chain fatty acid and organic acids such as acetic 

and propionic acid) that might contribute to changes in gut motility (Bourdu et al., 2005; 

Kamath, Phillips, & Zinsmeister, 1988). Moreover, it has been demonstrated that there is a 

correlation between abundance of several post-infectious IBS microbial markers and host 
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amino-acid metabolism suggesting that there is an association between the gut microbiota and 

protein metabolism (Jalanka-Tuovinen et al., 2014). Hydrogen sulphide is one of the harmful 

products generated by protein fermentation that acts as a signalling molecule in the gut brain 

axis (Jørgensen & Mortensen, 2001) which is shown to impair the epithelial metabolism 

(Collins, 2014; E. A. Smith & Macfarlane, 1997). Hydrogen sulphide produces tetrathionate 

which promotes the growth of Salmonella and gamma-Proteobacteria which have been 

observed in subjects diagnosed with IBS (Jalanka-Tuovinen et al., 2014; Schicho et al., 2006; 

Thiennimitr et al., 2011).  

Microbiota plays a vital role in the bidirectional interaction pathways between the central 

nervous system and gastrointestinal tract that form the basis for endocrine pathways in the 

microbiota-gut-brain axis (e.g. production of neuro- transmitters). For example, Lactobacillus 

and Bifidobacterium spp. produce gamma-aminobutyric acid, Escherichia, Bacillus and 

Saccharomyces spp. produce norepinephrine, Candida produces dopamine, Streptococcus, 

Escherichia and Enterococcus spp. produce 5HT; Bacillus and Lactobacillus produce 

acetylcholine (Hueston & Deak, 2014; Lyte, 2013b). Studies have demonstrated that use of 

probiotics and prebiotics in managing IBS symptoms occurs by modulating the interaction 

between the gut and gut-brain axis and improving gut barrier function (Ford, Harris, Lacy, 

Quigley, & Moayyedi, 2018; Harper, Naghibi, & Garcha, 2018). 

1.7.4 Potential mechanisms for the involvement of the microbiome in the development 

of obesity 

Several in-depth reviews provide detailed information about potential mechanisms through 

which the microbiome is linked to the development of obesity (Boulangé, Neves, Chilloux, 

Nicholson, & Dumas, 2016; Davis, 2016; Hartstra, Bouter, Bäckhed, & Nieuwdorp, 2015; L. 

Sun et al., 2018). The association between characterisation of an altered gut microbiome in 

obese or diabetic subjects does not demonstrate cause and effect. However, there are 

indications that the gut microbiome actively contributes to the development of obesity. 

Specifically, Backhed et al. compared the fat mass of germ-free and conventionally raised 

mice, and showed that intestinal microbes are able to control fat storage (F. Backhed et al., 

2004). Similarly, Turnbaugh et al. introduced an “obesogenic microbiota” to germ-free mice 

and found that mice with obesogenic microbes developed more body fat than those with “lean 

microbiota” (Peter J Turnbaugh et al., 2006b). Moreover, microbial transfer from obese twin 
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(human) to germ-free C57BL/6J-type mice also identified an increase in body mass and 

adiposity than those those mice that receive mcirbial transplntation from lean co-twin 

(Ridaura et al., 2013). Interestingly, difference in SCFA levels, branched-chain amino acids 

and microbial transformation of bile acid were correlated with differences in body 

composition  (Ridaura et al., 2013).  

Various mechanisms have been proffered to explain the association of an “obese microbiota” 

with higher fat content in mice (F. Backhed et al., 2004; Hartstra et al., 2015; Ley, Bäckhed, 

et al., 2005; Peter J Turnbaugh et al., 2006b). Moreover, mechanistic studies have indicated 

that the gastrointestinal microbiota can influence both sides of the energy balance equation 

by: 1) acting to influence energy utilisation from the diet; and 2) influencing the expression 

of host genes that regulate energy expenditure and storage (Davis, 2016) (Figure 1-3). For 

example, the gut microbial contribution to the digestion of polysaccharides directly 

influences host energy availability via increased SCFA production and modulation of the 

secretion of gut hormones (i.e. GLP-1 and Peptide YY) (L. Brooks et al., 2017; Cani et al., 

2006; Grasset et al., 2017). These bacterial produced SCFAs act as ligands for G protein-

coupled receptors (GPCRs) (i.e. GPR41/ FFAR3, GPR43/ FFAR2, GPR109A) (Boulangé et 

al., 2016; Le Poul et al., 2003); and inhibit lipolysis by activating receptors of GPR41, 

GPR43 and GPR109A to encourage fat accumulation in adipocytes (Boulangé et al., 2016; L. 

Sun et al., 2018; Tilg & Kaser, 2011).  

Gut epithelial microbes can supress “fasting-induced adiposity factor” (FiAF) or 

“angiopoietin-like protein 4” (Bäckhed et al., 2007). Inhibition of FiAF leads to increased 

triglyceride deposition in adipocytes by inhibiting LPL production in adipose tissues (L. Sun 

et al., 2018). Similarly, inhibition of Adenosine monophosphate-activated protein kinase 

(AMPK) by altered gut microbiota favours lipogenesis (Bäckhed et al., 2007; Boulangé et al., 

2016).  

There are several examples of the gut microbiota regulating host gene expression. For 

example, the gut microbiota is involved in the regulation of the nuclear receptor farnesoid X 

receptor (FXR) and also G-protein- coupled bile acid receptor-1 (GPBAR-1) or 

transmembrane G protein-coupled receptor-5 (TGR-5) altering bile acid production which 

results in hepatic triglyceride accumulation (Dahiya et al., 2017; F. Li et al., 2013). Notably, 
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FXR negatively regulates the expression of two key genes (i.e. cholesterol 7a-hydroxylase 

[CYP7A1] and [CYP27A1]) that are required for the initiation of bile acid synthesis (Chiang, 

2009).  

The gut microbiota (e.g. Clostridiales, Ruminococcus, Lachnospiraceae) metabolise choline 

and produce Trimethyl amine N-oxide (TMAO) as a by-product (L. Sun et al., 2018; Z. 

Wang et al., 2015). TMAO production is suppressed by bile-acid-synthetic enzymes (i.e. 

CYP7A1 and CYP27A1) (Koeth et al., 2013). Choline is also an essential nutrient for the 

synthesis of phosphatidylcholine, a major component of very‐low‐density lipoproteins 

(VLDL), which is required for triglyceride transport (Sherriff, O‟Sullivan, Properzi, Oddo, & 

Adams, 2016). Thus, the gut microbiota has a key role in regulating the bioavailability of 

choline and the storage of triglycerides in the liver (Boulangé et al., 2016; Dumas et al., 

2006). 

 

Figure 1-3: Metabolic interactions between gut microbes and the host in obesity 

development. 

Adapted from Fig 2. in “Impact of the gut microbiota on inflammation, obesity, and 

metabolic disease” (Boulangé et al., 2016). 

https://en.wikipedia.org/wiki/Clostridiales
https://en.wikipedia.org/wiki/Ruminococcus
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1.7.5 Manipulating the microbiome to prevent and treat obesity and related 

complications 

Lifestyle modifications are an important part of obesity management. However, lifestyle 

interventions (such as diet and exercise) have not consistently led to appreciable weight loss 

(Golan, Weizman, Apter, & Fainaru, 1998). Furthermore, pharmacotherapy may have 

negative impacts on the physiology and psychology of obese patients  (Apovian, Garvey, & 

Ryan, 2015; J. G. Kang & Park, 2012; Rucker, Padwal, Li, Curioni, & Lau, 2007). Surgical 

interventions (e.g. bariatric surgery) can be effective for short-to-medium-term weight 

management in severely obese patients (Arterburn & Courcoulas, 2014) (Gloy et al., 2013), 

there are significant risks associated with surgical interventions (e.g. dumping syndrome or 

rapid gastric emptying, micronutrient malabsorption, cholelithiasis, and hypoglycaemia) 

(Puzziferri et al., 2014; Tack and Deloose, 2014). In addition, surgical treatments are 

expensive (Encinosa, Bernard, Steiner, & Chen, 2005). Therefore, new approaches for the 

prevention and treatment of obesity are required.  

As gut microbes have been implicated in the development of obesity (Peter J Turnbaugh et 

al., 2006b), replacement of a microbial population that promotes obesity (“bad” microbes) 

with a population that promotes a healthy state (“good” microbes) may represent a possible 

treatment. The question remains: how do you change the entire flora of an individual at once? 

FMT with faecal bacteria transferred from unaffected individuals to affected recipients has 

been suggested as a promising method of altering and improving gastrointestinal microbiota 

and human health (Aroniadis and Brandt, 2013a; Smits et al., 2013). FMT represents an 

excellent and economic (Encinosa et al., 2005) option for individuals who are unable to lose 

weight by lifestyle measures, or those who cannot undergo surgical treatment. 

1.8 Ways of changing gut microbial composition 

1.8.1 Faecal microbiome transplantation 

Faecal microbiome transplantation (FMT) has been suggested as a new method of altering the 

gut microbiota thus leading to beneficial metabolic changes (Brunkwall & Orho-Melander, 

2017; Gupta, Allen-Vercoe, & Petrof, 2016; Smits et al., 2013). Modifications of the host‟s 

microflora by FMT were first performed in the 1950s to treat pseudomembranous colitis, now 
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known to be due to Clostridium difficile infection (CDI) (Eiseman, Silen, Bascom, & Kauvar, 

1958). Since then, FMT has been successfully used for CDI treatment and is increasingly 

considered the treatment of choice for chronic pseudomembranous colitis (Gough, Shaikh, & 

Manges, 2011; Hamilton, Weingarden, Sadowsky, & Khoruts, 2012). Despite the fact that 

FMT has been shown to improve insulin sensitivity in adults with features of metabolic 

syndrome (Kootte et al., 2017; Vrieze et al., 2012), its application as a therapy for other 

conditions, including obesity, is still experimental. As such, it is still unclear how, when, or 

under which circumstances FMT should be performed and also procedures, benefits, and 

issues associated with FMT. 

FMT uses live microorganisms as a potential intervention that “confers a beneficial health 

effect on the host”. Thus, the faecal samples can be considered a probiotic (Park & Bae, 

2015). However, unlike typical probiotics, FMT does not modify the recipient‟s gut flora 

using microorganisms associated with fermentation. Instead, FMT modifies the recipient‟s 

gut flora using a community of organisms that was isolated from a healthy gut – that is the 

same biological niche. This approach is essential for the modification of the gut flora in 

obesity because of the multiplicity of small, yet predictive, differences between the flora of 

obese and lean individuals (Walters, Xu, & Knight, 2014a).  

FMT is not new. In the fourth century A.D., Chinese patients suffering from severe diarrhoea 

were given oral faecal suspensions (F. Zhang, Luo, Shi, Fan, & Ji, 2012). Likewise, in the 

16th century stool was used to treat diarrhoea, fever, vomiting, and constipation (F. Zhang et 

al., 2012). In modern times (1958), faecal enemas have been used as a cure of human pseudo-

membranous colitis (Eiseman et al., 1958). The use of FMT as a treatment for any disease, 

except recurrent CDI, requires an approved investigational new drug (IND) permit according 

to the US Food and Drug Administration (FDA) (Moore, Rodriguez, & Bakken, 2014). As 

such, most studies of the effects of FMT on obesity have been limited to mice (Table 1-2).  
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Table 1-2: Mice studies on faecal microbiome transplantation. 

 

 

Mouse 

model 

Treatment Outcome Reference 

Adult germ-

free  

C57BL/6 

mice 

Colonised with normal microbiota 

harvested from cecum of adult 

conventionally raised mice and fed on 

low fat-polysaccharide-rich diet 

Increase in 

body fat 

content (60%) and 

insulin resistance 

despite reduced food 

intake 

(F. Backhed et 

al., 2004)  

Adult germ-

free 

C57BL/6J 

mice 

Transplantation of microbes taken from 

the caecum of: 

-obese (ob/ob) mice with greater relative 

abundance of Firmicutes  

Increase in 

relative 

abundance of 

Firmicutes and body 

fat 

(P J 

Turnbaugh, 

Backhed, 

Fulton, & 

Gordon, 2008) 

-lean (+/+) donors with a smaller relative 

abundance of Firmicutes 

 Decrease in 

relative  

abundance of 

Firmicutes and body 

fat 

Adult germ-

free 

C57BL/6J 

mice 

Transplanted germ-free mice with faecal 

microbiota from adult human female twin 

pairs; discordant for obesity and those 

mice were fed on low-fat, high 

polysaccharide diet 

Mice transplanted 

with microbiota from 

an obese twin 

developed higher 

adiposity than mice 

with the microbiota 

from a lean twin. 

(Ridaura et al., 

2013) 
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1.8.2 Use of FMT in treating other diseases 

I contend that, when considering the potential efficacy of FMT approach for obesity, it is 

more appropriate to reflect on the meta-analyses of the effectiveness of faecal transfers in the 

treatment of Clostridium difficile and inflammatory bowel disease  (Colman & Rubin, 2014b; 

Kassam, Lee, Yuan, & Hunt, 2013b). Until recently, there was no effective treatment for 

recurrent CDI, which leads to considerable morbidity, including chronic diarrhoea, colitis, 

and toxic megacolon, as well as a reported mortality of up to 38% (Hota et al., 2012). 

However, FMT is being increasingly viewed as the treatment of choice for recurrent CDI. 

Meta-analyses of clinical trials have consistently demonstrated that FMT is efficacious and 

safe (IBD, pooled cure rate 36.2% [95% CI 17.4 - 60.4%]; Clostridium difficile, pooled cure 

rate 89.1% [95% CI 84 - 93%]) (Colman & Rubin, 2014a; Kassam, Lee, Yuan, & Hunt, 

2013a). Moreover, a recent study in patients with Clostridium difficile colitis has shown that 

FMT causes a significant shift in composition from the diseased state to one equivalent to 

that seen for healthy individuals by the human microbiome project (Weingarden et al., 2015). 

As such, FMT holds significant promise as a treatment for the rapid and concerted 

modification of an unhealthy flora.  

Table 1-3: Use of FMT in treating other diseases. 

Condition Study type Participants Admin 

route 

FMT 

outcome 

Reference 

Gastrointestinal Disorders 

 

CDI SR&MA 

(37 

studies) 

1,973 Mix of upper 

& lower 

routes 

Positive 

(resolution 

rate of 92%) 

(Quraishi et al., 

2017) 

Ulcerative 

colitis 

SR&MA 

(41 

studies) 

555 Mix of upper 

& lower 

routes 

Positive 

(remission 

rate of 36%) 

(Paramsothy et 

al., 2017) 

Crohn‟s 

disease 

SR&MA 

(11 

studies) 

83 Mix of upper 

& lower 

routes 

Positive 

(remission 

rate of 

(Paramsothy et 

al., 2017) 
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50.5%) 

Constipation Cohort 24 Naso-jejunal 

tube 

Positive (Tian et al., 

2017) 

Allergic colitis Cohort 19 Rectal tube Positive (S.-X. Liu et 

al., 2017) 

IBS Cohort 13 Upper 

endoscopy 

Positive (Pinn, 

Aroniadis, & 

Brandt, 2014) 

IBS Cohort 12 Not 

specified 

Positive (Holvoet et al., 

2017) 

IBS Cohort 10 Colonoscopy Positive (Mizuno et al., 

2017) 

IBS DB-RCT 83 (55 case, 

28 control) 

Colonoscopy Positive (Johnsen et al., 

2018) 

IBS DB-RCT 52 (25 case, 

26 control) 

Capsules No effect (Halkjær et al., 

2018) 

IBS DB-RCT 64 (42 case, 

22 control) 

Naso-jejunal 

tube 

Positive (Holvoet et al., 

2018) 

IBS DB-RCT 48 (24 case, 

24 control) 

Capsules No effect (Aroniadis et 

al., 2018) 

Metabolic Disorders 

 

Metabolic 

syndrome 

DB-RCT 18 (9 case, 9 

control) 

Naso-

duodenal 

tube 

Positive (Vrieze et al., 

2012) 

Metabolic 

syndrome 

DB-RCT 38 (26 case, 

12 control) 

Naso-

duodenal 

tube 

Positive (Kootte et al., 

2017) 

Liver Disorders 

 

Hepatic 

encephalopathy 

RCT 20 (10 case, 

10 control) 

Rectal 

enema 

Positive (Bajaj et al., 

2017) 

Severe Cohort 8 Naso- Positive (Philips et al., 
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alcoholic 

hepatitis 

duodenal 

tube 

2017) 

Chronic 

hepatitis B 

Case-

Control 

18 (5 case, 13 

control) 

Gastroscopy Positive (Ren et al., 

2017) 

Blood Disorders 

 

GVHD Cohort 4 Naso-

duodenal 

tube 

Positive (Kakihana et 

al., 2016) 

GVHD Case series 3 Colonoscopy Positive (Spindelboeck 

et al., 2017) 

GVHD Cohort 13 Capsules Undetermined (DeFilipp et al., 

2018) 

Neurological Disorders 

 

Autism Cohort 18 Oral admin 

& rectal 

enema 

Positive (D.-W. Kang et 

al., 2017) 

DB-RCT: Double blind-randomized control trial; SR&MA: Systematic review and meta-

analysis; IBS: Irritable bowel syndrome; GVHD: Graft-versus-host disease 

Adapted from Table 1 in “The Super-Donor Phenomenon in Faecal Microbiota 

Transplantation” (Brooke Wilson, Tommi Vatanen, Wayne Cutfield, 2018). 

FMT is now being considered for a wider range of disorders, including severe obesity and 

type 2 diabetes (Table 1-3). To date, investigation of the therapeutic benefit of FMT in adult 

obesity or type 2 diabetes has been limited to two studies (Kootte et al., 2017; Vrieze et al., 

2012). Vrieze et al performed a short-term FMT study in 9 treated and 9 control middle-aged 

men with metabolic syndrome (Vrieze et al., 2012). Vrieze et al. performed the FMT via a 

naso-duodenal tube. Six weeks after FMT, treated subjects had an impressive 75% increase in 

insulin sensitivity. Furthermore, FMT was associated with greater bacterial diversity and a 

2.5-fold increase in butyrate-producing bacteria present in the gut microbiota (Vrieze et al., 

2012).  
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Moreover, second study which had 26 obese males has shown the same improvement in 

insulin sensitivity and a decrease in glycated haemoglobin (HbA1c) (Kootte et al., 2017). 

However, there was no change in  intestinal microbial composition and faecal butyrate levels 

in obese recipients 6 weeks post-FMT (Kootte et al., 2017). Similarly, insulin sensitivity and 

fasting plasma metabolites were not different at 26 weeks post-FMT and recipients‟ intestinal 

microbial composition returned to baseline 18 weeks after the FMT (Kootte et al., 2017).  

Whilst gut microbiome transfer in humans offers so much promise, it is not clear yet whether 

it actually leads to significant weight loss. Moreover, the duration of the effect, treatment 

composition, and mode of delivery required to achieve optimum weight loss must be 

established. There are currently 28 clinical trials registered (USA, Europe, and Australia) to 

test the efficacy of FMT as a clinical treatment, mostly for Clostidrium difficile infection. 

Thirteen of these trials are looking at FMT as a means of treating obesity 

(“https://clinicaltrials.gov/ct2/results?term=FMT+and+obesity&Search=Search,” 2018). 

However, it is clear that there are considerable practical and safety issues that need to be 

considered and overcome before FMT can be used as a routine clinical or non-clinical 

intervention (Table 1-4).  

Table 1-4: Practical considerations to be addressed for FMT. 

Choice of donor (Andrews et al., 1995, Bakken et al., 2011; Jakobsson et al., 2010; Kostic 

et al., 2014; Panda et al., 2014; Pérez-Cobas et al., 2013; Viaud et al., 2013) 

 

o Related, unrelated or universal? There is debate over the relative merits of using 

related or unrelated donors (Bakken et al., 2011).  

 

o Once chosen, donors must be screened for: conditions associated with microbial 

dysbiosis (e.g. metabolic syndrome, morbid obesity, chronic fatigue syndrome, 

inflammatory bowel syndrome, irritable bowel syndrome, chronic diarrhoea or 

constipation, GI malignancy, CD toxins); intestinal pathogens (e.g. Giardia, 

Cryptosporidium, Isopora and Rotavirus, Hepatitis A, B and C, HIV, Syphilis, and 

Helicobater pylori); antibiotic use within the previous three months; 

immunosuppressive treatments and anti-cancer agents; high risk-sexual 
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behaviours; illegal drug use; recent travel to areas with endemic diarrhoea; or 

recent body piercings/tattoos. 

 

Donor faeces preparation (Berg, Wommack, & Deitch, 1988; Kostic et al., 2014; Lund-

Tønnesen, Berstad, Schreiner, & Midtvedt, 1998; S. Mueller et al., 2006; Persky & Brandt, 

2000) 

o The use of fresh or frozen faeces.  

 

o It is unclear if the solvent (saline, non-bacteriostatic milk, yoghurt, or water), 

method of homogenization (hand stirring, shaking, or blender), or filtration (coffee 

filter, gauze pad, or steel strainer) make a difference to transfer efficiency (T. 

Borody, Peattie, & Mitchell, 2015; Persky & Brandt, 2000). 

 

o There is currently no recommended standardised amount of faeces suggested for 

use in FMT. 

Route of administration and site of inoculation (T. J. Borody & Khoruts, 2012; Kostic et 

al., 2014; Lund-Tønnesen et al., 1998; S. Mueller et al., 2006; Silverman, Davis, & Pillai, 

2010; X. Yang et al., 2009) 

o Retention enemas / naso-gastric tube / naso-jejunal tube / upper tract endoscopy 

(esophagogastroduodenoscopy) / colonoscopy / self-administered enemas. 

1.8.3 What are the challenges associated with FMT 

FMT is a promising treatment for antibiotic resistant CDI. However, the use of FMT as a 

treatment for metabolic diseases, such as obesity or type 2 diabetes is only experimental (F. 

Backhed et al., 2004; Ridaura et al., 2013; Peter J Turnbaugh, Bäckhed, Fulton, & Gordon, 

2008; Vrieze et al., 2012). There is still much to be learnt about the FMT method that 

includes: characteristics of the ideal donor, delivery formulation (e.g. in solution, 

encapsulation), mode of administration (e.g. oral, nasojejunal or rectal), duration of benefit 

and, thus, frequency of treatment.  

Limited data suggests that FMT is a safe treatment (T. J. Borody & Khoruts, 2012; van Nood 

et al., 2013; Vrieze et al., 2012) that has not currently been found to be associated with the 

development of new infections or diseases (Brandt et al., 2012). Therefore, further studies are 
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required to monitor the long-term side-effects of FMT on both donors and recipients. These 

studies should also test the theoretical and practical benefits and side-effects of using faecal 

transplants as a treatment for obesity. These include: 1) the cost, ease of intervention, and 

relative safety of the non-invasive FMT as opposed to gastric by-pass surgery and 

pharmaceutical interventions; 2) the chances that FMT causes non-specific short- and long-

term side-effects similar to those caused by pharmaceutical interventions; and 3) the 

psychological stress associated with the procedure (e.g. effects of performance anxiety on the 

donor) (Brandt, 2013).  

The psychological stresses and social stigma associated with faeces mean that some patients 

find FMT to be an unappealing treatment (Zipursky, Sidorsky, Freedman, Sidorsky, & 

Kirkland, 2012). However, a survey of CDI patients found that regardless of FMT‟s 

unappealing nature, patients are willing to try it (Zipursky et al., 2012). Whether this 

willingness to try FMT as a treatment would translate to obese patients is yet to be 

determined. However, if FMT is shown to be an effective treatment for obesity, then there 

will inevitably be greater refinement of the transplanted microbiota into a more palatable and 

optimally efficacious formulation. 
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1.9 Hypothesis and aims 

Prematurity is one of the early life adverse events that have been shown to link with changes 

in gut microbial composition and function in their infancy. However, it is not clear whether 

these changes are maintained through childhood. Therefore, the guiding hypothesis of my 

first project is that the structure and function of the human gut microbiome remain different 

when prematurely born infants reach their mid-childhood. I aim to assess the gut microbiome 

composition and functional capacity and metabolic profiles (i.e. plasma and faecal amino 

acids and metabolites) in children born very preterm, to compare those parameters to those 

born at term and to examine the association between gut microbiome composition and 

functions with metabolic profiles.  

The composition of the adulthood microbiome is individual specific and continually drifts 

during aging. My second study hypothesises that there are subtle changes in the already 

established adult-like gut microbiome of an individual throughout the lifetime and genetic 

component plays a role in those changes occurred in microbial composition. Therefore, I aim 

to compare the microbial population structure of an individual 46 years apart and identify 

microbial species that are associated with the SNPs in the genome of that particular 

individual.  

Faecal microbial transplantation has been suggested as a remedy for restoring microbiome of 

obese individuals. In my third PhD project, I aim to study the short- and medium-term effects 

of lean donor FMT on the gut microbiota composition in a group of female adolescents with 

severe obesity. This preliminary double-blinded experimental trial hypothesises that faecal 

microbial transplantation is safe, tolerant and can shift the microbiome of obese adolescents.
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Chapter 2. Differences in compositions of metabolically active gut 

bacterial populations in 5-11 year-olds born preterm compared 

to full term 

This chapter is currently under review in Gut Microbes journal. 

2.1 Introduction  

During birth, infants are exposed to their first significant populations of microbes from the 

mother‟s perineum, skin and hospital environment. The early stages of microbiome 

development within the neonatal gut are affected by lengthy hospitalization (Gregory et al., 

2016; Groer et al., 2014), inflammatory factors in utero (maternal illness, infections, stress) 

(Lu & Claud, 2018; R. W. Walker, Clemente, Peter, & Loos, 2017), antibiotic and steroid 

exposure to both the mother and infant (Zhu et al., 2017), mode and timing of delivery (Groer 

et al., 2014), invasive procedures (Groer et al., 2014), type or mode of feeding (i.e. parenteral 

vs breast, human milk fortifiers, cow milk based formula) (Grier et al., 2017; Hay, 2013), and 

host genetics (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 

2016; Goodrich et al., 2016; Jayasinghe et al., 2017a; Turpin et al., 2016).  

The composition of the human gut microbiome (in terms of absolute numbers and the 

diversity of microbes) fluctuates after birth, becoming stable at approximately one year 

(Bäckhed et al., 2015) before further maturation to an adult-like composition at three years of 

age. The transition to an adult-like gut microbiome includes a shift from facultative anaerobic 

microbes (e.g. Escherichia coli, streptococci, enterobacteria, staphylococci and enterococci) 

to strictly anaerobic microbes (e.g. Ruminococcus, Bifidobacterium, Bacteroides and 

Clostridium species) (Bergström et al., 2014; Obermajer et al., 2017; Turroni et al., 2012).  

Irrespective of initial differences between the microbiota of infants fed with breast milk or 

infant formula (Koenig et al., 2011a; Timmerman et al., 2017a), the introduction of solid 

weaning foods has a major role in the transition of the early infant into an adult-like 

microbiome (Bergström et al., 2014; De Filippo et al., 2010). In healthy children, diet 

changes the gut microbiota in a fairly rapid and easily reversible way (De Filippo et al., 2010) 
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such that there is widely considered to be a general convergence towards a similar population 

structure between individuals (La Rosa et al., 2014). 

Changes in the gut microbiome in early life can impact on the physiology of an individual as 

the founder microbiome is a determinant of future disease development (Arrieta, Stiemsma, 

Amenyogbe, Brown, & Finlay, 2014; Tamburini et al., 2016). These long-term effects could 

be due to modifications in the gut epithelium, hepatic cells, or immune system that are 

affected by microbial and host interactions or the presence of microbial metabolites (e.g. 

folates, indoles, TMAO, acetates, and propionates) (Cani, 2018; Spiljar, Merkler, & 

Trajkovski, 2017).  

Being born before 37 weeks of gestation (i.e. preterm birth) is a major life event that 

correlates with altered patterns of gut colonisation (Cilieborg et al., 2012; Groer et al., 2014). 

Children born very preterm (≤ 32 weeks gestation) acquire microbes mostly from the NICU 

environment, leading to pathogenic colonisation of the infant‟s skin and mucosal surfaces, 

including the gut (B. Brooks et al., 2014). Little is known about how the gut microbiome of 

children born very preterm is established or develops during early childhood.  

The microbes that provide early colonisation of the human gut during development lead to a 

state of “immune education” through toll-like receptors and nucleotide-binding 

oligomerization proteins (Kawai & Akira, 2009) that contribute to host protection against 

potential pathogens (Cuenca, Wynn, Moldawer, & Levy, 2013; Rakoff-Nahoum, Paglino, 

Eslami-Varzaneh, Edberg, & Medzhitov, 2004). The gut microbiota also contributes to 

patterns of epithelial gene expression, and metabolic programming (L Hooper, 2004; Neu, 

2008; Sudo et al., 2004).  

It is possible that adverse changes in the gut microbiome and its activity contribute to low 

grade inflammation in the gut of preterm children. Here, I performed a cross-sectional study 

to determine whether differences in gut microbial composition and activity in children born 

very preterm are different in mid-childhood.  
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2.2 Methods 

2.2.1 Study design 

Dr Valentina Chiavaroli recruited 101 healthy prepubertal children (5 to 11 years of age) born 

very preterm (≤32 weeks of gestation) or at term (37 – 41) weeks of gestation. Children were 

excluded from the study if: 1) they were conceived by in vitro fertilisation; 2) their mother 

had gestational diabetes; hypertension; chronic illnesses; 3) they were born small, or large for 

gestational age; 4) they were part of a multiple birth; 5) they had a history of bowel surgery; 

6) they took antibiotics, probiotics, or oral steroids in the previous month; 7) they had first-

degree relatives with type 2 diabetes mellitus; 8) they had siblings in the study; 9) they suffer 

from chromosomal abnormalities or syndromes, developmental disorders, ongoing significant 

chronic illness; and 10) they showed signs of puberty (i.e. Tanner stage 2 breast development 

in girls, and testicular volume > 3 mL in boys, or evidence of adrenarche). 

A subgroup of 20 children born preterm and 21 children born at term was selected for 16S 

rRNA gene sequencing, meta-transcriptome, shot-gun metagenome, SPME-GCMS 

metabolomics profiling (i.e. mixed omics analysis). The subgroup of children was chosen on 

the basis of the birth weight (preterm children group) (< 1500g) and the RNA Integrity 

Number (RIN) (cut off of more than 7) of their RNA samples.  

Subject recruitments, medical history and demographic data collection, clinical data and 

anthropometric data assessments and dietary data collection and analysis (Sections from 2.2.2 

- 2.2.5) were carried out by Dr Valentina Chiavaroli. 

2.2.2 Medical history and demographic data collection 

Medical history was obtained from hospital records and parental recall (e.g. duration of 

breastfeeding.) Medical history included pregnancy and delivery history and medications, 

delivery mode, auxology at birth, gestational age, birth order, and duration of breastfeeding 

(Table 2-1 and Table 2-2). Birth weight data were transformed into standard deviation scores 

(SDS) (Cole, Freeman, & Preece, 1995). 
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Ethnicity data were self-reported using a prioritised system: if multiple ethnicities were 

selected, children were allocated to a single ethnic group according to a hierarchical 

classification (Statistics New Zealand, 1997). 

2.2.3 Assessments 

All assessments were performed at the Maurice and Agnes Paykel Clinical Research Unit 

(Liggins Institute, University of Auckland, New Zealand). Each child was assessed during a 

single visit, following an overnight fast.  

2.2.4 Anthropometric measurements  

Children‟s heights were measured using a Harpenden‟s stadiometer to the nearest mm, and 

transformed to SDS based on Tanner/Whitehouse reference data (Tanner & Whitehouse, 

1976). Weight was assessed using whole-body dual-energy x-ray absorptiometry (DXA; 

Lunar Prodigy 2000, General Electric, Madison, Wisconsin). BMI was calculated, and 

transformed to SDS using UK derived reference curves (Cole et al., 1995).  

2.2.5 Dietary data collection 

Dietary intake was assessed using a 3-day dietary record (2 weekdays and 1 weekend day). 

Quantitative and qualitative assessment of nutritional intake was estimated using Foodworks 

software (v5.0, Xyris Software, Brisbane, Queensland, Australia). 

2.2.6 Stool sample collection  

Stool samples were collected from 49 children born at term and 42 children born preterm 

children. Following passage, samples were transferred to tubes with and without 2mL of 

RNAlater (Qiagen, Cat. No. 76104) and immediately frozen at -20
0
C in the participant‟s 

home freezer, or transported directly to the Liggins Institute within 2 hours where they were 

frozen (-80
0
C). Stool samples were not provided from nine preterm and two term children.  
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2.2.7 Faecal DNA and RNA extraction 

All DNA and RNA isolations were performed in a disinfected U.V. sterilized class II hood at 

room temperature. Microbial genomic DNA and total RNA were extracted according to 

Giannoukos et al. (Giannoukos et al., 2012b) with slight modifications. Briefly, stool samples 

collected in RNAlater (Qiagen, Cat No. 76104) were divided into two approximately 100mg 

aliquots. Both aliquots were sedimented (10 min, 14000rpm, room temperature), treated with 

bacterial lysis buffer [100 µl; 7.5mg lysozyme (20,000 units/mg dry weight) 1µL 0.1M 

EDTA, 15µL 1M tris-buffer and 484µL water] and 10µL proteinase K (20mg/mL) (Qiagen, 

Cat. No. 19133). Samples were incubated (10 min, room temperature) with vortexing (30 sec 

every 2 min) and treated with 1.2 mL RLT Plus buffer (Qiagen, Cat. No. 1053393) and 12µL 

beta-mercaptoethanol (Sigma-Aldrich, Cat. No. M6250). Acid washed glass beads [1 ml; 

≤106 μm (−140 U.S. sieve) (Sigma-Aldrich, Cat. No. G8772)] were added to each sample 

and shaken vigorously (30 Hertz frequency, 10 min) on a TissueLyzer II (Qiagen, Germany). 

The supernatant was removed and added to a QIAshredder spin column (Qiagen, Cat. No. 

79656) and centrifuged (9000 rpm, 2 min, room temperature). The eluent was added to an 

AllPrep DNA (Qiagen, Cat. No. 80204) spin column and centrifuged (30 sec, 14000 rpm, 

room temperature). The eluent and AllPrep DNA spin columns were used for RNA and DNA 

extraction respectively according to the manufacturer‟s instructions. Finally, DNA and RNA 

were eluted with EB buffer and RNase-free water, respectively, and aliquots stored at -80
0
C.  

RNA and DNA concentrations were quantified using a NanoDrop 1000 spectrophotometer 

(Thermo Fisher Scientific, Massachusetts). The average A260/A280 ratio for DNA was 1.79 

and A260/230 ratio was 0.98 whilst those ratios for RNA were 2.05 and 1.11 respectively. 

Concentrations of DNA and RNA were subsequently measured using a Qubit
®
 dsDNA HS 

(double strand DNA high sensitivity) (Thermo Fisher Scientific, Cat. No. Q32851) assay or 

Qubit
®
 RNA HS (RNA high sensitivity) (Thermo Fisher Scientific, Cat. No. Q32852) assay 

kit, respectively. The average yield of DNA was 15.8µg and that of RNA was 19.0 µg. RNA 

integrity numbers (RIN) were determined using an Agilent
®
 RNA 6000 Nano Kit (Agilent 

technologies, Cat. No. 5067-1511). I obtained an average RIN of 7.8 for total RNA for the 

subgroup of 41 samples that were sequenced for meta-transcriptomics and metagenomics 

analysis.  
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2.2.8 16S rRNA gene sequencing  

The Ion 16S
™ 

Metagenomic kit (Thermo Fisher Scientific, Cat. No.A26216) was used to 

produce 16S rRNA gene amplicons from 3 ng of each microbial DNA sample (n=91; 42 

preterm and 49 term children) according to the manufacturer‟s instructions. Briefly, primer 

set 1 amplified the V2-4-8 regions whilst primer set 2 amplified the V3-6, 7-9 regions of the 

bacterial 16S rRNA genes. Eighteen amplification cycles were performed to minimize the 

PCR bias. Following amplification, 20µL from each primer-amplicons mix was combined 

and purified (Agencourt
®
 AMPure

® 
XP beads, Beckman Coulter life sciences, Cat. No. 

A63881). Purified short amplicons were end repaired using the Ion Plus Fragment Library kit 

(Thermo Fisher Scientific, Cat. No. 4471252). End repaired amplicons were adaptor ligated 

using adapters 1 to 16 (Ion Xpress
™

 barcode adaptors 1-16 kit, Thermo Fisher Scientific, Cat. 

No. 4471250), nick repaired, and purified. Purified, adaptor-ligated libraries were amplified 

(5 PCR cycles) using the Ion Plus Fragment Library kit (Thermo Fisher Scientific, Cat. No. 

4471252). Amplified libraries were purified (Agencourt
®
 AMPure

® 
XP beads, Beckman 

Coulter life sciences, Cat. No. A63881) and stored (-20
0
C) for subsequent analysis. 

2.2.9 Meta-transcriptomics sequencing  

I performed an extended meta-transcriptomics analysis on the subgroup of 41 subjects as 

follows. 

2.2.10 Construction of complementary DNA (cDNA) library from microbial RNA 

Total RNA samples (3-5µg) were rRNA depleted using the RiboMinus Bacterial Probe mix 

V2 and RiboMinus™ Eukaryote Kit V2 (Thermo Fisher Scientific, Cat. No. A15020) 

according to the manufacturer‟s instructions. Ribodepleted RNA was concentrated using a 

RiboMinus™ Concentration Module (Thermo Fisher Scientific, Cat. No. K155005), eluted in 

RNase-free water, quantified using Qubit
®
 RNA HS (RNA high sensitivity) assay kit 

(Thermo Fisher Scientific, Cat. No. Q32852) and stored at -80
0
C. rRNA depletion was 

visually verified using an Agilent
®
 6000 pico kit (Agilent technologies, Cat. No. 5067-1513) 

and Agilent 2100 Bioanalyzer® instrument (Agilent technologies, California).  

Ribodepleted total RNA (500ng) was fragmented to 100bp using RNase III enzyme (Thermo 

Fisher Scientific, Cat. No. 4474906). RNA Fragments were purified using the Magnetic Bead 
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Cleanup module (Thermo Fisher Scientific, Cat. No. 4475486) and the size distribution of the 

purified fragmented ribodepleted RNA confirmed using the Agilent
®
 6000 pico kit (Agilent 

technologies, Cat. No. 5067-1513) and Agilent 2100 Bioanalyzer® instrument (Agilent 

technologies, California).  

Complementary DNA (cDNA) libraries were produced from the fragmented ribodepleted 

RNA samples using the Ion Total RNA-Seq Kit v2
™

 (Thermo Fisher Scientific, Cat. No. 

4479789) according to the manufacturer‟s instructions. Amplified cDNA was purified using 

the Magnetic Bead Cleanup module (Thermo Fisher Scientific, Cat. No. 4475486) before 

libraries were stored (-20
0
C) for templating and sequencing. 

2.2.11 Sequencing of 16S rRNA gene and cDNA libraries 

The molality (pmol/L) of each purified amplified library was determined on an Agilent 2100 

Bioanalyzer® (Agilent technologies, California) using the Agilent
®
 high sensitivity DNA kit 

(Agilent technologies, Cat. No. 5067-4626). Libraries were diluted to a concentration of 

26pM using low TE buffer (Ion Plus Fragment Library kit, Thermo Fisher Scientific, Cat. No. 

4471252). Diluted libraries were pooled in groups of eight to obtain a 25µL of final volume 

for templating on the Ion Chef™ Instrument (Thermo Fisher Scientific, Massachusetts).  

16r RNA amplicon sequencing was performed on a Ion Personal Genome Machine® 

(PGM™) System (Thermo Fisher Scientific, Massachusetts) using the Ion 318™ Chip v2 

(Thermo Fisher Scientific, Cat. No. 4488150) and Ion PGM™ Hi-Q™ Sequencing Solutions 

and dNTPs (Thermo Fisher Scientific, Cat. No. A25589 and A25590). All the data were 

directed to the Ion PGM server and sequences were sorted according to the barcode. I 

obtained an average of 897,182 16S rRNA amplicon reads per sample.  

Meta-transcriptomics sequencing was performed using Ion PI™ Chip kit v3-8 (Thermo 

Fisher Scientific, Cat. No. A26771) and Ion PI Hi-Q Sequencing 200 solutions kit (Thermo 

Fisher Scientific, Cat. No. A26771) on a directed Ion proton system
™

 (Thermo Fisher 

Scientific, Massachusetts). I obtained an average of 20,410,433 ± 8,011,966 reads for meta-

transcriptomic sequencing.  
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2.2.12 Analysis of 16S rRNA gene and meta-transcriptomic sequencing data 

16S rRNA gene sequencing data analysis was performed using the Ion Reporter
™

 software. 

The Ion Reporter software performed two-step Basic Local Alignment Search Tool (BLAST) 

alignment of sequencing reads to the MicroSEQ
®

 (Thermo Fisher Scientific) and Greengene 

databases (Life Technologies, 2014). Completed analyses provided results by primers or 

consensus and visualization graphs for six taxonomic levels (i.e. species, genus, family, 

order, class, and phylum). The Ion Reporter software also calculated alpha and beta diversity 

measures for the samples.  

Meta-transcriptomic sequencing data were analysed using default parameters of the HMP 

Unified Metabolic Analysis network (HuMAnN) (version 0.99) (Abubucker et al., 2012) after 

removal of short reads (minimum length 50 bases, trimmomatic version 0.33 (Bolger et al., 

2014)) and human sequences using BMTagger (Rotmistrovsky & Agarwala, 2011). 

Methods outlined in sections 2.2.13 and 2.2.14 were performed by Dr Elizabeth McKenzie 

and Mr. Sachin Jayan.  

2.2.13 Faecal and plasma volatilomics  

Frozen faeces (~200 mg) were weighed out from 4l faecal samples (20 preterm + 21 term) 

into headspace vials. For the 41 plasma samples (matched to the faecal samples), 300 µL was 

transferred into headspace vials. Vials were maintained on dry ice throughout the process to 

limit loss of volatiles, and were stored at -80
o
C until analysis. 

Extraction of short chain fatty acids and other volatile compounds from faeces and plasma 

was carried out using Solid-Phase MicroExtraction (SPME) (Bianchi et al., 2011; De Angelis 

et al., 2014; De Lacy Costello et al., 2008; Dixon et al., 2011; Garner et al., 2007; Grice et al., 

2009; Hough, Archer, & Probert, 2018; Julák, Procházková-Francisci, Stránská, & Rosová, 

2003; Mayor A, 2014; Pawliszyn, 1997; Stahl et al., 2015). A StableFlex™ 1 cm, 50/30 µM 

DVB/Carboxen/PDMS fibre (Sigma-Aldrich) was chosen for its broad volatility and polarity 

range. Samples were randomised for analysis, blocking for preterm vs term. Faecal samples 

were incubated at 37
o
C for 20 min and the SPME fibre was exposed to the headspace above 
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the sample for 20 min. The plasma samples were agitated and incubated for 10 min, then 

exposed to the SPME fibre for 10 min.  

Samples were analysed on a Shimadzu QP2010 Plus Gas Chromatograph Mass Spectrometer 

using instrument grade helium (99.99%, BOC) as the carrier gas. The SPME fibre was 

desorbed in the GC injector in splitless mode, in a SPME-specific glass liner (0.75 mm ID) at 

250
o
C for 1 min. A general purpose column (i.e. Rtx-5Sil MS 30 m, 0.25 mm ID) was chosen 

for compound separation (Shimadzu). Column flow was set at 1 mL/min.  

The GC thermal program began isothermally at 40°C for 2 min; increased 10°C/min to 

160°C; 5°C/min to 200°C; 20°C/min to 300°C and held 3 min, to give a total run time of 

30 min. The detector source was set at 200°C and the quadrupole at 150°C. The detector 

voltage was 70 eV. Data was acquired at 2000 amu/s in scan mode, with a mass range of 30 - 

400 amu.  

2.2.14 SPME GC-MS Data extraction 

Deconvolution and identification of compounds was performed using the Automated Mass 

Spectral Deconvolution and Identification System (AMDIS Version 2.71) (Stein, 1999). The 

AMDIS limitation on mass spectral library size was circumvented by developing smaller 

subset libraries from the 2014 National Institute of Standards & Technology (NIST) main 

mass spectral library (“NIST Standard Reference Database 1A v17 | NIST,” n.d.) using 

Agilent MSD Productivity ChemStation (Version F.01.01.2317). The top five identities for 

each peak, for all peaks, for all samples were combined to form subset libraries of 20,658 

mass spectra. The settings for AMDIS were optimised to maximise annotation of all 

components, slightly increasing the false positive rate, but reducing the false negative rate to 

< 5%.  

Mass spectral matching was used to assign identities. Matches < 60% were considered 

unknown. Matches 60 - 80% were considered identified to the compound class level, and 

those > 80% were considered putative identifications (Sumner et al., 2007). An R-script 

incorporating XCMS (C. A. Smith, Want, O‟Maille, Abagyan, & Siuzdak, 2006) was used 

for peak integration. Data produced represents a set of probable identifications for each 
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feature, filtered so that one identification is assigned to each feature except where coleution 

was apparent. Negative controls (empty vials) were used to identify and remove background 

contaminants.  

Two replicates (2 x 200mg sample) were analysed from each sample. Sample replicates 

underwent statistical testing together as an averaged value. Data acquired represents the 

relative abundance of volatile compounds in 41 subjects. 

2.2.15 Faecal calprotectin assay 

Calprotectin from faecal samples (20 preterm + 21 term) was extracted using an EliA
TM 

Stool 

Extraction kit. The extraction tubes were pre-filled with 750µL of EliA calprotectin 

extraction buffer. The rod that was attached to the extraction tube cap was inserted into the 

stool sample until the four notches were completely covered with stool. The rod was then 

inserted back into the extraction tube before homogenization of the sample within the 

extraction buffer for a few seconds. Homogenized samples were incubated (10 min), the 

homogenate transferred to an eppendorf tube, and centrifuged (5 min, 3000xg). The 

supernatant was transferred to a fresh tube which was used for calprotectin testing. Faecal 

calprotectin was determined by the EliA
TM

 Calprotectin assay 2 on PhadiaⓇ 250 (Thermo 

Fisher Scientific) according to the manufacturer‟s instructions by Abacus ALC (Auckland, 

New Zealand).  

Methods outlined in sections 2.2.16 and 2.2.17 were performed by Mr. Eric Thorstensen.  

2.2.16 Plasma amino acid analysis  

Amino acid analysis was performed according to Mitchell et al. protocol (Segata et al., 2012). 

Briefly, aliquots (20 µL) of plasma or QC were transferred to a micro-centrifuge tube 

containing 160 µL of 0.04 M sulphuric acid (with 15 µM L-norvaline as an internal 

standard). Samples were mixed and kept on ice for approximately 3 min. Sodium tungstate 

(20 µL of 10% w/v solution) was added to each sample and mixed immediately. Sample were 

incubated on ice (3 min) and centrifuged (14000 rpm, 10 min). The supernatant containing 

the plasma amino acids was collected and transferred to a 1.5 mL micro-centrifuge tube. 
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For derivatization, 70µL of 0.2M borate buffer (1.24 g boric acid in 100mL pH 8.8, adjusted 

with fresh 5 M NaOH) was added to 10µL of sample, standard or QC. 6-Aminoquinolyl-N-

hydroxysuccinimidyl Carbamate (AQC) reagent (2.8mg /mL dissolved in dry acetonitrile, 

10uL) was added to the sample, and the solution was vortexed mixed immediately. The 

derivatized sample was then transferred into the Ultra Performance Liquid Chromatography 

(UPLC) vial, capped and incubated at 55°C for 10 min. UPLC vials were then placed into a 

Ultra-high-performance liquid chromatography (UHPLC) system. The UPLC comprised a 

Thermo Fisher Scientific Dionex Ultimate 3000 pump, with an auto-sampler (maintained at 

10
o
C), column oven (at 45°C), fluorescence detector (excitation wavelength: 250nm, 

emission wavelength: 395nm) (Thermo Fisher Scientific, Dornierstrasse, Germany). 

Separation was carried out on a Kinetex Evo 1.7 µm C18 100A 150 x 2.1 mm column that 

was preceded by a Krudkatcher inline filter (Phenomenex, Auckland, New Zealand). A 

mobile phase buffer (80 mM sodium acetate, 3 mM triethylamine, 2.67 µM disodium calcium 

ethylenediaminetetraacetic acid; pH 6.43) was run with a complex gradient of acetonitrile 

(ranging from 2% to 17% over 24 min). The flow rate of the UPLC was 0.55 mL/min. 

Chromeleon 7.1 software (Thermo Fisher Scientific) was used for data capture. The standard 

curves generated for each amino acid were used for calculating AA concentrations in the 

samples. 

2.2.17 Faecal amino acid analysis 

Faecal samples were collected from 41 individuals (20 preterm and 21 terms). The samples 

were weighed (~100mg) and lyophilised on a speed vac (Thermo Fisher Scientific Savant 

SC250EXP) overnight (24 hours, 0.8Hpa, with a -104
0
C refrigerated temperature trap). The 

wet and dry weight was noted for biomass normalization. Samples and quality controls (QC) 

were prepared by a tungstate precipitation. Briefly, 1200µL of 0.04 M Sulphuric acid 

(containing 15 µM L-Nor-Valine) was aliquoted into each tube containing dried sample. The 

mixture was vortexed (30 sec), sonicated (10 min), with repeating 2-3 times until there was a 

homogeneous mixture. Ceramic beads were added to samples that did not homogenize and 

vortexing and sonication treatment repeated. Sodium tungstate (150 µL of 10% w/v solution) 

was added to the homogenized samples on ice (3 min). Samples were centrifuged (20800g, 

10 min, 4°C). The supernatant was then transferred into a 1.5 mL microfuge tube. The 

derivatization step was the same as for plasma samples (see above). 
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2.2.18 Statistical tests 

Participants were recruited into two groups according to their gestational age: children born 

preterm (i.e. ≤3 2 weeks of gestation) and children born at term (i.e. 37 - 41 weeks of 

gestation). Comparisons between gestational age groups were carried out using linear mixed 

models in SAS v.9.2 (SAS Institute, Cary, North Carolina). All models accounted for 

important confounding factors, mainly sex, ethnicity, birth weight SDS, gestational age, and 

maternal age. Age data are presented as means ± SD, whereas other data are means and 95% 

confidence intervals adjusted for the confounders in multivariate models.  

A Core microbiome analysis (CORBATA) of 16S rRNA gene sequencing data was 

performed in R (version 3.5.0) using R and Perl scripts published in Li et al., 2013 (K. Li, 

Bihan, & Methé, 2013). Non-parametric tests (i.e. Mann-Whitney Unpaired t-test between the 

preterm and term groups) and Spearman correlations were performed on GraphPad Prism 

(version 7.03) using the operational taxonomic table (OTU) generated from the Ion Reporter 

software. Degree of difference in microbial community abundance and activity was 

determined using the Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 

2011), a measure of statistical significance, with a cut off below -2 and above 2. Multivariate 

Association with Linear Models using MaAsLin (version 0.0.4) (Morgan et al., 2012) was 

performed to identify significant associations between microbial species and the participants‟ 

metadata. Hierarchical All-against-All association testing was performed using HallA 

(version 0.8.7) (Gholamali Rahnavard, Eric A. Franzosa, Lauren J. McIver, Emma Schwager, 

George Weingart, Yo Sup Moon, Xochitl C. Morgan, Levi Waldron, n.d.) to identify 

significant associations between microbial compositions, metabolomics data, and microbial 

functions.  

2.3 Results 

2.3.1 Baseline characteristics of the study cohort  

The cohort consisted of 101 children: 51 born preterm and 50 born at term (Table 2-1). There 

are auxological differences between the preterm and term children in our cohort. Preterm 

children were younger, shorter, slimmer, and more likely to be born by Caesarean-section 

(Table 2-1) than children born at term in our cohort.  
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Table 2-1: Demography and summary characteristics of the study population. 

 
Preterm 

Children 

Term  

Children  

p-value 

N 51 50  

Demography    

Age (years) 
1 

7.8 ± 1.3 8.3 ± 1.4  0.034 

Sex ratio (females) 
2
 20 (39%) 19 (38%) 0.90 

Ethnicity (New Zealand European) 
2 

39 (76%) 30 (60%) 0.074 

    

Birth characteristics    

Birth weight standard deviation score 

(SDS)
1
 

0.42 ± 0.91 0.32 ± 0.90 
0.60 

Gestational age (weeks) 
1
 28.1 ± 2.2 39.9 ± 1.2 < 0.0001 

Delivery (C-section) 
2
 30 (59%) 18 (36%) 0.021 

    

Infant characteristics    

Breastfeeding
3
 47 (92%) 48 (96%) 0.68 

    

Childhood anthropometry 
4†

     

Weight SDS -0.16 (-0.49–0.10) 0.47 (0.21–0.73) 0.0005 

Height SDS 0.31 (0.03–0.58) 0.92 (0.67–1.17) 0.0006 

BMI SDS -0.20 (-0.40–-0.01) 0.29 (0.09–0.49) < 0.0001 

Age data are means ± standard deviations; categorical data are n (%); 
1
One-way ANOVA; 

2
Chi-square test;

 3
Fisher's exact test;

 4
SDS outcomes: general linear regression models 

adjusted for sex, ethnicity and birth order, as well as mean parental BMI or mid-parental 

height.
 † 

Data on anthropometry is estimated marginal means and respective 95% confidence 

intervals, adjusted for confounding factors. 
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A subgroup of 41 children (n=20 preterm and n=21 term) was selected for mixed-omics 

analysis (meta-transcriptome sequencing and discovery metabolomics [SPME GC-MS]; 

methods). The subgroup of 41 children consisted of: 10 very low birth weight (1000-1500g, 2 

females, 8 males, RIN=7.73 ± 0.72); 10 extremely low birth weight (< 1000g, 5 females, 5 

males, RIN=7.62 ± 0.92); and 21 children born at term (11 females, 10 males, RIN=7.8 ± 

0.64). Baseline characteristics of the subgroup are provided in Table 2-2. 

Table 2-2: Demography of the sub group of the study population and parental features.  

Children‟s age is mean ± standard deviations. 

1
 One-way ANOVA; 

2
 Chi-square test; 

3
 Fisher's exact test; 

4
SDS outcomes: general linear 

regression models adjusted for sex, ethnicity and birth order, as well as mean parental BMI or 

mid-parental height. 

 Preterm Children Term Children  p-value 

n 20 21  

Demography    

Age (years) 
1 

7.7 ± 1.5 8.6 ± 1.3 0.044 

Sex ratio (males) 
2
 65% 48% 0.26 

Ethnicity (New Zealand 

European) 
2 

75% 57% 0.23 

Birth characteristics    

Gestational age (weeks) 
1 

27.3 ± 2.2 40.2 ± 1.0 < 0.0001 

Delivery (C-section) 
2 

45% 43% 0.89 

Birth weight SDS 
1 

0.10 ± 1.04 0.25 ± 0.84 0.62 

Infant characteristics    

Breastfeeding 
3 

95% 95% 0.99 

Childhood 

anthropometry 
4†

 

   

Weight SDS 0.00 (-0.41–0.41) 0.31 (-0.06–0.68) 0.25 

Height SDS 0.26 (-0.19–0.72) 0.69 (0.26–1.12) 0.16 

BMI SDS 0.02 (-0.44–0.48) 0.15 (-0.26–0.56) 0.66 
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2.3.2 16S rRNA gene sequencing did not reveal differences in the diversity of the gut 

microbiome between children born preterm and at term 

16S rRNA gene sequencing was performed and sequences were subsampled to 159,464 per 

sample. I identified 123 bacterial families, 139 genera and 322 species across 91 children of 

the entire cohort. Stool samples were not provided from nine preterm and two term children. 

Bacterial composition at the species, genus and family levels, were not different between the 

two study groups according to an analysis of the Linear discriminant (LDA) effect size 

(Segata et al., 2011). Measures of the alpha diversity (i.e. Chao1) and numbers of observed 

species (i.e. Shannon and Simpson indices) were not different between groups (Figure 2-1). 

Principle coordinates analysis (PCoA) confirmed that the gut bacterial communities of 

children born preterm and at term were not different as shown by beta diversity based on 

Bray-Curtis dissimilarity (Figure 2-2). PCoA analyses also confirmed that other potential 

confounders (i.e. sex, ethnicity, mode of delivery, intake of antibiotics since hospital 

discharge, and mode of feeding [breast verses formula]) did not demonstrably impact 

microbial diversity, as measured by DNA sequencing (Figure 2-2b to f respectively). 
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Figure 2-1: Within sample variation measured using alpha diversity indices. 

Within sample variation was measured by chao1, observed spp, Shannon index and Simpson index in children born preterm (n=41) and at term 

(n=49). 1(a-d) alpha diversity indices at species level; 2(a-d) alpha diversity indices at genus level and 3(a-d) alpha diversity indices at family 

level.  
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Figure 2-2: Similarities between microbial communities. 

Principle coordinates analysis (PCOA) based on the distance matrix of Bray-Curtis dissimilarity of the microbial community between (a) 

preterm vs term group; (b) female vs male; (c) NZ European vs other ethnic groups; (d) C-section born vs vaginal born; (e) Intake of antibiotic 

vs not and (f) breast milk and formula fed. This analysis is based on the microbial community obtained from the 16s rRNA gene sequencing data 

from the whole group (n=91). 



Results #1 

55 
 

A core microbiome analysis (CORBATA) (K. Li et al., 2013) was performed on the 16S 

rRNA gene sequencing data to determine the ubiquity and evenness of the distribution of 

bacteria across our cohort (n= 91). Children born preterm and at term share Clostridiaceae, 

Eubacteriaceae, Ruminococcaceae, Lachnospiraceae, Bacteroidaceae, and 

Porphyromonadaceae families as the major components (i.e. ubiquity score of ≥ 80% and an 

abundance of ≥ 1% (K. Li et al., 2013)) within their core microbiomes (Figure 2-3). Notably, 

the core microbiome of children born at term also contained members of the Rikenellaceae 

family (82% and 1% for ubiquity and abundance, respectively; Figure 2-3). In contrast to our 

observation of the major core, the minor core (i.e. ubiquity score ≥ 50% and an abundance of 

< 1%) of the term group (Pasteurellaceae, Catabacteriaceae and Clostridiales Family I. 

Incertae Sedi) was a subset of the preterm minor core, which also contained 

Desulfovibrionaceae, Bacillaceae, and Carnobacteriaceae (Figure 2-4). Despite the observed 

differences between the major and minor cores within the microbiomes of children born 

preterm and term, the Abundance-Weighted Kolmogorov-Smirnov statistic indicated that 

they were not different at a p-value of 0.05 from each other at family, genus or species level 

(Figure 2-5). Collectively, these results demonstrated that the bacterial components of the gut 

microbiota in preterm and term born children were not significantly different at the level of 

the 16S rRNA gene sequencing analysis. 
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Figure 2-3: The major core of the gut microbiota of children born very preterm and at term.  

Above Ubiquity-Abundance plot was generated based on the cumulative distribution function (CDF) values for each bacterial family from 16S 

rRNA data with default cut-offs of ubiquity=0.8 and abundance 0.01 [children born preterm (n=42) and term (n=49)]. The y-axis represents the 

ubiquity percent (% of samples present) while the x-axis represents the abundance (log10 transformed). Each coloured line represents a family 

that is above the specified cut-offs. The red “bull‟s eye” indicates where the cut-off is found. (a) Major core of microbiota of children very 

preterm consists of families (Ubiquity values at 0.01 abundance) Clostridiaceae=1.00, Eubacteriaceae=1.00, Ruminococcaceae=1.00, 

Lachnospiraceae=1.00, Bacteroidaceae=1.00, Porphyromonadaceae=0.93; (b) Major core of microbiota of children born at term include 

Clostridiaceae=1.00, Eubacteriaceae=0.98, Ruminococcaceae=1.00, Lachnospiraceae=1.00, Bacteroidaceae=1.00, Porphyromonadaceae=0.82, 

Rikenellaceae=0.82.
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Figure 2-4: The minor core of the gut microbiota of children born very preterm and at term.  

The default cut-off values used are ubiquity=0.05 and abundance=0.01 [children born preterm (n=42) and term (n=49)]. Bacterial families which 

have ubiquity more than 0.5 and abundance less than 0.01 are considered as the part of the minor core. A) Minor core microbiome of children 

born very preterm includes unclassified Clostridiales Clostridiales Family I. Incertae Sedis, Carnobacteriaceae, Pasteurellaceae, Bacillaceae, 

Desulfovibrionaceae and Catabacteriaceae. B) Minor core microbiome of children born at term includes Clostridiales Family I. Incertae Sedis, 

Pasteurellaceae and Catabacteriaceae. 
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Figure 2-5: The magnitude of the difference between the taxonomic profiles of preterm and term children. 

The magnitude of the difference between the taxonomic profiles of preterm and term children [preterm (n=42) and term (n=49)] were analysed 

using the Abundance-Weighted Kolmogorov-Smirnov (AWKS) statistic at species, genus and family level respectively from a to c Larger 

AWKS values represent the greater differences between the two cohorts. Two cohorts were not significantly different at a p-value of 0.05.
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2.3.3 The population structure and metabolic functions of the active microbiome 

component differ between children born preterm and children born at term 

Consistent with the results for the entire cohort, the microbial composition at the species, 

genus and family levels identified by 16S rRNA gene sequencing was not different between 

the sub-groups of children born preterm and at term.  

The LDA effect size of active microbes, obtained using HuMAnN2 analysed meta-

transcriptomic data (Abubucker et al., 2012), identified an enrichment for unclassified 

Collinsella sp., genus Collinsella, order Coriobacteriales and family Coriobacteriacea (LDA 

> 2.0; Figure 2-6a) within the active gut microbiota component of children born preterm. 

This analysis also identified greater levels of active Alistipes shahii within the microbiota of 

children born at term. Alistipes shahii has previously been associated with protein-rich diets 

(David et al., 2013) however, dietary intake and patterns were not different between the two 

groups of children in our sub-group (Table 2-3 and 2-4).  

Table 2-3: Dietary intake among children born very preterm and term in the sub group 

of the study population.  

 

 

 

 

 

 

Data are means and 95% confidence intervals from general linear regression models, adjusted 

for sex and age. 

 Very Preterm Children Term Children p-value 

N 18 18  

Energy (kJ/kg/day) 271 (234–307) 257 (222–292) 0.60 

Protein (g/kg/day) 2.52 (2.19–2.86) 2.40 (2.08–2.72) 0.60 

Fat (g/kg/day) 2.55 (2.14–2.96) 2.27 (1.88–2.67) 0.35 

Saturated fat (g/kg/day) 1.11 (0.93–1.28) 0.98 (0.81–1.14) 0.30 

Carbohydrate (g/kg/day) 7.64 (6.56–8.73) 7.52 (6.48–8.56) 0.87 

Sugar (g/kg/day) 2.81 (2.20–3.43) 2.93 (2.34–3.53) 0.79 

Sucrose (g/kg/day) 1.14 (0.83–1.46) 1.17 (0.87–1.48) 0.89 

Starch (g/kg/day) 4.78 (4.11–5.44) 4.54 (3.90–5.18) 0.62 

Dietary fibre (g/kg/day) 0.67 (0.50–0.84) 0.76 (0.60–0.93) 0.45 
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Table 2-4: Dietary pattern among children born very preterm or at term in the 

subgroup of the study population. 

 

 

 

 

 

 

 

 

 

 

1 
One-way ANOVA, 

2 
Kruskal-Wallis test. 

 

Analysis of the LDA effect size of the active microbial metabolic pathways within the 

preterm and term sub-group samples identified transcript levels within the arginine 

biosynthesis, histidine biosynthesis, L-ornithine biosynthesis and creatinine degradation 

pathways as being highly discriminative (LDA > 2.0) for mid-childhood classification of 

children born preterm and children born at term (Figure 2-6b). 

 Very Preterm Children Term Children p-value 

n 18 18  

Bread, pasta, and rice 
1 

21.3 [17.0, 24.2] 20.0 [16.3, 23.2] 0.44 

Cakes and sweets 
1
 7.6 [4.6, 14.6] 6.6 [4.1, 12.0] 0.50 

Dairy products 
1
 15.0 [8.2, 20.5] 14.8 [7.0, 19.0] 0.93 

Fruit 
1
 14.9 [9.8, 27.2] 19.3 [14.7, 33.8] 0.52 

Meat, fish, and eggs 
1
 10.0 [9.1, 14.3] 10.4 [6.7, 18.5] 0.79 

Nuts and seeds 
2
 0.8 [0.1, 2.7] 0.5 [0, 3.3] 0.52 

Sweet drinks 
2
 0 [0, 10.7] 0 [0, 8.2] 0.41 

Take away 
2
 1.9 [0.3, 8.9] 1.2 [0, 6.4] 0.48 

Vegetables 
1
 12.2 [6.8, 14.4] 9.0 [6.4, 14.8] 0.87 

Other 
2
 1.4 [0.1, 2.5] 0.9 [0.1, 1.5] 0.47 
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Figure 2-6: Active gut microbes, pathways and plasma arginine levels are different in preterm and term children.  

(a) The active gut microbiome in children born preterm is enriched in Collinsella sp. By contrast the active component within the term gut 

microbiome was enriched in Allistepes sp. (LDA score ≥ 4). (b) LDA analyses of the active gut microbial metabolic functions in children born 

preterm and at term identified metabolic pathways that were capable of predicting, at mid-childhood, which group the child was a member of 

(LDA score ≥ 2). (c) Plasma but not faecal arginine levels were lower in children born preterm (p = 0.0007); (d) Higher levels of faecal 

calprotectin levels were present in children born preterm compared to term children (p = 0.0054). Horizontal dash line at 3.8 represents the 

minimum assay detection level. 
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2.3.4 Faecal and plasma metabolite profiles differ in children born preterm and at term 

Children born preterm had lower plasma but not faecal arginine concentrations when 

compared to children born at term (p < 0.0001; Figure 2-6c). Faecal arginine levels were 

more variable in the preterm children. However the majority of arginine values were < 100 

µmol/L in preterm children whereas the majority of values were > 100 µmol/L in term 

children. Amino acid quantitation identified higher faecal levels of branched chain amino 

acids in children born very preterm than children born at term (p = 0.022, 0.008, and 0.003 

for valine, leucine and isoleucine, respectively; Figure 2-7). 

  

Figure 2-7: Between group variation of faecal branch chain amino acids and 

hydroxyproline. 
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(a) valine; (b) leucine; (c) isoleucine; and (e) hydroxyproline. They are significantly different 

between children born very preterm (n=18) and children born at term (n=20). [P values are 0. 

0.022, 0.008, 0.003 and 0.007 respectively (Unpaired t-test; nonparametric Mann-Whitney 

test, GraphPad Prism 7.03)]. 

Levels of 3-methyl-butanoic acid, butyrolactone, butanoic acid and pentanoic acid were 

higher (p < 0.05, Figure 2-8) in the faeces of children born preterm than those born at term. 

By contrast, faecal levels of methyl isobutyl ketone were higher in children born at term. In 

addition to these specific metabolites, there were an additional 35 plasma volatiles that were 

different between groups (p < 0.05; Table 2-5).  

 

Figure 2-8: Significantly different faecal volatiles
†
 in children born very preterm and 

term.  
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(a) Methyl Isobutyl Ketone (p=0.0297); (b) 3-methyl-Butanoic acid (p=0.0297); (c) 

Butyrolactone (p=0.0356) (d) Butanoic acid (p=0.0356) and (e) Pentanoic acid (p=0.0356). 

The analysis was performed on MetaboAnalyst 3.0 (a web server for metabolomics data 

analysis and interpretation) (Xia, Psychogios, Young, & Wishart, 2009). Two groups [very 

preterm (n=20) and term (n=21)] were compared using unpaired t-test (Wilcoxon Mann 

Whitney test) with FDR correction using Bonferroni correction and Holm step-down 

procedure on MetaboAnalyst 3.0.  

†
The faecal volatile data is relative abundance and the measure is the peak area of the most 

intense ion for that molecule. Unit is given as „total ion current‟.
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Table 2-5: Plasma volatiles in children born very preterm and at term.  

Name Mean ± SD  Mean ± SD  q-value
¥ 
 Change

†
 

  (Term) (Very preterm)     

4208633 2-Butanone, 1-2-furanyl- 38080 ± 7967 53519 ± 12381 0.000 Down 

13466789 3-Carene 10531 ± 3629 17057 ± 4418 0.000 Down 

71363 1-Butanol 52583 ± 21297 92361 ± 38792 0.000 Down 

80568 alpha-Pinene 27068 ± 6008 40730 ± 14042 0.000 Down 

110827 Cyclohexane 30367 ± 13836 49040 ± 17271 0.000 Down 

108678 Mesitylene 42689 ± 10780 71341 ± 40126 0.001 Down 

96377 Cyclopentane, methyl- 229900 ± 88008 348760 ± 125461 0.001 Down 

100425 Styrene 88446 ± 28656 152410 ± 86213 0.001 Down 

98828 Benzene, 1-methylethyl- 47057 ± 12859 76756 ± 42669 0.001 Down 

1120214 Undecane 48668 ± 9735 61875 ± 16310 0.002 Down 

124196 Nonanal 34031 ± 6876 43506 ± 12382 0.002 Down 

96140 Pentane, 3-methyl- 104531 ± 37015 148368 ± 51526 0.003 Down 

111717 Heptanal 47815 ± 16913 78322 ± 46184 0.003 Down 

110430 2-Heptanone 45451 ± 14422 62452 ± 24281 0.003 Down 

106423 p-Xylene  50922 ± 21700 70931 ± 26078 0.003 Down 

616251 1-Penten-3-ol or Hexane, 2,2-dimethyl- 103874 ± 40436 141929 ± 44169 0.004 Down 

95476 o-Xylene 197044 ± 99878 269117 ± 105729 0.005 Down 
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100414 Ethylbenzene or Benzene, 1,3-dimethyl- 99% 125121 ± 62632 185795 ± 80661 0.006 Down 

106423 p-Xylene 171901 ± 91243 232078 ± 95541 0.010 Down 

127913 beta-Pinene 27459 ± 5193 31927 ± 5711 0.010 Down 

66251 Hexanal 947493 ± 608874 1522569 ± 996001 0.011 Down 

28464417 2,2-Di2'-chloroethoxy-propane 6185 ± 2478 8165 ± 2441 0.011 Down 

138863 Limonene 40562 ± 9850 56174 ± 24421 0.013 Down 

638288 Hexane, 2-chloro- or 1-Hexene 90 percent 118018 ± 56322 178827 ± 94651 0.013 Down 

142825 Heptane 61045 ± 19369 80633 ± 33322 0.013 Down 

64197 Acetic acid 791017 ± 210799 983438 ± 286463 0.014 Down 

3391864 1-Octen-3-ol 75284 ± 40121 110972 ± 73021 0.016 Down 

3777693 Furan, 2-pentyl- 50225 ± 29140 82104 ± 70081 0.016 Down 

108883 Toluene 163510± 38596 209088 ± 69471 0.025 Down 

2216333 Octane, 3-methyl- 13128 ± 6280 9141 ± 3136 0.025 Up 

107835 Pentane, 2-methyl- 177265 ± 55722 214943 ± 56746 0.032 Down 

110543 n-Hexane 680104 ± 235338 879350 ± 346628 0.032 Down 

107391 1-Pentene, 2,4,4-trimethyl- 88714 ± 32912 111396 ± 35979 0.034 Down 

110930 5-Hepten-2-one, 6-methyl- 117390 ± 60780 162575 ± 104073 0.046 Down 

¥
FDR corrected p-value 

†
Direction of change in term group 

 



Results #1 

67 
 

Comparatively higher numbers of associations between amino acid concentrations and active 

bacteria were identified (using Hierarchical All-against-All association) in the faeces of 

children born preterm (Table 2-6). For example, faecal hydroxyproline levels were decreased 

(Figure 2-7) in association with Bacteroides fragilis and Clostridium hathewayi in children 

born preterm. Associations were also detected between faecal bacteria (i.e. Oscillibacter 

unclassified and Alistipes shahii) and significantly lower faecal levels of branch chain amino 

acid levels (i.e. valine, leucine and isoleucine) in children born preterm (Figure 2-7). Altered 

faecal concentrations of ornithine were associated with the genus Acidaminococcaceae in 

children born preterm. In children born at term, associations were detected between altered 

faecal glutamine and the levels of Bacteroides finegoldii.  

Table 2-6: Associations
†
 identified between active microbes, faecal amino acids, plasma 

amino acids, faecal volatiles and plasma volatiles.
 

Significant associations involving faecal amino acids 

Compound Organism Q value 

Similarity score 

between 

clusters 

Preterm group (10 associations) 

 Bacteroides fragilis 

Clostridium hathewayi 

  

Hydroxyproline 0.001 0.897 

Hydroxyproline Bacteroides caccae 0.002 0.857 

Isoleucine 

Leucine 

   

Oscillibacter unclassified 0.024 0.823 

Valine Oscillibacter unclassified 0.012 0.802 

Glutamine Acidaminococcaceae unclassified 0.012 0.800 

Glutamine Acidaminococcus unclassified 0.012 0.799 

Glutamine Veillonella unclassified 0.026 0.763 

Isoleucine Alistipes shahii 0.049 0.738 

Ornithine Acidaminococcaceae unclassified 0.049 0.732 

Ornithine Acidaminococcus unclassified 0.049 0.732 

Term group - 1 association 
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Glutamine Bacteroides finegoldii 0.011 0.814 

Significant associations involving plasma amino acids 

Compound Organism Q value 

Similarity score 

between 

clusters 

Preterm group (0 associations) 

Term group (5 associations) 

Aspartic acid Roseburia inulinivorans 0.000 0.912 

Aspartic acid Bacteroides salyersiae 0.000 0.890 

Aspartic acid Eubacterium rectale 0.012 0.798 

Citrulline Bacteroides salyersiae 0.016 0.778 

Aspartic acid Bacteroides caccae 0.016 0.776 

Significant associations involving faecal volatiles 

Compound Organism Q value 

Similarity score 

between 

clusters 

Preterm group (122 associations – only the 10 strongest are shown) 

 Butyrivibrio unclassified 

Ruminococcus flavefaciens 0.000 0.960 Butanoic acid 

Methyl acetate 

4-Heptanone 

2-Norpinene 

Bacteroides ovatus 

Bacteroides thetaiotaomicron 0.006 0.952 

 Alistipes shahii 

Alistipes onderdonkii 

Oscillibacter unclassified 0.095 0.947 

 

2-Methoxypropane 

5-methyl-2-Hexanone 

3,7-dimethyl-2-Octene 

Bacteroides fragilis 

Clostridium hathewayi 0.121 0.927 

Propanoic acid 

Butyrivibrio unclassified 

Ruminococcus flavefaciens 0.000 0.923 

Resorcinol Collinsella aerofaciens 0.000 0.921 

Resorcinol 

Bifidobacterium longum 

Scardovia unclassified 0.000 0.921 

Ƴ-Dodecalactone Clostridium nexile 0.000 0.918 
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Benzaldehyde Clostridium nexile 0.000 0.915 

2-Octanone 

Methanobrevibacter 

Bacteroides cellulosilyticus 0.089 0.913 

Term group (103 associations, only the 10 strongest are shown) 

2-Heptanone Eubacterium siraeum 0.000 0.996 

3-methyl-2-Pentanone  Ruminococcus champanellensis 0.000 0.966 

Methyl butyrate 

Isovalerylacetone 

Eubacterium rectale 

Bacteroides salyersiae 

Roseburia inulinivorans 0.008 0.964 

2-Acetyl-1-octanol Eubacterium siraeum 0.000 0.958 

Valencene (7CI) Alistipes finegoldii 0.000 0.958 

Zingiberene (7CI) Ruminococcus champanellensis 0.000 0.954 

(E)-γ-Bisabolene Ruminococcus champanellensis 0.000 0.953 

α-Muurolene (7CI) Ruminococcus champanellensis 0.000 0.952 

β-Caryophyllen Ruminococcus champanellensis 0.000 0.949 

2,3-Hexanedione Bacteroides finegoldii 0.000 0.946 

Significant associations involving plasma volatiles 

Compound Organism Q value 

Similarity score 

between 

clusters 

Preterm group (30 associations, only the top 10 are shown) 

Heptanal 

Nonane 

1-Penten-3-ol 

Hexanal 

6-Methyl-5-hepten-2-one 

Heptane 

Bacteroides stercoris 

Parabacteroides merdae 

Peptostreptococcaceae noname 

unclassified 0.073 0.923 

2-Penten-4-one 

Acetylcyclopropane 

Bacteroides thetaiotaomicron 

Bacteroides ovatus 

Eubacterium ramulus 0.001 0.890 

2-Penten-4-one 

Acetylcyclopropane Dorea longicatena 0.001 0.869 

2-Penten-4-one Roseburia inulinivorans 0.033 0.859 
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Acetylcyclopropane Eubacterium eligens 

Eubacterium rectale 

2-Penten-4-one 

Acetylcyclopropane 

Roseburia intestinalis 

Ruminococcus lactaris 0.039 0.846 

2-Penten-4-one 

Acetylcyclopropane 

Bacteroides massiliensis 

Dorea formicigenerans 0.046 0.836 

4-Methyl-2-pentanone Faecalibacterium prausnitzii 0.009 0.836 

3-Methyloctane Roseburia hominis 0.025 0.810 

3-Methyloctane Mitsuokella unclassified 0.026 0.805 

Nonanal Bacteroides stercoris 0.030 0.799 

Term group (63 associations, only the 10 strongest are shown) 

3,4,4-Trimethyl-cis-2-

pentene Alistipes finegoldii 0.000 0.916 

3-Carene Odoribacter laneus 0.000 0.902 

Di-tert-Octyl disulfide Alistipes finegoldii 0.000 0.885 

2,2,4,6,6-Pentamethyl-3-

heptene Alistipes finegoldii 0.000 0.870 

4-Methyltoluene Alistipes finegoldii 0.001 0.862 

Undecane Methanobrevibacter 0.002 0.849 

2,6-Dimethylnonane 

3-Ethyl-5-methylheptane Methanobrevibacter 0.006 0.848 

2-Methyltoluene Alistipes finegoldii 0.001 0.846 

Undecane Bacteroides eggerthii 0.001 0.845 

4-Heptanone Bacteroides finegoldii 0.001 0.844 

FDR [Benjamini–Hochberg–Yekutieli (BHY)] corrected significant associations were 

identified using Hierarchical All-against-All association testing between active microbes 

(bacteria only), faecal amino acids, plasma amino acids, faecal volatiles and plasma volatiles. 

†
For simplicity, only the ten strongest active bacterial associations, based on the similarity 

score, are depicted. 
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There were no associations between plasma amino acids and active bacteria in preterm 

children. By contrast, there were five associations between plasma amino acids and faecal 

microbes in children born at term (Table 2-6). These associations involved altered aspartic 

acid and citrulline associated with Roseburia inulinivorans, Bacteroides salyersiae, 

Eubacterium rectale, Bacteroides caccae; and Bacteroides salyersiae. 

Associations were detected between faecal volatiles and faecal microbes in children born 

preterm and at term. Active microbes (i.e. Butyrivibrio unclassified and Ruminococcus 

flavefaciens) were associated with higher levels of faecal volatile butanoic acid and propionic 

acid levels in children born preterm (Table 2-6). By contrast, Eubacterium rectale, 

Bacteroides salyersiae and; Roseburia inulinivorans were associated with altered methyl 

butyrate levels in term children.  

Associations between faecal bacterial organisms and plasma metabolites were present in both 

preterm and term children. Notably, there was a trend for the total number of associations to 

be reduced in children born preterm when compared to children born at term (Table 2-6).  

2.3.5 Children born preterm have higher faecal calprotectin levels 

In our cohort subgroup, children born preterm had higher faecal calprotectin levels than their 

term counterparts (p=0.0054, Figure 2-6d). There was no relationship between the active 

microbial species and functions and faecal calprotectin levels in either of the two groups of 

children.  

2.4 Discussion 

Whilst there were no differences in the gut microbial populations in mid-childhood of 

preterm and term children as detected by 16S rRNA gene sequencing, the active microbial 

population differed between the two groups of children. These differences were further 

substantiated by discriminatory changes in the active metabolic pathways within the faecal 

microbial populations of the preterm and term born children. Additionally, it is notable that 

there are no associations between the plasma amino acids, and an apparent reduction in the 

volatile profiles, with the active faecal bacterial populations in the preterm children, 

coinciding with an altered gut epithelium, as evidenced by raised faecal calprotectin levels.  



Results #1 

72 
 

Previous studies have identified alterations in the gut microbiome of children born preterm 

(less than 32 weeks of gestational age), from the very early days of their age (less than two 

weeks) until ~20 months of age (Aagaard et al., 2014; Chernikova et al., 2018; Groer et al., 

2014; Patel et al., 2016). These differences include a decrease in the abundance of 

Bifidobacterium and Bacteroides (Chernikova et al., 2018). In our study16S rRNA gene 

sequencing did not identify differences in the bacterial communites of the preterm children in 

mid-childhood when compared to term children. Collectively, these observations suggest that 

there is a convergence of the gut microbiome population structure in preterm children by 

mid-childhood following differences in infancy and early childhood. However, our results on 

the active microbial component identified considerable differences between the two groups of 

children. To the best of our knowledge, this is the first report of differences between two 

childhood groups in gut microbial activity including faecal and plasma metabolic products 

without differences in the faecal bacterial population structure. Studies to date have 

predominantly focused on evaluating differences in microbial populations rather than 

examining the activity of these populations.  

Arginine is a conditionally essential amino acid, that is obtained from food or synthesised 

from glutamate via citrulline (Tomlinson, Rafii, Ball, & Pencharz, 2011). Prematurely born 

children are unable to synthesise arginine due to limited expression of arginine biosynthetic 

genes (e.g. pyrroline-5-carboxylate synthase, argininosuccinate synthase, and lyase) (G. Wu, 

Jaeger, Bazer, & Rhoads, 2004a). Thus, infants born prematurely are given parenteral 

arginine to reverse their arginine deficiency (4 g/kg/day at 24-30 weeks' gestation) (Hay & 

Thureen, 2010). Therefore, it is notable that I identified significant differences in the activity 

of the arginine biosynthetic pathway in prepubertal children born preterm. I speculate that 

early life arginine deficiency (Badurdeen, Mulongo, & Berkley, 2015; Burgess, Morgan, 

Mayes, & Tan, 2014; G. Wu, Jaeger, Bazer, & Rhoads, 2004b) and or a host genetic 

predisposition (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 

2016; Fujisaka et al., 2018; Kurilshikov et al., 2017) influences the selection of arginine 

producing microbes in the bowel of children born preterm.  

In our cross-sectional cohort, children born preterm had higher levels of faecal calprotectin. 

This is consistent with increased neutrophil migration to the gut mucosa which is indicative 

of local inflammation (Herrera, Christensen, & Helms, 2016). Gut inflammation is linked 
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with impaired barrier function (Michielan & D‟Incà, 2015). Higher faecal calprotectin levels 

in children born preterm may suggest that these children have increased gut permeability. 

Increased gut permeability has been observed in children born preterm during their early life 

(Shulman et al., 1998; van Elburg, Fetter, Bunkers, & Heymans, 2003; Weaver, Laker, & 

Nelson, 1984), which is explained by: 1) these individuals missing the last stages of gut 

epithelial development; and 2) increased enteral feeding in the preterm condition (Rouwet et 

al., 2002). The observation of higher plasma volatile levels in children born preterm is also 

consistent with impaired gut epithelial integrity, as increases in gut permeability reduce the 

filtering of the many bacterially produced metabolites from the faecal source into the 

bloodstream. Despite the fact that I did not identify associations between inflammatory 

markers, faecal calprotectin and faecal microbes or functions, the trend towards differences in 

bacterial produced plasma metabolites is consistent with the prepubertal preterm children in 

our cohort having higher gut inflammation compared to their term counterparts. Ongoing 

low-grade inflammation is a known risk factor for development of some chronic diseases that 

preterm children present an increased susceptibility to such as diabetes (Casey Crump, 

Winkleby, Sundquist, & Sundquist, 2011a; Hofman et al., 2004; Kajantie, Osmond, Barker, 

& Eriksson, 2010), hypertension (Casey Crump, Winkleby, Sundquist, & Sundquist, 2011b), 

cardiovascular disease (Carr, Cnattingius, Granath, Ludvigsson, & Edstedt Bonamy, 2017) 

and asthma (C. Crump, Winkleby, Sundquist, & Sundquist, 2011).  
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Figure 2-9: Summary of findings. 

(A) Preterm and term children have the same microbial population structures; however 

different microbes are active in each group (e.g. Collinsella sp. coloured in green in preterm 

group and Allistepes sp. coloured in red in term group). The active gut microbial metabolic 

functions are also different in children born preterm and at term (e.g. increased arginine 
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biosynthesis in preterm group and increased histidine degradation in term group). (B) 

Children born preterm have increased numbers of plasma volatiles and higher levels of faecal 

calprotectin, which are indicators of altered intestinal barrier function. 

2.5 Conclusion 

In conclusion, I have shown that the gut microbiome of children born preterm contains 

different active microbes and microbial metabolic pathways. These differences correlate with 

plasma microbial volatile profiles and are, in turn, associated with calprotectin levels that 

suggest impaired gut barrier function.   
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Chapter 3. Long-term stability in the gut microbiome over 46 years 

in the life of Billy Apple
®
. 

This chapter was adapted from the journal article titled “Long-term stability in the gut 

microbiome over 46 years in the life of Billy Apple
®
” which was published in Human 

Microbiome journal by Jayasinghe et al, 2017 (Jayasinghe et al., 2017a). 

3.1 Introduction  

The composition of the adulthood microbiome is individual specific (Bonder, Kurilshikov, 

Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et al., 2016; Peter J Turnbaugh, Hamady, et 

al., 2009b) and shows continuing drift towards a core microbiome as we age (O‟Toole & 

Jeffery, 2015). While the exact microbiome composition can show extreme short-term 

variations among older people (≥ 65 years) (Claesson et al., 2012a); the core microbiome 

appears to be resilient to environment induced fluctuations (Martínez, Muller, & Walter, 

2013).  

Despite some early evidence to the contrary (Dąbrowska & Witkiewicz, 2016), it is clear that 

the host contributes to the selection of the microbiome composition (Blekhman et al., 2015; 

Dąbrowska & Witkiewicz, 2016; Goodrich et al., 2014). In fact, the effect of the host genetics 

is greater than the common environment but less than the unique environment in 

monozygotic twins (Goodrich et al., 2014). Such a relationship should be evident in the 

temporal conservation of the gut microbiome (i.e. the population of microbes that inhabit the 

gut) in individuals (J. Faith et al., 2013; Goodrich et al., 2014). However, because temporal 

studies of the gut microbiome typically require faeces, it is extremely unusual to be able to 

retrospectively obtain samples from individuals. As a direct consequence of this, our 

understanding of gut microbiome evolution in a single individual is currently limited to short 

time periods (e.g. 5 years (J. Faith et al., 2013)). Longer-term studies, over decades, will help 

to inform on the stability of, and resolve the controversy that has arisen over the existence of 

a core microbiome (Martínez et al., 2013).  
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3.2 Methodology 

3.2.1 Subject 

Billy Apple
®
, born in 1935 (current age: 80), is a non-smoking individual (1.645m tall, 82 kg, 

BMI=30.3) with stable Hba1c levels ranging from 35-43 mmol/mol ( ̅  37.4 ± 2.5) between 

2010 and 2016.  

In the 1970s Apple was not on any medications. Apple is currently on Ezetimibe (10mg 

daily), SR Aspirin (100mg daily), Quinapril HCL (5mg daily), Diltiazem HCL (120 mg 

daily), and Crestor (5mg twice weekly). He is currently living independently within the 

community in Auckland (New Zealand).  

Colonoscopy and gastroscopy (22/6/2016) confirmed existing diverticular disease (3cm of 

Barrett‟s noted from 33-36cm oesophagus) and a hiatus hernia. Apple‟s stomach, antrum, 

pylorus and duodenum are normal. There is moderate sigmoid diverticular disease between 

the anus and caecum. There is only low grade dysplasia present (Figure 3-2).  

3.2.2 Sample collection, DNA extraction, library preparation and sequencing 

Toilet tissues collected for art purposes from Billy Apple
®
‟s first defecation of the day in July 

1970 (8
th

, 9
th 

and 11
th

) were provided courtesy of the Billy Apple
®

 Archive. These tissues 

were exhibited in Excretory Wipings (1971, Apple, 161 West 23rd St, New York), censored 

in From Barrie Bates to Billy Apple
®

 1960-1974 (1974, Serpentine Gallery, London), and 35 

years later exhibited in Billy Apple
®
: New York 1969–1973 (2009, Adam Art Gallery Te 

Pataka Toi, Victoria University of Wellington). In between times, the air-dried tissues were 

stacked flat, organised into two monthly groups and stored in plastic bags in a box at room 

temperature. Contemporary tissues were collected in July 2016 (8
th

, 11
th

 and 16
th

) and air 

dried.  

DNA was extracted from tissue punches (8 mm in diameter) using an All prep DNA/RNA 

Qiagen® mini kit (Qiagen, Germany) (Giannoukos et al., 2012a). DNA concentrations were 

measured using a Qubit 3.0
™ 

(ThermoFisher Scientific, Massachusetts). 16S rRNA gene 
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amplicons were produced using the Ion 16S
™ 

Metagenomic kit (ThermoFisher Scientific, 

Massachusetts), according to the manufacturer‟s instructions. Primer set 1 amplified the V2-

4-8 regions whilst primer set 2 amplified the V3-6 and 7-9 regions of the bacterial 16S rRNA 

gene. Amplicons (209-295 bp) were purified using Agencourt
®
 AMPure

® 
XP beads 

(Beckman Coulter life sciences, California). Adaptor-ligated libraries were prepared using the 

Ion Plus Fragment Library and Ion Xpress
™

 barcode adaptors 1-16 kits (ThermoFisher 

Scientific, Massachusetts). Amplified libraries were stored at -20
0
C for sequencing. 

Library concentration was determined using the high sensitivity DNA kit on an Agilent 2100 

Bioanalyzer® (Agilent technologies, California). Libraries were diluted (low TE buffer) to 

26pM, 8 diluted libraries pooled, templated on an Ion 318™ Chip using the Ion Chef™ 

Instrument (ThermoFisher Scientific, Massachusetts) and run on an Ion Personal Genome 

Machine® (PGM™) System (ThermoFisher Scientific, Massachusetts). An average of 

776,960 ±77,840 reads per sample was obtained. Sequences have been deposited in the Short 

Read Archive (Bioproject PRJNA355909 and accessions SAMN06094800, SAMN06094801, 

SAMN06094802, SAMN06094803, SAMN06094804, SAMN06094805).  

16S amplicon sequences were sorted according to the barcode and analysed using the 

Metagenomics 16S w1.1 workflow in the Ion Reporter
™

 software on the ThermoFisher cloud 

(Version 5.2, ThermoFisher Scientific, Massachusetts) using the default parameters (Life 

Technologies, 2014). Ion Reporter performed a two-step Basic Local Alignment Search Tool 

(BLAST) alignment of sequencing reads to the MicroSEQ
®
 (ThermoFisher Scientific, 

Massachusetts) and Greengene database (DeSantis et al., 2006). The completed analysis 

reported the results by primers, or consensus and visualization graphs for six taxonomic 

levels (i.e. species, genus, family, order, class, and phylum). It also provided measures of 

within sample bacterial diversity (alpha diversity) and between sample bacterial diversity 

(beta diversity) for all samples. 

3.2.3 Genome sequencing 

The Billy Apple
®
 cell line was derived from virally (Epstein-Barr) transformed human 

lymphocytes (Hilton, 2014). Genomic DNA from Billy Apple
®
 cell line was extracted via 

isopropanol precipitation, and then cleaned up through a DNA purification column. Genomic 
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DNA was checked on agarose gel and by fluorometry (Qubit), before the purity ratio 

(OD260/280) assessed by Nanodrop. The extracted genomic DNA was submitted to New 

Zealand Genomic Limited (NZGL) for sequencing using HiSeq2500 (Illumina TruSeq DNA 

library). A total of 998,752,614 paired-end reads (2 x 100bp) were obtained from 3 lanes of 

HiSeq2500 on a single run. Over 89% of all bases have a quality score greater than Q30 

(Bioproject PRJNA356788 and accession SRR5091621) 

Sequencing reads were analysed using The Genome Analysis Toolkit (GATK) v1.6-13-

g91f02df (McKenna et al., 2010) following the recommended best practice workflow for 

detecting germline mutations. The workflow performed reference alignment of reads against 

human reference genome version b37 (standard 1000 Genomes, obtained from GATK GSA 

FTP server) with BWA (H. Li & Durbin, 2009). Duplicated reads were removed using Picard 

(http://broadinstitute.github.io/picard), followed by local realignment around insertions or 

deletions (INDELs), and quality score recalibration. Single Nucleotide Polymorphisms 

(SNPs)/INDELs were called using UnifiedGenotyper (GATK v1.6-13-g91f02df, (McKenna 

et al., 2010). 

3.2.4 Sample diversity 

Alpha diversity was measured using the Shannon and Simpson indices, and beta diversity 

was measured using the Bray Curtis index (Ion Reporter
™

 software on the ThermoFisher 

cloud [Version 5.2, ThermoFisher Scientific, Massachusetts]). The Simpson index of 

diversity is calculated as 1-D, in which    
∑      

      
where N is the total counts of species 

and n is count of each species.  

3.2.5 Population similarity 

The similarity between the microbial communities within the 1970 and 2016 samples, and 

between the 1970 and 2016 samples was calculated using the Jaccard Index. The Jaccard 

index was calculated by dividing the number of shared microbial species between 1970 and 

2016 (   ) by total number of species in both years (   ) (Levandowsky and Winter, 

1971). 
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3.2.6 Statistical tests for comparisons to the Human Microbiome Project data 

Principal component analyses were performed as follows. The population structure for the 

microbiomes from the stool of 187 healthy individuals (18-40 years) was downloaded from 

the HMP data analysis and coordination centre (Human Microbiome Project DACC - 

HMQCP all). A principal component analysis was performed in R (version 3.3.3) using the 

cmdscale function within the Stats package to compare these microbiomes (collapsed to the 

genus level) with those of Billy Apple
®
 (1970 and 2016). Data was viewed using the ggplot2 

package. 

3.3 Results 

3.3.1 Billy Apple
®
’s 1970 samples clustered with healthy microbiomes and 2016 

microbiome consists of less number of anti-inflammatory bacteria 

The composition of Billy Apple
®
‟s microbiome in 1970 was enriched with the Firmicutes 

(71%), Bacteroidetes (22%), and Proteobacteria (6%). Principal component analysis 

demonstrated that Billy Apple
®

‟s 1970 microbiomes clustered with those from healthy 

subjects sequenced by the HMP (Figure 3-1A). It is notable that Billy Apple
®
 was suffering 

from diverticular disease in 2016 (Figure 3-2).  
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Figure 3-1: A core microbiome was retained over a 46 year period.  

A) Billy Apple
®
‟s 1970 microbiome structure was similar to that of healthy individuals 

sequenced by the HMP Principal Component analysis was performed on microbiome 

population structures collapsed to the genus level. B) Curve describing the conservation of 

the faecal microbiota for temporally separated samples collected from an individual (adapted 

from Faith et al., 2013). The Jaccard index for the species conservation between Billy 

Apple
®
‟s microbiome from 2016 and 1970 (red circle) falls within the confidence interval for 

the prediction by Faith et al. The similarity levels between samples collected in 1970 or 2016 

was ~87.4%.  
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Figure 3-2: Gastrointestinal images of Billy Apple
®
.  

A) Upper gastrointestinal endoscopy; and B) Colonoscopy. Images were taken on 22
nd

 June 

2016, 17 days before the first of the 2016 faecal sampling dates.  

By contrast, the 2016 microbiomes contained significantly higher level of genus Prevotella 

(increased by 46.2%, p=0.010; unpaired t-test) (Prism version 7.00, GraphPad Software, San 

Diego, California, USA) (Figure 3-3b), which may be related to the observed diverticular 

disease by having a negative impact on gut immune system (Spiller & Sloan, 2017). 

Prevotella is a gram-negative bacterium and lipopolysaccharides in cell membranes of these 

bacteria can act as an endotoxin by interacting macrophages and releasing pro-inflammatory 

cytokines (e.g. TNF-alpha, IL-6, and IL-1) which link with gut inflammations (Hakansson & 

Molin, 2011). It has also been shown that T-cell counts in the diverticular regions were 
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inversely correlated with Prevotella in patients with diverticulosis(Barbara et al., 2017). 

Finally, Billy Apple
®

‟s 2016 faecal microbiome contained significantly (p=0.031) lower 

levels of butyrate producing, anti-inflammatory Faecalibacterium prausnitzii (Figure 3-3a) 

consistent with previous reports associating F. prausnitzii to the pathogenesis of 

diverticulosis (Barbara et al., 2017). This separation is consistent with observations that the 

microbiota from young subjects (28-46 years) separates from elderly individuals (Claesson et 

al., 2012b; Jeffery, Lynch, & O‟Toole, 2015). Moreover, the fact that the 1970 samples 

clustered with healthy microbiomes led us to conclude that archiving the samples did not lead 

to significant contamination or alteration of the population structures. 

  



Results #2 

84 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Species 
a 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 July 11th

1970

July 9th

1970

July 8th

1970

July 11th

2016

July 16th

2016

July 8th

2016

P
er

ce
n

ta
g
e 

o
f 

O
T

U
 

Sampling year 

Sutterella_sp.

Collinsella_aerofaciens

Eubacterium_cylindroides

Clostridium_ramosum

Bacteroides_faecichinchillae

Holdemania_filiformis

Dialister_succinatiphilus

Bifidobacterium_longum

Barnesiella_intestinihominis

Bacteroides_eggerthii

Megasphaera_hominis

Catenibacterium_mitsuokai

Oribacterium_sinus

Faecalibacterium_prausnitzii

Coprococcus_catus

Bacteroides_massiliensis

Dorea_longicatena

Blautia_sp.

Eubacterium_ramulus

Acidaminococcus_intestini

Eubacterium_hallii

Clostridium_mayombei

Clostridium_bartlettii

Ruminococcus_gnavus

Parasutterella_excrementihominis

Alistipes_onderdonkii

Blautia_producta

Prevotella_copri

Gemmiger_formicilis

Subdoligranulum_sp.

Roseburia_hominis

Eubacterium_sp.

Roseburia_inulinivorans

Roseburia_faecis

Succinivibrio_dextrinosolvens

Eubacterium_hadrum

Haemophilus_parainfluenzae

Eubacterium_eligens

Clostridium_lactatifermentans

Sutterella_wadsworthensis

   1970                                          2016 



Results #2 

85 
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 July

11th

1970

July 9th

1970

July 8th

1970

July

11th

2016

July

16th

2016

July 8th

2016

P
er

ce
n

ta
g
e 

o
f 

O
T

U
 

Sampling year 

Acidaminococcus

Anaerofilum

Bacteroides

Barnesiella

Bifidobacterium

Catenibacterium

Collinsella

Dialister

Dorea

Eubacterium

Faecalibacterium

Gemmiger

Haemophilus

Megasphaera

Oribacterium

Oscillibacter

Parasutterella

Phascolarctobacterium

Prevotella

Roseburia

Succinivibrio

Sutterella

     1970                                  2016 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b 
Genus 

 



Results #2 

86 
 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

 July 11th
1970

July 9th
1970

July 8th
1970

July 11th
2016

July 16th
2016

July 8th
2016

P
er

ce
n

ta
g
e 

o
f 

O
T

U
 

Sampling year 

Bacteroidaceae

Bifidobacteriaceae

Rhizobiaceae

Synergistaceae

Lachnospiraceae

Oxalobacteraceae

Spiroplasmataceae

Clostridiaceae

Succinivibrionaceae

Bacillaceae

Parvularculaceae

Prevotellaceae

Sutterellaceae

Bacillales incertae

sedis
Syntrophomonadaceae

Hyphomicrobiaceae

Acidaminococcaceae

Carnobacteriaceae

   1970                                  2016 

 

 

 

 

 

 

 

Figure 3-3: Microbiome population structures for the 1970 and 2016 samples.  

Population structures were defined at the (a) species, (b) genus and (c) family level.  

OTUs representing the 40 species, 22 genera and 24 families that were significantly different 

between 1970 and 2016 (unpaired t-test, p < 0.05) are shown. Lower levels of family 

Ruminococcaceae; genera Faecalibacterium, Roseburia, and Eubacterium; species 

Faecalibacterium prausnitzii and higher levels of Prevotella in the 2016 faecal microbiome 

are reported to be linked with diverticulosis disease (Barbara et al., 2017; Spiller & Sloan, 

2017).  
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3.3.2 The diversity of the microbial species of 2016 faecal sample was lower  

Species diversity within each sample was calculated using the Simpson index of diversity (1-

D; methods). The diversity of the microbial species from samples taken when Apple was 80 

years of age was lower than that from samples when he was 35 (0.788 vs 0.886; Table 3-1). 

However, following Bonferroni correction for multiple testing (i.e. p=0.05/6) there were no 

significant differences for the Shannon or Simpson indices at the species, genus or family 

levels (Table 3-1)
ⱡ
. Inter-sample diversity (1970 vs 2016) was measured by the Bray Curtis 

index and showed significant variation at the all levels (Figure 3-4). Collectively, these data 

are consistent with the idea of a drift towards a core microbiome (O‟Toole & Jeffery, 2015).  

Table 3-1: Within sample richness measured by alpha diversity at species, genus and 

family level. 

Species level  

Sample  Shannon index Simpson index 

July 11th 1970 4.68 0.918 

July 9th 1970 4.28 0.879 

July 8th 1970 3.99 0.860 

July 11th 2016 3.43 0.767 

July 16th 2016 3.68 0.821 

July 8th 2016 3.49 0.776 

Uncorrected p-value
1
 0.0458 0.0151 

Genus level  

Sample Shannon index Simpson index
 
 

July 11th 1970 3.34 0.857 

July 9th 1970 3.33 0.851 

July 8th 1970 2.91 0.784 

July 11th 2016 2.99 0.735 

July 16th 2016 3.25 0.799 

July 8th 2016 3.10 0.759 

Uncorrected p-value
1
 0.65 0.095 
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ⱡ
Significance was calculated using an unpaired t-test. No differences were significant 

(p≤0.008=0.05/6) following Bonferroni correction. 

 

 

 

 

Family level  

Sample Shannon index Simpson index
 
 

July 11th 1970 2.65 0.768 

July 9th 1970 2.73 0.773 

July 8th 1970 2.62 0.770 

July 11th 2016 2.85 0.764 

July 16th 2016 2.82 0.777 

July 8th 2016 2.84 0.771 

Uncorrected p-value
1
 0.0323 0.94 
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Figure 3-4: Beta diversity measured by Bray Curtis Index in 1970 and 2016 samples.  

Values are significantly different at 0.0001. Data are presented at (A) the species, (B) the 

genus and (C) the family levels. (Left) Percentage of variance explained by different principal 

components of Bray Curtis index. (Right) PCA graph for PC1 and PC2 of Bray Curtis index 

of species. 
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3.3.3 The levels of conservation observed both within and between the 1970 and 2016 

samples are consistent with predictions 

I identified 69 microbial families that were present in the stool samples collected 45 years 

apart. Comparisons of the levels of conservation of the microbial families enabled the 

calculation of inter- and intra- sample diversity of the microbial communities using the 

Jaccard Index (Levandowsky and Winter, 1971). The average between sample Jaccard Index 

at the species level for the 1970 and 2016 samples were 0.87 and 0.88 respectively (Figure 2, 

insert). By contrast, the calculated inter-sample Jaccard index at the family, genus, and 

species levels were 0.52, 0.52 and 0.45, respectively. In agreement with previous studies, the 

degree of temporal stability of the faecal microbiota decreases across the taxonomic scale 

from phyla to species (Martínez et al., 2013). The levels of conservation we observed both 

within and between the 1970 and 2016 samples are consistent with predictions from Faith et 

al. (Figure 2; (J. Faith et al., 2013)), who extrapolated conservation levels from data collected 

over 5 years out to 60 years. The high level of conservation I observed in samples separated 

by 46 years demonstrates a long-term relationship between the host and microbiome 

composition. Notably, this conservation occurs despite a significant difference in age, 

environments (New York [USA; 1970], Auckland [New Zealand; 2016]) and anecdotally 

different diets. 

3.3.4 Strong taxonomical association between seven SNPs and bacterial species in the 

Billy Apple
®
’s gut microbiome was observed 

There is a strong taxonomical association between some SNPs and the composition of the 

human gut microbiome (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, 

Ley, et al., 2016). I reasoned that instances where the population level genetic variants were 

strongly associated with microbial abundance, such that the abundance tended to be high or 

absent, should be identifiable in a single individual. I examined Apple‟s genome sequence for 

the nine SNPs that Bonder et al. defined (Table 3-2). Seven alleles were detected with 

coverage levels ranging from 10-29x (Table 3-2). There was very clear concordance between 

Apple‟s results and Bonder et al. at sites where Apple was homozygous for the allele. For 

example, Apple was homozygous for the cytosine (C) allele at rs10813066 and his 

microbiome contained Blautia, as predicted. Furthermore, Apple was homozygous for the 

guanine (G) allele at rs4548017 and Methanobacteria were not detected in his microbiome at 

either time point as predicted. Concordance with the results of Bonder et al. was less clear at 
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SNPs where Apple was heterozygous. However, the associations were consistent at both the 

1970 and 2016 sampling time points. For example, Apple was heterozygous at rs7605872, 

rs1889714, rs10743315 and D. invisus and Lachnospiraceae bacterium 1_1_557FAA were 

not detected in his microbiome. Finally, Apple was heterozygous for the C allele at 

rs12137699 and positive for Sutterellaceae. Therefore, I contend that the results of this n-of-

one case-study are consistent with a genetic component contributing to the selection and 

maintenance of a core microbiome over an individual‟s lifetime.  

Table 3-2: Alleles composition at SNPs associated with microbial composition. 

  Bonder et al. 2016 association 

Billy Apple
®
 SNP  

information 

Billy Apple
®
 

%OTU 

SNP  

(rs)
ǂ
 Organism allele 

direction 

of change 

Ref 

allele 

Alt 

allele 

Alt. 

depth
ǁ
 1970 2016 

12137699 Sutterellaceae C down C T 11:18 1.442 0.513 

7605872 Dialister invisus T up T G 9:18 ND ND 

4548017 Methanobacteria G down A G 33:33 ND ND 

10813066 Blautia C up G C 8:10 5.348 2.41 

1889714 Dialister invisus A up G A 10:23 ND ND 

16913594 

Bacteroides 

xylanisolvens C down 
G ND ND 0.04 0.036 

17115310 Acidaminococcaceae A up C ND ND 0.019 1.416 

10743315 Lachnospiraceae
¥
 G down A G 13:24 ND ND 

2834288 Oscillospiraceae T down A G 11:25 0.092 0.635 

ǂ
 SNPs associated with microbial composition were taken from Supplementary figure 1 in 

Bonder et al. 2016 (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Ley, et 

al., 2016). 

ǁ
observed depth of alternate allele: allele coverage. 

¥
Lachnospiraceae bacterium 1_1_57FAA. 

It is easy to discount this study on the basis that the results of an n-of-one study are not 

generalizable (Lillie et al., 2011). However, I contend that the results demand serious 

attention given the consistency of: 1) the technical replicates; and 2) our observations with 
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the predictions of published cross-sectional studies (Bonder, Kurilshikov, Tigchelaar, 

Mujagic, Imhann, Vila, Deelen, Vatanen, et al., 2016a; J. Faith et al., 2013). Generalizing 

further requires a coordinated 46 year study that crosses generations of scientists and 

stratifies participants according to genotype and culture. Such a study will finally provide an 

individualised understanding of the microbiome in healthy aging.  

3.4 Conclusion 

Characterisation of the gut microbial composition of artist Billy Apple
® 

from stool contained 

toilet tissues collected in 1970 and 2016 showed that the microbial composition in 2016 

represents 45% of the microbial species in 1970 and components of Apple‟s microbiome 

associated with the allele frequency at seven SNPs in his genome showing that a genetic 

component contributes to the selection and maintenance of the microbiome over the artist‟s 

lifetime.  
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Chapter 4. Faecal microbial transplantation from healthy donors 

to severely obese adolescents – a pilot project 

4.1 Introduction 

Obesity has been identified as a disease by the American Medical Association. The major 

conditions associated with obesity include insulin resistance, diabetes, hypertension, 

dyslipidemia, cardiovascular disease, and the increased incidence of certain cancers (Esser, 

Legrand-Poels, Piette, Scheen, & Paquot, 2014; Pi-Sunyer, 2009). The World Health 

Organisation defines obesity as a BMI ≥ 30 kgm
-2

 and overweight as a BMI 25-30 kgm
-2

 

(World Health Organisation, 2018). More than 39% of the world‟s adult population (18 years 

and older) is currently overweight, and 13% are obese (World Health Organisation, 2018). In 

New Zealand, approximately 1 in 3 adults (aged 15 years and over) were obese in 2016 with 

the adult obesity rate increasing from 27% in 2006/2007 to 32% in 2016/17 (Ministry of 

Health New Zealand, 2017). Globally, obesity rates are projected to increase to the point 

where 57.8% of the world‟s population aged 20 and over is either overweight or obese 

(World Health Organisation 2018). 

Various factors contribute to the development of obesity including genetics (Barsh, Farooqi, 

& O‟Rahilly, 2000; Farooqi & O‟Rahilly, 2006; Locke et al., 2015; van der Klaauw & 

Farooqi, 2015; E. P. Williams, Mesidor, Winters, Dubbert, & Wyatt, 2015), low levels of 

physical activity and exercise (Althoff et al., 2017; Utesch, Dreiskämper, Naul, & Geukes, 

2018; E. P. Williams et al., 2015), inadequate sleep (Beccuti & Pannain, 2011; O‟Brien et al., 

2012; J. Wu et al., 2015), poor diet, and other unhealthy behaviours (e.g. skipping breakfast, 

consumption of unhealthy snacks) (Kuźbicka & Rachoń, 2013; Richardson, Arsenault, Cates, 

& Muth, 2015; Romieu et al., 2017; Sedibe et al., 2018). Numerous conventional strategies 

including eating a healthy diet and exercise have been promoted for the prevention and 

treatment of obesity. However, most obesity treatments fail to have a positive effect on BMI 

and obesity in children (Barnfather, 2004; Porter, Bean, Gerke, & Stern, 2010; Stankov, Olds, 

& Cargo, 2012). Thus, new approaches are currently being sought to reduce the financial, 

social, and health consequences of the obesity epidemic. 
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It has become increasingly clear that the gut microbiota is the interface for the environmental 

factors that contribute to obesity and metabolic diseases (Al-Assal, Martinez, Torrinhas, 

Cardinelli, & Waitzberg, 2018; Boulangé et al., 2016; Dao & Clément, 2018; Kovatcheva-

Datchary & Arora, 2013; Le Chatelier et al., 2013; Meijnikman, Gerdes, Nieuwdorp, & 

Herrema, 2018). The gut microbiota continually produce biologically active metabolites that 

can mimic hormones (e.g. TMAO, SCFAs, and bile acids) (Boulangé et al., 2016). Therefore, 

the gut microbiota can be considered to be an endocrine organ (Cani & Delzenne, 2007; 

Clarke et al., 2014; Lezutekong, Nikhanj, & Oudit, 2018). Shifts in the gut microbial 

composition in response to diet, environment, use of antibiotic, and non-antibiotic drugs can 

result in dramatic alterations in the cross-talk between the gut microbiota and the host. These 

changes have been associated with the development of obesity and other metabolic diseases 

(Cho et al., 2012; Dutton et al., 2017; Kovatcheva-Datchary & Arora, 2013; Maier et al., 

2018).  

Early animal research has implicated gut microbes in the development of obesity (F. Backhed 

et al., 2004; Ridaura et al., 2013; Peter J Turnbaugh et al., 2008). Adult germ-free C57BL/6 

mice, colonised with the caecal microbiota from conventionally raised adult mice, that were 

fed a low fat-polysaccharide-rich diet increased their body fat content (60%) and insulin 

resistance despite reducing food intake (F. Backhed et al., 2004). Similarly, adult germ-free 

C57BL/6J mice, inoculated with microbes taken from the caecum of obese (ob/ob) mice, with 

a greater relative abundance of Firmicutes, increased their body fat content and the relative 

abundance of Firmicutes (Peter J Turnbaugh et al., 2008). By contrast, adult germ-free mice 

transplanted with microbes from lean (+/+) donor mice, with a smaller relative abundance of 

Firmicutes, exhibited decreased body fat and Firmicutes levels (Peter J Turnbaugh et al., 

2008).  

Other studies have also highlighted the important role of the gut microbiota in metabolism 

and weight modulation after a microbial manipulation (Lai et al., 2018; Liou et al., 2013; 

Ridaura et al., 2013; X. Wu et al., 2010). Transfer of the gut microbiota from Roux-en-

Y gastric bypass (RYGB) surgery-treated mice to non-operated germ-free mice resulted in 

weight loss and decreased fat mass potentially due to altered microbial SCFA production, 

despite higher food intake (Liou et al., 2013). Similarly, transfer of microbiota from “water 

extract of Ganoderma lucidum” (WEGL)-treated mice to high-fat diet fed mice resulted in 
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reduced body weight, inflammation, insulin resistance and a reduced 

Firmicutes:Bacteroidetes ratio in the recipient mice (Chang et al., 2015). Consistent with this, 

a recently published study has indicated the combined effect of a healthy diet and exercise on 

the establishment of an ideal gut microbiota for facilitating weight control (Lai et al., 2018). 

Liu et al. have demonstrated that the FMT from normal fat diet fed and exercised mice to 

mice with a sedentary lifestyle and high fat diet resulted in improved metabolic profiles (Lai 

et al., 2018).  

Microbial transfer from humans to mice also identified a correlation between microbial 

diversity and Bacteroidales order bacteria and obesity (Ridaura et al., 2013; Wrzosek et al., 

2018). FMT from an adult obese human twin to germ-free C57BL/6J-type mice resulted in 

increased adiposity despite a low-fat high polysaccharide diet, whereas those mice receiving 

the microbiota from the lean twin remained lean (Ridaura et al., 2013). Interestingly, 

cohousing of those same obese and lean mice resulted in the transfer of members of the order 

Bacteroidales from the lean mice to the obese mice; however the lean mice resisted invasion 

by the obese microbiota and did not develop increased adiposity (Ridaura et al., 2013).   

Correlations between altered microbial compositions and metabolic parameters in humans 

have been identified in observational studies (Smits et al., 2013). However, experimental 

trials that prove a causal link between the gut microbiota and metabolism are lacking (Smits 

et al., 2013). Vrieze et al. performed a short-term small pilot study in which  FMT from lean 

donors to middle-aged obese males with metabolic syndrome resulted in a 75% increase in 

insulin sensitivity, greater bacterial diversity and a 2.5-fold increase in the numbers of 

butyrate-producing bacteria (Vrieze et al., 2012). Unfortunately, the study was not extended 

long enough to evaluate the full potential of the therapy, notably on body weight and 

composition. Subsequently, the group performed a larger study on 26 obese males and 

reproduced similar findings to the pilot study (i.e. improvement in insulin sensitivity and a 

decrease in glycated haemoglobin (HbA1c)), but they did not identify a change in  faecal 

butyrate levels at six weeks post-FMT (Kootte et al., 2017). Notably, there was also a lack of 

long-term clinical effects (i.e. insulin sensitivity and fasting plasma metabolites) on the 

intestinal microbial composition at 18 weeks post-FMT, returning to its baseline composition 

(Kootte et al., 2017). These observations are consistent with specific alterations in the gut 

microbiota contributing to host energy balance and obesity in the short-term. 
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Evidence from both human and animal research implicates gut microbes in the development 

of obesity, as previously mentioned (F. Backhed et al., 2004; Boulangé et al., 2016; Chang et 

al., 2015; Dahiya et al., 2017; Lai et al., 2018; Liou et al., 2013; Ridaura et al., 2013; L. Sun 

et al., 2018; Tilg & Kaser, 2011; Peter J Turnbaugh et al., 2008; Wrzosek et al., 2018). 

Additionally,  FMT from unaffected individuals to affected recipients has been suggested as a 

promising method of altering and improving the gastrointestinal microbiota and human health 

(Aroniadis and Brandt, 2013a; Smits et al., 2013). However, to date, investigation of the 

therapeutic benefit of FMT in adult obesity or type 2 diabetes has been limited to a few 

studies (Kootte et al., 2017; Vrieze et al., 2012). These findings encouraged me to study the 

short- and medium-term effects of lean donor FMT on the gut microbiota composition in a 

group of female adolescents with severe obesity.  

In this preliminary double-blinded experimental pilot study, I aimed to explore the: 1) 

stability and viability of encapsulated faecal microbiota to processing and storage conditions; 

2) safety and tolerance of FMT in obese adolescents; 3) duration required to exhibit a change 

in the recipient‟s microbiome post-FMT treatment; and 4) effectiveness of maintenance of the 

engrafted donor microbiota in the recipient‟s gut.  

4.2 Methodology 

4.2.1 Study cohort 

This study was the pilot project of the “Gut Bug Trial” which is a two-arm, double-blinded, 

placebo-controlled, randomised clinical trial that was stratified by sex (40 males and 40 

females per group). Donor and recipient recruitment and screening was performed by Dr Ben 

Alberts and Dr Karen Leong. Ethical approval for this study was obtained from the Northern 

Health and Disability Ethics Committee (HDEC) (Ministry of Health, New Zealand; 

16/NTA/172).  

Eleven severely obese (BMI > 35 kg/m2) female adolescents (aged 14 – 18 years) were 

recruited in October 2017. Informed written consent for the participation in the study was 

obtained from individuals who were above the age of consent; or the parents and guardians of 

those below the age of consent (< 18 years).  
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Four healthy lean female donors (aged 18–28 years) were recruited after a comprehensive 

screening procedure. Donors provided fresh stool samples from which bacteria were isolated 

and encapsulated according to the procedure outlined in section 4.2.3.  

The eleven recipients were randomized into two groups; control (placebo - saline) or 

treatment (FMT). Immediately after dinner in the evening before FMT or placebo capsules 

were given, all participants took a sodium picosulfate solution for bowel cleansing (Picoprep-

3TM; Pharmatel Pty Ltd, Hornsby, NSW, Australia). Two sachets of Picoprep-3TM were 

each dissolved in 250 mL of chilled water and taken over 30 min. Participants did not 

consume any food or liquid (other than water) after dinner and fasted overnight. The 

following morning just prior to their clinical assessment, recipients received their first dose of 

16 capsules of either FMT or placebo (saline). The following day they returned for their 

second dose of 12 capsules of their allocated treatment. Capsules were administered within 

the Clinical Research Unit at the Liggins Institute, Faculty of Medical and Health Sciences, 

The University of Auckland, New Zealand.  

Clinical assessments and stool sample collection were performed at baseline, 6 weeks, 12 

weeks, and 26 weeks. Clinical assessments included: anthropometry, blood pressure, fasting 

blood samples, lipid profile, a three-day food diary, and a physical activity assessment. Stool 

samples were used for 16S rRNA amplicon analysis following DNA extraction and 

sequencing from the faecal samples. Insulin sensitivity was assessed and gut microbial 

activity was characterised at baseline, 6 weeks, and 26 weeks. In addition, 24-hour 

ambulatory blood pressure monitoring and whole-body DXA was performed at baseline and 

26 weeks (Figure 4-1). 
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Figure 4-1: Study design of the Gut Bug Trial – pilot project.  

Four healthy and lean donors were selected after a comprehensive screening procedure. Fresh 

stool was obtained from the donors, processed individually and encapsulated before being 

examined for bacterial viability and diversity (Section 4.2.4). Capsules were stored (-80
0
C) 

and used within 6 weeks of production. Recipients were obese (BMI ≥ 30 kg/m2) female 

adolescents, aged between 14 and 18 years. After screening recipients for inclusion and 

exclusion criteria, recipients underwent baseline microbiome and clinical evaluation. A 

baseline stool sample was collected from each recipient prior to bowel cleansing using 

Picoprep-3TM. Recipients were then randomized into either the placebo or FMT treatment 

group. Each recipient in the placebo group ingested saline capsules, while those in the 

treatment group received FMT capsules. Each participant received a total of 28 capsules 

(approximately 14 mL of frozen microbial suspension or saline) administered over two 

consecutive mornings (16 capsules on the first day and 12 capsules on the second day). 

Microbiome and clinical data for participants was assessed at three time points over the 

course of the study (i.e. at 6 weeks, 12 weeks, and 26 weeks). 
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4.2.2 Recruitment and selection criteria of donors and recipients  

 Donors 4.2.2.1

Donors and recipients were recruited using Facebook
®
 and local advertising. Donors were 

females between the ages of 18 to 28 years, with a BMI of 18.5 to 24.9 kg/m
2
 and less than 

29% of body fat who also engaged in moderate to vigorous physical activity for at least 3.5 

hours per week. Donors had a well-balanced diet and regular bowel habits (at least once a 

day). Potential donors underwent a thorough screening for all known infectious diseases and 

chronic diseases before providing stool donations.  

Donors were excluded if they were diagnosed with any transmissible viral, bacterial pathogen 

or parasite-causing disease, gastrointestinal disease (e.g. IBS, coeliac disease, IBD), atopic 

diseases (e.g. asthma, eczema), chronic pain or chronic fatigue syndromes, current or past 

history of malignancy (including gastrointestinal cancer or polyposis), dysglycaemia, insulin 

resistance, any form of diabetes (e.g. type 1, type 2, maturity onset diabetes of the young), 

metabolic syndrome, dyslipidaemia, elevated blood pressure (systolic and or diastolic), a 

history or family history of chronic disease (including heart disease and type 2 diabetes), or 

any transmissible viral or bacterial pathogens or parasites. Those who smoked (including 

tobacco), used recreational drugs, took oral medications regularly, used antibiotics within the 

past 6 months, or consumed greater than 7 standard drinks of alcohol per week were not 

eligible to be a faecal donor. Overseas travel in the previous three months, UK residence 

between 1980–1996 (due to risk of variant Creutzfeldt-Jakob disease), and being pregnant 

were other exclusion criteria for donors. Out of 21 eligible donors who were screened, four 

donors were selected as faecal donors as they passed all clinical, biochemical and stool 

screening tests. 

 Recipients 4.2.2.2

Recipients were post-pubertal (Tanner stage 5), female teenagers aged between 14 and 18 

years with a BMI ≥ 30 kg/m
2
. Recipients were excluded if they were diagnosed with 

gastrointestinal disease (including IBS, coeliac, and IBD), type 1 and 2 diabetes, chronic 

diseases (other than obesity-related conditions), and known allergies to food, macrogol (i.e. 

the active ingredient in the bowel preparation product) or any over-the-counter medication. 

Those who had used antibiotics within three months before trial treatment and those who took 
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regular medications that may influence weight, metabolism, or the gut microbiome (including 

oral contraceptives, antidepressants, glucose-lowering drugs, diet drugs, as well as inhaled, 

topical, or oral steroids) were also excluded.  

4.2.3 Stool encapsulation processing of donor stools 

Faecal microbiome isolation, preparation, and double encapsulation was performed according 

to Youngster et al. with slight modifications (Youngster et al., 2014). Briefly, immediately 

after donation, a whole stool was mixed with normal saline (0.9% NaCl) at a ratio of 1:1 or 

1:2 depending on the consistency. The saline-stool mixture was blended and sieved (mesh 

diameter < 1mm) to remove coarse particulate matter. After removing the solid matter, the 

faecal solution was centrifuged (x 1000 g, 5 minutes). The supernatant was collected and 

centrifuged (x 4000 g, 15 minutes) to sediment the bacterial pellet. The bacterial pellet was 

weighed and suspended in normal saline (containing 15% glycerol – a cryoprotectant) at 0.5 

g wet weight/mL. The bacterial slurry was dispensed into size “0” DRcaps
TM

 capsules 

(Capsugel Inc, Sydney, Australia). The size “0” capsules were then double encapsulated with 

size “00” DRcaps
TM

 capsules. These capsules were acid resistant, and capable of passing 

through the stomach into the lower intestine before release of the contents (Amo, 2013; 

Marzorati et al., 2015; Miller et al., 2015).  

Saline capsules were produced by double encapsulation of normal saline (containing 15% 

glycerol) within size “0” and “00” DRcaps
TM

 capsules. All ccapsules were stored frozen (-

80°C) for a maximum of six weeks before they were administered to recipients.  

4.2.4 Longitudinal encapsulated stool storage live: dead microbial assay. 

A fresh stool (as close to full bowel content as possible) was obtained from three healthy 

donors. Note: The donors used in this section were different from the donors used for the 

FMT pilot project.  

Stool was processed according to Section 4.2.3. Immediately prior to encapsulation, 1 mL of 

the bacterial slurry was dissolved in 9 mL of saline to estimate the count of live and dead 

bacteria at the baseline. Three samples (1 mL) of the solution were taken. SYTO™ BC Green 

Fluorescent Nucleic Acid Stain (1 µL from 5 mM in DMSO, Thermo Fisher Scientific, 
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Massachusetts) and Propidium Iodide (9.8 µL, 1.0 mg/mL Solution, Thermo Fisher 

Scientific, Massachusetts) was added to each sample. Samples were diluted (1:1 v/v) in saline 

solution and bacterial cell counts were obtained by BD LSR II Flow Cytometer (BD 

Biosciences, California) and live and dead fractions were sorted by BD FACS Aria II Cell 

Sorter (BD Biosciences, California). 

The remaining processed faecal slurry from each donor was dispensed into acid resistant 

capsules (double encapsulated) (Section 4.2.3), and stored (-80
o
C) in separate falcon tubes 

filled under nitrogen gas (N2). The numbers of stored capsules were: 34 (subject 1), 85 

(subject 2), and 120 (subject 3). Capsules were collected at different time points (i.e. 2 hours, 

1-7 days daily, monthly until 3 months, and quarterly until 1 year) to enable live:dead 

bacterial cell counts by flow cytometry. Capsules were collected for sorting of live and dead 

fractions of bacterial cells by cell sorter on 7
th

 day of storage at -80
0
C. 

4.2.5 Stool sample collection and  faecal DNA extraction from FMT recipients 

Stool samples were collected from FMT recipients at baseline (before the treatment), six 

weeks, 12 weeks, and 26 weeks during their clinical assessment at the Clinical Research Unit 

(Liggins Institute, Faculty of Medical and Health Sciences, The University of Auckland, New 

Zealand). Microbial genomic DNA and total RNA were extracted using a modification of 

Giannoukos et al. (Giannoukos et al., 2012b); as described in  faecal DNA and RNA 

extraction, Chapter 2:Section 2.2.7) .  

DNA and RNA were also extracted from 200 mg of the processed capsule contents (section 

4.2.4) for each donor. 

4.2.6 16S rRNA gene sequencing  

The 16S metagenomic sequencing library preparation kit from Illumina® was used 

(according to the manufacturer‟s instructions) to produce 16S rRNA gene amplicons from 3 

ng of each extracted microbial DNA sample (6 samples from 4 donors and 43 samples from 

recipients).  
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Briefly, the 16S amplicon PCR forward primer 

(5'TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG) 

and 16S Amplicon PCR reverse primer 

(5'GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAAT

CC) targeted amplification of the variable regions V3 and V4 of the 16S rRNA gene. After 

the amplification step, ~460bp single amplicons of V3 and V4 were produced.  

Pooled libraries were sequenced on an Illumina MiSeq to produce 300-bp reads. Sequencing 

and amplicon preparation was performed by The University of Auckland Genomics Centre 

(Auckland, New Zealand). All raw sequencing files were trimmed for adaptors and primers. 

An average of 225,182 reads per sample was obtained.   

4.2.7 16S rRNA gene sequencing data analysis  

16S rRNA data analysis was performed using the Qiime2-2018.4 package with default 

parameters (Caporaso et al., 2010). An OTU table with seven taxonomic levels including 

kingdom, phylum, class, order, family, genus, and species was produced from Qiime2. Alpha 

(within sample bacterial diversity) and beta diversity (between sample bacterial diversity) 

measures were also calculated in Qiime2 for all samples.  

4.2.8 Comparisons of FMT microbiome data with that from the Human Microbiome 

Project, and Hazda tribe 

The population structure for the microbiomes from the stool of 187 healthy individuals (aged 

18-40 years) was downloaded from the HMP data analysis and coordination centre (Human 

Microbiome Project DACC - HMQCP all) on 23.03.2017. Raw 16S rRNA gene amplicon 

sequencing data from the stool of Hazda hunter-gathers (Schnorr et al., 2014) was 

downloaded from MG-RAST (https://www.mg-rast.org/linkin.cgi?project=mgp7058) 

(deposit number mgp7058) on 03.05.2018. The Hazda group microbiome data included 

sequences from the stool of 27 males who were aged between 8-70 years. Raw 16S rRNA 

amplicon sequencing data from the Hazda cohort was analysed on Qiime2-2018.4 using 

default parameters (Caporaso et al., 2010) to generate an OTU table with seven taxonomic 

levels (i.e. species, genus, family, order, class, phylum, and kingdom). Principal component 

https://www.mg-rast.org/linkin.cgi?project=mgp7058
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analysis was performed in R (version 3.3.3) using Phyoloseq to compare our microbiome 

data (collapsed to the genus level) with the HMP and Hazda data.  

4.2.9 Statistical tests 

Non-parametric tests including the Mann-Whitney Unpaired t-test between groups (saline and 

FMT) and Spearman correlations were performed using GraphPad Prism (version 7.03). 

Longitudinal analysis of FMT pilot-project data (i.e. change in alpha and beta diversity from 

baseline to 26 weeks in FMT and saline group) was performed on Qiime2-2018.4 version 

using default parameters (Caporaso et al., 2010). LDA effect size (LEfSe; version LEfSe 

version 1.0) (Segata et al., 2011) analysis was performed to identify the effects of two 

treatment groups and time points (i.e. saline and FMT, baseline and 26 weeks) on the 

bacterial composition. Multivariate Association with Linear Models using MaAsLin (version 

0.0.4) (Morgan et al., 2012) was performed to identify significant associations between 

metabolic and bacterial profiles in the FMT recipients.  

4.3 Results 

4.3.1 The process of encapsulation kills a subset of the vegetative bacteria. 

The process of encapsulation resulted in an average of 19.4% (± 7.6%; n = 9) of the total 

vegetative cell count being dead immediately following stool processing. The number of dead 

cells that were stained with propidium iodide increased to 35.5% (± 10.5; n = 9) after two 

hours of storage (-80
0
C) and defrosting on ice. Increasing the time of storage to 7 days did 

not increase the percentage of vegetative cells that were dead (i.e. 30.6 ± 5.72%; n = 9) 

(Figure 4-2). Increasing the storage time to 3 months resulted in the average dead cell count 

increasing up to 35.4% (± 3.58, n = 9). Prolonged storage (1 year) resulted in a dead cell 

count of 40.6% (± 13.77; n = 9) (Figure 4-2a). 

4.3.2 The live and dead cell portions of 7-days frozen encapsulated stool have different 

bacteria in high amounts.  

Fresh stool contained Fecalibacterium prausnitzii, Bacteroides spp., and Eubacterium eligens 

in high abundance (Figure 4-3). Immediately processed stool, 2 hours-frozen (-80
0
C), 1-day 
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frozen (-80
0
C), and 7-days frozen (-80

0
C) encapsulated stool continued to have high levels of 

Fecalibacterium prausnitzii and Bacteroides spp. in their bacterial population structure.  

The live cell portion that was isolated from 7-days frozen encapsulated stool had slightly 

more than two-fold the numbers of Fecalibacterium prausnitzii bacteria that were present in 

the dead cell fractions from the same samples. By contrast, the live and dead cell portions of 

the processed and 7-days frozen encapsulated stool samples contained approximately the 

same numbers of Bacteroides spp.  

Notably, even though the counts of Roseburia faeces present in fresh stool, immediately 

processed stool and 1-day frozen stool were not that high, the live cell portions of processed 

and 7-days frozen stool had a considerably higher abundance of Roseburia faeces when 

compared to the dead cell portions from the same samples.  

Similarly, Bacteroides eggerthii abundance was higher in live cell portion of processed and 

7-days frozen stool. The dead cell portions of processed and 7-days frozen stools contained 

relatively higher levels of Eubacterium hadrum, Eubacterium hallii, Ruminococcus 

gauvreauii and, Streptococcus thermophilus. 
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Figure 4-2: Change in percentage of dead bacterial cells within a year of storage at -80
0
C. 

(a) Change in the percentage of dead bacterial cells from baseline to 7 days of storage. (b) Change in the percentage of dead bacterial cells from 

one month to 12 months of storage. Values are the average of dead cell count as a percentage of total cells. n = three replicates of three 

biological sample from each of three donors. 
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Figure 4-3: Change the in relative abundance of bacteria in fresh, processed, and dead and live fraction of encapsulated frozen stool. 

D1 = Donor 1, D2 = Donor 2, and D3 = Donor 3.   
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4.3.3 Baseline characteristics of the FMT study cohort  

The FMT cohort consisted of 11 severely obese female adolescents (Table 1). The control 

group and treatment groups were not different at the baseline except for their total cholesterol 

and LDL cholesterol levels (Table 4-1).  

Table 4-1: Baseline characteristics of the Gut Bug Trial - pilot project cohort.  

 

Baseline characteristics for patients randomized for control and FMT treatment expressed as 

medians with interquartile ranges presented in brackets. FMT,  faecal microbiota 

transplantation; BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density 

lipoprotein; hsCRP, High-sensitivity C-reactive protein; HOMA-IR, homeostatic model 

assessment – insulin resistance. †Unpaired Mann-Whitney t-test.  

Bonferroni corrected p < 0.005 was considered significant. 

4.3.4 Sequencing summary results 

Illumina sequencing of the SV3-4 amplicon region of 16S rRNA gene amplified from DNA 

isolated from stool samples [n = 49; 11 x 3 samples from baseline, 6 weeks, 12 weeks; 10 

 

Control (n=6) FMT (n=5) p-value
†
 

Female gender (%) 100 100 1.000 

Age (years) 18.0 [17-18] 18.0 [17-18] 0.772 

BMI (kg/m
2
) 37.6 [36.4-41.3] 39.4 [37.1-42.4] 1.000 

Total cholesterol (mmol/L) 4.7 [4.6-4.8] 3.9 [3.7-4.2] 0.004 

Triglycerides (mmol/L) 1.5 [0.9-1.8] 0.9 [0.8-1.6] 0.329 

LDL (mmol/L)  3.0 [2.8-3.2] 2.2 [1.8-2.4] 0.004 

HDL mmol/L 1.1 [0.9-1.3] 1.3 [1.3-1.4] 0.429 

hsCRP 2.1 [0.8-2.8] 2.1 [1.5-2.7] 0.792 

HOMA-IR 3.2 [2.8-4.6] 4.4 [2.5-5.4] 0.931 

% body fat 52.9 [49.6-55.2] 50.5 [48.6-51.7] 0.268 

Total lean (g) 48140.0 [42111-49347] 51437.8 [48675-58636] 0.429 
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samples from 26 weeks and 6 donor samples (two with multiple samples)] produced a total of 

30,045,436 reads with an average of 613,172 reads per sample (Table 4-2). For quality 

control (DADA2) reads were trimmed at truncating points of 30 and 286 bases (forward 

reads); 7 and 242 bases (reverse reads) to remove bases with a Phred quality score of less 

than 30. Sample reads were sub-sampled to 115,746 reads to ensure equal coverage between 

samples. 

 Table 4-2: Sequence counts summary before and after quality control. 

 

 

 

 

4.3.5 Alpha and beta diversity of treatment groups between baseline and 6 weeks 

Alpha diversity measured by observed species (Thukral, 2017), Faith‟s phylogenetic diversity 

(D. P. Faith, 1992), Shannon index (Shannon, 1948) and evenness (Pielou, 1975) showed no 

significant difference between treatment (FMT; n=5) and placebo (saline; n=6) group at 6 

weeks (data not shown). There was no obvious trend in the number of species that were 

identified in the FMT treated group compared to the placebo group at 6 weeks (Table 4-3).  

 

 

 

 

Metric 

Sequence counts summary 

Raw no of reads After quality control 

Minimum 359,447 115,746 

Median 613,793 220,342 

Mean 613,172 225,182 

Maximum 813,294 311,827 

Total 30,045,436 11,033,944 
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Table 4-3: Total number of identified OTUs in donors and recipients
¥
. 

¥
OTUs were identified at bacterial species level, after samples were sub-sampled to 115,746 

reads to ensure equal coverage between samples. 
†
Two stool samples were collected from 

two of the donors. 

There was an identifiable difference in alpha diversity, measured by Shannon index and 

observed OTUs from baseline to 6 weeks in FMT treated group. Data on this non-significant 

difference observed in Shannon index and observed OTUs (Mann-Whitney test FDR 

corrected p values = 0.411 and 0.171 for Shannon index and observed OTUs respectively) is 

not shown in this chapter.  

However, beta diversity measured using the Jaccard index (M. Levandowsky and D. Winter, 

1971) showed that there was a clear shift in microbiome in the FMT group (Figure 4-4) at 6 

weeks when compared to the placebo group (figure 4-5).  

4.3.6 Prevotella copri is the most dominant bacteria in the FMT treated group at 6 weeks 

There were clear shifts in identified bacterial species in the FMT treatment group at 6 weeks 

when compared to baseline and donor bacterial profiles (Figure 4-4). Prevotella copri was the 

most dominant bacteria following an apparent reduction in Roseburia faeces in the FMT 

treated group at 6 weeks. Prevotella copri were present in two samples from one individual 

donor that were included in the FMT treatment recipients received. By contrast, the saline-

 

Donor 

(n=6)
†
 

FMT_BL 

(n=5) 

FMT_6wk 

(n=5) 

Δ species 

(FMT ) 

Saline_BL 

(n=6) 

Saline_6wk 

(n=6) 

Δ species 

(Saline ) 

 193,193 115,387 200,311 84,924 73,170 41629 -31,541 

 205,126 155,523 102,403 -53,120 117,635 118036 401 

 60,394 88,931 87,734 -1,197 62,068 87203 25,135 

 76,308 200,174 179,161 -21,013 92,080 72910 -19,170 

 141,928 207,538 200,956 -6,582 118,376 104389 -13,987 

 93,437 

  

 74,730 75387 657 

Avg. 128,398 153,511 154,113  89,676 83,259  
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treated group had more or less the same bacteria at their 6 weeks and baseline except for an 

~50% increase in the numbers of Ruminococcus torques present in the feces from one of the 

saline-treated recipients at 6 weeks (Figure 4-6). Notably, there was no association between 

the bacterial species and meta-data at 6 weeks for either group.  
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Figure 4-4: FMT causes a shift in the beta diversity measure of recipients.  

Shift in beta diversity measured by Jaccard index in the treatment group (i.e. FMT) from baseline to 6 weeks. Arrows depict the direction of beta 

diversity shift from the baseline to 6 weeks.  

Axis 3 (5.939) 
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Figure 4-5: Saline does not cause a noticeable shift in the beta diversity measure of recipients.  

Shift in beta diversity measured by Jaccard index in placebo group (i.e. saline) from the baseline to 6 weeks. Arrows depict the direction of beta 

diversity shift from the baseline to 6 weeks. 
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Figure 4-6: Microbiome population structures for the recipient (FMT and Saline) and donor samples.  

Population structures were defined at the species level. OTUs representing the 34 species across four groups i.e. Donors, before the saline 

treatment (Saline_Baseline), 6 weeks after saline treatment (Saline_6weeks), before the FMT treatment (FMT_Baseline), 6 weeks after FMT 

treatment (FMT_6weeks). OTUs that have < 0.01 abundance were removed.
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4.3.7 Alpha and beta diversity of treatment groups between baseline and 26 weeks 

Alpha and beta diversity measured by observed species (Thukral, 2017), Faith‟s phylogenetic 

diversity (D. P. Faith, 1992), Shannon index (Shannon, 1948) and evenness (Pielou, 1975) 

showed no significant difference between treatment (FMT; n=4) and placebo (saline; n=6) 

group at 26 weeks (data not shown).  

There was a significant identifiable difference in alpha diversity, measured by Shannon index 

(Figure 4-7a), and observed OTUs (Figure 4-7a).  Pairwise group comparison (Mann-

Whitney test) identified a significant difference in Shannon index from baseline to 26 weeks 

in FMT group compared to the difference in Shannon index in Saline treated group (FDR 

corrected p-value = 0.042) (Figure 4-7a). Similarly, change in observed OTUs from baseline 

to 26 weeks in FMT group was significantly different (FDR corrected p-value = 0.0142) 

(Figure 4-7a).   

 

Figure 4-7: Difference in alpha diversity measures in two groups at 26 weeks.  

(a) The difference in Shannon index from baseline to 26 weeks in FMT and saline group 

(n=4). (b) The difference in observed OTUs from baseline to 26 weeks in FMT and saline 

group (n=6). 
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4.3.8 FMT acquired microbiome is retained through 6 months  

There was a clear shift in the gut microbiota from baseline to 6 weeks in the FMT group 

(Figure 4-4). The shifted microbiome population structure stays more or less the same for 26 

weeks. Notably, the FMT treated recipient‟s microbiomes predominantly shifted towards one 

of the donors (i.e. donor 1) (Figure 4-8). No similar shift was observed in the control group 

(Figure 4-9).
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Figure 4-8: FMT treated recipient’s microbiomes predominantly shifted towards one of the donors. 

Microbiome shift from the baseline to 26 weeks are depicted in arrows. 
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Figure 4-9: Saline treatment does not shift the microbiome population structure at 6 weeks and it remains the same at 26 weeks. 

Microbiomes of placebo group at 4 time points (i.e. baseline, 6 weeks, 12 weeks and 26 weeks) have been bounded in dash lines for clear 

visualization. 
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4.3.9 Some bacteria have been identified as biomarkers of FMT at 26 weeks of 

treatment.  

Lefse analysis (LDA effect size of 4) identified genera associated with FMT. The levels of 

genus Eggerthella were predictive of a feces being obtained from the placebo (i.e. saline) 

group at 26 weeks. By contrast, the stools from the FMT treated group were distinguishable 

based on the levels of members of the genus Barnesiella, Slackia, Brachyspira, family 

Prevotellaceae, Barnesiellaceae, order Brachyspirales, class Brachyspirae, phylum 

Proteobacteria, Spirochaetes, and Brachyspiraceae (LDA > 4.0; Figure 4-10).  

 

Figure 4-10: Difference in the gut microbiota profiles of recipients before and after 

treatment; compared to Saline treated subjects. 

4.3.10 Comparison of pre- and post-saline and FMT treated microbiome population 

structures to HMP and HAZDA data.  

Principle component analysis identified clear clusters, corresponding to the Hazda and HMP 

groups, within the microbiome data (Figure 4-11). Donor microbiomes were clustered with 

the HMP data; which represents the microbiomes of the healthy western population (Figure 

4-11). Notably, the control individuals‟ microbiome data, for all of the 6 recipients at 4 time 

points (i.e. baseline, 6 weeks, 12 weeks and 26 weeks), remained clustered with HMP data 



Results #3 

119 
 

with no particular drifting pattern (Figure 4-11a). This is consistent with there not being a 

shift in their microbiome population structures before and after treatment (Figure 4-4 and 

Figure 4-5). By contrast, there was a drifting pattern from baseline to 26 weeks (i.e. 

becoming closer to each other at 26 weeks) in microbiota of FMT treated subjects (Figure 4-

11b).  
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Figure 4-11: Drift in microbiomes of the FMT treated group at 26 weeks compared to pre and post saline treated group, HMP group 

and Hazda group. 

Principal component analysis was performed on microbiome population structures collapsed to the genus level and beta diversity measured by 

the Bray-Curtis index. (a)  Shift in microbial composition in saline treated group. (b) Shift in microbial composition in FMT treated group.      
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4.4 Discussion 

Variability in the bacterial communities that are used for faecal transplants, in particular 

during the processing and the storage of preparations, can potentially impact on the treatment 

efficacy (Kragsnaes et al., 2018; Ott et al., 2017; Shogbesan et al., 2018). It has been 

previously demonstrated that preparation of  faecal transplant material can adversely affect 

living faecal microbial content of the FMT, e.g. oxygen exposure during stool sample 

homogenization, freeze-thaw cycles and lag time (N. D. Chu, Smith, Perrotta, Kassam, & 

Alm, 2017). In this study, my results showed that processing stool during the encapsulation 

procedure kills a subset of the vegetative bacteria. 

My experiment was designed to determine the dead bacterial cell counts in stool immediately 

after processing and during capsule storage (-80
0
C) for one year. My results confirmed that 

the least number of dead cells was observed in the immediately processed stool samples 

(19.4% ± 7.6). Furthermore, during the first two hours of storage (-80
0
C) the dead cell count 

increased by approximately 16%, followed by a minor change in dead cell count over the 

next three months of storage. It is not practical to deliver immediately processed stool 

samples to recipients when using a series of donors. Therefore, I decided to use  faecal 

capsules within 6 weeks of their manufacture 1) to ensure that there is an optimal number of 

live cells in the encapsulated faeces when delivered to recipients; 2) to have a reasonable 

amount of time to prepare capsules from all the four donors before ranodomization and 

preparation of capsule packs; 3) to test the stool for safety and 4) to characterise the microbial 

profile. 

My results showed that the dead cell portion of 7-days frozen processed stool (kept at -80
0
C) 

had the highest number of anaerobic Fecalibacterium prausnitzii bacteria compared to other 

bacteria present in dead cell portion. However, not all the Fecalibacterium prausnitzii 

bacteria had died as the live cell portion of and 7-days frozen-processed stool (-80
0
C) had 

double the number of Fecalibacterium prausnitzii bacteria present in the dead cell portion. It 

has been demonstrated that damage caused by oxygen exposure is dominant over the damage 

caused by freeze-thaw cycles and lag time between donor defecation and transplant (N. D. 

Chu et al., 2017; C. H. Lee et al., 2016). For instance, anti-inflammatory bacteria 

Fecalibacterium prausnitzii’s growth is affected by oxygen exposure (N. D. Chu et al., 2017). 

Interestingly, anaerobic gram-negative Roseburia faeces which is also important in immunity 
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maintaince and anti-immunity properties (Tamanai-Shacoori et al., 2017) was abundant in the 

live cell portion of 7-days frozen-processed stool. This is despite oxygen exposure during 

processing. Therefore, it is important to maintain optimum processing and storage conditions 

to reduce the adverse effects of faecal transplants.  

It is challenging to sort live, and dead microbes from processed faeces as there is a wide 

variability in the microbiota between individuals and between samples from the same 

individual (N. D. Chu et al., 2017; David et al., 2014; Human Microbiome Project 

Consortium, 2012). However, the profiling of bacteria in the live and dead cell fractions from 

stored capsules is important as it helps to understand the live microbial community within the 

processed and stored capsules that are available to populating the recipient‟s gut (S. S. Li et 

al., 2016; Smits et al., 2013). I have identified no bias in the population that is available for 

repopulating the recipients gut. 

Use of capsules to encapsulate faecal material for FMT is a cost-effective and non-invasive 

method for delivery with reduced chances of complications from procedure-associated risks 

(e.g. sedation) (Kao et al., 2017; Youngster et al., 2014). Moreover, the encapsulated material 

is odourless, tasteless and designed for release following passage into the small intestine (Kao 

et al., 2017).  Faecal capsules contain a concentrated form of  faecal microbes, thus in my 

study, 28 capsules derived from 24.7 g of  faecal matter which is similar to the amount of 

faecal material that other FMT studies administer via the upper gastrointestinal tract route 

(Kao et al., 2017). This amount of feces is relatively small when compared to the average 

quantity (93 g) that is transferred via colonoscopy (Cammarota, Ianiro, & Gasbarrini, 2014). 

Notably, the recipients‟ feedback highlighted that they tolerated taking 28 capsules with 

minimal side effects (e.g. loose stool). Moreover, the FMT capsules were stable in the upper 

gastrointestinal tract and stomach as the capsule material is acid resistant, which ensures that 

the faecal microbial content passes through to the colon intact.  

During FMT, stool from a healthy donor is transferred to a recipient. Therefore, donor 

screening is vital as there is the possibility of passing viral pathogens, or transferring adverse 

metabolic phenotypes to the recipients (Alang & Kelly, 2015). Donor microbes must also 

engraft into the recipient's gut to ensure a successful transfer with the possibility of clinical 

outcomes. My observation of an increase in the number of faecal bacteria 6 weeks after the 
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FMT but not in the control group is promising. The engraftment of  faecal microbes after a 

FMT is dose dependent and host-controlled (Smillie et al., 2018). However, what drives the 

engraftment and growth of specific microbes following FMT is less well understood. 

Principle factors affecting microbial engraftment can range from a simple “law of mass 

action” to more complex factors that include genetics, diet, antibiotics, and the immune 

system. My results showed that there was significant engraftment of Prevotella copri, 

apparently from one donor to the recipients at 6 weeks. Consistent with this, butyrate 

producers such as Prevotella copri are known to be capable of engrafting in recipient's gut in 

higher abundance (Rivière, Selak, Lantin, Leroy, & De Vuyst, 2016; Vrieze et al., 2012). 

My results showed that the shifted microbiota within the FMT group was stable up to 6 

months following the transfer. This observation is in contrast to the study findings of Kootte 

et al. in which intestinal microbiota composition had returned back to the baseline after 28 

weeks of post-FMT (Kootte et al., 2017). I did not observe any significant changes in other 

clinical or body compositional parameters in response to the FMT treatment at 6 weeks and 

26 weeks. Similarly, Kootte failed to observe a weight change, or changes in SCFAs, fasting 

plasma metabolite levels and peripheral insulin sensitivity at 18 weeks but peripheral insulin 

sensitivity was improved at 6 weeks of post-FMT (Kootte et al., 2017). 

The use of oral-faecal capsules is considered to have the same clinical efficacy as 

colonoscopy for preventing recurrent CDI (Kao et al., 2017). Hence, it remains to be 

determined whether the clinical efficacy of FMT is determined by another key active 

ingredient (microbe or metabolite) of the FMT itself that initiates the desired mechanisms, 

and or, ensures that the mechanisms impact sufficiently to produce a clinical response in 

metabolic diseases. It is possible that the desired clinical outcome is affected by a combined 

effect from the mixture of donor bacterial strains, recipient microbiome, environment and 

their interactions with each other or with genetics. 

4.5 Conclusion 

In conclusion, the results of this pilot study showed that faecal microbiome transplantation is 

capable of shifting the recipient microbiota successfully with engraftment lasting for a 

minimum of 26 weeks, post-FMT.  
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Chapter 5. General discussion 

The purpose of my PhD project was to examine the short and long-term dynamics of the gut 

microbiome. The dynamic behaviour of the gut microbiota should be accounted for when 

comparing microbial communities between individuals with and without disease conditions, 

within an individual over time and when transferring microbes from individual to individual.  

In my thesis, I demonstrated that prepubertal children who were born preterm have different 

active microbial composition, functions and metabolic profiles compared to children born at 

term. Secondly, I have demonstrated that approximately half of the microbial population 

stays the same throughout the lifetime of an individual when analysing faecal gut microbiota 

46 years apart. Moreover, components of the long-term composition of the microbiome are 

associated with the genetics of the individual. Thirdly, faecal microbial manipulation via 

FMT in severely obese adolescents is capable of shifting the microbiome in recipients with 

short-term (6 weeks) while the donor engrafted microbiome maintenance up to 26 weeks 

post-FMT.  

5.1 Gut microbiome development in early life – “a window of opportunity.”  

The recent expansion of technological advancements (e.g. genomic, transcriptomic, 

proteomic and metabolomic) has led to an increasing pool of data and collective knowledge 

of the structure and functional capacity of the human microbiome (S. A. Lee et al., 2015) and 

its critical role in human health (Nicholson et al., 2012; B. Wang, Yao, Lv, Ling, & Li, 2017). 

There are multiple interactions between the gut microbiota and the host affecting health and 

well-being across the host's entire lifespan (Musso, Gambino, & Cassader, 2011; Nicholson 

et al., 2012; J. Sun & Dudeja, 2018; Ussar et al., 2016). Bacterial colonisation, which is 

modulated by the maternal microbiota (i.e. maternal skin, vaginal, breast milk, mammary 

areola, mouth microbiomes), largely begins at birth and continues to change throughout the 

host‟s development (Drell et al., 2017; C. J. Hill et al., 2017; Yatsunenko et al., 2012b). 

Therefore, it is possible that microbial diversity and structural changes during the first 1000 

days are key features for a healthy microbiome (Staude et al., 2018). Notably, accumulating 

evidence emphasizes key roles for the microbiota in metabolic and immunological 

programming  (Dzidic, Boix-Amorós, Selma-Royo, Mira, & Collado, 2018; Korpela & de 

Vos, 2018; Renz et al., 2017; Tamburini et al., 2016; Wampach et al., 2017) consistent with 

the idea that  the impact of adverse early-life events on the microbiome may change long-
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term health outcomes (Cong et al., 2016; DiBartolomeo & Claud, 2016; Groer et al., 2014; 

Zhu et al., 2017).  

5.2 Children born very preterm have different active faecal microbes and 

microbial functions compared to children born at full term  

Knowledge about the gut microbiota composition in premterms is increasing (Grier et al., 

2017; Groer et al., 2014; Ho et al., 2018; Parra-Llorca et al., 2018). However, there is a gap in 

research that links early life adverse events with the structure and function(s) of the gut 

microbiome in mid-childhood. Hence, the work in Chapter 2 focused on understanding the 

gut microbial composition and functions in children (5-11 years old) who were born very 

preterm.  

Previous studies have identified changes to the gut microbiome in infants born preterm that 

include decreases in the abundance of Bifidobacterium and Bacteroides (Aagaard et al., 2014; 

Chernikova et al., 2018; Groer et al., 2014; Patel et al., 2016). Moreover, it has been observed 

that the preterm infant gut microbiota evolves through a sequential pattern of development 

that is associated with postmenstrual age (i.e. gestational age at birth plus week of life), 

dominated by Bacilli followed by Gammaproteobacteria and then Clostridia (La Rosa et al., 

2014). However, the gut microbiota composition in infants is widely considered to change to 

an adult-like microbiota by three years of age (Kostic et al., 2015). In my study, 16S rRNA 

amplicon sequencing did not identify differences in the bacterial communities of the preterm 

children in mid-childhood (5-11 years). However, there was a trend for increasing numbers of 

Proteobacteria and Clostridium in children born very preterm in my study cohort. This 

observation suggests that, despite differences during the early life, there is a convergence of 

the gut microbiome population structure of children born very preterm and those born at term 

by mid-childhood. This is consistent with observations that altered microbial communities 

observed in early preterm life (e.g. initial nosocomial and antibiotic-resistant high-risk 

microbial families) can be replaced by more common bacterial communities at 2 years of age 

ultimately reaching an adult-like microbiota irrespective of the important selective pressures 

received early in life (Koenig et al., 2011b; Yatsunenko et al., 2012b). 
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Both the composition and function of the core microbiome play a major role in host health 

and disease susceptibility (Elizabeth K. Costello, Stagaman, Dethlefsen, Bohannan, & 

Relman, 2012; Marchesi et al., 2016; Scotti et al., 2017; Shade & Handelsman, 2012; S. 

Thomas et al., 2017; Peter J Turnbaugh, Hamady, et al., 2009b; Peter J Turnbaugh & Gordon, 

2009). It is possible that the cohort of very preterm children in my study shared components 

of the core microbiome because they were exposed to the same hospital environment. 

However, my data demonstrates that the overall composition and specifically the composition 

of the major core microbiome is not significantly different between both groups; except the 

absence of microbial family Rikenellaceae in children born very preterm. Therefore it is 

unlikely that this reflects the NICU unit and more likely that the commonality reflects the 

shared environment (e.g. geographical area) in which the participants reside. Studies have 

identified Staphylococcus epidermidis, Klebsiella pneumoniae, Bacteroides fragilis, 

and  Escherichia coli as the dominating taxa in the NICU environment and the preterm gut 

microbiome in children with a gestational age of 26-28 weeks (B. Brooks et al., 2014, 2018). 

However, bacterial families colonising premature infants during their NICU stay did not 

persistent after 2 years, which is the age when the child's gut starts to contain an adult-like 

microbiota (Moles et al., 2015).  

Collectively, my 16S rRNA amplicon sequencing results debunk the after birth founder 

effect of microbes persevering as members of the gut microbiota throughout life. However, 

the active microbial population was different between the two groups of children, with 

children born preterm having greater numbers of Collinsella spp. than children born at term. 

This observation that the active microbiota of children born very preterm is different 

following seven to eight years post-hospitalisation is unique. Furthermore, differences in the 

active microbiome component were suported by measurable differences in the active 

metabolic pathways within the faecal microbial populations of the preterm and term born 

children. For example, higher levels of genes involved in microbial arginine biosynthesis 

pathways were observed in the faecal microbiome of children born very preterm in my 

cohort. Given that an individuals‟ genetics contributes to bacterial selection (Bonder, 

Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Vatanen, et al., 2016b; Goodrich et 

al., 2014; Jayasinghe et al., 2017a; Peter J Turnbaugh & Gordon, 2009; Yatsunenko et al., 

2012b), it is possible that genetic predispositions in children born very preterm leads to the 

selection of more arginine producing bacteria (Goodrich et al., 2017).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/founder-effect
https://www.sciencedirect.com/topics/medicine-and-dentistry/founder-effect
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5.3 Discovery of population structure versus active microbial population 

and functions in microbiome studies 

Microbial analysis work performed in Chapter 2 of my thesis is comprised of both 

metagenomic (i.e. 16S rRNA amplicon sequencing) and metatranscriptomic sequencing (i.e. 

total RNA sequencing). Combination of these two types of sequencing gave a comprehensive 

view of the gut microbial communities in preterm and term children (i.e. population structure 

from 16S rRNA amplicon sequencing; active microbial composition and functions from 

metatranscriptomic sequencing) which is one of the main strengths of the study.  

Furthermore, the integration of metabolomic work (Chapter 2) enabled me to correlate the 

active microbial compositional and functional data with metabolomics data (i.e. faecal, 

plasma amino acid and volatiles). Thus, the combined approach of metabolomics, 

metagenomics and metatranscriptomics in my work demonstrates the power of integrated 

analyses for a better understanding of the gut microbiome of children born very preterm and 

term.  

16S rRNA gene-based microbial profiling is an important tool to determine the bacterial 

composition of environmental samples such as faeces, soil, and water (Janda & Abbott, 2007; 

P.C.Y. Woo, Lau, Teng, Tse, & Yuen, 2008; Patrick C Y Woo et al., 2009). This widely used 

technique typically sequences only one or a few hyper-variable regions within the 16S rRNA 

gene and does not investigate the full genomes of all community members.  While many 

studies use the V3/V4 region (Stewart et al., 2017; Jakob Stokholm et al., 2018; Wampach et 

al., 2017), there is inter-study variation associated with the use of different hypervariable 

regions in 16S rRNA gene (Aloisio et al., 2016; D. M. Chu et al., 2017b; Collado, Rautava, 

Aakko, Isolauri, & Salminen, 2016; S. A. Lee et al., 2015; Timmerman et al., 2017b). I 

amplified seven out of nine variable regions (i.e. V2, V3, V4, V6, V7, V8, and V9) of the 

bacterial 16S rRNA gene by using two primer pools in metagenomic gene sequencing that I 

performed in Chapter 2. The combination of the two primer pools enables identification of a 

broad-range of bacteria down to the genus and species level (Barb et al., 2016; Xuea, Kablea, 

& Marco, 2018). Inherent biases arise in 16S amplicon sequencing depending on which 

hypervariable region is sequenced and there is currently little or no examination of which 

regions accurately identify the most bacteria in the current literature (Chakravorty, Helb, 

Burday, Connell, & Alland, 2007; Z. Liu, Desantis, Andersen, & Knight, 2008; Schloss, 

Gevers, & Westcott, 2011b; Watts et al., 2017; B. Yang, Wang, & Qian, 2016b). Therefore, it 
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is important to note this form of method-associated bias when comparing results between 

different microbiome studies (Albertsen, Karst, Ziegler, Kirkegaard, & Nielsen, 2015; 

Graspeuntner, Loeper, Künzel, Baines, & Rupp, 2018).  

16S rRNA amplicon sequencing results answer the question “which bacterial members does 

the community consist of” giving limited taxonomic and phylogenetic data (Langille et al., 

2013). Conversely, sequencing of the total RNA (i.e. metatranscriptomic sequencing) 

provides additional information on the active microbial population, genes and pathways that 

are active at a given moment (Aloisio et al., 2016; Janda & Abbott, 2007; Srinivasan et al., 

2015; P.C.Y. Woo et al., 2008). However, studies to date have predominantly focused on 

evaluating differences in microbial populations rather than examining the activity of these 

populations. This is predominantly due to the fact that deep metagenomic sequencing across 

many samples remains expensive despite the reductions in the cost of running sequencing 

instruments (Langille et al., 2013; Minich et al., 2018).  

5.4 Metabolome and plasma amino acid profiles are different in children 

born very preterm 

Arginine is a conditionally essential amino acid,  that is obtained from food or synthesised 

from glutamate via citrulline (Tomlinson et al., 2011). Prematurely born children are unable 

to synthesise arginine due to limited expression of arginine biosynthetic genes (e.g. pyrroline-

5-carboxylate synthase, argininosuccinate synthase, and lyase) (G. Wu et al., 2004a). Thus, 

infants born prematurely are given parenteral arginine to reverse their arginine deficiency (4 

g/kg/day at 24-30 weeks' gestation) (Hay & Thureen, 2010). Therefore, it is notable that I 

identified significant differences in the activity of the arginine biosynthetic pathway in 

prepubertal children born preterm. Consistent with my results, a study with a swine model of 

NEC  has identified reduced intestinal gene expression of the enzymes needed for citrulline 

production (i.e. the precursor for arginine synthesis) during prematurity as a predisposing 

factor for NEC in premature pigs (Robinson et al., 2018). I speculate that early life arginine 

deficiency (Badurdeen et al., 2015; Burgess et al., 2014; G. Wu et al., 2004b), or host genetic 

predisposition, or a combination of both (Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, 

Vila, Deelen, Vatanen, et al., 2016a; Fujisaka et al., 2018; Kurilshikov et al., 2017) influence 

the selection of arginine producing microbes in the bowel of children born preterm. 
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5.5 Children born very preterm have higher level of faecal calprotectin. 

Gut inflammation is linked with impaired barrier function (Michielan & D‟Incà, 2015) and 

the higher faecal calprotectin levels in children born preterm I observed are suggestive of 

these children having increased gut permeability. Increased gut permeability has been 

previously observed in children born preterm during their early life (Shulman et al., 1998; 

van Elburg et al., 2003; Weaver et al., 1984). This has been explained as a result of an 

immature gut epithelial and increased enteral feeding in the preterm condition (Rouwet et al., 

2002). Despite the fact that I did not identify associations between inflammatory markers, 

faecal calprotectin and faecal microbes or functions, the trend towards differences in 

bacterially produced plasma metabolites is consistent with the prepubertal preterm children in 

my study cohort having higher gut inflammation compared to their term counterparts. 

Ongoing low-grade inflammation is a known risk factor for the development of chronic 

diseases that preterm children present an increased susceptibility to including: diabetes 

(Casey Crump et al., 2011a; Hofman et al., 2004; Kajantie et al., 2010), hypertension (Casey 

Crump et al., 2011b), cardiovascular disease (Carr et al., 2017) and asthma (C. Crump et al., 

2011).  

5.6 Long-term changes in gut microbiome population structure 

The composition of the adult microbiome is relatively stable but shows continuing drift 

towards a core microbiome with age (O‟Toole & Jeffery, 2015). It has been demonstrated 

that changes in the microbiome of elderly individuals (≥ 65 years) are short-term (Claesson et 

al., 2012a). In Chapter 3, I analysed the artist; Billy Apple‟s microbiome by using 16S rRNA 

amplicon sequencing of stool sampled on toilet tissues collected in 1970 and 2016. Billy 

Apple‟s 1970 microbiome was enriched for Firmicutes, Bacteroidetes and Proteobacteria. 

Approximately 45 % of his 2016 samples were comprised of Prevotella, which has been 

linked to increased rates of inflammation (Hakansson & Molin, 2011). Moreover, species 

diversity measured using the Simpson index of diversity showed higher values for the 1970 

samples indicating that the diversity of the microbial species from samples taken when Apple 

was 80 years of age (i.e. 2016) was lower than that from samples when he was 35 (i.e. 1970). 

These results are consistent with a study that identified the gut microbiota of older subjects as 

being characterized by a reduction in Bacteroides together with Bifidobacterium abundance, 

and a general reduction in species diversity in predominant taxa such as Bacteroides, 
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Prevotella and Lactobacillus spp. (Erwin G Zoetendal et al., 2002). It is interesting to 

speculate that increased Prevotella abundance may be related to the observed diverticular 

disease in Billy Apple.  

Despite some early evidence to the contrary (Dąbrowska & Witkiewicz, 2016), it is becoming 

increasingly clear that the host genetics contributes to the selection of the microbiome 

composition (Blekhman et al., 2015; Bonder, Kurilshikov, Tigchelaar, Mujagic, Imhann, 

Vila, Deelen, Vatanen, et al., 2016a; Dąbrowska & Witkiewicz, 2016; Goodrich et al., 2014; 

Jayasinghe et al., 2017b). This relationship is such that the effect of the host genetics is 

greater than the common environment but less than the unique environment in monozygotic 

twins (Goodrich et al., 2014). Such a relationship should be evident in the conservation of the 

microbiome composition over time in individuals (J. Faith et al., 2013; Goodrich et al., 2014). 

The inter-sample similarity of the microbial communities calculated by the Jaccard Index 

showed more or less similar values at the family, genus, and species levels. By contrast, the 

average between sample Jaccard Index at the species level for the 1970 and 2016 samples 

were 0.87 and 0.88 respectively. These results are consistent with the predictions of Faith et 

al. (J. Faith et al., 2013) and demonstrate a long-term relationship between the host and 

microbiome composition despite a significant difference in age and environments. 

Furthermore, there is a strong taxonomical association between some single nucleotide 

polymorphisms (SNPs) and the composition of the human gut microbiome (Bonder, 

Kurilshikov, Tigchelaar, Mujagic, Imhann, Vila, Deelen, Vatanen, et al., 2016a). Out of nine 

SNPs that Bonder et al. demonstrated to be associated with microbial families, seven alleles 

were detected in Billy Apple‟s genome as being associated with Blautia, D. invisus, 

Lachnospiraceae and Sutterellaceae at both sampling time points.  

5.7 Deliberate changes in bacterial population structure in individuals with 

severe obesity by using donor FMT 

In Chapter 4, I analysed the microbiome from a preliminary double-blinded experimental trial 

to determine the safety, tolerability, and impact of obese adolescents swallowing faecal 

microbiota capsules.  Donor screening plays an important role in FMT, as there are dangers 

associated such as the possibility of passing of viral pathogens and transferring adverse 

metabolic phenotypes to the recipients (Alang & Kelly, 2015). However, it is not clear what 

drives the engraftment and growth of specific microbes in the recipients‟ gut. Principle 
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factors affecting microbial engraftment include genetics, diet, antibiotics, and the immune 

system. Early work has demonstrated that engraftment of faecal microbes after a FMT is 

more dose dependent than host-controlled (Smillie et al., 2018). Consistent with this, my 

study results showed that Prevotella copri had transferred to recipients after 6 weeks of FMT 

treatment. This is supported by the fact that butyrate producers such as  Prevotella copri  are 

more capable of engrafting into recipients‟ guts in higher abundance (Rivière et al., 2016; 

Vrieze et al., 2012).  

My results showed that the shifted microbiota in the FMT group continued for at least 6 

months. However, there were no observed changes in other clinical or body compositional 

parameters. The persistence of the microbial shift for 6 months is contradictory to the 

findings of a previous FMT trial with metabolic treatment syndrome, which identified a 

return to baseline at 18 weeks post-FMT (Kootte et al., 2017). Notably, Kootte et al. 2017 

also failed to identify a change in weight, SCFAs, and fasting plasma metabolites.  

5.8 Limitations of the current projects and challenges of microbiome 

studies 

There are some key challenges faced by microbiome researchers, which should be considered 

carefully when designing experiments. All analytical methods (e.g. sample handling, faeces 

storage, DNA and RNA extraction, library preparations, sequencing of libraries, quality 

control, and use of different bioinformatics tools in data analysis etc.) have biases that must 

be taken into account in experimental implementation and interpretation. For example, 

sample preservation (e.g. stored at -20
0
C, snap frozen and stored at -20

0
C, stored at -80

0
C 

etc.) and method of recovery of intact DNA from gut samples may affect the apparent 

microbiota composition. In my studies, I have followed different sample preservation 

techniques depending on the practicality for the sample that is being used.  For instance, in 

the preterm study (Chapter 2), I used fresh stool samples with RNAlater® to extract microbial 

DNA and RNA.  A recent study had shown that extracted DNA from fresh stool samples of 

pig had more gene copies and all targeted bacterial groups per gram of faeces compared to 

DNA extraction from frozen samples (Metzler-Zebeli, Lawlor, Magowan, & Zebeli, 2016). 

Not only the change in total bacterial yield, but individual bacteria or groups can also be 

affected by the sample preservation method. Metxler-Zebeli et al. observed a greater relative 

abundance of Lactobacillus group, Enterococcus spp., Streptococcus spp., Clostridium 
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cluster IV, Bacteroides, Prevotella, Porphyromonas and Enterobacteriaceae in freeze stored 

faeces than in fresh faeces (Metzler-Zebeli et al., 2016). Even though, it has been also 

demonstrated that differences in microbiota composition due to storage method were not 

significant compared to the differences between human individuals (G. D. Wu et al., 2010), it 

is essential to understand how sensitive study results are to modest changes in collection and 

storage protocols. 

Human faeces is comprised of a lot of non-microbial materials including fibre, undigested 

particles, nucleases, and human cells (J. Kumar et al., 2016). These impurities affect the lysis 

of the microbial cells, and it is important to remove them to enhance the overall quality and 

quantity of isolated DNA (J. Kumar et al., 2016; Wesolowska-Andersen et al., 2014). Many 

studies have optomised metagenomic DNA extraction protocols with the inclusion of 

phenol/chloroform enzymatic lysis and freeze-thaw steps (Kuczynski et al., 2011; J. Kumar et 

al., 2016; Wesolowska-Andersen et al., 2014).  I used the Qiagen
® 

Allprep DNA and RNA 

mini kit which provides a robust  DNA and RNA extraction protocol with good yields of high 

quality RNA and DNA from a single sample (Moen et al., 2016).  

The cost per sample, amount of sample required, and levels of associated impurities are other 

issues which may be improved to overcome limitations associated with the Qiagen
® 

Allprep 

DNA and RNA mini kit. It has been suggested that purchasing all the extraction kits needed 

at the start of the study and storing samples and extracting at the same time will minimise 

potential batch effects and the variations caused by the extraction kit (D. Kim et al., 2017). 

However, practical concerns such as the use of reagents before the expiry date and number of 

samples that can be used for extraction of DNA or library preparation in longitudinal 

microbiome studies remain a challenge.   

As previously mentioned, the choice of the hypervariable region within the 16S rRNA gene 

that is studied influences the identification of bacterial communities in the faecal sample 

(Chakravorty et al., 2007; D. M. Chu et al., 2017b; Collado et al., 2016; Jovel et al., 2016; S. 

A. Lee et al., 2015; Timmerman et al., 2017b). Many studies use more than one hypervariable 

regions (e.g. V3, V4 or V6) with no convergence on a single hypervariable region as the 

amplified region of choice (Mizrahi-Man, Davenport, & Gilad, 2013; Stewart et al., 2017; 

Jakob Stokholm et al., 2018; Wampach et al., 2017). Here, I used V2, V3, V4, V6, V7, and 
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V8, and V9 variable-region in 16S rRNA gene analysis for the preterm study (Chapter 2) and 

the Billy Apple
®
 study (Chapter 3), while the V3-V4 variable-region was amplified in 6S 

rRNA gene analysis for the FMT study (Chapter 4). It has been discovered that V3 and V4 

region is highly variable and able to distinguish all bacterial species to the genus level except 

for closely related enterobacteriaceae (Chakravorty et al., 2007; B. Yang, Wang, & Qian, 

2016a). 

Having a sample with low microbial biomass for microbial DNA extraction is another 

limitation of microbiome studies (D. Kim et al., 2017). If there is very little microbial DNA 

in a specimen, the library preparation and sequencing methods result in sequences that are 

derived primarily from contamination of trace amounts of DNA from reagents or laboratory 

instruments (D. Kim et al., 2017). This was one of the challenges; I faced when I made the 

16S rRNA amplicon libraries from sorted live and dead cells isolated from frozen 

encapsulated stool stored at -80
0
C. Microbial sequences contamination with reagents, dust, a 

crossover between samples, or other sources (e.g. instruments) can result in over or 

underestimated microbial counts in both standard and low-biomass samples. Therefore, 

appropriate precautions and controls should be used to identify the true microbiota in that 

sample (e.g. use of negative and positive controls during library preparation and sequencing). 

Moreover, it is essential to minimize the sample variation caused by sampling timing and 

seasonal changes in a cross-sectional study like the “preterm study” presented in Chapter 2. 

However, the healthy adult gut microbiota does not change radically over short time scales 

unlike vaginal microbial samples (E. K. Costello et al., 2009; D. Kim et al., 2017; Parfrey & 

Knight, 2012).  

While it is important to characterise the microbial community in a sample, it is equally 

important to understand the functionality of the microbes and its link to the mechanisms of 

disease development in the host (Ha, Lam, & Holmes, 2014; Hamady & Knight, 2009).  Data 

from 16S rRNA amplicon sequencing analysis of Billy Apple‟s microbiome and the Gut Bug 

Trial pilot project is limited to identification of bacterial communities but not functionalities 

and other microorganisms (e.g. virus, fungi etc.). However, this was not an issue in the 

preterm study as next generation 'omics' data analysis (i.e. metatranscriptomic, 

metabolomics) of sub-samples provided detailed information about the active microbes, 

functionalities and metabolites.   
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It is essential to carry out a power analysis when planning microbiome studies (Kelly et al., 

2015). This should also take into consideration co-founders (e.g. antibiotic use, age, sex, diet 

and geography) as these factors considerably impact on the intervention by changing 

microbial composition (Clarke et al., 2014; D. Kim et al., 2017).  

5.9 Future directions 

5.9.1 Virome and mycobiome analysis of human gut microbiome 

The gut microbiota has increasingly been recognized as a key contributor to human health, 

and various chronic human diseases have been linked to dysbiosis of the intestinal microbiota 

(Aydin, Nieuwdorp, & Gerdes, 2018; Beli et al., 2018; Castaner et al., 2018; Davis, 2016; 

Harley & Karp, 2012; Jie et al., 2017; John & Mullin, 2016; Kitai & Tang, 2017; Ottosson et 

al., 2018; Sarkar, Das, & Banerjee, 2018; Tang & Hazen, 2017; Y. Zhang & Zhang, 2013). 

Substantial amounts of research have attempted to explain the role of gut bacterial 

compositions and functions in the development of metabolic, gastrointestinal and immune 

disease (H. Wang, Wei, Min, & Zhu, 2018) but not the role of the gut fungal and viral 

compositions and functions. There is currently no reliable estimate of the total number of 

fungal cells in the human gut microbiome (Huffnagle & Noverr, 2013). Conversely, it has 

been estimated that there are least 109 virus-like particles (VLPs) per gram of human faeces 

(Reyes, Semenkovich, Whiteson, Rohwer, & Gordon, 2012). However, because of the 

extremely high diversity of the phage community, study of phages remains challenging 

(Reyes et al., 2012).  In addition to this, 99.9% of the total number of microbial cells belong 

to only a few species of bacteria within human gut microbiome. Thus, it is important to 

explore the characteristics, functions and structure of the less abundant rare biosphere (i.e. 

virome/phageome, bacteriophages and mycobiome) in the human gut microbiome. This will 

enable us to unravel how these small but vital constituents of the gut microbiota impact on 

human health and diseases.  

5.9.2 Discovery of mechanisms in microbial interactions with the human host 

Most studies of microbiota and disease have relied on microbial community profiling. 

However, there are a relatively less studies defining the mechanisms by which these 

interactions occur between the microbiome and the host. Therefore, it is vital to define the 

microbial mechanisms that cause a particular disease state or an adverse event in the human 
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host. To a degree this is already being attempted through the application of metabolomics to 

microbiota studies. However, the identities and how most microbial metabolites are produced 

and transferred between microbes and the host in vivo remain unclear, even though these are 

key to understanding disease and homeotic relationships. The ability to grow particular 

microbes and even microbial communities in culture will enable the identification of such 

molecules. This knowledge, combined with biological experiments in improved animal 

models and cell-lines will provide novel tools to study the disruption of microbial 

communication between microbes and the host and the underlying mechanisms. 

5.9.3 Genome assembling work 

My work described in Chapter two generated whole genomic data from shot-gun sequencing 

to characterize the microbial communities in the gut microbiome of preterm and term 

children. These shot-gun DNA fragments can be assembled to reconstruct the genomes of the 

entire gut microbiome community (Reich, Drabsch, & Däumler, 1984). Genome assembly 

work can be completed using complex computational methods [e.g. MetaVelvet (Zerbino & 

Birney, 2008), Meta-IDBA (Peng, Leung, Yiu, & Chin, 2011), Megahit (D. Li, Liu, Luo, 

Sadakane, & Lam, 2015) and Meta-Ray (Boisvert, Raymond, Godzaridis, Laviolette, & 

Corbeil, 2012)]. Assembled genomes can be compared to reference genomes to identify any 

lateral or horizontal gene transfer (LGT/HGT) among the prokaryotic component of the gut 

microbiota and to analyse their potential impact on the holobiont (i.e. humans and their gut 

microbiota) (van de Guchte, Blottière, & Doré, 2018).  Understanding the patterns of LGT 

will help to identify: 1) the dominant microbes driving the process, 2) how LGT influences 

holobiont phenotypes in a particular ecological niche (e.g. gastro intestinal tract); and 3) how 

specific holobiont phenotypes influence gene transfer events (Sitaraman, 2018). Answers to 

these questions will significantly impact on future understandings of the human holobiont in 

health and disease that will affect future strategies, particularly in clinical treatments that 

involve antibiotics as part of the therapy. 

5.9.4 Analysis of faecal microRNA (miRNA) 

The host gut microbiota varies across species and in individuals but is relatively stable over 

time within the host (Lozupone, Stombaugh, Gordon, Jansson, & Knight, 2012). However, 

how the host selectively shapes the microbiota is not clearly understood (whether it is 
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naturally regulated or not). It has been reported that host miRNAs (small, non-coding RNA 

molecules) identified within faeces are significantly different between regions of the 

intestine. These miRNA are predominantly produced by gut epithelial cells and Hopx
+
 cells 

(S. Liu et al., 2016) and can enter into bacteria and regulate bacterial expression and growth. 

As such, miRNAs play a critical role in the regulation of the gut microbiota by altering 

bacterial gene expression in the gut (H. Thomas, 2016; M. R. Williams, Stedtfeld, Tiedje, & 

Hashsham, 2017). Investigation of faecal miRNA in individuals with different disease 

conditions or adverse life events will enable us to understand their physiological role in 

microbial dysbiosis associated disease conditions. 

5.9.5 Influence of gut microbiome on epigenetic modulation  

Research has shown the connection between microbial metabolites and epigenetic 

modifications (Paul et al., 2015; Ye, Wu, Li, & Li, 2017). For example, microbial produced 

folate, choline and methionine are involved in one-carbon metabolism that contributes to the 

methyl donor, S-adenosylmethionine which can affect DNA methylation and subsequently 

gene transcription, cellular differentiation and normal development (Reik, 2007). Therefore, 

it is likely that DNA methylation is a factor that plays an important role in mediating 

microbe-host interactions in early life (Pan et al., 2018). The role of the microbiome in DNA 

methylation is likely to be more important during the early periods of rapid adaptation of the 

immature intestine, especially following preterm birth. For example, germ-free new-born 

mice have altered intestinal functions, DNA methylation and gene activation within the 

colonic epithelium (Yu et al., 2015). Similarly, delayed colonisation in preterm pigs induces 

changes in gene expression that are regulated by epigenetic regulations (Pan et al., 2018). 

Therefore, the study of microbiota-dependent epigenetic programming of genes related to gut 

immunity, vascular integrity and metabolism may be critical for understanding short and 

long-term intestinal health in individuals.  
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5.10 Conclusion 

In conclusion, my results have shown that early life events (i.e. being born preterm) impact 

on the microbiome function later in life consistent with the lifelong maintenance of 

components of the microbiome within a dynamic overall population structure. This is 

consistent with a genetic component contributing to the selection, drift and maintenance of 

core microbiome functions over an individual‟s lifetime. Finally, deliberate changes to the 

gut microbiome (e.g. FMT) are capable of shifting an individual‟s microbiota successfully for 

periods of up to 6 months, in spite of subtle dietary and environmental changes. 
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Chapter 6. Appendix 

6.1 Paper covers 

6.1.1 The New Era of Treatment for Obesity and Metabolic Disorders: Evidence and 

Expectations for Gut Microbiome Transplantation.  
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6.1.2 Long-Term Stability in the Gut Microbiome over 46 Years in the Life of Billy 

Apple
®
. 
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