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ABSTRACT 

The gut microbiome has become an attractive target for therapeutic manipulation because of its 

connection with a wide range of human phenotypes and disease. A variety of microbial intervention 

strategies have been developed to alter its composition and function. These strategies range from the 

administration of compositionally defined single- or multi-strain microorganisms (probiotics) to the 

transfer of undefined microbial communities derived from healthy donors (e.g., faecal microbiota 

transplantation) or maternal sources (e.g., vaginal seeding). Yet how the gut microbiome responds to 

these microbial interventions remains poorly understood.  

In this thesis, I interrogated the structural and functional impact of microbial transfer on the human gut 
microbiome using high-resolution shotgun metagenomic sequencing data obtained from three 

randomised placebo-controlled clinical trials. This approach enabled me to identify specific patterns of 

donor strain engraftment and monitor the persistence of these strains over time.  

In the Gut Bugs study, transplantation of faecal microbiota derived from multiple healthy lean donors 

led to durable shifts in the composition and functional potential of the gut microbiome in adolescents 

with obesity. Strain engraftment varied considerably between recipients and was biased towards donors 

with high microbial diversity and a Prevotella-dominant enterotype. Engraftment of strains from these 
‘super-donors’ enriched the microbial gene pool leading to increased representation of metabolic 

pathways involved in energy metabolism (e.g., NAD biosynthesis). 

In the PROFAST study, daily supplementation with the probiotic Lactobacillus rhamnosus HN001 in 

combination with a 12-week 5:2 intermittent fasting regime did not alter the gut microbiome of adults 

with prediabetes. The relative abundance of Lactobacillus rhamnosus within participant stool samples 

was extremely low, suggesting proliferation of the probiotic strain was inhibited or restricted by members 

of the resident gut microbiome. Despite this, the abundance of several microbial species at baseline 

(e.g., Faecalibacterium prausnitzii and Streptococcus salivarius) were correlated with greater amounts 
of weight loss, suggesting these species might play a significant role in metabolic health. 

In the ECOBABe study, oral administration of maternal vaginal microbes at birth failed to normalise the 

gut microbiome of babies born by caesarean section (CS). Compared with vaginally born babies, the 

gut microbiome of CS babies had lower abundances of Bacteroides species and reduced representation 

of microbial pathways involved in the biosynthesis of B vitamins and peptidoglycan – a potent immune 

stimulator. Engraftment of maternal vaginal strains within the infant gut was minimal, suggesting these 

strains do not have a dominant role in seeding the infant gut microbiome.  

Collectively, the results of these studies demonstrate that alteration of the gut microbiome in response 

to microbial administration is highly context-specific. The degree of microbiome modification likely 

depends on the fitness of the microbes being transmitted, their biological interactions with the residing 

gut microbiome, and the environmental conditions supplied by the host. A greater mechanistic 

understanding of these interactions will assist in developing effective microbial therapeutics that are 

individually tailored to the specific microbiome perturbations driving disease aetiology. 
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1.1 AN INTRODUCTION TO THE HUMAN GUT MICROBIOME 
Never has stool received quite as much attention in human history as it has in the past decade. This 

comes in the wake of rapid advancements in next generation sequencing technologies which have 

allowed scientists to uncover a teeming ecosystem of previously uncharacterised microbes living 

symbiotically within the human gut. This community of microbes (‘microbiota’) and the suite of genes 

they possess (‘metagenome’) are collectively known as the human gut microbiome. The gut microbiome 

is abundant in size and compositionally diverse, encompassing tens of trillions of microbial cells from 
multiple kingdoms of life including bacteria, archaea, fungi, protozoa, and viruses [1]. Of these, the 

bacterial population is the best characterised. Concerted efforts to characterise the healthy adult gut 

microbiome by the Human Microbiome Project (HMP) and the Metagenomics of the Human Intestinal 

Tract (MetaHIT) project revealed that individuals harbour highly distinct but functionally similar microbial 

communities that develop in complexity from birth and continually fluctuate throughout life in response 

to various environmental exposures [2–4]. With approximately 150 times more genes than the human 

genome [3], the gut microbiome greatly expands the functional potential of the host and has developed 

specialised functions in nutrition, energy metabolism, immune development, and host defence [5].  

The gut microbiome is now recognised to be an integral component of host health and perturbations to 

this community have been associated with a wide spectrum of disorders [6]. Owing to its modifiable 

nature, the gut microbiome has become an attractive therapeutic target and a number of microbial-

based therapies have been developed in recent years to augment and restore microbial function. These 

therapies range from ingestion of simple probiotic formulations of healthy bacterial strains, to whole 

microbiota transplants derived from faecal material (faecal microbiota transplantation, FMT) or vaginal 

fluids (vaginal seeding). This chapter aims to explore the motivation behind each of these microbial 
therapies with a particular focus on metabolic disorders. Relevant literature will be presented to describe 

what is currently known about these therapies with respect to their clinical efficacy and impact on the 

gut microbiome. At the end of the chapter, particular gaps in our knowledge of microbial transfer will be 

highlighted providing a rationale for the objectives of this thesis. 

 

1.1.1 Role of the gut microbiome in human health 
The gut microbiome is responsible for a variety of metabolic, immunological, and gut protective 

functions in healthy individuals [7]. One of the primary functions of the gut microbiome is assisting with 

digestion and nutrient production. By virtue of its enormous metabolic capacity [4], the gut microbiome 

contains many specialised enzymes that can break down a variety of complex substrates that humans 

are not able to metabolise themselves. In particular, short chain fatty acids (SCFAs) produced via 

bacterial fermentation of dietary fibre provide an additional energy source for the host [8] and modulate 
various aspects of host metabolism [9] and immunity [10]. The most commonly produced SCFAs are 

acetate, propionate, and butyrate. Recent studies have demonstrated that butyrate plays an important 

role in maintaining the epithelial integrity of the gut lining [11–13] with lower levels associated with 
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localised inflammation and leaky gut [14]. SCFAs have also been shown to support immune cell function 

[15–17], influence energy metabolism, and regulate appetite control and satiety [18–21].  

The gut microbiota is also responsible for synthesising a number of essential amino acids and vitamins, 

including vitamin K, riboflavin (B2), niacin (B3), and folate (B9) [22]. The gut microbiome can also 
synthesise and regulate host-hormone production, contributing up to 90% of the body’s serotonin 

production [23]. Microbial enzymes are also involved in the deconjugation of primary bile acids that are 

released into the gut leading to downstream effects on host metabolism [24]. A variety of other 

microbially-derived metabolites including various indole and linoleic acid compounds have also been 

shown to play integral roles in regulating host metabolism and intestinal homeostasis [25–31]. 

In addition to metabolism, the gut microbiome also plays a critical role in developing and regulating the 

host immune system [32]. Studies in germ-free mice that are born and raised in a sterile environment 

have been instrumental in improving our understanding of how the microbiota and immune system 
interact throughout development. While microbial occupancy is not essential for life, germ-free mice 

display several abnormal immune phenotypes [33]. Firstly, they exhibit underdeveloped Peyer’s 

patches which are aggregated lymphoid tissues found along the small intestine that monitor the gut 

microbiota and prevent overgrowth of pathogenic strains [34]. Germ-free mice have also been shown 

to have a reduction in a number of specific classes of T-helper cells that form an integral part of the 

adaptive immune response [35]. Many of these deficiencies can be restored by simply reconstituting 

the gut microbiota in germ-free mice [36]. The mechanisms by which the gut microbiota regulate the 

immune system relate to their expression of molecular structures known as pathogen-associated 
molecular patterns (PAMPs), which interact with pattern recognition receptors (e.g., Toll-like (TLR) or 

Nod-like receptors (NLRs)) on the surface of intestinal epithelial cells [37]. For example, 

lipopolysaccharide (LPS), present on the cell wall of most gram-negative bacteria, interacts with TLR4 

leading to activation of signalling pathways involved in innate immunity [38–40]. Alterations in the 

structure of LPS between different bacterial species can lead to variable immune responses and 

impaired immune education [41]. Another PAMP associated with the bacterial cell wall is peptidoglycan. 

Peptidoglycan is recognised by a variety of innate immune receptors (e.g., TLR2 and NOD2) whose 
activation plays a critical role in establishing immune tolerance to commensal species by regulating the 

expression and secretion of antimicrobial peptides [42, 43].  

The physical presence of the microbiota within the gut also contributes directly to host defence by a 

phenomenon known as colonisation resistance [44]. Niche adaptation and occupancy prevents the 

colonisation and overgrowth of potential pathogens by limiting resource availability and attachment sites 

[45]. Bacteria are also known to produce various antimicrobial substances, such as bacteriocins, that 

act to suppress the growth of competing microorganisms, thereby helping to maintain a healthy 

balanced population of intestinal bacteria [46–48]. Reductions in microbial diversity within the gut can 
sometimes lead to impaired colonisation resistance and predispose individuals to infection by 

opportunistic microorganisms [49]. Thus, establishing and maintaining a diverse gut microbiota not only 

greatly expands the metabolic capabilities of the host and facilitates appropriate development of the 

immune system, but also provides resistance to harmful pathogens. 
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1.1.2 Development of the gut microbiome 
Prior to the genomics revolution, it was broadly believed that human fetuses developed under sterile 

conditions within the uterus. However, a growing body of evidence, in which microbial DNA has been 

detected in amniotic fluid [50], placenta [51], and the fetal intestine [52], appears to challenge this 

dogma and suggests the neonate may be colonised by microbiota prior to birth. While a number of 

studies have questioned the validity of these experiments [53–56], the physiological implications of 
microbial exposure in utero remain unclear. Controversies aside, it is generally accepted that the 

founding populations that colonise the infant gut are largely acquired during and immediately after birth 

[57].  

The maternal vaginal [58] and gut [59] microbiota undergo specific fluctuations during pregnancy (e.g., 

an enrichment of Lactobacillus species). Although the exact mechanisms responsible for these 

fluctuations are unclear, it has been suggested that these modifications assist in providing the neonate 

with beneficial microbiota at birth to facilitate immune development and milk digestion [60]. During 
vaginal birth, the baby is extensively covered by, and potentially swallows, microbiota-rich vaginal fluids 

as it descends through the birth canal [61]. On exit, the baby is typically faced towards the mother’s 

perianal region, establishing a potential transmission route for colonisation with maternal gut bacteria 

[62, 63]. Upon transfer to the breast, the baby inoculates the nipple with microbiota acquired during 

birth which enables passage of these microbes into the gut as colostrum is passed through the nipple. 

At the same time, the infant is also acquiring microbes that are present within the mother’s milk [64, 

65], on the mother’s skin, and within the birthing environment [66].  

The first week of life is associated with rapid fluctuations in the population structure of the gut 
microbiome as the newly acquired microbes adapt to their new host and nutritional landscape [67, 68]. 

The initiation of breastfeeding, in particular, has a significant impact on gut microbiome development 

by promoting the growth of microbes that are specialised in breaking down the complex sugars found 

within human milk (e.g., human milk oligosaccharides, HMOs) [69]. As such, infant microbiomes are 

typically dominated by bacterial species belonging to Bifidobacterium, Bacteroides, and Escherichia 

genera [70]. As the infant diet diversifies with the introduction of solid foods, the gut microbiome also 

diversifies with microbes now able to utilise a broader range of nutritional substrates [71–73]. By about 

3-5 years of age, the composition of the gut microbiome stabilises and begins to resemble the adult gut 
microbiome [41, 74]. From this point onwards, the gut microbiome continues to diversify throughout 

childhood and adolescence predominantly in response to diet and environmental exposures [74]. The 

gut microbiome reaches peak diversity and stability in adulthood before gradually declining in old age 

[75], possibly in relation to weakening immunity [76].  

 

1.1.3 Composition of the adult gut microbiome 
The adult gut microbiome is dominated by two bacterial phyla, the Firmicutes and the Bacteroidetes, 

whose members collectively constitute approximately 90% of the bacterial population [3]. The remaining 

10% of bacterial species belong to the Proteobacteria, Actinobacteria, Verrucomicrobia, and 
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Fusobacteria phyla. The Firmicutes phylum encompasses over 200 different genera including 

Clostridium, Faecalibacterium, Eubacterium, Roseburia, Ruminococcus, Dialister, Lactobacillus, 

Enterococcus and Staphylococcus [77]. The Bacteroidetes phylum is predominantly composed of 

Bacteroides and Prevotella genera, with minor contributions by Parabacteroides and Alistipes [78]. 
Escherichia, Shigella, Desulfovibrio, Helicobacter, and Bilophila are the most common genera of the 

Proteobacteria phylum [77]. Bifidobacterium and Akkermansia are the most abundant genera within the 

Actinobacteria and Verrucomicrobia phyla, respectively [77]. Gut microbiomes from different individuals 

vary widely in the presence and relative abundance of these taxa such that no two microbiomes are 

identical in composition [2]. Even within the same individual, the gut microbiome fluctuates throughout 

the day [79–81], and gradually drifts in composition over time [82, 83]. 

 

1.1.4 Factors responsible for microbiome variability 
Microbiome variability between individuals is driven by a combination of host and environmental factors. 

Monozygotic twin pairs have been shown to harbour more similar gut microbiota than dizygotic twin 

pairs, suggesting host genetics play a role in shaping the gut microbiota [84]. Several other studies 

have also demonstrated associations between microbiome composition and host genetic variation [85–
87], particularly within regions encoding immunity-related pathways [87]. However, the observation that 

unrelated individuals from a shared household harbour more similar microbiomes than related individual 

who live apart suggests the environment has a much greater role in determining microbiome variability 

compared to host genetics [88]. 

The most significant factor influencing variability in the gut microbiota in neonates is the mode of birth. 

Compared with vaginally-born (VB) babies, babies born by caesarean section (CS) consistently harbour 

distinct gut microbiota and a lower proportion of maternally derived strains (reviewed in section 1.2.1). 
Subsequent to birth, early nutrition is the principal driver of gut microbiome variability and microbiome 

differences have been observed between breastfed and formula-fed babies [41, 72]. In particular, 

breastfed babies have a greater enrichment of Bifidobacterium and Lactobacillus species within the gut 

while formula-fed babies have higher abundances of Citrobacter and Veillonella species [41]. Aside 

from birth and feeding mode, the early gut microbiome is also shaped by antibiotic exposure [41, 89, 

90], maternal health status [68, 91], sex [92, 93], the presence of siblings [72, 92] and household pets 

[72, 94, 95].  

In adulthood, the strongest influencer of the gut microbiome is diet [96–101]. Daily fluctuations in 
microbial composition have been linked to food selection [101], and a switch from an exclusive plant-

based to an exclusive animal-based diet led to considerable shifts in the composition and functional 

output of the gut microbiome (e.g., a reduction in SCFA production) [96]. A recent study profiling the 

diet, gut microbiome, and metabolism of 1098 individuals discovered a myriad of associations between 

microbes and specific aspects of food and nutrition that could be used to predict postprandial glycaemic 

and inflammatory responses [102]. Some of the strongest evidence linking gut microbiota variability 

with diet has come from studies that look at microbiome differences between populations that consume 
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different diets [74]. The ‘Western’ diet which is typically low in dietary fibre and high in fats and sugar, 

has been shown to irreversibly reduce microbial diversity with depletion of certain bacterial species 

(e.g., Prevotella spp.) [97]. By contrast, populations that consume a plant-rich diet with more complex 

carbohydrates and lower amounts of animal fats harbour far more diverse microbial communities, with 
many novel species and metabolic capabilities not found within Western populations [74, 103, 104]. 

Interestingly, a recent study reported that immigration from southeast Asia to the United States led to 

rapid reductions in gut microbiome diversity and an enterotype switch from Prevotella to Bacteroides 

dominance as immigrants and their descendants adopted a more Westernised diet [105]. This finding 

is consistent with the observation that habitual diet strongly influences microbial enterotypes and thus 

greatly contributes towards inter-individual microbiome variability.  

 

1.1.5 Microbial enterotypes 
In 2011, Arumugam and colleagues reported that variation in the human gut microbiome could be 

divided into three distinct composition clusters, termed enterotypes [106]. The three enterotypes were 

distinguished by a dominance of either Bacteroides, Prevotella, or Ruminococcus species within the 

bacterial community and appeared to be independent of age, gender, and geography. A number of 
subsequent studies that employed more statistically rigorous clustering methods found support for only 

two of the three proposed enterotypes, namely those dominated by either Bacteroides or Prevotella 

[107–112]. Rather than forming discrete clusters, the two enterotypes appear to exist either side of a 

continuum reflecting the relative abundance ratio between these two genera [107–109].  

In a mouse model, it was demonstrated that Bacteroides and Prevotella species were antagonistic and 

under a standard chow diet, Bacteroides was more abundant [113]. In human populations, enterotypes 

become established early in life (between 9–36 months [71]) and are associated with long-term habitual 
diet [107, 110]. Bacteroides-dominated communities principally derive their energy from carbohydrates 

that utilise the glycolysis and pentose phosphate pathways and are associated with Western diets that 

are high in animal fats and proteins [107]. By contrast, Prevotella-dominated communities are 

associated with plant-rich, high-fibre diets containing complex carbohydrates, and are characteristic of 

non-industrialised populations and vegetarianism [74, 103, 104, 107, 114].  In general, microbial 

enterotypes appear to be relatively stable over time [115], although some individuals have been 

observed to switch between Prevotella and Bacteroides dominance [109, 111].  

Despite their association with diet, there does not appear to be any difference in baseline characteristics 
or disease susceptibility of individuals depending on their enterotype [116]. This may be due, in part, to 

the substantial inter-species and inter-strain diversity that exists within these two genera [117]. Thus, it 

is unlikely that all microbiomes of the same enterotype are functionally equivalent [118]. However, 

several recent studies have shown that individuals with Prevotella-dominant microbiomes exhibit 

greater metabolic improvements and weight loss compared with Bacteroides-dominant individuals 

when adhering to a high fibre diet [113, 119, 120]. By contrast, individuals with Bacteroides-dominant 

microbiomes were found to exhibit greater metabolic improvements on an intervention that enriched 
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Bifidobacterium abundance [121]. In light of this, there is a growing interest in understanding more 

about how enterotypes are established, how they contribute towards health outcomes, and whether 

they can be manipulated for therapeutic benefit.  

 

1.2 PERTUBATIONS IN THE GUT MICROBIOME AND DISEASE 
Because no two gut microbiomes are identical, the definition of what comprises a healthy gut 

microbiome from an inventory standpoint remains unclear [2]. Despite this, it is generally accepted that 

having a stable and diverse gut community correlates with a healthy intestinal state [122]. A perturbation 

to the microbiota that is associated with negative functional outcomes on gut physiology, such as 

localised inflammation or disturbed metabolic processing, is known as gut dysbiosis [123]. Typically, 
gut dysbiosis is characterised by low microbial diversity [124]. 

Observations of microbial dysbioses are increasingly being associated with a broad range of human 

diseases, including allergies [125, 126], asthma [127], inflammatory bowel disease (IBD) [128–131], 

irritable bowel syndrome (IBS) [132], obesity [133], and cardiovascular disease [134, 135]. Many of 

these diseases have also been associated with factors that lead to microbiome perturbation early in life 

(e.g., caesarean section [136–138], formula feeding [139–141], and antibiotic exposure [141–144]), 

suggesting the gut microbiome is not merely a feature of the disease state but may also play a causative 
role in developing the disease. The following section focuses on characterising the gut microbiome 

perturbations associated with caesarean section birth and metabolic disorders. Potential mechanisms 

explaining how these perturbations lead or contribute towards disease phenotypes are also described. 

 

1.2.1 The gut microbiome in babies born by caesarean section 
Caesarean section (CS) is a common surgical procedure that it typically performed when the health of 

the mother or infant is compromised during birth. Over the past few decades, rates of CS have been 

increasing globally, accounting for as many as 44% of births in some countries like China [145, 146] 

and Brazil [147]. The increase in CS cannot solely be explained by increasing maternal age and 

morbidity. Rates of CS are disproportionately higher for wealthy and well-educated women and have 

also been linked to labour anxiety, body ‘bounce-back’ misperceptions, avoidance of superstitious 

dates, and hospital profitability [145]. In New Zealand, around 25% of babies are born by either elective 
or emergency CS, with higher rates (up to 40%) seen in larger cities like Auckland [148]. 

 

1.2.1.1 Immunological and metabolic disorders associated with caesarean section 

A growing body of epidemiological evidence has associated birth by CS with higher risks of developing 

asthma [138, 149–153], eczema [154, 155], allergies [153, 156], obesity [157–162], and various other 

autoimmune disorders later in life [138, 163]. While there have been conflicting reports in the literature 

for some of these conditions [164–169], multiple systematic reviews and meta-analyses of cohort and 
case-control studies have demonstrated positive associations with asthma (n=23 studies, OR 1.22, 
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95% CI 1.14, 1.29 [149]), type 1 diabetes (n=20 studies, OR 1.23, 95% CI 1.15, 1.32 [163]), and obesity 

(n=9 studies, OR 1.33, 95% CI 1.19, 1.48 [161]). It has been suggested that these associations are 

caused by the lack of exposure to maternal microbiota at birth, leading to perturbed gut microbiome 

assembly and immune system priming. This hypothesis shares similarities with the hygiene hypothesis 
which states that a lack of microbial exposure (both infectious and commensal) in early life increases 

susceptibility to allergic diseases by suppressing the natural development of the immune system [170]. 

 

1.2.1.2 Gut microbiome characterisation in babies born by caesarean section 

Numerous studies have reported transient differences in the gut microbiome between vaginally born 

(VB) and CS-born infants during the first year of life (Figure 1.1). An initial study conducted in 2010 

characterised the meconium, skin, oral, and nasal microbiomes of 10 infants (6 CS, 4 VB) immediately 

after birth and found that CS microbiomes initially resembled those of the maternal skin, while VB 
microbiomes resembled those of the maternal vagina [61]. Subsequent studies focusing on stool 

samples collected at later time points confirmed a strong influence of birth mode on gut microbiome 

composition [171–173]. In a Swedish cohort of 98 infants, Bäckhed and colleagues reported that CS 

infants (n=15) harboured higher proportions of Enterobacter, Haemophilus, Staphylococcus, 

Streptococcus, and Veillonella genera with reduced amounts of Bacteroides, Bifidobacterium and 

Parabacteriodes genera [66]. They also discovered a higher proportion of antibiotic resistance genes 

within CS microbiomes, which are commonly associated with hospital environments [174]. Many of the 

early gut microbiome differences gradually diminished throughout infancy, with the exception of 
Bacteroides species, which continued to be lacking or at low abundance within the gut microbiome of 

CS infants at 1 year of age [66]. These findings of reduced Bacteroides prevalence, higher antibiotic 

resistance genes and hospital-associated microbiota, and a gradually diminishing microbiome 

perturbation signature in CS infants have been replicated by a number of subsequent studies (Figure 

1.1). In particular, Shao and colleagues demonstrated that the low-Bacteroides microbiome profile 

persisted into infancy in 60% of CS babies, and was also associated with gut microbiomes from VB 

babies whose mothers received intrapartum antibiotic prophylaxis (IAP) [136]. Multiple studies have 
also reported reduced maternal strain transmission in CS infants compared with VB infants, particularly 

with regards to maternal enteric strains of Bacteroides [62, 66, 67, 136, 175].  

Interestingly, Mitchell and colleagues noted that Bacteroides abundances were comparable between 

CS and VB infants during the first week of life, but subsequently disappeared in CS infants the following 

week [67]. This finding challenges the notion that a low Bacteroides signature is due to a lack of 

maternal exposure at birth and suggests that Bacteroides species may be overtaken by competing 

species that are present within the gut microbiomes of CS infants. For example, Streptococcus and 

Haemophilus spp. abundances have consistently been found to negatively correlate with Bacteroides 
abundance [66, 176]. Moreover, given that there is no difference in the gut microbiomes of babies born 

by elective CS (no vaginal exposure) vs. emergency CS (potential vaginal exposure), it is unlikely that 

low Bacteroides levels are solely related to a lack of maternal vaginal exposure during birth [67, 136].  
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Figure 1.1 Summary of gut microbiome differences reported between babies born vaginally (VB) or 

by caesarean section (CS) during the first year of life. 

Studies characterising meconium differences not included [177–180]. Studies included: Stewart et al., 2018 [72], 

Yassour et al., 2016 [90], Korpela et al., 2018 [175], Azad et al., 2013 [171], Azad et al., 2016 [172], Vatanen et 

al., 2019 [173], Wampach et al., 2018 [62], Sakwinska et al., 2017 [181], Wampach et al., 2017 [182], Mitchell et 

al., 2020 [67], Shao et al., 2019 [136], Bäckhed et al., 2015 [66], Stokholm et al., 2020 [137]. Sequencing methods 

included: 16S, 16S ribosomal RNA sequencing; 18S, 18S ribosomal RNA sequencing; and WGS, whole 

metagenomic sequencing. 

 

 

1.2.1.3 How does a perturbed gut microbiota early in life increase disease susceptibility? 

The mechanism by which perturbed gut microbiota early in life contributes to impaired immune system 

development is still relatively unknown. A number of microbial pathways have previously been shown 

to be underrepresented in the microbiomes of CS infants, including biosynthesis of the bacterial cell 

wall component, LPS [62]. Based on this observation, Wampach and colleagues isolated the LPS 

fraction from the stool of VB and CS neonates at 3 days of age and applied it to cultures containing 

monocyte-derived dendritic cells from adult donors [62]. LPS isolated from the stool of VB babies was 

found to elicit greater cytokine production, particularly TNF-α and IL-18 cytokines, suggesting VB-

derived LPS has greater immunostimulatory potential. The researchers also analysed the plasma 
cytokine levels in the babies from which the LPS fractions had been derived and noted a higher 

concentration of TNF-α and IL-18 within VB babies compared with CS babies [62]. Collectively, these 

experiments demonstrate a potential mechanism by which CS-associated microbiota could be 

hampering the infant immune system which relies upon microbial stimulation for appropriate 

development. 
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1.2.1.4 Microbiome confounders associated with caesarean section 

When interpreting gut microbiome differences that are associated with CS, it is important to also 

consider potential confounder effects [183]. Antibiotics, for example, are routinely administered to 

mothers just prior to CS while the baby is still in utero. Antibiotics that can cross the placenta could 
therefore have a profound impact on infant gut microbiome by impairing microbial colonisation at birth. 

Indeed, maternal IAP has been found to reduce bacterial diversity in the neonatal gut [184]. In addition, 

women with various morbidities, including obesity, are more likely to experience labour delays and 

require a CS [185, 186]. Thus, there is the potential for infant gut microbiota to become perturbed by 

acquiring strains from mothers with dysbiotic microbiomes. For instance, multiple studies have shown 

that the gut microbiome of infants born to mothers with obesity differ significantly from the gut 

microbiomes of infants whose mothers are lean [186, 187]. Finally, CS infants are also more likely to 

receive formula during early life due to delayed or suboptimal breastfeeding patterns [188–190]. Human 
milk contains a complex and diverse mixture of nutrients [97], bioactive compounds, and microbial cells 

[66, 96] that are difficult to recapitulate in infant formula. Thus, a lack of breastfeeding in CS infants 

may also contribute towards the CS-associated microbiome signature. It is therefore important that 

confounders are adequately adjusted for when analysing the impact of birth mode on the infant gut 

microbiome. 

 

1.2.2 The gut microbiome in metabolic disorders 
For the first time in human history, there are now more people who are overweight or obese in the world 

than there are underweight [191]. Global obesity rates have nearly tripled over the past 50 years, 
affecting 14% of today’s adult population, while a further 27% of adults are classed as overweight [192]. 

In New Zealand, obesity rates are even higher with one third of adults (32%) classed as obese [193]. 

The staggering proportions of affected individuals around the world poses major health and financial 

burdens on society. Obesity increases the risk and progression of many associated disorders including 

diabetes, hypertension, cardiovascular disease, non-alcoholic fatty-liver disease (NAFLD), and some 

cancers [194]. While obesity has long been associated with increased consumption of fatty and sugary 

foods [195], reduced physical activity [196, 197], and host genetics [198–202], emerging evidence over 

the past 15 years suggests the gut microbiome in also implicated [203].  

 

1.2.2.1 The search for a microbial signature associated with obesity 

One of the first gut microbiome signatures associated with obesity was a high Firmicutes to 

Bacteroidetes (F/B) ratio. The gut microbiomes of genetically obese mice were found to have a 50% 

reduction in the relative abundance of Bacteroidetes, with a proportional increase in Firmicutes 

compared to lean control mice [204]. This finding was later confirmed in a small study of individuals with 

obesity who went on a calorie-restricted diet for one year. Over the course of the study, Bacteroidetes 

levels gradually increased within the gut microbiome of participants, in parallel to weight loss. [205]. It 
was also demonstrated that European children consuming a typical “Western” diet high in animal fats, 
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proteins, and sugar had a much higher F/B ratio compared to children from a rural African village who 

consumed a traditional fibre-rich diet [104]. However, not all studies characterizing gut microbiomes 

from obese and lean individuals have consistently reported a high F/B ratio [206–209]. In fact, the 

opposite relationship has also been demonstrated [133]. These inconsistencies may stem from small 
study sizes, variable methodologies, and population differences (e.g., genetics, diet, and lifestyle). 

Recently, a much larger characterisation study was conducted on 599 American individuals (n=142 

obese, n=246 overweight, n=211 healthy weight) [210]. Gut microbiomes from individuals with obesity 

were distinct in overall composition compared to healthy weight participants and exhibited reduced 

species richness [210]. In particular, the gut microbiomes from individuals with obesity were 

characterised by an increase in taxa belonging to Streptococcaceae and Lactobacillaceae bacterial 

families, with reduced abundance of Christensenellaceae, Clostridiaceae, and Dehalobacteriaceae 

family members [210]. Of these, Christensenellaceae has previously been associated with low BMI and 
is considered to be a highly heritable taxa across multiple populations [84]. However, BMI is not always 

an accurate marker of metabolic health; as many as 10-25% of individuals with obesity can have normal 

glucose and lipid metabolism and thus be classified as metabolically healthy [211]. This may further 

explain why there is a lack of consistency among studies characterizing gut microbiome differences 

based on BMI thresholds. Interestingly, Le Chatelier and colleagues identified two distinct microbiome 

signatures associated with Danish individuals with (n=169) and without obesity (n=123) [212]. Rather 

than using BMI as a grouping variable, individuals were stratified into two distinct microbiome profiles. 

One group was characterised by a high microbial gene count (average of 640,000 genes), with an 
increased capacity for SCFA production, and a dominance of anti-inflammatory associated genera (e.g., 

Akkermansia, Alistipes, Bifidobacterium, Butyrivibrio, Coprococcus, Faecalibacterium, Lactobacillus, 

and Methanobrevibacter), while the other group was characterised by a low microbial gene count 

(average of 380,000 genes), enrichment of genes involved in mucus degradation and oxidative stress 

responses, and a dominance of pro-inflammatory taxa (e.g., Campylobacter/Shigella, Ruminococcus 

torques, and Ruminococcus gnavus). Approximately 23% of the study population fell into this ‘low gene 

count’ microbiome profile, including a higher proportion of individuals with obesity. It was also shown 
that ‘low gene count’ individuals with obesity gained more weight over time than individuals with obesity 

with a ‘high gene count’. As such, the authors concluded that an obese BMI is not strictly associated 

with a perturbed gut microbiome signature but, rather, an imbalance in pro- and anti-inflammatory 

species is associated with a metabolically unhealthy phenotype characterised by low-grade 

inflammation and insulin-resistance. In support of this, dietary interventions to induce weight loss have 

been shown to increase microbial gene richness among ‘low gene count’ individuals in conjunction with 

metabolic improvements [213]. 

Metagenome-wide association studies have also been conducted on individuals with type 2 diabetes 
(T2D). One of the first large-scale studies demonstrating a T2D gut microbiome signature was from a 

Chinese cohort (n=345) [214]. In this population, T2D gut microbiomes were associated with decreases 

in butyrate-producing Clostridium species (e.g., Roseburia intestinalis and Faecalibacterium prausnitzii) 

and an enrichment in oxidative stress signalling, and transport of sugars and branched chain amino 
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acids. Similar microbiome functions were also associated with T2D in a cohort of 145 European women 

[215]. Recently, it was also shown that obese individuals with and without T2D harbour slightly distinct 

microbiome signatures, with a greater enrichment of Escherichia/Shigella in the gut microbiomes of 

obese individuals with T2D [216]. Gut microbiome differences have also been observed in individuals 
with prediabetes who have moderately impaired glucose tolerance [217].  

In summary, these studies collectively support an association between the gut microbiome and 

metabolic disorders. While the contributions of various taxa may differ between studies, it appears that 

individuals with metabolic disorders in general harbour an inflammation-associated gut microbiome with 

a lower potential for SCFA production (particularly butyrate) and reduced microbial diversity and gene 

richness. 

 

1.2.2.2 Establishing causation: lessons from germ-free mice experiments 

While the aforementioned studies have been purely correlative, a causal relationship between the gut 

microbiome and host metabolic phenotypes has been established through microbiota transplantation 

experiments in mice reared under sterile conditions (i.e., germ-free). In 2004, Bäckhed and colleagues 

demonstrated that conventionally-raised mice (i.e., with gut microbiota) had significantly more body fat 

than germ-free mice despite the fact they consumed less food [218]. They further showed that 

inoculating germ-free mice with the cecal contents from conventionally-raised mice led to a reduction 

in food intake, and a paradoxical increase in body fat and insulin resistance within 14 days [218]. In a 

subsequent study involving wild-type and genetically obese (leptin knockout) mice, it was demonstrated 
that obese and lean phenotypes were transmissible via gut microbiota transplantation into germ-free 

recipient mice that were fed the same diet [219]. Motivated by this discovery, Ridaura and colleagues 

demonstrated that body weight phenotypes could also be transmitted to mice when using faecal 

microbiota derived from human donors [220]. By using twin donors that were discordant for obesity (i.e., 

one twin was obese, while the other twin was lean), they were able to show that the gut microbiota of 

the host, rather than the host’s genetic background, were responsible for transmitting the body weight 

phenotype. Importantly, the study also demonstrated that cohousing mice that had received the ‘obese 
microbiota’ with mice that had received the ‘lean microbiota’ prevented the obese recipient mice from 

developing obesity but only in the context of a healthy diet. This suggested that microbiota fitness and 

behaviour is highly dependent on diet. Further evidence supporting a causal role of the gut microbiota 

in metabolic phenotypes was provided by studies which show that germ-free mice that receive faecal 

microbiota from mice [221] and humans [222] post-bariatric surgery exhibit weight loss and reduced fat 

deposition compared to mice that receive microbiota from obese or sham-surgical controls. Similarly, 

the slightly more insulin-tolerant phenotype associated with Prader-Willi syndrome was also recently 

demonstrated to be partially transmissible through microbiota transfer in germ-free mice [223]. 
Moreover, the metabolic benefits of various diabetic drugs such as resveratrol [224, 225] and metformin 

[226] have also been recapitulated in germ-free mice that received faecal microbiota from donors that 

were treated with these drugs.  
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1.2.2.3 How does the gut microbiome contribute to metabolic phenotypes? 

While these experiments clearly demonstrate that faecal microbiota transfer can induce significant 

metabolic effects in mice, the exact mechanisms by which this is achieved are not well understood. In 

2006, Turnbaugh and colleagues demonstrated that the gut microbiome of genetically obese mice had 
an increased capacity to harvest energy from the diet [219]. In another pioneering mice study, 

consumption of a high-fat diet was shown to modify the gut microbiome leading to a breakdown in gut 

barrier function (‘leaky gut’) and an influx of bacterially-derived LPS into the host circulation [227]. This 

condition, known as metabolic endotoxaemia, is characterised by low-grade inflammation and has been 

associated with a high fat diet [228], obesity [229], and diabetes [230] in humans.  

Gut microbiota have also been proposed to influence metabolic phenotypes through their interactions 

with host signalling pathways (Figure 1.2). For example, microbiota-induced suppression of lipoprotein 

lipase inhibitors [218] can lead to sustained production of liver triglycerides and increased fat storage 
[231]. The gut microbiota may also influence postprandial satiety signalling via SCFA production and 

bile acid metabolism. In particular, SCFAs produced from the bacterial fermentation of dietary fibre have 

been shown to stimulate intestinal secretion of anorectic hormones, peptide tyrosine-tyrosine (PYY) 

and glucagon-like peptide 1 (GLP-1)[232, 233]. Meanwhile, deconjugation of bile acids by bacteria in 

the gut increases their hydrophobicity and enhances their binding to farnesoid X receptor (FXR) and G 

protein-coupled membrane receptor 5 (TGR5) which in turn regulate glucose and lipid metabolism [24]. 

In summary, perturbations in the gut microbiota that impair microbial functions, like the production of 

SCFA and transformation of bile acids, likely have downstream consequences on host metabolism and 
energy homeostasis. Continual research focused on understanding the various interactions that take 

place between the gut microbiota and the host will greatly assist in developing innovative therapeutics 

for obesity and its related morbidities.  

 

 

 

 

Figure 1.2 Factors that contribute to gut microbiome perturbation and its effect on host metabolism in 

individuals with obesity and metabolic disorders. 

FXR, farnesoid X receptor; GLP-1, Glucagon-like peptide 1; LPS, lipopolysaccharide; PYY, Peptide tyrosine-

tyrosine; SCFA short chain fatty acid; TGR5, G protein-coupled membrane receptor. 
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1.3 THE GUT MICROBIOME AS A THERAPEUTIC TARGET 
The gut microbiome has been implicated in a number of immunological, metabolic, and neurological 

disorders and growing evidence from microbiota transplantation studies supports a causal role of the 

gut microbiome in driving disease susceptibility. While many of these disorders have complex 

aetiologies and genetic predispositions, the gut microbiome is a modifiable risk factor and an attractive 

target for therapeutic intervention. Given the impact of diet on modulating the gut microbiome, dietary 

interventions are a logical and easily implementable first-line strategy. However, for more extreme forms 
of gut dysbiosis, dietary interventions on their own may be insufficient [234], particularly if the individual 

is lacking critical microbial species or functions. Microbial therapeutics can overcome these limitations 

by providing recipients with novel taxa and microbial functions they did not possess previously. 

Transplanted strains may facilitate appropriate development of the infant immune system, restore the 

balance of pro and anti-inflammatory taxa, or outcompete resident microbes that are driving disease 

phenotypes. The following sections will focus on three different forms of microbial transfer that are 

currently being investigated for disease prevention and management, namely vaginal seeding, faecal 

microbiota transplantation (FMT), and probiotics. 

 

1.4 VAGINAL SEEDING 
Given the orchestrated progression of microbial exposure that occurs during birth, it is not surprising 

that alterations that disrupt the natural birthing process, such as CS, have substantial developmental 

effects on the infant gut microbiome and immune system. The importance of establishing the correct 
colonisation order of microbes is reinforced by the finding that the composition of the infant gut 

microbiota at four days of age correlates strongly with the community composition at four months of 

age suggesting microbial succession principles apply [235]. While it is not possible to restore the birthing 

process in babies born by CS, exposing them to maternal vaginal microbes immediately after birth is 

feasible and may be a practical solution for restoring gut microbiome development in these infants. 

Vaginal seeding is a technique in which a gauze cloth is incubated inside the maternal vagina to collect 

vaginal fluids (and the microbes within them). Following CS, the gauze cloth is subsequently wiped all 
over the baby’s skin and face to inoculate them with maternal vaginal microbes. The ultimate goal of 

vaginal seeding is to restore gut microbiome development in the infant and thereby reduce their risk of 

developing CS-associated disorders later in life. From a nature perspective, this practice makes perfect 

sense; had the baby been delivered vaginally, they would have been exposed to the same vaginal 

inoculum during birth. However, several health professionals have cautioned against the use of vaginal 

seeding primarily because it could be placing CS babies at an unnecessary risk of infection [236–240]. 

The term ‘unnecessary’ reflects the fact that this practice has yet to be proven to be effective in 1) 

restoring gut microbiome development, and 2) reducing the risk of developing diseases that are 
associated with CS birth. 

Only one study has investigated the practice of vaginal seeding and, while the authors concluded it 

could partially restore infant microbiome development, their study had a number of limitations. Firstly, 
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the study was a pilot that included only 18 infants (7 VB, 11 CS) and their mothers. Of the 11 babies 

born by CS, only four received the vaginal seeding intervention. Thus, the study lacked sufficient power 

to be able to demonstrate microbiome restoration potential (clinical efficacy was not the intended focus). 

Secondly, the study did not collect infant stool samples, but took swabs of the baby’s anal skin instead. 
Given that most gut microbes are anaerobic [241], anal swabs are unlikely to capture the true 

composition of the infant gut microbiome. The authors also report that anal swabs taken from VB babies 

and CS babies that received vaginal seeding (CS-seeded) show an “early enrichment of Lactobacillus 

followed by a bloom of Bacteroides from week two that is not observed in newborns not exposed to 

vaginal fluids”. However, this composition pattern was only observed in one of the four anal swabs 

collected from CS-seeded infants, which is not sufficient evidence to suggest these infants’ gut 

microbiomes resembled those of VB infants. Finally, only one of the skin swabs taken from CS-seeded 

infants immediately after birth (and seeding) was dominated by Lactobacillus species, compared with 
three of the seven skin swabs taken from VB infants. Collectively, this suggests that either 1) 

Lactobacillus species that dominate the maternal vaginal microbiota do not consistently transfer to 

newborn infants (VB or CS-seeded), or 2) there were methodological limitations that prevented efficient 

DNA extraction and accurate profiling of low biomass skin microbiota. While the authors acknowledge 

that microbiome similarity to VB infants was greater in oral and skin swabs from CS-seeded infants, the 

most important site, arguably, for microbiome restoration is the gut microbiome.  

A failure to alter the gut microbiome likely results in a failure to alter immune system development, 

rendering the practice of vaginal seeding pointless. However, oral administration of maternal vaginal 
microbes may have greater potential to restore gut microbiome development compared to skin 

administration. The fate of maternally transmitted vaginal strains is still relatively unclear. Several recent 

studies have suggested maternal vaginal strains are not frequent colonisers of the infant gut, particularly 

in comparison to maternal enteric strains [62, 63, 67]. Despite this, the passage of maternal vaginal 

strains may still play a transient role in gut microbiome assembly, possibly by reducing the pH of the 

gut via lactic acid production [242]. Given the paucity of data on vaginal seeding and the unclear role 

of maternal microbes in the development of the infant gut microbiome, further research is warranted.    

 

1.5 FAECAL MICROBIOTA TRANSPLANTATION 
Faecal microbiota transplantation (FMT) is a treatment procedure in which a faecal suspension 

containing the microbiota derived from a healthy donor is administered to an individual harbouring a 

perturbed gut microbiome. Unlike traditional probiotic formulations that contain one or several defined 
bacterial strains, FMT preparations contains a diverse, undefined community of microbes. The goal of 

FMT therapy is to ameliorate microbiome-associated diseases by restoring microbial diversity and 

function. Typical routes of FMT administration include endoscopic delivery [243], nasoduodenal tube 

delivery [244], retention enemas [245], or capsule ingestion [246]. The following sections have been 

adapted from my review article titled “The Super-Donor Phenomenon in Faecal Microbiota 

Transplantation” published in Frontiers in Cellular and Infection Microbiology [247]. 
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1.5.1 Origins of FMT and current applications 
Despite the relatively recent appreciation of the gut microbiome’s role in human health and disease, the 

use of FMT as a biological therapy has been around for centuries. Traditional Chinese medicine books 

dating back to the 4th Century describe the ingestion of a ‘yellow soup’ containing human faecal material 

as a treatment for severe vomiting and diarrhoea [248]. Meanwhile, a similar practice known as rumen 

transfaunation (i.e., the transfer of ruminal contents) has been widely used in veterinary medicine since 
the 17th Century to treat digestive disorders in ruminant animals. The first ‘modern’ reports of FMT in 

human medicine came in the late 1950s during a particularly hazy period of research ethics and 

informed consent. American microbiologist Stanley Falkow recalls collecting stool samples from 

patients prior to surgery and preparing autologous FMT capsules [249]. Falkow would subsequently 

administer the capsules to patients after their operation in the hope of restoring their gut microbiome 

and preventing the onset of diarrhoea associated with preoperative antibiotic administration. 

Unfortunately, the data from his unofficial microbiome restoration experiments were never published 
owing to his instant dismissal by the administration board once they discovered what he had been 

doing. Soon after, the first official reports of FMT were published by Eiseman and colleagues who 

performed an enema-based FMT to successfully treat four critically ill patients with pseudomembranous 

colitis [250].  

This life-threatening infection is now known to be caused by the opportunistic gut pathogen, Clostridium 

difficile. In healthy individuals, C. difficile is suppressed by the commensal gut microbiota [49]. However, 

when the diversity of the gut microbiota is reduced (e.g., after a course of antibiotics), colonisation 

resistance of the commensal microbiota is disturbed [251]. C. difficile then has the potential to proliferate 
undeterred, producing enterotoxins leading to intestinal inflammation and diarrhoea [252]. Rather 

counterintuitively, C. difficile infection (CDI) is treated in the first instance with antibiotics which cure 

around 80% of cases [253]. However, 20% of individuals will experience recurrent CDI after antibiotic 

therapy [251]. FMT has now become a widely and effectively used treatment option for recurrent CDI 

in patients that are non-responsive to antibiotic therapy [254–257]. While the precise mechanisms of 

FMT are not well understood, it is generally accepted that FMT restores the commensal gut microbiota 

and in turn reestablishes colonisation resistance to inhibit the growth of C. difficile [258]. A recent 

systematic review and meta-analysis of FMT for the treatment of recurrent CDI reported a primary cure 
rate of 92% across 30 case series and seven randomised controlled trials [259].  

Encouraged by the overwhelming success of FMT in the resolution of recurrent CDI, researchers have 

begun to investigate the therapeutic potential of FMT for a broad range of other diseases associated 

with less severe forms of microbial dysbiosis. Among these exploratory studies, FMT for the treatment 

of IBD has featured heavily [260]. FMT has also been trialled in several other gastrointestinal disorders 

(e.g., IBS [261–267], constipation [244, 268], and allergic colitis [269]) as well as in various liver [270–

273], blood [274–276], neurological [277–279], and metabolic disorders [280–285]. Compared with CDI, 
the clinical efficacy of FMT for these more chronic diseases has so far been modest with much higher 

variability in patient responses which likely reflects the multi-faceted aetiology of these disorders. 
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1.5.2 Efficacy of FMT in metabolic disorders 
Given convincing evidence from animal models showing a causative link between perturbed gut 

microbiota and metabolic phenotypes, a number of clinical trials have investigated the efficacy of lean 

donor FMT in individuals with metabolic disorders such as metabolic syndrome (Table 1.1). Metabolic 

syndrome is a group of health conditions that collectively increase an individual’s risk of cardiovascular 

disease, diabetes, and stroke  [286]. Individuals are diagnosed with metabolic syndrome if they have 
abdominal obesity and any two of the following criteria: high blood pressure, high fasting glucose levels, 

high triglyceride levels, and low high-density lipoprotein (HDL) levels [286]. 

The first FMT trial in metabolic disorders was a pilot study from the Netherlands that included 18 adult 

males with metabolic syndrome. Participants were randomised to receive either FMT from a single 

healthy lean donor or reinfusion of their own faecal microbiota (i.e., autologous FMT) via nasoduodenal 

tube delivery. At 6-weeks post-FMT, lean donor FMT recipients exhibited a 75% increase in insulin 

sensitivity from baseline, and their gut microbiomes had increased in diversity and the abundance of 
certain butyrate-producing species. Despite this, faecal SCFA levels had reduced from baseline in lean 

donor FMT recipients.  

In their main trial paper, published five years later, insulin sensitivity was found to improve in about half 

of the 26 males with metabolic syndrome that were treated with lean donor FMT. Those that improved 

were found to have lower microbial diversity at baseline and showed an enrichment of Akkermansia 

muciniphila bacteria 6-weeks post-FMT. Improvements in insulin sensitivity and gut microbiome shifts 

were, however, short-lived, and participants’ profiles reverted back to baseline after 18-weeks.  

Unlike the dramatic findings seen in the germ-free mice experiments (reviewed in section 1.2.2.2), lean-
donor FMT did not appear to have any effect on body weight, calorie intake, or resting energy 

expenditure. Similarly, four subsequent studies employing various FMT administration strategies did 

not find any impact of lean donor FMT on body weight, body composition, and calorie intake (Table 

1.1). However, FMT was shown to alter bile acid metabolism [283], improve glucose metabolism 

markers [284, 287], and reduce intestinal permeability (i.e. leaky gut) [285] in individuals with obesity 

and its associated morbidities.  

Collectively, these findings suggest that metabolic phenotypes are not as robustly transferrable in 

humans as they are in animal models. This may be due to humans having a much higher degree of 
genetic and environmental (i.e., diet and lifestyle) heterogeneity compared with lab mice. Future FMT 

studies for metabolic disorders may benefit from combining FMT delivery with dietary interventions. 
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Table 1.1 Studies investigating the efficacy of FMT to treat obesity and metabolic disorders. 

Study* N (FMT) Participants FMT delivery Donors Clinical results Microbiome results 

Vrieze et al., 
2012 (pilot) 

[280]  

 

18 (9) 
Adult males 
with metabolic 
syndrome  

Nasoduodenal 
tube 

(bowel cleanse) 

Healthy & lean 

BMI <23 kg/m2 

Male 

6-weeks post-FMT 

- 75% ↑ peripheral insulin 
sensitivity 

 

6-weeks post-FMT 

- ↑ microbial diversity 
- ↑ butyrate-producing Roseburia 

intestinalis & Eubacterium hallii 
- ↓ faecal SCFA 

Kootte et al., 
2017 

[281]  

 

38 (26) Adult males 
with metabolic 
syndrome 

Nasoduodenal 
tube 

(bowel cleanse) 

n=11 

Healthy & lean 

BMI <25 kg/m2 

Male 

 

Short-term (6-weeks post-FMT) 

- half of participants had an ↑ 
peripheral insulin sensitivity 

- No change in weight, caloric 
intake, resting energy expenditure 

 

Long term (18-weeks post-FMT) 

- peripheral insulin sensitivity 
reverted to BL 

Short-term (6-weeks post-FMT) 

- altered composition  
- lower microbial diversity at BL and ↑ 

Akkermansia muciniphila linked to 
greater clinical response 

- ↑ faecal acetate 
- ↑ amino acid metabolites (GABA) 
- No change in microbial diversity 

 
Long term (18-weeks post-FMT) 

- composition reverted to BL 

Smits et al., 
2018 (pilot) 

[282]  

 

20 (10) Adult males 
with metabolic 
syndrome 

Nasoduodenal 
tube 

(bowel cleanse) 

n=9  

Healthy & lean 

BMI 20-25 kg/m2 

Male 

Vegan 

2-weeks post-FMT 

- no change in TMAO production 
- no change in vascular 

inflammation parameters 
 

2-weeks post-FMT 

- microbiome profile shifted and 
resembled donor profile  

- ↑ Bryantella formatexigens, 
Megamonas hypermegale, 
Lachnobacterium bovis, Clostridium 
cluster XIVa 

de Groot et 
al., 2019 

[288]  

22 (12) Adult males 
with metabolic 
syndrome 

Duodenoscopy 
(bowel cleanse) 

n=5 Post-RYGB 
donors 

n=6 MetS donors 

Insulin sensitivity 2-weeks post-FMT: 

- ↑ in RYGB-FMT recipients 
- ↓ in MetS-FMT recipients 

Moderate effects on gut microbiome 

Microbiome features associated with 
clinical response (↑ Alistipes shaii at BL, 
↑ Anaerostipes hadrus) 
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Study* N (FMT) Participants FMT delivery Donors Clinical results Microbiome results 

Allegretti et 
al., 2020 

[283]  

22 (11) Adults with 
obesity (BMI 
>35 kg/m2) 

Oral capsules 

Week 0: 30 caps 

Week 4: 12 caps 

Week 8: 12 caps 

No bowel cleanse 

n=1 

Healthy & lean 

BMI 17.5 kg/m2 

Female 

12-weeks post-FMT: 

- no change in BMI or GLP1 
(satiety hormone) 

- ↓ taurocholic acid (bile acid) 
- ↓ change in AUC for glucose 

(wk12) and insulin (wk6) [287] 

12-weeks post-FMT: 

- microbiome profile shifted to more 
closely resemble donor profile  

- 200 engrafting taxa 

Yu et al., 
2020 (pilot) 

[284]  

 

24 (12) Adults with 
obesity (BMI > 
30 kg/m2) 

Mild-moderate 
insulin 
resistance 
(HOMA-IR 2-8) 

Oral capsules 

Day 1: 15 caps 

Day 2: 15 caps 

Then 15 caps per 
week for 5 weeks 

 

No bowel cleanse 

n=4 

Healthy & lean 

BMI 19.5-22 
kg/m2 

6-weeks post-FMT: 

- no change in insulin sensitivity, 
body weight, body composition, 
calorie intake 

- ↑ CRP (inflammation marker) 
 

Minor improvement in HbA1c at 12 
weeks 

Sustained profile shift towards 
respective donors (up to 6-weeks after 
final capsule dose) 

Donor with the highest diversity and a 
high P/B ratio had the highest levels of 
engraftment 

~50% of bacterial strains identified at 
week 6 and week 12 were more 
phylogenetically related to strains found 
in the donor than the BL samples 

Craven et al., 
2020 

[285]  

 

21 (15) Adults with 
NAFLD 

Duodenoscopy 
(bowel cleanse) 

n=3 

Healthy & lean 

BMI <25 kg/m2 

6-weeks post-FMT: 

- no change in insulin sensitivity, 
body weight, BMI, waist-hip ratio, 
calorie intake 

- ↓ intestinal permeability 
No change in liver fat % at 6 months 

No donor-dependent differences in 
clinical outcomes 

No difference in microbial diversity or 
taxa abundance at BL in responders vs 
non-responders (based on intestinal 
permeability) 

 

Did not report on microbiome shifts or 
engraftment 

*all studies were double-blinded randomised placebo-controlled trials; AUC, area under curve; BL, baseline; BMI, body mass index; CRP, C-reactive protein; GABA, gamma 
aminobutyric acid; GLP1, glucagon-like peptide 1; HbA1c, glycated haemoglobin; HOMA-IR, homeostatic model assessment of insulin resistance; MetS, metabolic syndrome; 
NAFLD, Non-alcoholic fatty liver disease; P/B ratio, Prevotella/Bacteroides ratio; RYGB, Roux-en-Y gastric bypass; SCFA, short chain fatty acid; TMAO, trimethylamine-N-
oxide 
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1.5.3 The super-donor phenomenon 
The definition of FMT success is primarily based on a positive clinical response in the recipient. 

However, from a microbiological perspective, FMT success can also be defined by a shift in the gut 

microbiome profile of an individual toward that of the donor. The choice of donor, be it a relative, spouse, 

or anonymous volunteer, does not appear to influence the clinical efficacy of FMT in recurrent CDI [289]. 

Similarly, no donor-specific effects were found in a large cohort study comprising 1999 CDI patients 

and 28 FMT donors [290]. By contrast, FMT studies conducted on patients with chronic disease (i.e., 

IBD and metabolic disorders) have frequently identified differential recipient responses that have been 
associated with variability in donor stool [291].  

Currently, the stool used for FMT is not standardised in terms of donor selection (related vs. unrelated), 

preparation (fresh vs. frozen, aerobic vs. anaerobic), or the dose that is administered (single vs. multiple 

doses) [292]. While inconsistencies in FMT protocols make it difficult to compare different studies, there 

is a large degree of variability in clinical responses to FMT between recipients who have been subjected 

to the same study design. Recently, the term “super-donor” has been proposed to describe donors 

whose stool results in significantly more successful FMT outcomes than the stool of other donors. 

The first study to report a super-donor effect was a randomised controlled trial investigating the efficacy 
of FMT for inducing clinical remission in patients with ulcerative colitis [293]. Moayyedi and colleagues 

assigned 75 patients with active disease to weekly enemas containing either faecal material or water 

(placebo) for a period of six weeks. FMT was shown to be superior to the placebo, resulting in 

significantly higher rates of endoscopic and clinical remission after seven weeks, albeit of modest effect 

(24% vs 5%, respectively). Of the nine patients who entered remission, seven had received FMT from 

the same donor. Thus, it was argued that FMT success was donor-dependent. 

Currently, it is not possible to predict the clinical efficacy of a donor before FMT. It has been suggested 
that remission rates could be improved by pooling donors’ stool together, limiting the chances a patient 

will receive only ineffective stool [294].  This stool pooling approach was recently investigated in an 

Australian cohort of 85 mild to moderate ulcerative colitis patients in the largest randomised controlled 

trial of FMT for IBD to date [295]. Rather than receiving FMT from just one donor, patients in the 

treatment arm were administered a stool mixture that contained contributions from up to seven different 

donors with the hope that donor-dependent effects could be homogenised. The pooled stool mixture 

was demonstrated to have higher microbial diversity than individual stool alone. Subsequent analysis 

of the different stool batches discovered that one donor appeared to exhibit a super-donor effect. 
Specifically, patients that received FMT batches that contained stool from this one donor exhibited a 

higher remission rate than those whose FMT batches did not include the super-donor (37% vs. 18%, 

respectively) [295]. 

Evidence of FMT super-donors in other disorders outside of IBD is lacking. Case series and reports 

limit the capacity to identify super-donor effects because of small sample sizes. Despite this, several 

studies have hinted at the possibility of a donor-dependent effect on FMT outcomes [263, 280, 281]. 

For example, in Vrieze and colleagues’ pilot study in metabolic syndrome patients, it was later noted 
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that patients who experienced a more robust improvement in insulin sensitivity post-FMT had all been 

in receipt of the same donor [280]. Similarly, in the main trial that followed, the authors noted that the 

“multiple faecal donors might explain the transient and variable effects seen in the allogenic group”. As 

FMT research in this field progresses from small-scale case series to larger-scale randomised placebo 
controlled clinical trials, it remains to be seen whether the super-donor phenomenon generalises to 

other conditions outside of IBD.  

 

1.5.4 Gut microbiome signatures associated with FMT success 
To shed light on the varying patient responses to FMT and uncover any donor-dependent effects, a 

number of studies have carried out microbial profiling on donors and recipients before and after FMT 

[295–298]. Despite a lack of large-cohort based studies, one key theme has begun to emerge: the 

donor’s microbial diversity has an influential role in the therapeutic success of FMT [297, 298].  

It has been consistently shown that FMT recipients experience a significant increase in gut microbiota 

diversity, usually shifting in composition towards the profile of their respective stool donor [260, 296]. 

Those who achieve a clinical response to FMT (responders) typically exhibit a higher microbial diversity 

than those who do not (non-responders) [296, 298]. In line with these observations, the microbial 
diversity of the stool donor has been shown to be one of the most significant factors influencing FMT 

outcome [297]. In a Belgian IBD cohort, Vermeire and colleagues observed significantly higher bacterial 

richness in donors that produced a clinical response to FMT than those who did not [298].  

A specific microbial signature that correlates with the clinical efficacy of FMT for IBD has also been 

explored. Among the various taxa that have been reported, Clostridium clusters IV and XIVa have 

consistently been shown to be indicative of a positive patient response to FMT [295, 299, 300]. 

Clostridium clusters IV and XIVa are informal groups of bacteria that mostly include genera from the 
Ruminococcaceae and Lachnospiraceae family, respectively. Specific genera within these Clostridium 

clusters (e.g., Roseburia, Oscillibacter, Blautia, Dorea) have been shown to increase in relative 

abundance in responders following FMT [293, 295, 298, 300]. Likewise, stool donors that are rich in 

specific members of Clostridium clusters IV and XIVa have been found to be predictive of sustained 

FMT response in IBD patients [299, 300]. Notably, the gut microbiome from the super-donor identified 

by Moayyedi et al., was enriched with Ruminococcaceae and Lachnospiraceae families [293]. An 

increased production of butyrate by key members within Clostridium clusters IV and XIVa has also been 

associated with prolonged clinical remission in IBD [299] as well as CDI resolution following FMT [301]. 
Moreover, an enrichment of butyrate-producing species has been associated with improvements in 

insulin sensitivity among FMT recipients with metabolic syndrome [280].  

 



 

 

Chapter One: General Introduction  22 

 

1.5.5 Keystone species concept 
Collectively, published observations suggest that microbial restoration can lead to alterations in 

microbial metabolic outputs, which are likely responsible for driving therapeutic responses. This is 

consistent with the idea that FMT success may lie in the ability of the donor to provide keystone species 

capable of restoring metabolic deficits in recipients. Based on this framework, a rationalised donor 

selection approach was adopted in an FMT study for recurrent hepatic encephalopathy (HE) [270]. 
Frequent exposure to antibiotics causes dysbiosis and reductions in SCFA-producing families in 

recurrent HE patients [302]. Therefore, microbiome data was used to select a donor with the highest 

relative abundance of bacterial families Lachnospiraceae and Ruminococcaceae from the universal 

stool donor bank, OpenBiome [270]. In total, ten patients received a five-day course of broad-spectrum 

antibiotics followed by a single FMT enema from the selected donor. At five months post-FMT, none of 

the ten FMT patients had experienced a recurrence of HE, compared to half (5/10) of the control patients 

who received the current standard of care (lactulose and rifaximin). Gut microbiome profiling revealed 
that FMT patients had an enrichment for Ruminococcaceae but not Lachnospiraceae at 20 days post-

FMT. While rationalised donor selection is a step in the right direction, these results suggest that 

microbial enrichment in the donor does not completely guarantee enrichment in the FMT recipient. 

Therefore, the forces governing FMT engraftment must not solely be based on donor input. 

 

1.5.6 Factors governing FMT engraftment and longevity 
Deep metagenomic sequencing enables strain-level analysis for tracking microbial alterations and 

donor strain engraftment in the post-FMT gut microbiome. In 2016, Li and colleagues published the first 

strain-resolved study on FMT engraftment in a cohort of metabolic syndrome patients in which they 

showed that donor-derived strains were able to stably engraft and coexist with recipient strains for at 

least 3 months post-FMT (the latest time point they assessed). They also demonstrated that new 

microbial strains from the donor had a higher likelihood of engrafting if the recipient already possessed 
that species [303]. This led them to suggest that differences in FMT engraftment between individuals 

of the same donor may stem from strain incompatibilities between the donor and the FMT recipient.  

A subsequent study, utilising a genome assembly approach to track donor strain engraftment in two 

FMT recipients, found that 22% of donor metagenome-assembled genomes (MAGs) stably colonised 

and persisted within the recipient gut for up to 8-weeks post-FMT [304]. MAGs belonging to the 

Bacteroidales order engrafted more often than MAGs belonging to Clostridiales suggesting a link 

between taxonomy and colonisation success. However, the authors also noted differential colonisation 
success in MAGs that belonged to the same taxa. This finding could imply that strains of the same 

species may have functional differences that affect their ability to engraft within a new host.    

In 2018, Smillie and colleagues used machine learning to predict whether or not a donor strain would 

engraft in the recipient gut [305]. Consistent with the previous study [304], they found that taxonomic 

identity and species abundance in both the donor and the recipient prior to FMT were the most predictive 
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features governing engraftment. Interestingly, they showed that species-traits appeared to be more 

relevant for engraftment success than strain-specific traits, as they observed that multiple strains of a 

given species would engraft all together, or not at all within the recipient. The authors also demonstrated 

that donor strain persistence declined with time, with replacement by newly acquired strains that were 
not present in the donor or recipient at baseline. Another important finding, consistent with variable 

clinical responses to FMT, was that recipients exhibited a wide variability in the proportion of donor 

strain engraftment, ranging from as little as 1% and up to a maximum of 80% of the total post-FMT 

microbiome. Collectively, these findings suggest that microbial and host interactions play an influential 

role in FMT engraftment and help explain why dual recipients of a donor FMT do not exhibit identical 

gut microbiota profiles. 

Host genetics has been estimated to explain 5-10% of the variability in bacterial taxa observed between 

individuals [84, 306–309]. Among the taxa that have been found to be heritable, the majority have been 
linked to genes that are involved in innate immunity [309]. Therefore, it remains possible that 

incompatibilities that arise from FMT may be attributable to a heightened immune response to the 

transplanted microbiota, possibly stemming from an underlying genetic difference between the donor 

and the recipient. Taking this into consideration, an immune screening approach was recently 

investigated in a FMT case study for ulcerative colitis [310]. To avoid FMT rejection by the immune 

system, a rectal biopsy was obtained from an ulcerative colitis patient in order to isolate a population of 

lymphoid cells. These patient-derived lymphoid cells were incubated with different gut microbiota 

samples isolated from three healthy stool donors. The donor microbiota that resulted in the lowest 
induction of pro-inflammatory interleukins was subsequently selected for FMT. The FMT proved to be 

a clinical success for the ulcerative colitis patient. Gut microbiome profiling revealed the ulcerative colitis 

patient’s gut microbiome had become indistinguishable from that of the donor’s, indicating highly 

successful FMT engraftment. Whilst immune screening in this instance led to a successful outcome for 

the FMT patient, the associated time and costs of running such a screen limit scalability to larger patient 

populations. Ideally, the development of a quick and simple rectal swab assay to assess immune 

response would be a much more feasible screening approach moving forward.  

It could be argued that a successful FMT not only requires the transplanted microbiota to engraft within 

the recipient’s gut, but the newly acquired organisms must also be supported for therapeutic benefit to 

be maintained. The long-term efficacy of FMT is therefore likely to be influenced by dietary selection 

pressures and subsequent antibiotic exposure. Longitudinal microbiome profiling has demonstrated that 

FMT-induced microbiota alterations can last anywhere from a few days to a few years after transfer 

[311–314]. In the study by Moayyedi et al., ulcerative colitis remission was maintained for up to a year 

post-FMT with only two instances of relapse [293]. Unfortunately, microbiome analyses were not carried 

out on these patients during follow-up so it can only be presumed that their transplanted microbiota 
remained stable. Whereas for metabolic syndrome, Kootte et al., demonstrated that insulin sensitivity 

and microbiome profiles reverted back to baseline by 18-weeks post-FMT. 
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For recurrent CDI, the long-term stability of FMT is less relevant because clearance of the pathogen 

and restoration of the commensal population is achieved rapidly. Thus, a gradual drift away from the 

donor’s gut profile is unlikely to result in disease reoccurrence assuming there are no further insults to 

the commensal gut population. By contrast, the sustainability of the post-FMT microbiota in patients 
with chronic disease may be much more pertinent given microbial dysbiosis is just one of several factors 

contributing towards disease progression in these individuals. Therefore, it is possible that FMT 

provides only temporary relief to patients’ symptoms and additional, “top-up FMTs” may be required for 

continual disease management. The optimization of non-invasive FMT delivery approaches, such as 

capsule-based delivery, will thus be important moving forward. Moreover, given the influential role of 

diet in shaping gut microbiota, dietary interventions that aim to support donor-engrafted strains could 

be a beneficial addition to FMT protocols [315].  

 

1.6 PROBIOTICS 
Intentional consumption of microorganisms deemed to be beneficial for health began in the late 1800s 

with the discovery that Bifidobacterium bifidum cultured from the stool of breast-fed babies could help 

prevent other babies from developing diarrhoea [316]. Around the same time, the Nobel-prize winning 

biologist, Elie Metchnikoff had started to draw connections between the gut flora and their physiological 
roles outside of digestion, suggesting microbial byproducts played a role in senile degeneration [317]. 

Importantly, he recognised the potential of diet, particularly with regards to fermented foods, as a way 

of modulating the gut microbiota for therapeutic benefit. Over 100 years later, these early insights have 

now transformed into a billion-dollar probiotic supplement industry.  

Probiotics were formally described by the World Health Organization in 2001 as “live microorganisms 

which when administered in adequate amounts confer a health benefit on the host” [318]. Under this 

umbrella definition, probiotics have become hugely popular among the general public and are widely 

prescribed by healthcare providers for a broad range of indications [319]. Despite this, evidence of their 
efficacy is still largely unclear with many conflicting and heterogenous reports in the scientific literature 

[320]. Considering the great diversity of probiotic strains on the market, this inconsistency is hardly 

surprising. It is now widely recognised that probiotic efficacy is largely strain- and context-specific, with 

host-factors such as diet, age, and the microbiome, likely influencing health outcomes [320]. With that 

in mind, probiotics should not be regarded as a single homogenous beneficial entity, and instead be 

critiqued on a strain-by-strain basis taking into consideration the pathophysiology of the disease in 

question. Currently, there are no medical conditions in which probiotics are officially recommended in 
adults. However, a growing number of studies have suggested probiotics may be an effective strategy 

for treating metabolic disorders, like obesity and type 2 diabetes [321–323].  
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1.6.1 Efficacy of probiotics in metabolic disorders 
1.6.1.1 Animal studies 

The most convincing evidence supporting a role of probiotic supplementation in the treatment of 

metabolic disorders has originated from rodent studies. Within the context of a high-fat diet (HFD), 

numerous probiotic strains have been shown to prevent obesity, and improve insulin resistance and 

glucose metabolism in both mice and rats. The vast majority of these studies have tested traditional 
probiotic strains, such as those belonging to Bifidobacterium [324–328], and Lactobacillus genera [329–

332]. Despite being relatively minor members of the gut community, strains from these genera are 

typically chosen because of their ease of culture, acid tolerance, and commensal properties [333]. One 

of the more promising probiotic candidates for metabolic disorders is Lactobacillus rhamnosus whose 

strains have consistently been shown to prevent diet-induced metabolic syndrome in mice [329, 331, 

334, 335] and ameliorate glucose tolerance and inflammation in diabetic rat models [336, 337]. 

Recently, Lactobacillus rhamnosus strain CNCM 1-3690 was found to restore gut barrier function in a 
chemically-induced low-grade inflammation mouse model by increasing mucus production, and altering 

host expression of genes related to gut permeability, motility and absorption [338]. Gut barrier 

dysfunction is a key hallmark of metabolic disorders, contributing towards metabolic endotoxaemia and 

consequently insulin resistance [339]. Thus, the ability of Lactobacillus rhamnosus to restore gut barrier 

integrity is an important step in preventing metabolic disease progression. 

Large-scale microbiome characterisation studies in recent years have led researchers to explore the 

efficacy of less traditional species of probiotics. For example, administration of the mucin-degrading 

Akkermansia muciniphila, a common gut species associated with leanness [340], was shown to reduce 
body weight and fat-mass, and improve insulin resistance and metabolic endotoxaemia in HFD-fed mice 

[341]. A further study investigating the anti-diabetic effects of the drug metformin, revealed that the 

abundance of Akkermansia muciniphila was boosted by metformin treatment, and supplementation with 

Akkermansia muciniphila could mirror the metabolic effects of the drug [342]. Further metabolic benefits 

in rodent models have also been demonstrated for Faecalibacterium prausnitzii [343], Pediococcus 

pentosaceus [344], Bacteroides uniformis [345] and the probiotic yeast Saccharomyces boulardii [346]. 

 

1.6.1.2 Human clinical trials 

A variety of probiotic strains, predominantly those from the Lactobacillus and Bifidobacterium genera, 

have been tested in human subjects under double-blinded, randomised, placebo-controlled settings. 

However, unlike in rodents, the metabolic benefits of probiotic supplementation in human subjects have 

been relatively modest and less consistent [347–353]. For example, Schellekens and colleagues 

recently demonstrated that the anti-obesity effects of Bifidobacterium longum APC1472 observed in 

high fat diet-induced obese mice only partially translated to humans during a 12-week intervention trial 

in 124 overweight/obese individuals [352]. Specifically, B. longum APC1472 supplementation (1010 
CFU/day) increased fasting glucose and active ghrelin levels but had no impact on BMI or waist-to-hip 

ratio compared to placebo [352]. Similarly, 12 weeks of supplementation with Lactobacillus gasseri 
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BNR17 (1010 CFU/day) reduced visceral fat and waist circumference in 30 overweight/obese adults but 

had no impact on body weight, BMI, and metabolic markers [351].  

A number of clinical trials have opted for multi-strain probiotics which have been suggested to be more 

effective than single strain approaches [354]. In 2014, Rajkumar and colleagues reported that  
supplementation with the multi-strain probiotic VSL#3 for six weeks improved insulin sensitivity and lipid 

profiles in healthy overweight adults, an effect that was further enhanced by the addition of omega-3 

fatty acids [348]. Probiotic formulations containing a mix of Lactobacillus and Bifidobacterium strains 

have also been shown to improve insulin resistance in individuals with type 2 diabetes, while having 

little to no impact on anthropometry measures [350, 353]. A recent systematic review and meta-analysis 

of probiotic trials relating to obesity, diabetes, and NAFLD (included 105 RCTs, n=6826 individuals) 

reported that probiotics have a small but significant effect on body weight and glucose metabolism [322]. 

However, many probiotic effects were found to be below the clinically relevant threshold for a reduction 
in cardiovascular disease risk, suggesting they might have greater impact when used in conjunction 

with other weight loss strategies. For example, Stenman and colleagues have shown that dual 

supplementation with Bifidobacterium animalis subsp. lactis 420 and Litesse® Ultra polydextrose (a 

dietary fibre supplement) led to greater reductions in body fat mass in 225 overweight/obese individuals 

compared to either therapy alone [349]. Similarly, the combination of a low calorie diet with probiotic 

yoghurt had a synergistic effect on BMI, body fat percentage, and leptin levels in a cohort of 75 

overweight/obese individuals [347]. 

 

1.6.2 Mechanism of activity 
The mechanisms behind the beneficial effects of probiotics have primarily been investigated using in 

vitro cell culture experiments and animal models. In general, probiotics likely mediate their effects 
through interactions with the host and the resident gut microbiome [355]. Lactobacillus and 

Bifidobacterium probiotics may play a role in pathogen resistance via the production of lactic and acetic 

acids which lower the pH within the lumen of the gut [356]. These probiotic species are also involved in 

cross-feeding networks with resident microbiota that have the capacity to convert lactate into butyrate, 

thereby increasing overall production of this beneficial anti-inflammatory SCFA [357]. In addition to 

cross-feeding, probiotics are also likely to influence the resident gut microbiota through nutrient 

competition and antimicrobial production [358]. Probiotics have also been shown to modulate the host 

immune system by interacting with dendritic cell and enhancing phagocytosis and natural killer cell 
activity [359]. Moreover, cell surface structures present on probiotic species (e.g., fimbriae and pili) have 

been shown to interact with TLRs leading to increased production of anti-inflammatory cytokines [360].  

Another proposed role of probiotics is in improving intestinal barrier function. Specifically, the probiotic 

Lactobacillus rhamnosus GG has been shown to prevent tight junction damage in the presence of IFNγ 

in cultures of human intestinal epithelial cells [361]. Several other studies have also demonstrated that 

in the presence of probiotic strains, there is an increase in host gene expression relating to the 

production of tight junction proteins and mucins [362–365]. 
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Many of these proposed mechanisms require that probiotics either be in direct contact or close proximity 

to the epithelial lining of the gut. However, studies that have directly sampled the gut mucosa have been 

inconsistent in their reporting of probiotic colonisation [366–372]. Moreover, studies assessing probiotic 

presence in stool (also known as probiotic shedding) have consistently demonstrated a drop in probiotic 
levels after the supplementation period [373–376]. Collectively, this suggests the majority of probiotic 

species do not stably colonise the gut. Thus, whether the mechanisms of action relating to epithelial 

cell interactions occur in vivo are still yet to be determined.  

 

1.6.3 Impact of probiotics on the gut microbiome 
Given their role as transient members of the gut microbiota, a number of studies have begun to 

investigate the impact of probiotics on the overall composition and function of the gut microbiome [377–

379]. Commercial probiotics are often marketed as products that “reset the balance of good bacteria 

within the gut”. Yet, whether or not probiotics actually play a role in modulating the gut microbiome is 

still hotly debated [380]. A number of systematic reviews focusing on this question have found that 

approximately 20% of probiotic trials report alterations in the gut microbiome in response to probiotic 

supplementation [377, 381, 382]. However, in some of these trials, increased abundance of the probiotic 
genera within stool has been used as evidence of gut microbiome manipulation [380]. Moreover, many 

studies have only looked at a few key taxa of interest, and assessment of both structure and function 

of the overall microbial community has been rare [380].  

Fresh insights into the role of probiotics in modulating gut microbiota were recently provided by two 

companion papers published in 2018 [378]. In the first paper, Suez and colleagues demonstrated that 

microbiome restoration following antibiotic treatment in both mice and humans was facilitated by 

autologous FMT yet hindered by supplementation with an 11-strain probiotic cocktail [378]. In 
comparison to spontaneous recovery, probiotic supplementation delayed the return of the gut 

microbiome to its pre-antibiotic state indicating a potential antagonistic role of the probiotic species on 

the resident microbiota. To test this, an in vitro experiment was conducted wherein human faecal 

microbiota were separately incubated anaerobically with supernatants collected from the selective 

culturing of the four genera that made up the probiotic supplement (i.e., Bifidobacterium, Lactobacillus, 

Lactococcus, and Streptococcus). Of these, only the Lactobacillus-derived supernatant was found to 

inhibit the growth of the faecal microbiota. While it remains to be determined whether this inhibitory 

effect of the probiotic is strain-dependent, the results of this study suggest probiotic supplementation is 
not an effective strategy for restoring microbial diversity following antibiotic perturbation.  

In their second study, Zmora and colleagues monitored mucosal colonisation, gut microbiome 

alterations, and probiotic shedding in both mice and humans supplemented with the same 11-strain 

probiotic cocktail [379]. In the mice experiment, probiotic administration over 28 days was found to 

increase species richness and shift the community structure of the mucosal microbiome of the lower GI 

tract, with minimal impact on the faecal microbiome. By contrast, probiotic supplementation over the 

same time period in 14 healthy human volunteers had a significant effect on both the structure and 
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function of the faecal microbiome, but no difference was detected among luminal and mucosal samples 

compared to placebo. However, microbiome alteration effects were transient and not all individuals 

responded to probiotic supplementation in the same way. The extent of gut microbiome alteration 

appeared to be linked to the host’s mucosal colonisation capacity. When analysed separately, probiotic-
induced microbiome alterations were found to be more pronounced in individuals who were permissive 

to mucosal colonisation, compared to those that showed no evidence of mucosal colonisation. 

Permissiveness to probiotic colonisation was associated with features of the pre-treatment faecal 

microbiome and host transcriptome. In their final experiment, germ-free mice were conventionalised 

with faecal microbiota derived from either permissive or resistant individuals, and then supplemented 

for a month with the same 11-strain probiotic cocktail. Mice that received the ‘permissive’ microbiota 

exhibited greater probiotic colonisation than their counterpart mice that received microbiota from 

‘resistant’ individuals, suggesting permissiveness to probiotics is microbiota transmissible.  

Collectively, these studies demonstrate that probiotics can transiently colonise the mucosal lining of the 

gut where they interact with host cells and resident microbiota. However, microbial responses to 

probiotics appear to be highly context-specific, likely explaining the variable clinical responses between 

individuals and conflicting reports in the literature concerning probiotic efficacy [320]. An interesting 

study that has yet to be performed would be to see if probiotic-induced microbiome alterations could, 

on their own, induce therapeutic benefits when transplanted into germ-free mice. Although, in order to 

conduct such a study, one first needs to identify a clinically effective probiotic candidate and 

demonstrate its ability to alter the composition and function of the gut microbiome.  
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1.7 RESEARCH RATIONALE AND THESIS OBJECTIVES 
A newfound appreciation for the role of the gut microbiome in human health has encouraged the 

development and investigation of various microbial therapeutics such as vaginal seeding, FMT, and 

probiotics. Of these, FMT and probiotics have previously been shown to be beneficial in individuals with 

metabolic disorders. Whereas the clinical efficacy of vaginal seeding in reducing disease susceptibility 

in babies born by CS has yet to be investigated.  Given that these therapies likely mediate their effects 

via interactions with the developing or established resident gut microbiota, investigations focused on 
assessing their impact on the gut microbiome are of great interest and necessity. For the first time, rapid 

improvements in next generation sequencing approaches have provided a unique opportunity to 

monitor bacterial strain transmission and persistence within the gut following exogenous transfer 

(reviewed in chapter two).  

This thesis sought to investigate the impact of strain-specific transfer on the human gut microbiome 

using shotgun metagenomic data collected from three distinct randomised placebo-controlled clinical 

trials. In chapter three (the Gut Bugs study), the microbial impact of multi-donor FMT is investigated in 

a cohort of 87 adolescents with obesity. In chapter four (the PROFAST study), probiotic 
supplementation in combination with an intermittent fasting intervention is investigated in 26 adults with 

prediabetes. While in chapter five (the ECOBABe study), the impact of vaginal seeding on gut 

microbiome development is investigated in 25 babies born by CS. For each of these studies, the same 

three objectives were assessed: 

1. To determine the impact of exogenous microbiota transfer on the composition and diversity of 

the gut microbiome. 

2. To monitor engraftment of the transplanted strains and track their persistence over time. 
3. To assess changes in the functional potential of the gut microbiome in response to exogenous 

microbiota transfer. 

 

Outcomes for each of these objectives are primarily discussed within the study’s respective chapters. 

In the final chapter (General discussion), ecological principles are leveraged to help explain the 

variability in microbiome outcomes between the three studies, followed by a discussion of 

methodological limitations and future avenues for research. 
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This chapter provides a detailed explanation of the methods used in this thesis, followed by a summary 

of the experimental design and metagenomic sequencing performed for each study.  

 

2.1 STUDYING THE GUT MICROBIOME 

The field of gut microbial ecology has come a long way since Antonie van Leeuwenhoek first discovered 

“very little living animalcules, very prettily a-moving” in his excrement in 1681 [383]. Scientists 

traditionally relied on a combination of culture, staining, and microscopy techniques to identify and 
characterise microbes from varied sources. Because these methods predominantly relied on the ability 

to grow microorganisms in culture, they provided a very limited view of microbial diversity. Currently, 

only 15-20% of species in the human gut are cultivable [384]. However, rapid advancements in next 

generation sequencing technology and bioinformatics has enabled entire microbial communities to be 

profiled, greatly improving our ability to assess microbial diversity and function.   

Microbes within a sample can now be identified by extracting and sequencing their DNA. One of the 

cheapest and most widely used techniques is amplicon-based sequencing, which targets a specific 

sequence present in the organism of interest [385]. For taxonomic profiling of many organisms within a 
sample, the target sequence needs to be conserved enough so that it is represented across all 

members but contain enough sequence variability to distinguish between closely related taxa. The most 

common target for bacteria is the 16S ribosomal RNA (rRNA) gene, which can provide taxonomic 

resolution down to the genus-level [386]. While useful for basic microbiome assessment, this method 

provides a limited view of microbial diversity as it effectively excludes the assessment of other types of 

microorganisms that do not possess the 16S rRNA gene, including the majority of archaea, viruses, 

and eukaryotes [387]. This method is also unable to assess microbial functions or distinguish between 

living and dead bacteria.   

Shotgun metagenomic sequencing is a non-targeted DNA sequencing approach that can achieve 

strain-level resolution of multiple life forms [388]. The word “shotgun” refers to the process by which the 

DNA within the community is fragmented into millions of tiny strands, allowing the DNA to be sequenced 

in small reads. The sequencing reads can either be mapped to reference databases for taxonomic 

assignment or put through powerful computational tools to assemble the reads into larger contiguous 

sequences [389]. These “contigs” can then be sub-grouped based on shared genomic features and 

coverage information into genome “bins” which are representative of the various genomes present 
within a sample [390]. Compared to other microbial communities, the gut microbiome has a relatively 

large collection of reference sequences available [4, 391] and so reference-based mapping is the 

preferred approach for taxonomic profiling. Whereas, genome assembly is particularly useful for the 

discovery of novel organisms that are not present within the reference catalogue [388].  

Unlike the 16S-targeted approach, shotgun metagenomic sequencing is able to capture the functional 

potential of the microbiome by looking at the variety and abundance of genes within the community. It 

is important to note, however, that functional potential does not imply functional activity. On its own, 

metagenomics cannot assess which microbes are active and which genes and metabolic pathways are 
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being expressed [392]. However, when used in combination with other community level ‘omic 

technologies (e.g., metatranscriptomics, metaproteomics, and metabolomics) that characterise the 

active microbial genes, proteins and metabolites, a much more comprehensive picture of community 

function can be obtained.  

 

2.2 SAMPLE PROCESSING 

2.2.1 Sample collection 
Stool samples are the most common and convenient resource for studying the gut microbiome. 

However, the composition and function of the gut microbiome varies widely along the gastrointestinal 

(GI) tract depending on location [393, 394]. The stomach, for example, is a highly acidic environment, 

and harbours relatively low numbers and diversity of species [395]. Biomass and diversity gradually 
increase from the upper to the lower sections of the GI tract [396]. The microbiome within the small 

intestine, where the bulk of our food is digested and absorbed, is relatively dynamic in composition 

owing to periodic digestive secretions, shorter transit times, and variable nutrient availability [397, 398]. 

By comparison, the microbiome within the large intestine is much more diverse and stable [396]. The 

microbes present within stool have long been used as a proxy for the microbes present at the very end 

of the GI tract. Despite a recent observation that these two microbial communities are both structurally 

and functionally distinct [379], sampling the stool microbiota is generally sufficient for most research 

applications (e.g., assessing shifts in the gut microbiome over time, or in response to a particular 
intervention). However, stool sampling cannot be used to assess microbial changes in other regions of 

the GI tract, or distinguish between mucosal and luminal colonisation in the context of probiotic 

supplementation [379]. To answer these questions, more invasive intestinal sampling is required. 

My research predominantly focused on assessing changes in gut microbiome composition and 

functional potential post-intervention, and thus stool sampling was the most practical approach. Stool 

samples were collected either on site during research visits, or within participants homes using self-

collection kits. It is important that stool samples are taken immediately after defecation, and then frozen 

or mixed in a preservation solution to ensure the most biologically accurate snapshot of microbiota is 
obtained [385]. It is also important that stool samples are collected and treated in a similar manner 

throughout a study to reduce technical variation bias [399]. In the Gut Bugs and PROFAST studies, 

stool samples were collected fresh and frozen initially at -20°C, before transfer to the laboratory for 

long-term storage at -80°C [400]. In the ECOBABe Study, parents were instructed to collect stool 

samples from their baby’s nappy as soon as possible after defecation, and stool was mixed in a 

preservation solution (DNA/RNA ShieldTM, Zymo Research). The preservation solution effectively lysed 

the microbes and protected the nucleic acid material at room temperature. This meant participants did 
not have to temporarily store stool samples in their home freezer and stool samples could be sent to 

the laboratory by post during the COVID-19 lockdown periods. 
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2.2.2 DNA extraction 
DNA extraction is another potential source of technical variation in microbiome studies [401]. It is 

therefore important to ensure the same extraction method is used for all samples within a study. The 

inclusion of blank DNA extraction controls helps to assess background contamination levels, which is 

particularly necessary when working with low biomass samples such as meconium [402]. Commercial 

DNA extraction kits are typically either magnetic bead-based or spin column-based, yet both follow the 

same general workflow; 1) sample homogenization, 2) cell lysis, 3) DNA isolation, 4) purification, and 
5) elution. Magnetic beads are tiny particles of iron oxides that are able to bind to DNA in solution. When 

a magnet is applied, the beads clump together allowing DNA to be separated from the other cell 

contaminants. After several washing steps, DNA can be eluted off the magnetic beads with water. By 

contrast, spin-columns contain a silica resin membrane that selectively binds DNA when it passes 

through during centrifugation. Subsequent washing steps help to remove contaminants and DNA can 

be eluted during the final spin with water.  

For the Gut Bugs study, we used the AllPrep® DNA/RNA Mini Kit (Qiagen) which is a spin column-

based kit that individually extracts both the DNA and RNA contents from a sample. For the PROFAST 
study, we were only interested in extracting DNA and so we used the QIAamp® Fast DNA Stool Mini Kit 

(Qiagen) which is also spin-column-based. For both of these studies, we added an additional bead 

bashing step during sample lysis because some types of bacteria (e.g., Bifidobacterium spp.) cannot 

be efficiently extracted without mechanical lysis [403]. For the ECOBABe study, we decided to switch 

to a magnetic bead-based kit (ZymoBIOMICSTM 96 MagBead DNA kit) that was compatible with the 

sample preservation solution (DNA/RNA ShieldTM, Zymo Research). The switch to magnetic beads 

extraction was also recommended due to the inclusion of meconium samples which have a very thick, 
sticky, tar-like consistency. Because of this consistency, meconium samples are notoriously difficult to 

homogenise, and they often end up blocking the spin column filters. When working with the meconium 

samples, an 18-gauge needle attached to a 5 ml syringe was used to homogenise the meconium within 

the preservation solution before transferring to the bead bashing tube for mechanical lysis. 

 

2.2.3 Assessing DNA quality and quantification 
The integrity of the extracted DNA can be assessed by running samples on a 1% (w/v) agarose gel. 

Due to its large size, genomic DNA migrates very slowly through the gel. A high-quality DNA extract 

should have a thick well-defined band near the top of the gel. If the DNA has degraded, which is quite 

common in stool sample extracts, the genomic DNA band will be smeared. A quick assessment of DNA 

purity and concentration can be achieved using a spectrophotometer that measures a sample’s light 
absorbance at different wavelengths. High-quality DNA should have a 260/280 absorbance ratio around 

1.8 whereas high-quality RNA has a 260/280 ratio around 2.0. For a more accurate measurement of 

DNA concentration, samples can be mixed with a fluorescent DNA binding dye. For low biomass 

samples, we used the QubitTM dsDNA High Sensitivity Assay Kit which has a quantification range 

between 0.01 - 100 ng/µl. Alternatively, for the quantification of higher yield samples, we used the 

QubitTM dsDNA Broad Range Assay Kit which has a quantification range between 0.1 - 1,000 ng/µl. 



 

 

Chapter Two: Methodology  34 

2.2.4 Shotgun metagenomic sequencing 
For each study, shotgun metagenomic sequencing was performed by commercial providers. We opted 

for Illumina’s short paired-end sequencing technology as this platform is well suited for reference-based 

mapping and the error rates are low (0.1 – 1%) [404]. Metagenomic sequencing libraries are prepared 

by breaking DNA down into short single-strand fragments called reads. Adaptors are then ligated to the 

ends of each read. These adaptors contain 1) complementary sequences that bind to the hybridization 

oligos attached to the flow cell, 2) primer sequences for bridge amplification and sequencing, and 3) 
unique sample indexes that allow multiple sample libraries to be pooled together and sequenced in 

parallel [405]. 

The flow cell is simply a glass slide with multiple channel lanes containing tethered hybridization oligos. 

To generate enough signal for sequencing, each read within the pooled sequencing libraries are clonally 

amplified by bridge amplification. During bridge amplification, single stranded reads hybridise to the 

flow cell, a polymerase enzyme generates a complimentary copy of the DNA, the double-stranded DNA 

is then denatured, and the untethered ends folds over to another unbound hybridization oligo (forming 

a bridge), and the amplification process is serially repeated. After cluster generation, the reverse strands 
are washed away, and sequencing of the forward strands begins via the addition of the forward 

sequencing primer and cyclic addition of single fluorescently tagged terminated nucleotide bases. A 

light source and camera are used to excite and capture the fluorescence of the incorporated nucleotides 

for each individual read cluster. This cycle is repeated until the full length of the fragment has been 

synthesised. Once complete, the sequence product is washed away, the untethered 3’ end becomes 

unblocked, it folds over to bind to the corresponding hybridization probe, and the reverse strand is 

synthesised by DNA polymerase. The forward strand is then washed away, and the sequencing process 
is repeated for the reverse strand. Flow cell images are automatically converted to sequencing read 

output which is stored in a FASTQ file alongside a quality score for each nucleotide base call. The 

inclusion of sample indices within the adaptor sequences allows the reads to be separated for each 

sample. Forward and reverse reads are stored in separate files containing the same order of reads from 

each DNA fragment. 

Where possible, metagenomic sequencing was performed in single batches to reduce technical 

variation bias. A number of factors were considered when selecting the appropriate sequence depth 

such as the amount of diversity we wanted to capture, the proportion of human DNA contamination, 
and the requirement for strain-resolution to study engraftment. For all three studies, we requested 6 

giga base pairs (Gbp) of data per sample which is in keeping with a recently published metagenomic 

study that assessed strain transmission [63]. For the majority of samples, this was sufficient for 

capturing microbiome shifts over time and tracking strain dynamics. However, we particularly 

underestimated the levels of human DNA contamination in the maternal vaginal samples collected in 

the ECOBABe study, which meant a large proportion of reads were lost during quality filtering which 

likely influenced diversity metrics and impaired our ability to assess maternal strain transmission. 
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2.3 METAGENOMIC DATA PROCESSING 

For all three studies, raw sequencing data was run through the same metagenomics analysis pipeline 

that was curated by a research fellow from our lab (Dr Tommi Vatanen) and based off the bioBakery 

workflows [406] (Figure 2.1). The metagenomics analysis pipeline was run on the Terra platform which 

allows users to execute bioinformatic processes using Google Cloud Platform compute resources. The 

pipeline commands were supplied as a workflow description language (wdl) script that utilised docker 

images to allow multiple applications to be run on one machine. The following subsections provide an 

explanation of the four main steps of the analysis pipeline: 1) quality filtering with KneadData, 2) 

taxonomic profiling with MetaPhlAn2, 3) functional profiling with HUMAnN2, and 4) strain profiling with 
StrainPhlAn 

 

2.3.1 Quality filtering with KneadData 

Sequencing reads were firstly trimmed of adaptor sequences using Trim Galore! [407] which 

automatically recognises the 13bp Illumina adaptor sequence (AGATCGGAAGAGC). Stringency was 

set to 5, length to 10, and quality to 0 (i.e., no quality filtering). Quality filtering was subsequently 

performed by KneadData [408] which first uses Bowtie 2 [409] to align reads against a “contaminant” 

reference database (we provided the human reference genome version 19 database [410]). Reads that 

mapped to human sequences were removed from downstream analyses. KneadData then uses 

Trimmomatic [411] to assess quality scores and trims and remove reads of poor quality. Trimmomatic 
options were specified as HEADCROP:15 (remove the first 15 bases from the 5’ end), 

SLIDINGWINDOW:4:15 (scanning from 5’ to 3’, trim sequence once 4 consecutive bases have an 

average quality score <15), and MINLEN:50 (drop the read if the quality trimming shortens the read 

length by >50%). Alongside the quality filtered read files, a summary table of read counts for each 

sample after each quality filtering step was provided as output. 

 

2.3.2 Taxonomic profiling with MetaPhlAn2 

To assess microbiome composition, taxonomic profiling was performed by MetaPhlAn2 (Metagenomic 

phylogenetic analysis) [412]. MetaPhlAn2 takes the quality filtered reads as input and maps each 

individual read against a curated database of approximately 1 million marker genes from over 7500 

different species of bacteria, archaea, viruses, and eukaryotic microorganisms [412]. Marker genes are 
selected on the basis that they are broadly conserved yet specific to a particular clade (i.e., phylum-

specific, species-specific, etc.). The resulting read counts for a particular clade are then normalised by 

the length of the clade-specific marker genes and converted into relative abundances that sum to 100. 

Individual sample profiles were combined into one output file containing the relative abundances for all 

samples, stratified by taxonomic ranking (i.e., kingdom, phylum, class, order, family, genus, and 

species).  
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2.3.3 Functional profiling with HUMAnN2 

Functional profiling of microbial genes and their corresponding pathways was performed by HUMAnN2 

(the HMP Unified Metabolic Analysis Network) [413]. HUMAnN2 utilises the taxonomic profile generated 

from MetaPhlAn2 to identify which species are present within a sample. This information is then used 

to construct a sample-specific database containing the pangenomes of all identified species (i.e., the 

complete collection of genes of a given species). Pangenomes include both the core genome (genes 

common to all strains of a species) and the accessory genome (genes present in only some strains). 
The quality filtered reads are mapped against this pangenome database using Bowtie 2 [409] to identify 

which microbial genes are present within each sample. Mapped reads are quantified by gene (UniRef90 

ID) and contributing species. If a read does not map to the pangenome database, it undergoes a  

translated search against the entire UniRef90 protein database using the protein alignment tool 

DIAMOND [414]. Reads that map to this database are quantified by UniRef90 ID but are classed as 

having an “unclassified” source because contributing species cannot be identified. Reads that fail to 

map to either the pangenome or protein database are classed as “unmapped”. Each mapping hit is 

weighted by quality and normalised by sequence length to give counts in reads per kilobase (RPK). 
These counts can also be normalised by the total number of counts and multiplied by one million to 

generate copies-per-million (CPM) quantification. Both the community total and species-stratified gene 

abundances are tabulated for each sample and combined into one gene families output file. In 

HUMAnN2, gene abundances are also fed through the MetaCyc pathway database to generate 

complete pathway abundances for the community and per-species. While pathways provide a broader 

level overview of microbial functions compared to gene families, not all microbial genes have been 

annotated to a particular pathway and so a certain proportion of genetic information is lost in this step. 
Genes that cannot be mapped to a specific pathway are classed as “unintegrated”. Pathway 

abundances are tabulated similarly to the gene families table and provided as a single output file. 

 

2.3.4 Strain profiling with StrainPhlAn 

Strain-level resolution was required to accurately assess bacterial strain transmission 1) from donor to 

recipient in the Gut Bugs study, 2) following probiotic intake in the PROFAST study, and 3) from mother 

to baby in the ECOBABe study. To assess strain variation in these studies, metagenomic reads were 

processed with StrainPhlAn [415]. In MetaPhlAn2, reads were aligned to set of species-specific marker 

genes. StrainPhlAn concatenates the marker genes for a particular species, aligns sequencing reads 

against the marker genes and looks for a sample-specific consensus sequence among aligned reads. 

Mismatches between the aligned sequence and the marker reference, known as single nucleotide 
polymorphisms (SNPs), represent strain variability within a species. The consensus sequence, also 

termed the SNP haplotype, reflects the sequence of the dominant (i.e., most abundant) strain within the 

sample for that particular species. For confident SNP calling, we opted for a minimum mapping 

coverage of 5 reads  to generate a SNP haplotype. This unfortunately limited our ability to identify strains 

for low abundance taxa. SNP haplotype sequences for all samples in which the dominant strain could 

be determined are stored in a single FASTA file for each respective species. 
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Figure 2.1 Summary of the metagenomics workflow from sample collection to microbiome analysis. 
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2.4 MICROBIOME ANALYSIS 

2.4.1 Population diversity 

Population diversity can be used to assess community structure and is often used as an indicator of 

health in ecological-based studies. Just like members of a rainforest are influenced by environmental 
selection pressures, the diversity of the gut microbiome is largely influenced by the health of the host. 

Two concepts, alpha- and beta-diversity, are commonly used to assess population diversity [386]. 

Alpha-diversity is used to estimate the microbial diversity within a sample, and takes into account the 

number of different species present (species richness), how evenly these species are distributed, and 

how phylogenetically distant they are from one another. Various alpha-diversity metrics have been 

developed which vary in their sensitivity to species richness, evenness, and account of phylogeny. One 

of the most common alpha-diversity metrics reported in the gut microbiome literature, is the Shannon 
diversity index. Shannon diversity index (H) can be calculated using the ‘diversity()’ function from the 

vegan R package [416]. This function calculates the proportion of a particular species (pi) relative to the 

total number of species in the sample (i.e., its relative abundance in the community) and multiplies this 

by the natural logarithm of this proportion (ln pi). This value is then summed across all species (s) 

present within the sample and multiplied by -1. The higher the Shannon diversity index, the more diverse 

the community is. 

Shannon	diversity	index	(H) = 	−56!ln6!
"

!#$
 

 

While alpha-diversity assesses the diversity within a sample, beta-diversity compares the difference in 

composition between two microbiome samples. Beta-diversity is particularly useful for assessing shifts 

in the overall population structure over time, or between two groups of individuals (i.e., those that are 

healthy vs. those with a particular disease). Beta-diversity metrics, such as Bray Curtis dissimilarity 

[417], take into account the proportion of shared and non-shared species, and their relative abundance 
within each sample. Sample pairs are given a distance score that ranges from 0 (samples are 

completely identical) to 1 (samples are completely distinct). Bray Curtis dissimilarity can be calculated 

using the ‘vegdist()’ function from the vegan R package [416] using the following formula where i and j 

are the two samples being compared, S the total number of specimens counted, and Cij the sum of the 

lesser counts for each species found in both samples. 

Bray	Curtis	Dissimilarity	(BC!%) = 1 −	 2?!%@! + @%
 

 

To visualise sample variability in community structure, ordinations on the Bray Curtis dissimilarity matrix 

are performed. One of the preferred ordination methods used for microbiome studies is non-metric 

multi-dimensional scaling which can be performed using the ‘metaMDS()’ function in the vegan R 

package [416]. Ordinations allow variability in the high-dimensional structure of the microbiome to be 
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compressed down to just two dimensions, plotted on the x and y axes. Each microbiome sample is 

represented by a single point, and points that cluster together are more similar in community structure 

to one another. This method was particularly helpful for assessing recipients’ microbiome shifts towards 

donor profiles following FMT in the Gut Bugs study. Ordinations can also help to identify microbiome 
difference between groups, such as the difference between vaginally born and caesarean-section born 

babies in the ECOBABe study. 

 

2.4.2 Statistical modeling 

The microbiome data generated by shotgun metagenomic sequencing is based on relative abundances 

and is therefore compositional in nature. This can lead to misinterpretations of the data given an 

increase in the relative abundance of one species, will lead to a reciprocal decrease in the relative 

abundance of other community species. In reality, the abundance of the latter species may have 

remained constant. Thus, compositionality data must always be interpreted with caution when analysing 

changes in the relative abundance of species in response to intervention. Microbiome data is also 

complicated by the large number and irregular distribution of species within individuals of a population. 
For example, many species may be present in only a few individuals which leads to a heavily right 

skewed distribution (i.e., the data is not normally distributed as there are lots of zero abundance values). 

Because of these features, specialist statistical methods have been developed for assessing 

microbiome differences between groups or individuals over time. 

To assess differences in community structure, a permutational multivariate analysis of variance 

(PERMANOVA) [418] can be performed using the Bray Curtis dissimilarities. A PERMANOVA is similar 

to a multivariate analysis of variance (ANOVA) except that it is based on distance matrices (allowing 
incorporation of high-dimensional microbiome data) and uses permutations (multiple data 

rearrangements) to avoid possible bias [419]. A PERMANOVA can determine if the centroids (i.e., the 

centre of samples that cluster on an ordination) statistically differ between two or more groups by 

comparing the within-group and between-group distances. PERMANOVA can also assess the influence 

of multiple variables on the gut microbiome allowing potential confounders to be adjusted for (e.g., sex, 

age, ethnicity). One important limitation with using PERMANOVA on microbiome data is that multiple 

samples from one individual cannot be included in the same test (e.g., longitudinal data). This is 

because the inter-individual variability is so much larger than the variability within an individual over 
time, such that differences between independent groups will be masked by the strong correlation of 

paired samples from the same individual. Hence, PERMANOVA assessments were performed cross-

sectionally at a single time point. PERMANOVA tests were run using the ‘adonis2()’ function from the 

vegan R package [416] with marginal adjustments for common microbiome confounders that were 

relevant for each study.  

While PERMANOVA can identify differences in the overall structure of the microbiome, Microbiome 

Multivariable Association with Linear Models (MaAsLin2) can be used to identify differences in individual 

microbiome features (e.g., the abundance of particular species or metabolic pathways) [420]. MaAsLin2 
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is a statistical R package developed for microbiome studies that utilises generalised linear models 

(GLM) to accurately estimate the effects of multiple variables on microbiome features. Importantly, 

GLMs can incorporate random effects within the model, such as participant ID, allowing microbiome 

differences over time to be accurately assessed while using highly correlated paired samples. Due to 
zero-inflated taxa distributions, relative abundances of taxa are typically log transformed to help spread 

out the smaller abundance values. Just like PERMANOVA, confounding variables can be added to the 

model as fixed effects. MaAsLin2 generated output includes a list of each individual microbiome feature 

per fixed effect, their model coefficient, a nominal p-value to assess significance of the association, and 

a q-value representing the p-value following false discovery rate (FDR) adjustment. FDR adjustment is 

commonly performed in microbiome research due to the large number of features (i.e., taxa/pathways) 

being tested. Running a larger number of tests increases the probability of getting a significant result 

by chance (i.e., a false positive). FDR adjustment helps mitigate this by quantifying and adjusting for 
the expected rate of false positives, adding a further layer of confidence that a significant hit is 

biologically true. While p <0.05 is commonly used as a significance threshold for most tests, a slightly 

higher threshold of q <0.2 can be used when interpreting significance of FDR adjusted tests. 

Specifically, q <0.2 signifies that there is a less than 20% chance that the significant p-value is a false 

positive. 

 

2.4.3 Strain inference and transmission 

A microbial strain has traditionally been defined as a cultured isolate that is morphologically and/or 

physiologically distinguishable from other isolated strains [421]. However, in the realm of 

metagenomics, this definition is not particularly useful. While no concrete universal definition exists, 
metagenomic studies typically describe strains as a “collection of cells or genomes with a relatively 

small range of phylogenetic variation (i.e., a very narrow subspecies clade)” [422].  Strain-resolution is 

particularly important for assessing microbial transmission from one individual to another (e.g., from 

donor to recipient in the Gut Bugs study, or from mother to baby in the ECOBABe study). Individuals 

may often share the same species, yet the strains are likely to be specific to the individual [415]. Thus, 

the only way to accurately assess microbial transmission is to confirm that the strains from both pairs 

are genetically identical [423]. Strain-resolution is also important from a functional perspective as 

conspecific strains (that is strains belonging to the same species) can have highly variable functional 
profiles, such that some strains of Escherichia coli can be completely harmless in humans, while others 

can cause severe forms of diarrhoea [424].  

For my thesis, I relied on previously published methods for strain inference using the SNP haplotypes 

generated from StrainPhlAn [63, 415]. DNA similarity distances between SNP haplotypes were 

calculated using the Jukes and Cantor (JC69) model as implemented in the phangorn R package [425]. 

DNA distances were normalised by the median distance across all pairwise comparisons of a given 

species enabling the varying degrees of strain diversity across species to be taken into account. Plotting 

the combined distribution of these normalised DNA distances for all species revealed two distinct peaks; 
one peak sat close to 0 and represented strain pairs that were genetically identical (or very nearly), the 



 

 

Chapter Two: Methodology  41 

other peak was slightly wider and sat around 1 and represented strain pairs that were genetically distinct 

(Figure 2.2).  

 

 

Figure 2.2 Combined distribution of median normalised DNA distances for conspecific strain pairs.  

 

2.5 DATA REPRODUCIBILITY 

The microbiome research field is rapidly expanding and new methods for studying the microbiome are 

continuously being developed and refined. It is therefore crucial that microbiome analyses remain 
reproducible by careful documentation of data collection, analysis methods, software versions, and 

reference databases that are used to obtain research findings. In doing so, data can be re-examined at 

a later date and any inconsistencies within the field can potentially be reconciled [385]. To help build 

the research catalogue and enable transparency, raw sequencing reads should be deposited online 

following publication. Due to ethical constraints, I was not able to publicly share the raw sequencing 

files as these contained human DNA sequences. In place of these, I deposited the post-processed 

sequencing reads and accompanying metadata from each of my studies into NCBI’s sequence read 

archive (SRA) (Table 2.2). The metagenomics analysis pipeline used for all three studies utilised docker 
images. These images can be thought of as a digital picture that contain all the instructions for setting 

up a container with the appropriate configuration information and software required to execute a 

particular task. Docker images allow users to conserve and share the exact computational environment 

used for data analysis which helps ensure reproducibility. A copy of the metagenomics analysis pipeline 

(wdl script) is available on GitHub (https://github.com/brookewilson/gutbugs_microbiome). Downstream 

microbiome analysis and figure generation was conducted in R with annotated code stored in analysis-

specific R scripts. These scripts can be made available on request and contain enough information for 

a new user to follow and reproduce the analysis workflow. 
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2.6 TARGETED MICROBE DETECTION WITH QUANTITATIVE PCR 

For some microbiome studies, particularly those involving probiotics, a more microbe-targeted 

approach can be helpful. Quantitative PCR (qPCR) is a laboratory method that uses custom primers to 

specifically amplify and quantify the abundance of a particular microbe of interest. In some settings, 

qPCR can be used to give exact abundances of microbes (i.e., not relative abundances). However, 

these methods require careful standardization of sample input, which can be difficult to achieve when 

working with stool. Microbe abundances may be inconsistent among different regions of the stool. 

Moreover, the wet weight of stool is not a reliable measure of total microbial content. Therefore, the 

abundance of the target microbe can be quantified relative to the abundance of a gene common to all 
microbes. For bacteria, quantification of the 16S rRNA gene is commonly used as a proxy for total 

bacterial load, although the presence of multiple copies of 16S rRNA gene in some bacterial genomes 

can lead to inaccuracies [426–428]. We used this method in the Gut Bugs study to confirm the bacterial 

load of capsules derived from different donors was similar. We also used this method in the PROFAST 

study to detect the presence of the probiotic strain Lactobacillus rhamnosus HN001 from faecal DNA 

extracts. This method complemented the untargeted metagenomics analysis and provided greater 

sensitivity to detect the probiotic species in individuals where we could not detect the strain 
metagenomically.   

 

2.7 MICROBE VIABILITY ASSESSMENT WITH FLOW CYTOMETRY 

Flow cytometry is a technique used to separate cells based on their physical and fluorescent 
characteristics. The nucleic acid binding dyes SYTO BC and propidium iodide (PI) can be used to 

differentially stain cells based on the intactness of the membrane, and this information can be used to 

assess the viability of microbes within a sample [429]. Unlike SYTO BC, PI cannot permeate the intact 

cell membrane, thus a positive PI stain indicates cell damage. SYTO BC will fluoresce in all cells 

regardless of membrane integrity, but its emission gets progressively absorbed by PI as PI intensity 

increases. Thus, a combination of SYTO BC and PI fluorescence will indicate a cell is damaged, with 

progression to cell death resulting in only PI fluorescence. We used this method to determine the 

microbial viability of the maternal vaginal microbiota solutions used in the ECOBABe study. Microbial 
cells were firstly separated from human cells and debris based on their smaller size. Microbial cells 

were then subdivided into three fluorescently distinct cell populations based on whether they were alive 

(SYTO BC positive), dead (PI positive), or damaged (SYTO BC positive, PI positive). The proportions 

of each of these cell populations relative to the total analysed cell count is provided as output, alongside 

the gating strategy and fluorescence plots. 

 



 

 

Chapter Two: Methodology  43 

2.8 MĀORI CONSULTATION 

In New Zealand, the indigenous Māori population hold a range of views regarding the handling and 

ownership of human tissue. Given that some microbial therapies (e.g., FMT and vaginal seeding) 

involve the transfer of microbiota from one individual to another, it was particularly important to consult 

with Māori representatives and families to understand the cultural issues associated with each study 

and how various aspects of the study design could be improved to encourage Māori participation and 

support. 

In the Gut Bugs study, members of the research team initially met with the University of Auckland’s Pro 

Vice Chancellor Māori, Mr Jim Peters, to discuss the study. The major cultural concern was around 
receiving gut microbiota from another person; however, Mr Peters did not believe this would deter Māori 

participation. The research team also discussed this concept and whether donor-recipient ethnicity 

matching would be preferred with the Kaumatua and senior teachers from Tamaki College. After 

consulting with students’ families, all were supportive of the study and the consensus was that donors 

should be selected based on established clinical screening criteria, and ethnicity matching was not 

necessary. Appreciating that not all Māori necessarily share the same views, participants were also 

encouraged during the recruitment process to consult with their whānau, hapū or iwi on any cultural 
issues associated with treatment and the storage/handling of biological tissues.  

In the ECOBABe study, research team members met with Megan Tahere who is a core staff midwife 

based at Middlemore Hospital, the deputy chair of the College of Midwives, and a board member of 

Nga Maia Māori Midwives Aotearoa. During this meeting, Ms Tahere explained that Māori consider birth 

to be tapu (sacred) and that the proposed study should respect Māori tikanga (customs and values) 

around birth and not disturb any karakia (prayers) and waiata (songs). The research team also met with 

the Liggins Institute’s Māori Advisory Group who echoed these same concerns and wanted to know 

how the research might benefit Māori and reduce health inequalities. The research team explained that 
vaginal seeding had the potential to restore infants’ gut microbiomes which may reduce their risk of 

developing various CS-associated disorders, like obesity, later in life. Given that Māori are 

disproportionately more likely to develop obesity than non-Māori, it was explained that this study could 

help in reducing such inequalities. As in the Gut Bugs Study, participants were also encouraged to 

consult with their whānau, hapū or iwi about any issues relating to vaginal seeding and participation in 

the ECOBABe study prior to enrolment.  

In the PROFAST study, the study design was reviewed and supported by the Auckland District Health 
Board’s Māori Research Review Committee.  
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2.9 SUMMARY OF STUDY DESIGNS 

 

Table 2.1 Comparison of study designs. 

 Gut Bugs (chapter 3) PROFAST (chapter 4) ECOBABe (chapter 5) 

Design Double-blinded, 
randomised, placebo-
controlled trial 

Double-blinded, 
randomised, placebo-
controlled trial (pilot) 
 

Single-blinded, 
randomised, placebo-
controlled trial (pilot) 

Ethical 
approval 
 

HDEC 16/NTA/172 HDEC 16/STH/107 HDEC 18/NTA/49 

Treatment Lean multi-donor FMT 
(0.25 g microbiota/ 
capsule) 
 

Probiotic: Lactobacillus 
rhamnosus HN001 
(6x109 CFU/capsule) 

Maternal vaginal 
microbes suspended in 3 
ml sterile water 

Placebo 0.9% saline with 15% 
glycerol capsules 

Microcrystalline cellulose 
& dextrose anhydrate 
capsules 
 

3 ml sterile water 

Dose 28 capsules over 2 days 
(7 capsules/donor) 

1 capsule/day for 12 
weeks 
 

Single dose at birth 

Administration Oral Oral 
 

Oral 

Additional 
treatment 

Bowel cleanse 
(Glycoprep-C®) prior to 
treatment 

5:2 intermittent fasting 
for 12-weeks with 
nutritional support 
 

NA 

Subjects 87 adolescents with 
obesity (age 14-18) 

9 healthy adult donors 
(age 19-27) 
 

26 adults with 
prediabetes (age 36-62) 

25 CS babies 
(intervention) 

22 VB babies  
(reference) 

Sampling time 
points 

Baseline,  

6 weeks,  

12 weeks, 

26 weeks 
 

Baseline, 

12 weeks 

<24 hours of age, 

1 month of age, 

3 months of age 

Microbiome 
assessment 

Metagenomics 

Metatranscriptomics* 

Metagenomics 

qPCR 

Metagenomics 

Flow cytometry 

CFU, colony forming units; CS, caesarean section; FMT, faecal microbiome transplantation; HDEC, 
Health and Disability Ethics Committees; NA, not applicable; VB, vaginally born. 

*Analysis ongoing (not presented in this thesis) 
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Table 2.2 Comparison of metagenomic sequencing methods. 

 Gut Bugs (chapter 3) PROFAST (chapter 4) ECOBABe (chapter 5) 

Microbiome 
samples (n) 
 

381 36 116 

Sample breakdown 
(n) 

Baseline 

6 weeks 

12 weeks 

26 weeks 

Donor 

87 

83 

77 

76 

58 
 

Baseline 

12 weeks 

18 

18 

1 month 

3 months 

Maternal 
vaginal 

45 

46 

25 

Sample storage 
conditions 

-80°C -80°C -80°C (in DNA/RNA 
ShieldTM) 
 

DNA extraction kit 

(#Catalogue) 

All Prep® DNA/RNA 
Mini Kit  

(Qiagen #80204) 

QIAamp® Fast DNA 
Stool Mini Kit  

(Qiagen #51604) 

ZymoBIOMICSTM 96 
MagBead DNA Kit 

(Zymo Research 
#D4308) 
 

Sequencing 
provider 

Novogene, China Otago Genomics, New 
Zealand 
 

Novogene, China 

Sequencing 
platform 

Illumina NovaSeq6000 

2 x 150 bp paired-end 
sequencing 

Illumina HiSeq 2500 

2 x 125 bp paired-end 
sequencing 
 

Illumina NovaSeq6000 

2 x 150 bp paired-end 
sequencing 

Pre-processed read 
count/sample 

Mean (Range) 

23,240,108 

(18,342,034 – 
33,979,002) 

17,647,472 

(9,320,716 – 
20,785,680) 
 

22,772,399 

(18,000,238 – 
24,526,788) 

Post-processed 
read count/sample 

Mean (Range) 

22,623,001 

(11,091,203 – 
33,205,174) 

17,096,269 

(8,927,111 – 
19,436,121) 
 

16,321,325 

(562,449 –  
23,933,228) 

Bioinformatic 
workflow 

KneadData (QC) 

MetaPhlAn2 
(Structure) 

StrainPhlAn (Strains) 

HUMAnN2 (Functions) 

KneadData (QC) 

MetaPhlAn2 
(Structure) 

StrainPhlAn (Strains) 

HUMAnN2 (Functions) 
 

KneadData (QC) 

MetaPhlAn2 
(Structure) 

StrainPhlAn (Strains) 

HUMAnN2 (Functions) 

Deposited data 
(NCBI SRA) 

BioProject 
PRJNA637785 

BioProject 
PRJNA701497 

BioProject 
PRJNA701480 

Bp, base pair; NCBI, National Center for Biotechnology Information; QC, quality control; SRA, 

sequence read archive.  
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This chapter has been published in Microbiome [430]. 

 

3.1 INTRODUCTION 
Faecal microbiota transplantation (FMT) is currently being investigated for its efficacy in treating a 

variety of chronic disorders in which the gut microbiome is presumably implicated. Among these, obesity 

and metabolic disorders have been a key focus, given their global health burden and lack of effective 

treatment options [431]. Pioneering experiments in mice revealed that obese and lean phenotypes could 

be transferred through the faecal microbiota of human donors [219–221]. Clinical trials of FMT have 

been comparatively less impressive with respect to weight loss in individuals with obesity [280–284]. 

Nonetheless, FMT has been shown to transiently improve insulin sensitivity in some individuals [280, 

281], and alter fat distribution in others [432]. While these studies point to a complex relationship 
between the human gut microbiota and metabolic health, the mechanisms and levels of strain 

engraftment required to elicit these effects remain poorly characterised. 

Efficient engraftment of donor strains is likely a prerequisite for functional alteration of the host’s gut 

microbiome [247]. Several studies trialling FMT for inflammatory bowel disease (IBD) have reported 

greater clinical response in recipients whose gut microbiomes are more receptive to FMT engraftment  

[293, 296, 298, 300, 433]. Similarly, the composition of the donor’s gut microbiota has also been shown 

to influence FMT outcomes [293, 297, 298]. The idea that some stool is therapeutically better than 
others led to the concept of “super-donors” [247], and has prompted researchers to trial multi-donor 

FMT approaches [295], or employ more rationalised donor selection based on perceived microbiota 

fitness [270]. Multi-donor FMT involves the administration of faecal microbiota from multiple donors, 

with the goal of homogenising donor-specific effects and increasing microbial diversity [294].  

Replacing a disease-associated microbiome with a one-off dose of donor microbiota is not trivial, and 

presumably involves a variety of competitive interactions between the endogenous and exogenous 

communities, restrained within the niche environment supplied by the host. Strain-resolved 

metagenomics have been instrumental in improving our understanding of FMT engraftment, revealing 
that donor strains can stably coexist with recipient’s endogenous strains for months after FMT [303, 

305]. However, the picture is far from complete, and the dynamics and functional implications of strain 

engraftment in the context of multiple donor sources is yet to be investigated.  

To address these gaps, we metagenomically profiled stool samples from healthy, lean donors and 

adolescents with obesity participating in a double-blinded randomised-controlled trial for FMT. Faecal 

microbiota was harvested from multiple donors and administered over two consecutive days in a 

capsule form that enabled competition between the individual microbiomes. Recipients’ gut 

microbiomes were tracked for up to six months post-treatment. Specifically, we sought to quantify the 
degree of donor strain engraftment, uncover any donor-specific trends, track the persistence of donor 

strains, and identify any functional effects of strain engraftment on the host’s microbial community. 
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3.2 METHODS 
3.2.1 Study design and participant information 
The Gut Bugs Trial was a double-blinded, randomised, placebo-controlled trial that tested the efficacy 
of FMT capsules to treat adolescents with obesity [434]. This study was approved by the Northern A 

Health and Disability Ethics Committee on 8th November 2016 (16/NTA/172). A total of 87 post-pubertal 

adolescents with obesity participated in the trial (51 females, 36 males, aged 14 – 18 years, BMI 37.7 

± 5.3 kg/m2, total body fat 47.5 ± 5.6%). Nine donors (4 females, 5 males, aged 19 – 27 years, BMI 22.7 

± 1.9 kg/m2, total body fat 18.4 ± 3.2%) were selected following extensive health and pathogen 

screening (Suppl. Table 3.1). 

Recipients were stratified by sex and randomised 1:1 to receive 28 acid-resistant capsules over two 

consecutive days containing either the active treatment (multi-donor FMT) or placebo (saline solution). 
The faecal microbiota used for FMT capsules was derived from four healthy same-sex lean donors. To 

standardise treatment, the same donors were used for the entire course of the study with the exception 

of one male donor, DM05, who was replaced after the first male treatment round with DM12 due to 

illness.  

The day before treatment, recipients ingested a GlycoPrep-C solution (Fresenius Kabi, New Zealand) 

to cleanse the bowel and reduce the endogenous microbial load. Participants were instructed to 

maintain their usual diet and physical activity patterns throughout the trial. Clinical assessments were 

conducted at baseline, 6-weeks, 12-weeks, and 26-weeks post-treatment (Suppl. Table 3.2) [434].  

 

3.2.2 Faecal microbiota transplantation procedure 
Faecal microbiota was harvested from fresh donor stool and double encapsulated using a modification 
of a validated protocol [246]. Capsules were prepared using acid-resistant DR CapsTM (Capsugel, USA) 

which are specifically designed to release their contents in the proximal bowel. Each capsule contained 

0.25 g of concentrated microbiota suspended in 0.5 ml cryoprotective saline solution (0.9% NaCl, 15% 

glycerol). Placebo capsules were visually indistinguishable and contained 0.5 ml of sterile saline 

solution (0.9% NaCl, 15% glycerol). Capsules were stored at -80ºC for approximately one week before 

administration. The capsule bacterial load was assessed by quantitative PCR using universal 16S 

primers (Fwd: 5’-GGTGAATACGTTCCCGG-3’; Rev: 5’-TACGGCTACCTTGTTACGACTT-3’). We did 

not observe any significant differences in FMT capsule bacterial load between donors (Suppl. Figure 
3.1). 

Due to the nature of recruitment, participants were treated in batches, with fresh FMT capsules prepared 

for each treatment batch. In total, there were eight female and six male treatment batches. Following a 

bowel cleanse and overnight fast, participants received their allocated capsules. FMT recipients 

received seven capsules from each of the four same-sex donor, for a combined dose of 28 capsules; 

16 capsules on the first day (4 capsules/donor) and 12 capsules the following day (3 capsules/donor). 

Capsules were swallowed with a glass of water under clinical supervision. 
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3.2.3 Sample collection and processing 
Fresh stool samples were collected on site from participants at baseline (prior to bowel cleansing and 

treatment), as well as at 6-weeks, 12-weeks, and 26-weeks post-treatment. A 200 mg aliquot was taken 

from the middle-section of the stool and transferred to a 2 ml LoBind DNA tube for temporary storage 

at -80°C. In addition, FMT capsules from each batch of donations were reserved for microbiome 

assessment. Nucleic acid extraction was performed within five days of stool collection using a modified 
protocol of the AllPrep DNA/RNA Mini Kit (Qiagen, USA) [435]. Firstly, stool aliquots were incubated in 

100 µl of lysis buffer (30 mM Tris-HCl, 1 mM EDTA, 15 mg/ml lysozyme) for 10 minutes at room 

temperature with regular agitation. Samples were then mixed with 1.2 ml RLT plus buffer (Qiagen, 

USA), 12 µl beta-mercaptoethanol (Sigma-Aldrich, USA), and 1 ml of acid washed glass beads (≤106 

µm, -140 U.S. sieve; Sigma Aldrich, USA) and shaken vigorously at 30 Hz for 10 minutes on a 

TissueLyser II (Qiagen, USA). The homogenate was then passed through a QIAshredder spin column 

(Qiagen, USA), before continuing on with the standard AllPrep DNA/RNA Mini Kit protocol (Qiagen, 
USA) eluting in 100 µl of EB buffer. DNA purity was assessed using a NanoPhotometer N60 (Implen 

GmbH, Germany) and quantified by Qubit dsDNA Broad Range Assay (Thermo Fisher Scientific, USA). 

 

3.2.4 Metagenomic library preparation and sequencing 
A total of 381 stool samples from recipients and donors were analysed by shotgun metagenomic 

sequencing. Metagenomic sequencing libraries were prepared using the NEBNext Ultra DNA Library 

Prep Kit for Illumina (NEB, USA) following the manufacturer’s protocol. In brief, DNA was fragmented 

by sonication to an average size of 300 bp, and resulting fragments were end-polished, A-tailed, and 

ligated with sequence adaptors. Following PCR amplification, DNA fragments were purified (AMPure 

SP system, Beckman Coulter, USA), assessed for size distribution (Agilent2100 Bioanalyzer, USA) and 

quantified by real-time PCR. Clusters were generated using the cBot Cluster Generation System, and 

sequencing was performed on an Illumina NovaSeq6000 platform, generating an average of 23 million 
reads per sample (150 bp paired-end reads).  Raw sequencing files were processed with bioBakery 

workflows using a custom wdl script available at https://github.com/brookewilson/gutbugs_microbiome. 

Quality control and pre-processing steps involved removal of adaptor sequences using Trim Galore! 

followed by removal of low-quality reads and human sequences with KneadData. Post-processed 

metagenomic sequencing files and accompanying metadata are deposited in NCBI’s SRA database 

(BioProject PRJNA637785). 

 

3.2.5 Taxonomic profiling 
Species-level taxonomic profiles were generated by MetaPhlAn2 v2.7.7 [412]. Metaphlan2 uses read 

coverage of clade-specific marker genes to estimate the relative abundance of taxonomic clades 

present within a sample. Taxonomic profiles included bacteria, archaea, viruses, and eukaryotic 
microbes. Shannon diversity index was used to estimate alpha diversity, and Bray-Curtis dissimilarity 

was used to estimate beta diversity at the bacterial species-level.  
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Differences in the overall structure of the gut microbiome, based on Bray-Curtis dissimilarities, were 

assessed by permutational multivariate analysis of variance (PERMANOVA) using the adonis2 function 

in the vegan R package [416]. The effect of treatment group was assessed cross-sectionally at each 

time point, with marginal adjustments for sequence batch, sex, age, ethnicity, and antibiotic usage 
(10,000 permutations). Due to the small sample size, we did not adjust for diet. However, recipients 

were asked to maintain their normal diet throughout the study period. Nominal p-values from 

PERMANOVA were adjusted for multiple testing using Benjamini-Hochberg procedure to obtain q-

values and results with q < 0.1 were considered statistically significant.  

Associations between individual species and metadata were examined using general linear models as 

implemented in the MaAsLin2 R package [420]. Species relative abundance profiles were log-

transformed, and species had to be present in at least 10% of samples to be included in analyses. For 

assessing the effect of treatment from baseline to week 6 on species relative abundance, time point 
was used as a fixed effect variable, with participant ID added as a random effect, including each 

treatment group in turn (i.e., FMT and placebo profiles run separately). Differential species associated 

with FMT were visualised by pheatmap [436], with manual clustering according to the significance level 

and direction of association. 

 

3.2.6 Strain inference and engraftment analysis 
Profiling of the dominant strain of a given species was achieved by SNP-based haplotyping using 

StrainPhlAn [415], requiring a minimum coverage of 5 bases for SNP calling (min_read_depth 5), and 

adding the option “--relaxed_parameters3”. To estimate phylogenetic relationships between conspecific 

strains from different individuals, DNA similarity distances were calculated for SNP haplotypes using 

the Jukes and Cantor (JC69) model, as implemented in the phangorn R package [425]. An initial tree 
was constructed using Unweighted Pair Group Method with Arithmetic Mean (UPGMA) hierarchical 

clustering, which was optimised by maximum likelihood estimation using the Kimura model (K80). 

Phylogenetic trees were visualised using the ggtree R package [437]. To systematically quantify strain 

engraftment events for all profiled species, we employed the same method used by Ferretti et al. [63]. 

In brief, DNA distances were normalised by the median distance across all pairwise comparisons of a 

given species enabling the varying degrees of strain diversity across species to be taken into account. 

By comparing the distribution of normalised DNA distances for strains from the same donor (i.e. intra-

pair) and between donor and recipient strains (i.e. inter-pair), we noted two distinct peaks (Figure 3.3B); 
the peak close to 0 represented near-identical strains. Based on this plot, we selected a conservative 

normalised DNA distance threshold of 0.2 such that any strains with higher similarity were deemed a 

strain match.  

 

3.2.7 Functional profiling 
Functional profiling was performed by HUMAnN2 v0.11.2 [413], which involved mapping post-

processed reads against the pangenomes of detected species, allowing read-count-based 
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quantification of the microbial gene families present within each sample. Identified gene families were 

further mapped to the MetaCyc database to provide quantification of metabolic pathways. Both gene 

family and pathway profiles were stratified by contributing organisms. For each sample, gene richness 

was calculated by counting the number of unique gene families present. When comparing gene richness 
of donors and participants at baseline, multiple samples from each donor, corresponding to each 

donation batch, were averaged. Associations between individual pathways and treatment were 

assessed cross-sectionally for each time point with generalised linear models using MaAsLin2 [420]. 

Gene families belonging to enriched pathways associated with FMT were extracted by unpacking the 

reaction components of the pathway. For each enriched pathway, we looked for examples of gene 

families that were not present within recipients at baseline, but were present 6-weeks post-treatment, 

and were also present in any one of the contributing donors. To be confident in calling gene presence, 

the species genome it belonged to was required to be present within a sample at sufficient coverage, 
such that its absence could not be explained by incomplete genome representation. Inspecting the 

number of genes for a given species within a sample by the median counts per million (CPM) of those 

genes enabled us to select a conservative universal genome coverage threshold (median CPM >4), 

above which we could confidently call gene presence.  

 

3.3 RESULTS 
3.3.1 Overview of the Gut Bugs Trial 
The Gut Bugs Trial was a double-blinded, randomised-controlled FMT trial that recruited 87 adolescents 

with obesity (Figure 3.1A). FMT recipients received a total of 28 capsules containing 7 g of concentrated 
faecal microbiota derived from four sex-matched lean donors (1.75 g microbiota per donor). Placebo 

recipients received 28 capsules containing a saline solution. All recipients underwent a bowel cleanse 

the day before treatment. Capsules were ingested across two clinic sessions, one day apart. Clinical 

assessments and stool samples were collected at baseline (before the bowel cleanse) and at 6-, 12-, 

and 26-weeks post-treatment. FMT did not lead to a reduction in body weight or BMI. However, FMT 

recipients exhibited a reduction in android-to-gynoid fat ratio at all post-treatment time points, an effect 

that was more marked among females. Furthermore, FMT resulted in a 4.5 fold reduction in the 

prevalence of metabolic syndrome at week 26 (for full trial results see [432]). 

 

3.3.2 Multi-donor FMT altered gut microbiome composition long-term 
A total of 381 stool samples from recipients and donors were analysed by shotgun metagenomic 

sequencing at a mean sequencing depth of 23 million reads/sample (mean 6.9 Gb/sample). To assess 
the impact of FMT on gut microbiome composition, we generated a Bray-Curtis dissimilarity matrix for 

all faecal metagenome samples and performed a series of cross-sectional PERMANOVA tests. After 

adjusting for known microbiome confounders (i.e., age, sex, ethnicity, and sequence batch), treatment 

group was found to have a significant effect on the gut microbiome composition at week 6 and week 12 

accounting for 2.7% and 2.9% of the variance, respectively (FDR corrected q < 0.1, Suppl. Table 3.3). 
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This shift in overall community composition was also accompanied by a temporary increase in alpha 

diversity at week 6, specifically within female FMT recipients (Wilcoxon signed-rank test, p = 0.0043, 

Suppl. Figure 3.2). Female placebo recipients also exhibited a temporary increase in alpha diversity 

from baseline to week 12 (Wilcoxon signed-rank test, p = 0.014, Suppl. Figure 3.2). Across all post-
treatment time points, both male and female FMT recipients had a significantly higher dissimilarity to 

their baseline sample compared to placebo recipients (Wilcoxon rank-sum test, p < 0.005, Suppl. Figure 

3.3). This indicated that a one-off dose of FMT capsules was capable of inducing sustained changes in 

the gut microbiome for up to 26 weeks post-treatment, above the spontaneous drift observed over the 

same time period within placebo recipients.  

 

3.3.3 Gut microbiomes of female FMT recipients clustered around one donor 
To visualise the variation in gut microbiome composition, we performed multidimensional scaling (MDS) 

on the species-level Bray-Curtis dissimilarities. Stratified by sex and time point, we observed distinct 

patterns of microbiome shift in response to FMT (Figure 3.1B). Strikingly, the gut microbiomes of female 

FMT recipients clustered around just one of the four contributing donors, particularly at week 6. By 

contrast, the gut microbiomes of male FMT recipients did not appear to move towards one particular 
donor. However, we did observe a slight clustering of male FMT recipient samples, suggesting their 

microbiomes had become more similar to one another post-FMT. After adjusting for baseline similarity, 

we confirmed that the gut microbiome of female FMT recipients became more similar to female donor 

DF16 (Figure 3.1C). The shift towards DF16 among FMT recipients was observed at week 6 and week 

26, but not at week 12 (Wilcoxon rank-sum test; week 6, p = 0.016; week 12, p = 0.27; week 26, p = 

0.0031, Suppl. Table 3.4). Within male FMT recipients, there was a subtle shift towards male donor 

DM08, at week 12 and week 26 (Wilcoxon rank-sum test; week 12, p = 0.059; week 26, p = 0.044, 
Suppl. Table 3.4). DF16 had the second highest alpha diversity among the female donors, while DM08 

was the most diverse male donor (Figure 3.1D). There was a positive correlation between the degree 

of microbiome shift towards a donor and the donors’ alpha diversity (Spearman’s correlation, ρ = 0.25, 

p = 0.0013).  

 

3.3.4 Transition from Bacteroides to Prevotella dominance 
Recent studies have suggested individuals can be stratified into microbial enterotypes according to the 
ratio of Prevotella to Bacteroides (P/B ratio) [115, 438]. To investigate whether the observed shifts 

towards DF16 could be explained by a transition in the P/B ratio, we compared the P/B ratio of donors 

to those of recipients before and after treatment. As in previous studies [284, 439], we defined P/B 

ratios above 0.1 as being high. Female donor DF16 and male donor DM08 were the only donors with a 

high P/B ratio (Figure 3.1E). At baseline, recipients displayed variable P/B ratios, with some recipients 

characterised by high levels of Prevotella, and others by high levels of Bacteroides (Figure 3.1F). For 

placebo recipients, the P/B ratio distribution did not change during the 6-month trial, consistent with the 

individual’s enterotypes remaining stable. By contrast, among the FMT recipients, almost all individuals  
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Figure 3.1 FMT led to prominent shifts in the gut microbiome composition towards particular donors. 

A. Design of the Gut Bugs Trial. Circles represent stool sample collection time points with corresponding participant 

numbers indicated. *One male donor was replaced during the trial, hence 5 male donors were recruited. B. 
Multidimensional scaling plots based on species-level Bray-Curtis dissimilarities, subset by sex and surveyed time 

point. Multiple samples from each donor, corresponding to each donation batch, were averaged to generate a 

composite donor profile. C. Shifts in similarity of FMT recipients’ faecal metagenome to each contributing donor 

after adjusting for baseline similarity. D. Alpha diversity of the gut microbiome of donors as measured by Shannon 

diversity index. Multiple points correspond to separate donations. E-F. Prevotella/Bacteroides ratio of the gut 

microbiome of donors (E) and FMT and placebo recipients (F). Differences from baseline to week 6 were measured 

by Wilcoxon signed-rank test. 
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with a low P/B ratio at baseline transitioned to a high P/B ratio following FMT (week 6; Wilcoxon signed-

rank test, p = 0.0011). This shift from Bacteroides to Prevotella dominance was largely maintained by 

FMT recipients out to 26 weeks post-treatment (Wilcoxon signed-rank test, p <0.001, Figure 3.1F). 

 

3.3.5 Dominant donor contributed to species enrichment post-FMT 
The shift towards DF16 among female FMT recipients, and the more subtle shift towards DM08 among 

males may be partially explained by the P/B ratio transition. However, to gain a broader perspective of 

donor-dependent effects, we surveyed all detectable species to identify those whose relative 

abundance was significantly altered post-treatment. Using generalised liner modelling as implemented 

in MaAsLin2, we identified 64 bacterial species that were differentially abundant between baseline and 
post-treatment time points in FMT recipients (FDR adjusted q < 0.1). Of these, 39 increased and 25 

decreased in relative abundance (Figure 3.2). The number of differentially abundant species decreased 

with time; 51 species were altered at week 6, 45 species at week 12, and 34 species at week 26.  

Species enrichment varied by sex, likely reflecting the difference in donor material. The most 

statistically-significant species enriched in females included Megamonas hypermegale, Megamonas 

rupellensis (and unclassified sequences from the genus Megamonas), Bacteroides finegoldii, 

Bacteroides salyersiae, Bacteroides faecis, Bacteroides massiliensis, Prevotella copri, Desulfovibrio 

piger, and Barnesiella intestinihominis. Whereas in males, the most enriched species included 

Catenibacterium mitsuokai, Bacteroides finegoldii, Prevotella copri, Collinsella aerofaciens, and 

Ruminococcus lactaris. For some species, enrichment could be traced back to one specific donor, 

predominantly DF16. In fact, many of the species that were unique to, or abundant within DF16, were 

found to be elevated in female recipients post-FMT (e.g., Desulfovibrio piger, Megamonas rupellensis, 

Megamonas hypermegale, Megamonas unclassified, Brachyspira unclassified, and Bifidobacterium 

catenulatum; Suppl. Figure 3.4). We also observed a high relative abundance of Prevotella copri in 

DF16 and DM08 donors when compared to the other donors, which likely contributed to its enrichment 
among male and female FMT recipients.  

To assess whether the shift towards donors was driven by the transfer of novel donor taxa, we removed 

donor species that were not present in FMT recipients at baseline. Repeating our dissimilarity 

assessments, we observed that the gut microbiomes of female FMT recipients still shifted in similarity 

towards DF16 despite the absence of her unique species (Wilcoxon rank-sum test, p = 0.019). This 

observation is consistent with donor microbiomes providing recipients with novel taxa that fill available 

niches, while also signalling for wider changes in the endogenous community structure.  

Despite a drift in the gut composition of placebo recipients over the course of the study, no individual 

species were found to be differentially abundant from baseline. This suggests that the species 

alterations seen within FMT recipients were specific to the FMT treatment, and not caused by the bowel 

cleanse that preceded treatment, or temporal fluctuations. 
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Figure 3.2 Bacterial species of the gut microbiome whose relative abundance was altered post-FMT.  

Species are grouped according to whether they were enriched (top panel) or reduced (bottom panel) post-FMT 

and are listed in order of statistical significance from week 6 onwards (linear model, FDR adjusted q < 0.1). Relative 

abundances were log10-transformed with a small pseudo-count (1E-06) added to account for zero abundance 

values. A relative abundance < 0.0001% signifies that the species did not pass the minimum threshold abundance 

level for quantification. Each cell represents the mean transformed relative abundance for a specific species 

according to the grouping variable; “All” combines male and females averages, while “Females” and “Males” allow 

species abundances to be subset by sex and contributing donors.  
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3.3.6 FMT resulted in durable donor strain engraftment 
Species identification alone cannot always discriminate between different donor sources, nor can it rule 

out species acquired from the environment. Hence, to gain a more accurate understanding of FMT 

engraftment from multiple donors, we extended our taxonomic profiling resolution down to the strain-

level. Due to the high level of strain heterogeneity between individuals, finding the same strain from a 

donor in a post-FMT recipient provides strong evidence of FMT engraftment.  

The strain profiling approach we used involved mapping reads against a set of species-specific marker 

genes to generate a single nucleotide polymorphism (SNP) haplotype representing the dominant strain 

of a given bacterial species within a sample. The SNP haplotypes were used to construct phylogenetic 

trees and identify donor strain engraftment events. For example, Bacteroides faecis strains from FMT 

recipients (post-FMT) were located in close genetic proximity to donor strains, and were clearly 

separated from their pre-FMT strain (Figure 3.3A).  

To systematically quantify and monitor strain engraftment events for every species, we selected a 
genetic strain identity threshold (0.2 median normalised DNA distance), under which strains were 

considered to be similar enough to constitute a strain match (Figure 3.3B). On average, we found that 

15% of the strains in the post-FMT microbiome originated from the donors and were retained for up to 

26 weeks post-treatment (Figure 3.3C). By comparison, placebo recipients consistently harboured ≤ 

1% donor-matching strains. Across both treatment groups, there was a high degree of strain instability 

reflecting the emergence of novel strains that did not match recipients’ baseline strains or any of the 

donor strains. These novel strains could represent: 1) strains acquired from the environment; 2) donor 

or recipient strains that were below the detection threshold at baseline; or 3) donor or recipient 

secondary strains that we were unable to identify. Consistent with the degree of species-level alteration 

induced by FMT, we found a higher proportion of novel strains among FMT recipients at all post-

treatment time points (Pearson’s Chi-squared test, p < 2.2e-16).  

Collectively, these observation imply that FMT leads to greater fluctuations in strain dominance, which 

is not solely influenced by donor-engrafting strains, but may also include: a) a higher intrinsic rate of 

strain fluctuation within the recipient’s endogenous microbiome; b) an influx of novel donor diversity that 

facilitates greater engraftment of environmentally-acquired strains due to ecosystem rearrangement 

(consistent with the diversity begets diversity model [440]); or c) the combined effect of donor and 

recipient factors. 

 

3.3.7 Strain profiling over time revealed distinct patterns of engraftment 
By tracking strain dominance over time, we identified a variety of ecological scenarios which included 

no replacement, replace with novel, replace and retain, temporary replacement, gain and retain, 

temporary gain, and loss of strain (Figure 3.3D). Combining all profiled species, we found the 

proportions of 6 out of 7 scenarios differed between FMT and placebo recipients. For both groups, we 
observed relatively high rates of dominant strain replacement from baseline. Replacement by a donor 

strain only accounted for 11% of strain replacement events among FMT recipients suggesting a high 
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degree of strain turnover from uncharacterised sources. Donor strain replacement within FMT recipients 

tended to be stable out to 26 weeks rather than temporary. As expected, placebo recipients were more 

likely to retain their dominant strain throughout the course of the study indicating a higher degree of 

microbiome stability. 

Among FMT recipients, the most common species in which the dominant strain was replaced was 

Bacteroides stercoris, whereas recipient strains from Ruminococcus bromii, Bacteroides vulgatus, 

Eubacterium ventriosum, and Eubacterium rectale remained stable, despite also being present in 

donors. Recipient strains that were present at lower relative abundance were more likely to be replaced 

than strains that were at higher relative abundance (Wilcoxon rank-sum test, p = 0.004, Suppl. Figure 

3.5A). We also identified cases where recipients had gained a donor strain (either temporarily or long-

term) from a species that they did not possess at baseline. This gaining of a new strain occurred more 

frequently than recipient strain replacement. This result differs from a published observation that 
conspecific donor strains were more likely to engraft than new species [303]. Finally, among FMT 

recipients we discovered a proportionally higher incidence of strain loss without replacement compared 

to the placebo group. This suggests that the introduction of exogenous strains likely leads to niche 

replacement and out-competition of both conspecific and heterospecific strains. 

 

3.3.8 FMT recipients exhibited differential degrees of donor engraftment 
The degree of donor strain engraftment varied substantially between FMT recipients (Figure 3.4A). 

Whilst we observed a mean donor-strain engraftment proportion of 15% at week 6, variation amongst 

FMT recipients ranged from 0% through to 60%. There was no difference in the mean proportion of 

donor-strain engraftment between male and female recipients, with both exhibiting high inter-individual 

variation (Wilcoxon rank-sum test, p = 0.34, Suppl. Figure 3.5B). Resistance to exogenous donor strain 
engraftment may reflect the resilience and stability of the endogenous gut community. Microbial 

diversity is broadly believed to contribute to gut microbiome resilience by providing functional 

redundancy and colonisation resistance [441]. Yet, we found no correlation between recipients’ 

microbial diversity (Shannon diversity, species richness) at baseline and the proportion of donor strain 

engraftment (Pearson’s correlation, r = 0.19, p = 0.27), suggesting other factors are likely involved. 

DF16’s Bacteroides stercoris strain engrafted into 11 FMT recipients, and DM03’s B. stercoris strain 

engrafted into 5 FMT recipients. However, in general recipients contained unique sets of donor 

engrafting strains and the number of recipients was too small to identify consistent engraftment patterns. 
Notably, the proportion of overall donor strain engraftment, or that of any one donor, did not correlate 

with changes in any clinical variables (data not shown). Clinical parameters assessed included 

anthropometric measures, lipid profile, and markers of glucose metabolism. Thus, in the context of 

obesity, higher levels of donor engraftment were not associated with improvements in any of the clinical 

outcomes measured.  
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Figure 3.3 Strain profiling reveals a variety of competition dynamics for conspecific microbial strains. 

A. Phylogenetic tree of different Bacteroides faecis strains, one of the species enriched post-FMT. Bacteroides 

faecis strains were present in 138 faecal metagenomes as determined by SNP haplotyping. Scale bar signifies 

difference in sequence similarity between SNP haplotypes. B. Distribution of median normalised DNA distances 

for conspecific strain pairs. Recipient strains (Pre-FMT, Post-FMT, and Placebo) were compared against donor 

strains from the corresponding treatment batch. Because we had multiple stool samples for each donor, we also 

compared intra-donor strains (plotted in red). This allowed us to set a universal strain threshold of 0.2 median 

normalised DNA distance for calling identical strains, as indicated by the vertical dashed line. C. Proportions of 

strains identified as being either unique to recipient (matching recipient’s baseline strain) or unique to donors 

(matching any of the contributing donor strains). Strains that were newly detected, or that did not match the 

recipient’s baseline strain or any contributing donor strains were designated as “Novel”. D. Proportion of longitudinal 

strain profiling scenarios by treatment group. Differences between FMT and placebo proportions for each scenario 

were tested by proportion test with significance denoted by *p < 0.05, ***p < 0.0005, n.s. not significant.  
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3.3.9 Microbially diverse donors contributed more towards strain engraftment 
Donors varied considerably in their engraftment efficiency; that is the proportion of their strains that 

were observed to engraft within the FMT recipients (Kruskal-Wallis rank sum test, females p < 0.005, 

males p = 0.022). Donors with higher microbial diversity tended to have higher levels of strain 

engraftment. Among female donors, DF16, exhibited the highest engraftment efficiency with 4.7% of 

her strains engrafting in the average FMT recipient (Figure 3.4B). By comparison, female donor DF12 
had an average engraftment efficiency of just 0.9%. Among the male donors, DM08 had the highest 

engraftment efficiency of 4.6%, closely followed by DM12 and DM05 both on 4.4% (Figure 3.4B). These 

results were largely consistent with the donor-specific contribution of engrafted strains within FMT 

recipients (Figure 3.4C). Among females at week 6, 49% of donor engrafted strains belonged to DF16, 

followed by DF14 on 31%, DF17 on 15%, and DF12 on 5%. A strong donor bias was also apparent in 

the males, with DM08 contributing to 46% of donor engrafting strains at week 6, followed by DM12 on 

23%, DM07 on 13%, DM03 on 10%, and DM05 on 8%. Notably, DF16 and DM08’s strain engraftment 
rates did not include Prevotella species because strain profiles could not be generated for these species 

from our data using StrainPhlAn. Therefore, the stronger contributions of DF16 and DM08 were 

independent of their ability to transfer Prevotella strains. Collectively, these strain-level results support 

the species-level microbiome shifts we observed and provide further evidence that donor microbiomes 

differ in their engraftment abilities.    

 

 

 

Figure 3.4 Inter-individual variability in donor strain engraftment. 

A. Proportion of donor-engrafted strains in recipients at each post-treatment timepoint. Data points represent 

recipient faecal metagenome samples. B. Engraftment efficiency of donors represents the proportion of strains 

within the donor’s faecal metagenome that engrafted among FMT recipients, detected at week 6. C. Donor-specific 

contributions to overall strain engraftment in FMT recipients.  
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3.3.10 Long-term alterations in the metabolic potential of the gut microbiome 
The therapeutic effect of FMT for the treatment of metabolic disorders may lie in the ability of engrafted 

microbes to transfer beneficial genes that potentiate functional changes at the community level. 

Therefore, we performed functional profiling using HUMAnN2 [413] to characterise shifts in the 

functional potential of the microbial gut community in response to FMT. 

Previous gut microbiome studies have associated obesity and poor metabolic health with low microbial 
gene richness [212]. However, we identified no difference in gene richness between our donors and 

recipients in our study population at baseline (t-test, p = 0.16). Female donor DF16 and male donor 

DM08 exhibited relatively high gene richness in comparison to the other donors, with the exception of 

male DM07 (Suppl. Figure 3.6). Among FMT recipients, we identified an increase in gene richness from 

baseline at week 6 (Wilcoxon signed-rank test, p <0.001) and week 26 (Wilcoxon signed-rank test, p = 

0.018). This effect was particularly notable within females (Suppl. Figure 3.6). To determine the impact 

of this increase in gene richness on community function, we tested for pathways that were differentially 
abundant between FMT and placebo recipients at each of the surveyed time points. At baseline, there 

were no treatment associated pathways. However, at week 6 we identified ten differentially abundant 

pathways; five that were enriched and five that were reduced within FMT recipients (Figure 3.5).  

The faecal metagenomes of FMT recipients showed a greater potential for nicotinamide adenine 

dinucleotide (NAD) metabolism, polyamine production, vitamin synthesis (menaquinones and 

tetrapyrroles), and amino acid metabolism (L-lysine), with concomitant reductions in the potential of a 

number of pathways, particularly pantothenate and coenzyme A biosynthesis. Subsequent associations 

at weeks 12 and 26 revealed that the majority of the treatment associated pathways identified at week 
6 were not differentially abundant at later time points. Instead, we identified a further 14 pathways with 

reduced potential among FMT recipients (Suppl. Table 3.5). These results confirm that a single FMT 

dose can cause long-lasting alterations to potential microbial community functions. 

 

 

Figure 3.5 Bacterial metabolic pathways found to be differentially abundant between FMT and placebo 
recipients at week 6 (linear model, FDR adjusted q < 0.2). 
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3.3.11 Metabolic pathway enrichment was linked to donor strain engraftment 
Of the five pathways enriched by FMT at week 6, three were specific to females, and two were specific 

to males. Female FMT recipients were enriched in the potential for NAD biosynthesis from aspartate, 

polyamine biosynthesis, and 1,4-dihydroxy-6-naphthoate biosynthesis. By contrast, male FMT 

recipients were enriched for L-lysine biosynthesis and tetrapyrrole biosynthesis from glycine pathways.  

We hypothesised that these sex-specific differences were due to differences in the FMT donor material. 
To test this, we firstly identified the bacterial species that were responsible for pathway enrichment. 

Across the three female FMT-enriched pathways, we identified 19 contributing species, four of which 

were shown to be elevated post-FMT; Desulfovibrio piger, Eubacterium siraeum, Megamonas 

hypermegale, and Megamonas rupellensis. The Megamonas species were unique to donor DF16 and 

contributed genes to all three female FMT-enriched pathways. Similarly, we identified 20 species 

responsible for the two male FMT-enriched pathways. Three of these species were elevated post-FMT; 

Catenibacterium mitsuokai (unique to DM08), Ruminococcus obeum, and Sutterella wadsworthensis. 

To determine individual donor contributions to enriched pathways, we tested for genes that had been 

gained post-FMT that were also present in any of the contributing donors. Across all enriched pathways, 

we found FMT recipients had gained a higher proportion of these genes compared to placebo recipients, 

suggesting these had likely been acquired by donor-engrafting species. The majority of the gained 

genes were traced back to species present within one specific donor. When multiple donors contained 

the same gene family from the same bacteria, we leveraged dominant strain data to assign the likely 

donor source. Consistent with these donors having a higher proportion of strain engraftment, we 

identified the same dominant donors (DF16 and DM08) as contributing proportionately more gene 
families within the FMT-enriched pathways. For example, female donor DF16 was responsible for the 

transfer of multiple genes involved in the NAD biosynthesis from aspartate pathway to 18 FMT 

recipients (Figure 3.6). These genes were present on many of the species identified as being elevated 

post-FMT, including Prevotella copri, and various species from genus Megamonas. Importantly, the 

gain of these genes occurred specifically within FMT recipients, ruling out the possibility they were 

naturally acquired from environmental sources. Our ability to track functionally relevant gene transfer 

from donor to recipient suggests that FMT-related augmentation is largely dependent on which strains 

the donor provides and which strains engraft within the recipient. Thus, the observed differences in 
pathway enrichment between males and females suggest functional alterations induced by FMT are 

not universal but, rather, specific to the genes present on engrafting strains. 
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Figure 3.6 FMT-engrafting strains increased the capacity for NAD biosynthesis from aspartate. 

Heatmap displaying UniRef90 gene families belonging to the nicotinamide adenine dinucleotide (NAD) biosynthesis 

from aspartate pathway that were gained (red cells) by female FMT recipients at week 6 (i.e., were not present at 

baseline). Placebo recipient data were included to differentiate between environmental gain (gene families likely 

acquired from common species within the environment) and FMT-specific gain (gene families likely acquired from 

a donor-engrafting species). 
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3.4 DISCUSSION 
Administration of FMT capsules from multiple donors led to sustained alterations in the structure and 

function of the gut microbiome in adolescents with obesity. In what was in practice a competition 

experiment between donor microbiomes, we showed that higher levels of strain engraftment occurred 

for specific bacterial strains from certain donors. The dominant engrafting female and male microbiomes 

were characterised by high microbial diversity, high gene richness, and a high Prevotella to Bacteroides 

ratio. FMT with these dominant microbiomes resulted in a stable transition towards a Prevotella 
dominant enterotype in recipients. We unravelled a variety of strain competition dynamics, including 

replacement of endogenous strains with conspecific donor strains that persisted within their new hosts 

for at least 6 months. Finally, we tracked the transfer of genes from donor engrafting strains that led to 

the enrichment of various metabolic pathways within the recipients’ microbial communities. 

Previous studies, based on single donor approaches, have shown that bacterial strains from donors 

engraft with variable success rates [303, 305]. A larger shift towards the donor, as well as higher levels 

of FMT engraftment, tends to produce better clinical responses in IBD [293, 296, 298, 300, 433]. Whilst 

we acknowledge that the mechanisms responsible for FMT’s therapeutic effects may extend beyond 
bacteria [442–444], the key to successful FMT presumably lies in the selection of desirable donors with 

high engraftment rates. Such donors can arguably be termed “super-donors” if one considers efficient 

engraftment a prerequisite for clinical improvement [247]. Using a multi-donor approach, we 

demonstrated that microbiomes from donors with high species diversity and gene richness engraft 

better than others. This finding is consistent with previous FMT trials for obesity [284] and IBD [297, 

298], which also found a positive association between engraftment and microbial diversity of the donor.  

We contend that female donor DF16 is an example of a super-donor because of her gut microbiomes 
ability to engraft and augment recipients’ local community structure and function. Remarkably, the 

microbiome composition of all female FMT recipients shifted towards DF16’s and retained this structure 

throughout the 6-month trial. Similar donor-polarizing shifts were not observed in male recipients, 

despite DM08 contributing towards similar levels of strain engraftment and outcompeting the other male 

donors. We initially hypothesised that the prominent effect of DF16 was due to the transfer of novel taxa 

that were not present in recipients’ microbiomes at baseline. DF16 had a number of novel species that 

efficiently transferred, including various Megamonas species. Notably, when we removed DF16’s novel 

taxa from our analysis, we observed that the recipients’ microbiomes were still more similar to hers than 
those of the other donors. This suggests that, in addition to providing recipients with novel species, 

engraftment from DF16’s microbiome was also able to alter recipients’ endogenous microbial population 

structure. 

Although we could not assess the clinical efficacy of each individual donor, the use of a single super-

donor that induces greater metabolic shifts in recipients’ gut microbiomes may, in theory, lead to greater 

therapeutic benefits [247]. Using multiple donors may also lead to greater clinical responses compared 

to single donor approaches, by providing a diverse variety of strains [295]. Higher diversity increases 
the likelihood a strain will be able to fill an available niche within the recipient gut. Diversity has also 

been recently shown to encourage further diversification within the gut as microbial species adapt to 
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their new environment and interact with the resident gut microbiome [440], potentially leading to 

functional shifts in the community. Despite hypothesising that greater engraftment would lead to greater 

clinical response, we found no associations between strain engraftment and clinical improvement 

across a range of clinical parameters, even when subsetting by donor. These analyses were likely 
underpowered, particularly given the modest clinical responses observed in the trial [432]. We contend 

that clinical response to donor engraftment would be better assessed in FMT trials for treatment of more 

severe forms of dysbiosis (e.g., IBD) where the clinical effect is likely to be more marked. 

Recipients were frequently colonised by strains from multiple donors that were largely retained long-

term. These results are particularly encouraging given recipients were not asked to change their diet or 

lifestyle during the course of the study [434]. We did, however, observe highly variable levels of 

engraftment among FMT recipients despite receiving the same dose of donor material. Although the 

same set of donors were used throughout the study, we cannot rule out the possibility that there may 
have been slight variations in microbiota composition between capsule batches. Due to the variable 

nature of stool, this is an inherent limitation with FMT studies. Recipient variability might also reflect 

compatibility issues with the donors microbiota or higher resilience of the endogenous gut microbiome 

in some individuals [303]. Receptivity to donor strains was not related to the microbial diversity of the 

recipient at baseline. This suggests that other selection pressures, such as the recipient’s diet or 

immune response, may have played a larger role in determining the colonisation success of exogenous 

donor strains.  

Prevotella copri was found to consistently transfer and stably colonise FMT recipients. Although formal 
testing of enterotypes was not performed, engraftment of Prevotella copri increased the P/B ratio of 

FMT recipients, effectively switching the recipients’ microbial enterotype. A Prevotella-type signature 

has previously been shown to be more favourable for weight loss in the context of a high fibre diet [119, 

439]. However, microbial enterotypes are relatively stable once established, and may not be switched 

simply by consuming more fibre over a six-month period [115]. Our results suggest FMT is a highly 

effective strategy for switching from a Bacteroides to a Prevotella-type signature. A similar transition 

from Bacteroides to Prevotella dominance has been reported before in a multi-donor FMT study for 
ulcerative colitis which involved regular enema-based administration of pooled faecal material from 

multiple donors [295]. Unlike our study design, their stool pooling approach was not standardised across 

batches, with varying numbers and combinations of donors which prevented them from tracing the 

engraftment of Prevotella species to any one particular donor. In our study population, this transition 

was attributed to the presence of just one Prevotella dominant donor within the multi-donor pool. This 

suggests that Prevotella strains from these donors were able to outcompete the Bacteroides strains 

from the recipients as well as those from the three other donors.  

Interestingly, the Prevotella dominant donors we identified were also the most effective donors for 
overall strain engraftment. Whether this association was causative or not remains unclear. A similar 

observation was recently reported by a small FMT pilot trial for obesity where the most effective donor 

for engraftment was also characterised by a high P/B ratio and consistently transferred Prevotella 

species shifting recipients enterotypes [284]. Based on these collective observations, we suggest that 
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future FMT trials for obesity focus on selecting donors with a high P/B ratio, and couple FMT treatment 

with a high fibre diet. This may result in maximal donor strain engraftment and help transition individuals 

towards a microbiome profile that is more susceptible to weight loss. 

We demonstrated functional shifts in the metabolic potential of the microbial community following FMT. 
Importantly, we showed that alterations in microbial metabolic pathways were linked to strain 

engraftment and newly obtained genes from donor microbiomes, particularly those from the dominant 

donors. Among the altered microbial pathways, we observed an increased biosynthesis potential for a 

number of bioactive molecules, including NAD, polyamines, and vitamin precursors, which have 

previously been implicated in metabolic disorders [445, 446]. NAD, for example, is known to act as an 

energy sensor and is intricately involved in energy regulation. Low NAD levels are a characteristic of 

obesity [446, 447], and attempts to boost levels by administering NAD precursors improved weight 

regulation, glycaemic control, and liver function in mice [448–450]. FMT may thus represent a novel 
strategy to increase NAD levels via microbial biosynthesis in the gut. However, because NAD levels 

were not measured in our study, we cannot confirm whether enrichment of this pathway actually led to 

increased NAD production. Future FMT characterization studies would subsequently benefit from 

monitoring metabolite production to validate genetic associations and improve our mechanistic 

understanding of microbiota transfer.   

 

3.5 CONCLUSION 
In conclusion, our study provides further evidence for the existence of FMT super-donors. Dominant 

engrafting male and female donor microbiomes harboured diverse microbial species and genes, and 

were characterised by a high P/B ratio. Pre-screening donor microbiomes for these characteristics may 

help improve donor strain engraftment and elicit greater change in microbial community function. 

However, donor selection is just one piece of the puzzle. The high variability of strain engraftment 

among FMT recipients suggests that undetermined host factors still play a significant role in mediating 
FMT receptivity. Future experiments should focus on identifying the host components that moderate 

strain engraftment and their interactions with phenotype. 
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4.1 INTRODUCTION 
The rising prevalence of type 2 diabetes (T2D) is placing a significant health burden on societies around 

the world. Particular attention has been focused on preventing disease progression in high-risk 

individuals who display an intermediary form of dysglycaemia. In New Zealand, one in four individuals 

fall into this “prediabetic” category, 10% of whom will develop T2D each year. Māori and Pacific Island 

communities are disproportionately more affected [451]. In New Zealand, current prevention and 

treatment approaches focus on weight reduction, advising individuals to reduce their calorie intake and 

increase physical activity [193]. Although effective for weight loss in the short-term, low calorie diets 

can be difficult to sustain and often lead to weight rebound [452]. Therefore, there is a need to develop 
more sustainable, cost-effective, and population-applicable therapies for T2D prevention. 

In recent years, intermittent fasting has emerged as a popular and potentially more sustainable 

alternative to conventional low calorie diets. Intermittent fasting regimens can vary in duration, calorie 

restriction, and frequency. Despite this variation, multiple forms of intermittent fasting have 

demonstrated substantial metabolic benefits in animal models and randomised controlled human trials 

[453]. In particular, the 5:2 diet which restricts calories to 25% of daily requirements on any two days a 

week, was shown to significantly improve weight loss, insulin resistance, and lipid metabolism over a 
six month period in 53 overweight and obese women [454]. The metabolic benefits of fasting have 

recently been linked to alterations in the gut microbiota and microbial derived secondary metabolites 

[455–458] and can also be recapitulated in germ-free mice by microbiota transplantation [457].  

Direct administration of microorganisms, as a probiotic, is another therapeutic approach that is being 

trialled for its efficacy in treating metabolic disorders. A recent systematic review and meta-analysis of 

111 randomised controlled trials found that probiotic supplementation induced modest improvements 

in several metabolic risk factors in individuals with obesity, T2D and non-alcoholic fatty liver disease 

[322]. Among the probiotics tested, strains from Lactobacillus rhamnosus have consistently 
demonstrated beneficial metabolic effects in animal models [329, 331, 334–336], and the HN001 strain 

was recently associated with a 41% reduction in the incidence of gestational diabetes in a randomised 

controlled trial in New Zealand [459].  

Probiotics have also been shown to boost metabolic improvements when used in combination with 

energy-restricted diets [347, 460–462]. However, probiotic supplementation in the context of intermittent 

fasting has yet to be explored. This is of particular interest from a gut microbiome perspective, given 

that both interventions may partially mediate their effects via the gut microbiome. The handful of studies 
that have examined the impact of intermittent fasting on the human gut microbiome, employed low 

taxonomic-resolution amplicon sequencing approaches preventing functional assessment of the gut 

community [463–465]. Here, I perform a comprehensive gut microbiome assessment on a small cohort 

of adults with prediabetes who undertook a 12-week 5:2 intermittent fasting regime with or without daily 

probiotic Lactobacillus rhamnosus HN001 supplementation. Stool samples collected before and after 

the 12-week intervention were interrogated by shotgun metagenomic sequencing to identify changes in 

the composition and functional potential of the gut microbiome in response to the intervention. 
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4.2 METHODS 

4.2.1 Study design 

The PROFAST trial was a double-blinded, randomised, two-armed pilot trial conducted at Auckland City 

Hospital between December 2016 to December 2017. The primary aim of the PROFAST trial was to 
determine whether probiotic supplementation during intermittent fasting could improve glycaemia and 

reduce weight among obese adults with prediabetes. Secondary outcomes investigated the impact of 

the intervention on an individual’s appetite, gut hormones, gut microbiome, and mental well-being. This 

study was approved by the Health and Disability Ethics Committee (16/STH/107) on 12th August 2016.  

A total of 33 participants were recruited, 26 of whom completed the 12-week feasibility trial. At baseline, 

participants were between 36 - 62 years of age (mean 53.4 ± 7.6), with a BMI between 28.4 – 43.3 

kg/m2 (mean 34.2 ± 4.4), and a prediabetic level of glycated haemoglobin (HbA1c) that ranged from 38 
– 48 mmol/mol (mean 43.0 ± 2.7). All participants completed a 5:2 intermittent fasting program for 12 

weeks, which involved ad libitum eating for 5 days with 2 days of calorie restriction (600 kcal/day for 

females, 650 kcal/day for males). One-on-one nutritional information and training was given to 

participants at baseline, with fortnightly support phone calls by a dietician. 

Participants were randomised 1:1 to receive either probiotic capsules containing Lactobacillus 

rhamnosus HN001 at a dose of 6x109 CFU per day, or placebo capsules composed of microcrystalline 

cellulose & dextrose anhydrate. Both the probiotic and placebo capsules were provided by Fonterra 

Co-operative Group Ltd and had identical packaging. Research staff and the study participants were 
blinded to treatment allocation throughout the trial. Participants received 90 capsules at baseline and 

were instructed to store these within their home fridge (4°C) and take one per day for the entire 12-week 

intermittent fasting program. 

 

4.2.2 Clinical and microbiome assessments 

Clinical assessments were carried out at baseline and 12 weeks post-intervention. In brief, body 

composition and fat storage was assessed by abdominal MRI scan, DXA scan, and anthropometric 

measurements (Suppl. Table 4.1). Participants had blood samples taken during a 6-point oral glucose 

tolerance test, to assess for glycated haemoglobin (HbA1c) and a variety of other metabolic health 

markers (Suppl. Table 4.1). Participants also completed a seven-day food diary and a series of 

questionnaires to assess their mood, eating behaviours, hunger, and quality of life (Suppl. Table 4.1). 
For assessment of the gut microbiome, participants were given a faecal sampling kit and instructed to 

collect a stool sample at home a few days before their appointment. Stool samples were collected in a 

25 ml specimen pot. The specimen pot was then placed within a larger sample pot, filled with tap water, 

placed within a specimen bag and stored temporarily in participants’ home freezers. On the morning of 

their appointment, participants were requested to bring their frozen stool sample to the Body 

Composition Laboratory (Department of Surgery, University of Auckland) where it was transferred to -

80°C for long-term storage.   
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4.2.3 DNA extraction of stool samples 

DNA extractions were performed in a disinfected U.V. sterilised class II hood at room temperature using 

a modified protocol of the QIAamp Fast DNA Stool Mini Kit (#51604, Qiagen) [466]. Firstly, stool 

samples were thawed, 200 mg was transferred to a 2 ml tube, mixed with InhibitEX buffer (1 ml) and 

vortexed until homogenised. To improve microbial cell lysis, acid washed glass beads (1 ml; ≤106 µm, 

-140 U.S. sieve; Sigma Aldrich) were added to each sample and shaken vigorously on a TissueLyser II 

(30 Hz, 10 minutes; Qiagen). Samples were then incubated (95°C, 7 minutes), briefly vortexed, and 
centrifuged (20,000 x g, 1 minute) to pellet the beads and stool particles. Avoiding the pellet, 400 µl of 

supernatant was transferred to a fresh 2 ml tube and incubated (70°C, 10 minutes) with buffer AL (400 

µl) and proteinase K (30 µl). Each sample was then mixed with absolute ethanol (400 µl, -20°C) and 

transferred to a QIAamp DNA spin column. Samples were then processed according to the 

manufacturer’s instructions. DNA was eluted in buffer ATE (100 µl). DNA concentrations and purity 

were assessed by spectrophotometry using a NanoPhotometer N60 (Implen). DNA sample degradation 

was assessed by gel electrophoresis (1% agarose gel (w/v); 100 ng DNA/well, 150V, 60 minutes) with 

visualization using SYBR-Safe® DNA gel stain (#S33102, Thermo Fisher) on a ChemiDoc MP Imaging 
System (Bio-Rad). 

 

4.2.4 Quantitative PCR 

To quantify the relative abundance of L. rhamnosus HN001 in metagenome samples, a qPCR assay 

was performed using previously validated HN001 primers [467] (Forward: 5′-

CGCTTAGGACTCAGGATACA-3′; Reverse: 5′-GCTTGCGTCAGATTTTCAGTA-3′), and universal 16S 

primers (Forward: 5’-GGTGAATACGTTCCCGG-3’; Reverse: 5’-TACGGCTACCTTGTTACGACTT-3’). 

The HN001 primers target a galactosidase gene and can differentiate HN001 from some, but not all, L. 

rhamnosus strains (based on a primer BLAST).  

For both primer sets, qPCR reactions (20 µl) were prepared using SYBR® Select Master Mix (#4472908, 
Thermo Fisher) containing 0.5 µM of the forward and reverse primers and metagenomic DNA (1 µl). 

Reactions were performed in duplicate on a QuantStudio 6 Flex platform (Applied Biosystems). Each 

run included a negative template control, a blank DNA extraction control, a positive control (L. 

rhamnosus HN001 probiotic extract), and the 10-strain ZymoBIOMICSTM Microbial Community 

Standard (#D6300, Zymo Research; contains Listeria monocytogenes, Pseudomonas aeruginosa, 

Bacillus subtilis, Escherichia coli, Salmonella enterica, Lactobacillus fermentum, Enterococcus faecalis, 

Staphylococcus aureus, Saccharomyces cerevisiae, and Cryptococcus neoformans). 

qPCR cycling conditions were: UDG activation (50°C; 2 min), AmpliTaq® Fast DNA Polymerase and 
UP activation (95°C, 2 min); followed by 40 cycles of denaturation (95°C, 15 sec), annealing and 

extension (60°C, 1 min). A melt curve analysis was performed after cycling to confirm primer specificity 

and amplicons were size checked by gel electrophoresis (1% agarose gel (w/v); 10 µl DNA/well, 150V, 

45 minutes). The expected amplicon sizes were: 16S amplicon, 147 bp; HN001 amplicon, 352 bp 
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(Suppl. Figure 4.1). To estimate amplicon concentrations, technical duplicate cycle threshold (Ct) 

values were averaged and HN001 abundance was normalised by 16S abundance (a common proxy 

for bacterial load) to generate relative abundance values. For each qPCR reaction, theoretical values 

were calculated from the Ct value using the following equation: theoretical value = 2(-Ct). 

 

4.2.5 Metagenomic sequencing and processing 

Faecal DNA samples were sent to Otago Genomics Ltd. for shotgun metagenomic library preparation 
and sequencing. Briefly, DNA was fragmented to an average size of 444 ± 29 bp, libraries were 

prepared using the Thruplex DNA-seq Kit (Takara Bio, Shiga, Japan), and sequencing was performed 

on an Illumina HiSeq 2500 instrument (2 x 125 bp paired-end sequencing). Libraries were split across 

six lanes to reduce sequencing bias, generating a combined average of 17,647,472 reads per sample 

(range: 9,320,716 - 20,785,680). 

To generate taxonomic (MetaPhlAn2), functional (HUMAnN2), and strain (StrainPhlAn) profiles, raw 

sequencing files were processed (as described in section 2.3) using a custom bioBakery workflow script 

available on GitHub (https://github.com/brookewilson/gutbugs_microbiome).  

 

4.2.6 Microbiome analyses 

Statistical tests and data presentation were conducted in R (version 3.6.1), using vegan [416], 
MaAsLin2 [420], and ggplot2 [468] software packages. At the species level, beta-diversity was 

estimated by Bray Curtis dissimilarity and visualised by non-metric multi-dimensional scaling. To test 

for differences in population structure between probiotic and placebo groups at each time point (i.e., 

baseline, week 12), a Permutational Multivariate Analysis of Variance (PERMANOVA) test was 

performed, with 999 permutations, using the ‘adonis2()’ function [416]. PERMANOVA tests included 

marginal adjustments for age and ethnicity which are known influencers of microbiome structure [74]. 

Alpha diversity was assessed by Shannon diversity index which takes into account the relative 
abundance and evenness of species within a sample. Univariate analyses were performed at each time 

point using the non-parametric Wilcoxon rank-sum test, while changes within individuals over time (i.e., 

paired data) were assessed by Wilcoxon signed-rank test. Spearman correlation was used for 

assessing the relationship between two continuous variables. 

To test for associations between individual microbiome features (e.g., phyla, species, metabolic 

pathways) and clinical variables (e.g., treatment group, weight loss, mental health delta scores), 

generalised linear modelling was performed using MaAsLin2 [420]. For species associations, relative 

abundances were log-transformed and the minimum prevalence for inclusion was set to 10%. When 
paired samples were included in the model (i.e., both baseline and week 12 profiles), time point was 

included as a fixed effect with participant ID added as a random effect variable. Nominal p-values were 

adjusted for multiple testing using false discovery rate correction as implemented in MaAsLin2 with q 

<0.25 considered statistically significant.   
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Dominant strain stability was assessed by comparing the genetic similarity of the participant’s baseline 

and week 12 SNP haplotypes (as described in section 2.4.3). Similarity scores less than 0.2 median 

normalised DNA distance were considered to be strain matches indicating that the dominant strain had 

remained stable. Conversely, similarity scores above this threshold represented genetically distinct 
strains indicating the dominant strain had been replaced. 

Post-hoc power calculations to estimate sample size requirements for small, moderate, and large effect 

sizes on gut microbiota composition were performed using the one-way ANOVA function, ‘n.oneway()’ 

provided by the easypower package [469]. Effect sizes were based on Cohen's f thresholds [470]; small 

0.10, moderate 0.25, large 0.40. 

 

4.3 RESULTS 

4.3.1 Overview of clinical results 

The clinical analysis, provided by Rinki Murphy and Lindsay Plank, is currently under consideration for 

publication. It has been presented here to contextualise the microbiome results. Clinical data analysis 

was carried out on 26 participants (15 probiotic, 11 placebo) who completed the trial (Suppl. Table 4.2). 

In summary, 12 weeks of intermittent fasting led to clinically and statistically significant reductions in 

plasma HbA1c concentrations (primary outcome) from 43 ± 2.7 mmol/mol to 41 ± 2.3 mmol/mol (p 

<0.001). Participants lost an average of 5% of their body weight over the course of the study (from 95.5 

± 16.8 kg to 90.8 ± 16.5 kg, p <0.001). Improvements in body composition, glucoregulatory markers, 
leptin levels, and psychological outcomes (including depression and binge eating behaviours) were also 

observed. However, no significant differences were seen between the probiotic and placebo group with 

regards to the primary and secondary outcomes. The only measures to show an enhanced 

improvement with probiotic supplementation were in two domains of the quality of life questionnaire 

concerning social functioning (p = 0.0499) and mental health (p = 0.0069) (Suppl. Table 4.2). 

 

4.3.2 Taxonomic alterations in the gut microbiome 

Of the 26 participants who completed the study, 18 (11 probiotic, 7 placebo) provided stool samples at 

both collection time points (baseline and week 12). Therefore, microbiome analysis was performed on 

a subset of the original study population and included a total of 36 metagenome samples (Figure 4.1A). 

Taxonomic profiling was performed and the relative abundance of bacterial phyla were compared before 
and after intervention. As expected, participant gut microbiomes were dominated by Bacteroidetes and 

Firmicutes phyla, with lower relative abundances of Actinobacteria, Verrucomicrobia, and 

Proteobacteria. Generalised linear modelling identified a reduction in Firmicutes levels (p = 0.024) from 

baseline to week 12. Coincidently, the Firmicutes to Bacteroidetes ratio (F/B ratio) was also reduced, 

although this was not statistically significant (Figure 4.1B, Wilcoxon signed-rank test, p = 0.081). 
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Notably, the reduction in Firmicutes occurred in the placebo group (p = 0.011), but not the group who 

received the probiotic (p = 0.19).  

Given the probiotic L. rhamnosus HN001 is a member of the Firmicutes phylum, I next investigated if 

there were any differences in species profiles between treatment groups. A total of 245 unique species 
were identified across all metagenome samples, with an average of 81 species per sample (range: 48 

– 111). Association testing of individual species did not identify any species whose relative abundance 

was significantly altered by intermittent fasting or probiotic supplementation. Therefore, the species 

responsible for the reduction in overall Firmicutes levels were not identified. There was also no 

significant difference in Shannon diversity index from baseline to week 12 (Wilcoxon signed-rank test, 

p = 0.70) or between treatment groups (week 12, Wilcoxon rank-sum test, p = 0.86) suggesting alpha 

diversity remained stable throughout the trial.  

To identify differences in the overall community structure, probiotic and placebo samples were 
compared at each time point using PERMANOVA with adjustments for sex, age, and ethnicity. There 

were no significant differences in microbiome structure between treatment groups at baseline (Table 

4.1). Similarly, there was no significant difference between treatment groups at week 12, suggesting 

daily probiotic supplementation does not measurably change the structure of the microbiome (Table 

4.1). Consistent with this, there was no clustering of microbiome samples with respect to time point or 

treatment group when visualised by non-metric multi-dimensional scaling (Figure 4.1C). Moreover, both 

probiotic and placebo groups displayed similar levels of microbiome drift over the 12 weeks as 

measured by Bray-Curtis dissimilarity to baseline (Figure 4.1D, Wilcoxon sign-rank test, p = 0.93). The 
microbiome drift of PROFAST participants (mean ± SD, 0.37 ± 0.13) was similar to the 12-week drift 

observed by placebo recipients in the Gut Bugs study (mean ± SD, 0.42 ± 0.14; Suppl. Figure 3.3). 

Consistent with the lack of shift in overall community structure, the relative abundance of bacterial 

families remained relatively stable within individuals across the two time points (Figure 4.2).  

 

 

Table 4.1 Variance of species taxonomic profiles from PROFAST participants explained by each 
variable in cross-sectional PERMANOVA.  

 Baseline (n = 18)  Week 12 (n = 18) 

Variable R2 p-value  R2 p-value 

Sex 6.1% 0.36  7.3% 0.25 

Age 5.9% 0.41  6.5% 0.36 

Ethnicity 20.0% 0.21  17.7% 0.50 
Treatment 6.1% 0.40  3.9% 0.87 

Table contains R
2
 (the proportion of variance explained) and nominal p-value based on 999 permutation tests. 
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Figure 4.1 Shifts in microbiome composition structure before and after treatment.  

A. Study design of the PROFAST trial. Numbers within circles represent the number of participants who provided 

stool samples for microbiome assessment. B. Individual shifts in the Firmicutes/Bacteroides ratio. C. Multi-

dimensional scaling plot of the shifts in individuals gut microbiome profiles. D. Shifts in the gut microbiome from 

baseline. Grey line represents the overall mean.
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Figure 4.2 Alterations in the relative abundance of bacterial families in probiotic and placebo participants before and after treatment.  
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4.3.3 Lactobacillus rhamnosus detection 

The probiotic species L. rhamnosus was only detected in four of the 36 metagenome samples by 

MetaPhlAn2. All four samples were 12 week samples; three from the probiotic group (3/11, 27%) and 

one from the placebo group (1/7, 14%). When present, the mean ± SD relative abundance of L. 

rhamnosus was 0.017% ± 0.006% indicating the species was present at very low abundance.  

To complement the metagenomic detection of L. rhamnosus, a qPCR assay was performed on the 

same faecal DNA extracts used for metagenomic sequencing. Species-specific primers were used to 
measure the abundance of L. rhamnosus relative to total bacterial load (Figure 4.3). Total bacterial load 

was estimated by measuring the abundance of the 16S ribosomal RNA gene. The qPCR assay was 

more sensitive than metagenomic sequencing and detected L. rhamnosus in the majority (29/36, 81%) 

of samples (mean ± SD Ct 30.4 ± 4.0; Suppl. Figure 4.1). Importantly, there was no L. rhamnosus-

specific amplification from a 10-strain microbial community extract containing Lactobacillus fermentum. 

The L. rhamnosus amplicon size (352 bp) and melting temperatures (85ºC) from participant samples 

matched those of the positive control – an extract of the L. rhamnosus HN001 probiotic capsule. The 

four samples that had detectable L. rhamnosus by metagenomic sequencing had the highest relative 
abundance of L. rhamnosus as measured by qPCR.  

Overall, the qPCR relative abundances appeared to be several orders of magnitude less than their 

corresponding metagenomic sequencing relative abundances. This inconsistency could be due to the 

presence of multiple copies of the 16S gene within some bacterial genomes which inflate bacterial load 

estimates (for example, strains of Escherichia coli have been shown to harbour up to seven copies of 

the 16S gene [471]). Additionally, differences in primer efficiency might have also had an effect. 

However, because we were primarily concerned with temporal changes in the relative abundance of 
the probiotic species, the precise relative abundance values were less relevant.  

qPCR did not detect any differences in the relative abundance of L. rhamnosus between probiotic and 

placebo participants at baseline, as expected (Wilcoxon rank-sum test, p = 0.31). At week 12, the 

abundance of L. rhamnosus had increased slightly within the probiotic group becoming significantly 

different from baseline (Wilcoxon signed-rank test, p = 0.024) and from the placebo group (Wilcoxon 

rank-sum test, p = 0.046) (Figure 4.3). While this indicates that daily probiotic supplementation can 

slightly increase L. rhamnosus levels, whether this represents a clinically meaningful increase, and 

whether this increase persisted after the supplementation period remains undetermined. Interestingly, 
the relative abundance of L. rhamnosus at week 12 was positively correlated with Shannon diversity 

index at baseline, suggesting more diverse microbiomes may facilitate probiotic proliferation (Spearman 

correlation = 0.48, p = 0.041). 
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Figure 4.3 A qPCR-based assessment of the relative abundance of Lactobacillus rhamnosus in the 

gut microbiome of PROFAST participants.  

A difference in the relative abundance from baseline to week 12 was assessed by Wilcoxon signed-rank test. 

 

4.3.4 Stability of the dominant strain 

To identify whether the L. rhamnosus detected in the metagenomes of the four individuals (3 probiotic, 

1 placebo) matched the identity of the HN001 probiotic strain, we extended our resolution of taxonomic 

profiles down to the strain level. Unfortunately, there was insufficient sequence abundance for strain 

profiling of L. rhamnosus.   

We hypothesised that probiotic supplementation would cause fluctuations in the strain dominance of 

other species as a result of interactions with the probiotic and its metabolites. Therefore, we investigated 
whether the dominant strain at week 12 matched the dominant strain at baseline for a given species 

(Figure 4.4A). Dominant strain replacement could represent outcompetition by a secondary strain 

already present, or by strains naturally acquired from the environment. Strain profiling identified 2036 

individual strain haplotypes across 203 species. Across all species profiled, 42 ± 17% (mean ± SD) of 

dominant strains were replaced by week 12. The rate of dominant strain replacement did not vary 

between the probiotic and placebo groups, although the probiotic group appeared to have a higher 

degree of variance (Student’s t-test, p = 0.30; Figure 4.4B). Thus, L. rhamnosus HN001 

supplementation did not influence fluctuations in strain dominance of other species. Moreover, the strain 
replacement rates we observed were similar to those observed at 12-weeks in placebo recipients from 

the Gut Bugs study (39 ± 12%, mean ± SD), suggesting intermittent fasting did not detectably influence 

dominant strain dynamics either. 
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Figure 4.4 Stability of the dominant strain for all species from baseline to week 12. 

A. Density plot of median normalised DNA distances used to determine the threshold for strain matching. 

Conspecific strains were compared (i) between individuals (grey) and (ii) within individuals from baseline to week 

12 (red). Strain pairs that had a genetic similarity (median normalised DNA distance) of <0.2 were considered 

identical, while those >0.2 were considered genetically distinct. B. Variation in the dominant strain replacement 

rate by treatment group. Dotted grey line indicates the mean strain replacement rate for all individuals (42%). 

 

4.3.5 Functional alterations in the gut microbiome 

Functional profiling was performed to quantify the abundance of microbial gene families and metabolic 

pathways within participant microbiomes. A total of 1,005,302 unique UniRef90 gene families were 

identified across all samples, which contributed to 405 unique MetaCyc pathways. Each metagenome 

sample harboured 253,449 ± 44,344 (mean ± SD) unique UniRef90 gene families. Individual 

participant’s gene richness (i.e., number of unique UniRef90 gene families) did not differ from baseline 

to week 12 (Wilcoxon singed-rank test, p = 0.17), nor between probiotic and placebo groups at either 
time point (Wilcoxon rank-sum test; baseline, p = 0.72; week 12, p = 0.93). In addition, generalised 

linear modelling did not identify any MetaCyc pathways whose genomic abundance was significantly 

altered by intermittent fasting or probiotic supplementation (q > 0.25). 

 

4.3.6 Gut microbiome alterations associated with clinical improvements 

The PROFAST trial demonstrated significant improvements in HbA1c and weight loss, and identified 

probiotic-enhanced effects on mental health and social functioning. Generalised linear modelling was 

performed on species-level profiles from all participants (i.e., both probiotic and placebo groups) to 

determine whether these effects were associated with alterations in the gut microbiome. Higher relative 
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abundances of Faecalibacterium prausnitzii and Streptococcus salivarius at baseline were associated 

with greater reductions in weight post-intervention (q < 0.25)(Figure 4.5A-B). Greater weight loss was 

also seen in individuals with a high F/B ratio at baseline (Spearman correlation, R= -0.52, p =0.027, 

Figure 4.5C) and week 12 (Spearman correlation, R= -0.53, p =0.019). We also observed a trend of 
greater weight loss in individuals with higher alpha diversity at week 12 (Spearman correlation, R = -

0.44, p = 0.067), although this could not be linked to any specific species. 

Improvements in mental health were associated with higher relative abundance of Bacteroides nordii 

and Clostridium bartlettii at week 12 (q < 0.25). However, these differences did not appear to be related 

to probiotic supplementation, as we found no difference in the relative abundance of these two taxa at 

week 12 between probiotic and placebo groups (Wilcoxon rank-sum test, p > 0.05). We did not identify 

any individual species or microbiome features associated with changes in HbA1c or social functioning. 

 

 

 

Figure 4.5. Baseline microbiome features associated with weight loss. 

Spearman correlations of total weight loss (kg) throughout the trial and (A) Log10-transformed relative abundance 

of Faecalibacterium prausnitzii at baseline, (B) Log10-transformed relative abundance of Streptococcus salivarius 

at baseline, and (C) Firmicutes/Bacteroidetes ratio at baseline. ρ = Spearman's rank correlation coefficient. 

 

 

4.3.7 Post-hoc power calculation 

Post-hoc power calculations were performed to ascertain whether the study had sufficient power to be 

able to detect an effect of probiotics on the overall gut microbiome structure (i.e., beta diversity). Based 

on a one-way ANOVA test with significance taken as 0.05, seven individuals per group resulted in 80% 

power to detect a large effect, 50% power to detect a moderate effect, and 20% power to detect a small 

effect on the gut microbiome. If probiotic supplementation induced a small effect on the microbiome 
(most likely scenario), we would have required 49 participants in each group to detect this effect with 

90% power. Therefore, although the study was powered for large effects on the microbiome, more 

subtle alterations in response to probiotic supplementation could not have been detected. 
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4.4 DISCUSSION 

The metabolic benefits of intermittent fasting in both humans and animals have been well established 

for decades [453]. Only recently have researchers begun to understand how these effects are mediated, 

with increasing evidence pointing towards the gut microbiome as a key biological mediator [455–458]. 

Alongside dietary interventions, the ingestion of probiotic microorganisms has been proposed as a 

complementary therapy for T2D prevention and treatment [322]. However, the extent to which probiotics 

influence the gut microbiome is relatively less clear [377, 381, 382]. In contrast to reports in animals 

[455, 472], we found that the composition and function of the human gut microbiome remained largely 

stable over the 12-week intermittent fasting period, with only a small reduction in the relative abundance 
of Firmicutes observed among placebo recipients. We found no effect of L. rhamnosus HN001 

supplementation on the overall composition and function of the gut microbiome, and its relative 

abundance was below the detection threshold in most metagenomic samples. A more sensitive qPCR 

assay confirmed the very low relative abundance of the probiotic species among individuals with a slight 

increase noted in the probiotic group at week 12. Despite the gut microbiome remaining relatively 

unaffected by the study intervention, we did identify several microbiota features that were associated 

with clinical improvements in body weight and mental health.  

Previous studies in mice have demonstrated clear links between the benefits of intermittent fasting and 

alterations in the gut microbiota and its metabolites [455–458]. In a landmark study, Li and colleagues 

demonstrated that intermittent fasting induced white adipose tissue beiging (i.e., the conversion of white 

fat to beige fat) through gut-microbiota enhanced production of acetate and lactate [457]. This beiging 

conversion, which is associated with enhanced energy expenditure and a reduction in lipid storage 

[473], led to amelioration of obesity, insulin resistance, and fatty liver disease in mice that were fasted 

intermittently [457]. Li et al., also demonstrated that these metabolic effects could be transferred via 

transplantation of the “fasted” microbiota into germ-free mice [457]. Further benefits of fasting in mice, 
have been demonstratively linked to enhanced gut barrier integrity, and the production of microbially-

derived metabolites such as serotonin, and short chain fatty acids [455, 458].  

The quality of evidence linking intermittent fasting and the gut microbiome in humans is poor. Three 

intermittent fasting trials have reported on gut microbiota outcomes using either 16S amplicon 

sequencing or qPCR-based approaches [463–465]. The first of these studies assessed the gut 

microbiome of nine healthy individuals participating in Ramadan fasting, whereby individuals restricted 

their eating to only a seven hour period throughout the day for a whole month [465]. Using a pre-defined 
set of species-specific primers, the researchers observed an increase in Akkermansia muciniphila and 

Bacteroides fragilis post-fasting, with concomitant improvements in fasting glucose and total 

cholesterol. In another study, fasting for one-week with only water consumption led to a reduction in the 

abundance of Fusobacterium species [464]. By contrast, Gabel and colleagues did not identify any 

effect of time-restricted fasting on the diversity and composition of the gut microbiome when using a 

less biased 16S amplicon sequencing approach [463]. In this latter trial, 14 participants with obesity 

were requested to fast for 16 hours overnight, and restrict their eating to an 8 hour window for 12 weeks 

[463].  
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Despite using an alternative intermittent fasting regime and higher-resolution metagenomic sequencing, 

our results are largely consistent with those of Gabel et al. given we did not observe any significant 

alterations in species composition or microbial diversity. Collectively, these results suggest that the gut 

microbiome in humans is largely unaffected by intermittent fasting. Alternatively, the effects of 
intermittent fasting on the gut microbiome may be masked by the wider variability in gut microbiota 

composition in human subjects compared to animal models [74]. It is therefore important to ensure that 

microbiome analyses are sufficiently powered in clinical trials if the true impacts of intermittent fasting 

on the gut microbiome are to be accurately assessed.  

In our trial, daily probiotic supplementation with Lactobacillus rhamnosus HN001 at a dose of 6x109 

CFU did not alter the composition or functional potential of the gut microbiome over 12-weeks. This 

finding is consistent with the findings of a systematic review published in 2016, which found no effect 

of probiotic intake on gut microbiome composition in six out of seven randomised control trials 
conducted in healthy adults [377]. However, our results do contrast those of Toscano et al., 2017, who 

demonstrated that daily administration of Bifidobacterium longum BB536 (4x109 CFU) and Lactobacillus 

rhamnosus HN001 (1x109 CFU) for one month altered the relative abundance of several gut species, 

including those of the probiotic, in 20 healthy individuals [474]. This contrast from our findings may be 

due to variations in study design, particularly with respect to methods used for microbiome assessment 

(targeted qPCR vs untargeted shotgun metagenomics). 

A lack of probiotic impact on the gut microbiome may also relate to colonisation resistance. In our study,  

levels of L. rhamnosus within participant stool samples were extremely low indicating probiotic 
proliferation was likely restricted/inhibited within the gut. Using an 11-strain commercial probiotic 

cocktail, it was recently demonstrated that healthy individuals can vary widely in their patterns of 

probiotic colonisation of the gut mucosa, such that individuals can be divided into either a “permissive” 

or “resistant” phenotype [379]. Despite similar levels of probiotic stool shedding, permissive individuals 

exhibited larger shifts in gut microbiome composition and function in response to probiotic 

supplementation [379]. In our study, stool sampling limited our ability to assess mucosal colonisation 

directly, thus we cannot rule out the possibility that we might have had a higher level of probiotic 
resistance in our cohort. While retrospective power calculations revealed that our study was likely 

under-powered to detect small alterations in the gut microbiome in response to probiotics, the 

aforementioned study was able to detect minor alterations in a cohort of just 15 individuals [379]. Thus, 

a lack of an effect in our study might reflect the more simple probiotic formulation administered (single 

strain vs. multi-strain) or a difference in the study population (healthy vs. prediabetic individuals).  

The HN001 probiotic strain used in this study had previously been tested in a large New Zealand-based 

randomised controlled trial where infants were supplemented with either L. rhamnosus HN001, 

Bifidobacterium animalis subsp. lactis HN019, or a placebo during the first two years of life [475]. After 
two years, supplementation with HN001, but not HN019 or placebo, was found to reduce the prevalence 

of eczema by 50% [475]. Shotgun metagenomic sequencing was performed on 650 of the infant stool 

samples collected throughout the intervention, and while no effects on microbial diversity and 

community structure were found, the stools of HN001 supplemented infants were highly enriched with 
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L. rhamnosus with a relative abundance of 4.2 ± 9.1% (mean ± SD) at three months of age, dropping 

to 1.0 ± 1.5% (mean ± SD) at two years [476]. By comparison, in our study metagenomic sequencing 

was only able to detect L. rhamnosus in four individuals at a relative abundance of 0.017 ± 0.006% 

(mean ± SD). This disparity is likely due to the lower diversity of the infant gut microbiome which allows 
for greater probiotic colonisation opportunity, particularly when the probiotic is continuously 

administered over long periods of time (i.e., 2 years vs. 12 weeks). Collectively, these contrasting 

findings support the conclusion that the adult gut microbiome possesses a higher level of colonisation 

resistance compared to infants whose gut microbiomes are still developing. 

Despite the gut microbiome remaining relatively stable throughout the trial, several microbiota features 

were associated with clinical improvements. In particular, higher relative abundances of 

Faecalibacterium prausnitzii and Streptococcus salivarius at baseline were associated with greater 

amounts of weight loss. Faecalibacterium prausnitzii is a common gut species that has previously been 
shown to be reduced in individuals with T2D [215, 477]. The metabolic benefits of Faecalibacterium 

prausnitzii likely stem from its ability to produce butyrate and other anti-inflammatory compounds that 

favourably modulate the host immune system and prevent oxidative stress [17, 478]. Recently, 

individuals with higher baseline levels of Akkermansia muciniphila, another healthy gut species [212], 

demonstrated greater improvements in body fat, insulin sensitivity, and lipid metabolism in response to 

calorie restriction [340]. Thus, it could be argued that having a healthier gut microbiome composition at 

baseline may enable some individuals to respond better to dietary interventions. Furthermore, it 

suggests that future probiotic studies may benefit from moving away from the traditional Lactobacillus 
and Bifidobacterium species, and trial more physiologically-relevant species, such as Faecalibacterium 

prausnitzii or Akkermansia muciniphila. Indeed, a recent randomised control pilot trial found that daily 

administration of Akkermansia muciniphila for three months led to a broad range of metabolic 

improvements in a small cohort of individuals with obesity [479]. 

 

4.5 CONCLUSION 
This trial had several limitations including, 1) insufficient power to detect subtle alterations in microbial 

composition owing to the small sample size (further compounded by reduced stool sample availability), 

2) the inability to sample the gastrointestinal tract directly (to verify mucosal probiotic colonisation), and 

3) a lack of a probiotic viability assessment (to confirm the probiotic was alive and capable of 

proliferation). Despite these limitations, we observed significant improvements in a range of metabolic 
health parameters in response to 5:2 intermittent fasting and probiotic supplementation, some of which 

were associated with baseline features of the gut microbiome. However, the overall structure and 

functional potential of the gut microbiome was largely unaffected by the intervention which may reflect 

a high degree of gut microbiome heterogeneity and/or probiotic resistance in our participants. To 

confirm these findings, future trials should be designed with larger participant numbers allowing inter-

individual responses to be adequately accounted for, particularly in adult subjects with well-established 

gut microbiomes.  
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This chapter has been published in EBioMedicine [480]. The infant anthropometric and body 

composition data were analysed by Éadaoin Butler (a co-author of this chapter) and have previously 

been included in her PhD thesis (section 5.3.7).  

 

5.1 INTRODUCTION 
Development of the gut microbiome during early life plays an influential role in facilitating immune 

development and milk digestion [481, 482]. While the debate as to whether microbial colonization 

begins in utero is ongoing [52, 53, 483, 484], the birthing process represents a critical period of microbial 

exposure. Neonates born by caesarean-section (CS) have consistently been found to harbour distinct 

gut microbiome profiles compared to vaginally-born neonates [61, 62, 66, 68, 89, 90, 136, 182, 485]. 

Notably, Bacteroides spp. and Bifidobacterium spp. are often underrepresented in the microbiomes of 
CS infants, while species associated with the hospital environment (often possessing virulence and 

antibiotic resistance genes) are overrepresented [61, 62, 66, 136, 486, 487]. Compared to VB infants, 

the gut microbiome of CS infants also exhibits a higher degree of strain turnover in early life, with fewer 

maternally-derived strains [62, 136, 175], leading to functional differences in the immunostimulatory 

potential of the gut community [62]. While these effects seem to diminish with time, microbiome 

differences are still detectable at 1 year of age [136]. 

Collectively, these alterations in the microbiome of infants born by CS are thought to impair the 

development of the infant immune system, contributing towards their higher susceptibility to various 

metabolic and immune disorders later in life [488, 489]. However, it should be noted that this hypothesis 

is mostly based on association studies and is not yet supported by mechanistic evidence. One of the 
largest association studies to date assessed chronic immune disorders in 1.9 million Danish children, 

finding modestly higher rates of asthma, systemic connective tissue disorders, juvenile arthritis, 

inflammatory bowel disease, immune deficiencies, and leukaemia in those born by CS [138]. While 

subsequent studies have also reported associations between birth by CS and disease risk [150–155, 

157–160, 490], findings have not always been consistent, particularly with regards to obesity [164–166]. 

Nonetheless, recent research has shown that infants born by CS tend to grow more rapidly during their 

first year of life compared with their VB counterparts [491] and differences in body mass index (BMI) 

have been reported as early as six months of age [166]. Yet whether these growth differences persist 
into childhood is still unclear [157–160, 164–166].  

If early gut microbiome development does play a critical role in altering disease risk trajectories, 
microbial interventions may be beneficial for neonates born by CS. Neonatal exposure to maternal 

vaginal fluids immediately after CS birth (more commonly known as ‘vaginal seeding’) is a potential 

mechanism to foster the development of the gut microbiota. Vaginal seeding has gained traction in 

recent years [237, 492], despite warnings from some healthcare professionals that this procedure poses 

considerable infection risks to neonates [183, 236]. Notably, evidence for the efficacy of this procedure 

has not yet been established. One very small pilot trial reported partial microbiota restoration in four 

neonates who received vaginal seeding following CS [493]. However in their pilot study, vaginal 
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microbiota were only applied to the outer surfaces of the neonates’ skin, anal swabs were used instead 

of stool samples to profile the gut microbiome, and clinical outcomes were not reported. We 

hypothesised that greater restoration might have been achieved had the vaginal microbiota been 

administered orally [494], particularly given that neonates’ stomachs remain pH neutral for a few hours 
after birth [495]. Therefore, we conducted a pilot randomised controlled trial to evaluate the efficacy of 

vaginal seeding by oral administration at birth to restore gut microbiome development in infants born by 

CS.  

 

5.2 METHODS 
5.2.1 Study design 
The Early Colonisation with Bacteria After Birth (ECOBABe) trial was a pilot single-blinded, randomised 

placebo-controlled trial. Trial registration was with the Australian New Zealand Clinical Trials Registry 

(ACTRN12618000339257). Ethics approval was granted by the Northern A Health and Disability Ethics 

Committee on 31st May 2018 (18/NTA/49). Participants provided verbal and written informed consent. 

All procedures in this study were conducted according to the ethical principles and guidelines laid down 

in the Declaration of Helsinki [496].  

A detailed account of the study design and methodology can be found in the published trial protocol 

[494]. In brief, healthy pregnant women (aged ≥ 18 years) carrying singletons and planning either an 

elective CS (intervention groups) or a vaginal birth (VB, reference group) were recruited from three 
hospitals in the Auckland region, New Zealand (Auckland City Hospital, Middlemore Hospital, and North 

Shore Hospital) between May 2019 and March 2020. Eligible women in the CS groups underwent 

pathogen screening approximately one week prior to CS, to ensure they did not harbour any 

transmissible pathogens that could potentially be passed on to the newborn. Women were subsequently 

excluded if they tested positive for any of the following: Group B Streptococcus; hepatitis A, B, or C 

viruses; human immunodeficiency virus; herpes simplex viruses; human papilloma virus; Chlamydia 

trachomatis; Neisseria gonorrhoeae; Trichomonas spp.; and Treponema pallidum (syphilis). Women 
were also screened for Candida albicans (thrush) and bacterial vaginosis (assessed using Nugent’s 

criteria) if they were symptomatic and were subsequently excluded if these tests were positive. Women 

in the VB group did not undergo additional pathogen screening prior to birth, but were excluded if any 

of their routine antenatal screens tested positive for transmissible pathogens. Women in the CS group 

were excluded if they had spontaneous rupture of membranes or laboured. For both CS and VB groups, 

women were excluded if they delivered preterm (<37 weeks of gestation), had an emergency CS, had 

taken antibiotics or probiotics within the last two weeks of pregnancy (excluding antibiotics administered 

during CS), had an intrapartum fever ≥38°C, or their neonate exhibited congenital abnormalities or 
respiratory distress at birth (5 minute Apgar score <7). 

Maternal vaginal microbiota were obtained from women in the CS groups prior to birth and mixed with 
5 ml of sterile water. Healthy neonates born by elective CS were randomised 1:1 to receive either 

vaginal seeding (3 ml of vaginal microbiota solution; CS-seeded) or placebo (3 ml of sterile water; CS-
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placebo). The randomisation procedure was based on computer generated randomisation and was 

independent of site of birth. Treatment was administered orally to neonates by a clinical member of the 

research team (not blinded) within the hospital theatre shortly after birth. Neonates were subsequently 

monitored for 2 hours. Parents were blinded to the neonate’s treatment allocation. Neonates born 
vaginally did not receive any intervention and served as a reference group. Clinical assessments and 

microbiome sampling were performed within the first 24 hours of birth, and at 1 and 3 months of age.  

 

5.2.2 Vaginal seeding procedure 
Collection of vaginal microbiota from women in the CS groups was performed in the hospital using 

similar methods to those described previously [493]. Briefly, a sterile 25 mm x 300 mm porous ribbon 

gauze with x-ray strip (Propax®, BSN medical, New Zealand, #2908521) was inserted into the vagina 
and incubated for approximately 30 minutes prior to surgery. Upon removal, the gauze was cut in half 

using sterile procedure, with one half placed in a sterile 10 ml syringe. To extract the vaginal microbiota 

from the gauze, 5 ml of sterile water was aspirated and passed through the gauze 20 times. 

Subsequently, 3 ml of the resulting solution was transferred to a 3 ml syringe and kept at room 

temperature for a mean of  35 ± 8 minutes prior to administration (range 15 – 60 min). The remaining 2 

ml solution was dispensed into a tube and transferred to the laboratory along with the other half of the 

gauze swab for microbiome assessment. 

Following neonatal examination in theatre after birth, the allocated treatment was administered orally 

to neonates in the CS groups while they were in a reclining position. The solution was gently squeezed 

out of the 3 ml administration syringe into the neonate’s mouth, triggering the swallowing reflex. The 
procedure was performed by a clinical member of the research team and took approximately 10 

seconds. Neonates were monitored by a clinical member of the research team for two hours following 

treatment in case of adverse events. 

 

5.2.3 Validation of method for isolation of maternal vaginal microbiota 
Before commencing the trial, preparation of the vaginal microbiota solution was conducted on samples 
from three pregnant women at term. The resulting solutions were analysed by flow cytometry to confirm 

the presence of viable microbial cells and were not administered to neonates. Microbiota solutions were 

individually dispensed into 1 ml aliquots and incubated for 5 minutes in the dark with 5 µM SYTO BC 

Green Fluorescent Nucleic Acid Stain (Thermo Fisher Scientific, Massachusetts, USA, #S34855) and 

10 µg/ml propidium iodide (PI, Thermo Fisher Scientific, Massachusetts, USA, #P3566). Controls 

included an unstained fraction, separate incubations of SYTO BC and PI (for compensation), and a 

dead cell fraction (thermal shock at 70°C for 30 minutes, followed by PI staining). Samples were 

analysed on a LSR II flow cytometer (BD, New Jersey, USA). Microbial cells were filtered by size and 
gated into three fluorescently-distinct populations: viable cells (SYTO BC positive), dead cells (PI 

positive), and damaged cells (SYTO BC positive, PI positive). The proportion of each subpopulation 

was calculated with reference to the total cell count. 
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5.2.4 Clinical assessments 
Clinical assessments were performed within the first 2 hours of birth, at 1 month and 3 months of age. 

Neonates born by CS were assessed by research staff within the hospital during the treatment 

monitoring phase. Research staff did not attend the birth of VB neonates and obtained neonatal 

anthropometric data from medical records.  Medical records were also used to access relevant clinical 

data on the mother and newborn, as well as feeding mode and medications.  

Clinical assessments at 1 month and 3 months of age took place at the Maurice and Agnes Paykel 

Clinical Research Unit, Liggins Institute, University of Auckland. Anthropometric measurements 
included weight, length, and circumferences of the head, chest, and abdomen. Body composition was 

assessed using whole body dual-energy x-ray absorptiometry (DXA) scans at 3 months of age. 

Ponderal index (g/cm3) was calculated as per Röhrer’s formula: (100 x weight)/(length3). Birth weight, 

length, and BMI were transformed into z-scores as per Niklasson et al. [497]. At 1 and 3 months of age, 

weight and length z-scores were derived as per Tanner & Whitehouse [498], and BMI as per Cole et al. 

[499].  

 

5.2.5 Sample collection and processing 
The remaining vaginal microbiota solution (2 ml) from CS women and the other half of their gauze swab 

were kept on ice and transferred to the laboratory shortly after the planned CS for long-term storage at 

-80°C. Meconium and infant stool samples were collected by the parents from fresh nappies within the 

first 24 hours of life, and at 1 month and 3 months of age. Approximately one gram of meconium/stool 

was collected in a sterile specimen tube (Sarstedt, Nümbrecht, Germany, #SARS80.623) prefilled with 

5 ml of DNA/RNA ShieldTM solution (Zymo Research, California, USA, #R1100). After shaking the tube 
to mix its contents, meconium/stool samples were kept at room temperature until transfer to the 

laboratory, where they were split into 1 ml aliquots and stored at -80°C (usually within 3 days of 

collection). All samples were processed by a researcher blinded to group allocation. 

DNA extraction was performed using the ZymoBIOMICSTM 96 MagBead DNA kit (Zymo Research, 

California, USA, #D4308). For meconium and stool samples, 500 μl of stool solution was used as input 

and combined with 500 μl of lysis buffer within the bead bashing tube. For vaginal microbiota solutions, 

microbiota were pelleted by centrifugation (16,000 g, 15 minutes) and 1.75 ml of the supernatant was 

removed. The pellet was resuspended in the remaining 250 μl of supernatant and subsequently mixed 

with 750 μl lysis buffer before transferring to the bead bashing tube. For vaginal gauze samples, a 

section of approximately 1 cm2 was cut using sterile scissors, and placed within a bead bashing tube 
with 1 ml of lysis buffer. A blank DNA extraction control (1 ml lysis buffer) was also run in parallel. All 

samples were subsequently processed in the same manner according to the manufacturer’s protocol. 

DNA was eluted in 50 μl DNase/RNase-free water, and quantified using the Qubit® dsDNA high-

sensitivity assay (Thermo Fisher Scientific, Massachusetts, USA, #Q32854). 

DNA was sent to Novogene (Beijing, China) for library preparation and shotgun metagenomic 

sequencing. DNA libraries were prepared using the NEBNext® UltraTM DNA Library Prep Kit for Illumina® 



 

 

Chapter Five: The ECOBABe Study 87 

(NEB, Massachusetts, USA, #E7370), and sequenced on an Illumina® NovaSeq6000 platform, 

generating an average of 23 million read pairs per sample (150 bp paired-end reads).  

 

5.2.6 Microbiome data analyses 
Raw sequencing files were processed using a custom BioBakery workflow [406]. Firstly, adapter 

sequences were removed using Trim Galore! [407], while contaminating human sequences and low-

quality reads were removed using KneadData [408]. Quality filtered reads were then mapped against a 

collection of species-specific marker genes using MetaPhlAn2 [412] with default parameters. This 

generated relative abundance profiles of identified taxa within each metagenome sample. Species 

identified by MetaPhlAn2 were fed into StrainPhlAn [415] to characterise strain diversity among 

metagenome samples using the most lenient setting “–relaxed_parameters3”. For each species present 
with a minimum read depth of ≥ 5 reads, genomic variation within the species-specific marker genes 

was used to generate a single nucleotide polymorphism (SNP) haplotype representing the dominant 

strain within the metagenome sample. Characterisation of the species-stratified gene content and 

metabolic potential was performed by HUMAnN2, utilising the UniRef90 gene family and MetaCyc 

pathway databases [413]. For each sample, default abundances of UniRef90 gene families, expressed 

as reads per kilobase (RPK), were normalised by the total number of read counts and multiplied by a 

million to give copies per million (CPM).  

Microbiome data analyses were performed in R v3.6.1. Diversity metrics and ordinations were 

performed using the vegan package (v2.5-6) [416]. Shannon diversity index was used to estimate 

species diversity within individual metagenomic samples (alpha diversity). The Bray-Curtis dissimilarity 
index was used to estimate between-sample diversity (beta diversity) based on genus-level relative 

abundance profiles. Variations in microbiome composition between infant groups were visualised by 

non-metric multi-dimensional scaling. 

Maternal strain transmission was assessed by comparing the genetic similarity of SNP haplotypes for 

species that were present in both the maternal vaginal and infant stool samples. The Jukes and Cantor 

(JC69) model within the phangorn package (v2.5.5) [425] was used to calculate genetic similarity (DNA 

distances) between conspecific strains from different metagenome samples. Due to variations in strain 

diversity between species, DNA distances were normalised by the median DNA distance across all 

strain comparisons of a given species. A normalised DNA distance <0.06 was considered a strain-

match (i.e., the two strains were considered to be genetically identical). To visualise strain diversity 
among metagenome samples, phylogenetic trees were constructed using UPGMA hierarchical 

clustering, with optimization by maximum likelihood estimation using the Kimura model. Phylogenetic 

trees were visualised using the ggtree package (v1.16.6) [437].  

Due to ethical limitations, the raw sequencing files cannot be shared publicly. However, the quality 

filtered sequencing reads (with human sequences removed) and accompanying metadata have been 

deposited in the NCBI’s Sequence Read Archive (BioProject PRJNA701480). The BioBakery workflow 
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script is available at https://github.com/brookewilson/ecobabe. The BioBakery output files are available 

at Figshare (doi: https://doi.org/10.17608/k6.auckland.14390939.v1). 

 

5.2.7 Statistical analyses 
The primary outcome was a difference in gut microbiome composition between CS groups at 1 month 

of age. As specified in the trial protocol [494], the primary outcome was powered to detect a moderate 

effect size difference (0.25 standard deviations) in microbiome composition with 15 infants per CS 

group. Due to the COVID-19 pandemic, the trial was halted prematurely resulting in reduced participant 

numbers (i.e., 12 CS-seeded vs. 13 CS-placebo). This reduced study power from 85% to 77%. 

Statistical analyses of microbiome data were performed in R (v3.6.1) by a researcher blinded to group 

allocation. Primary outcome analysis was conducted on the basis of intention-to-treat using genus-level 

taxonomic profiles from all 25 randomised CS infants at 1 month of age. Statistical significance was 

assessed by PERMANOVA (999 permutations) using the adonis2 function in the vegan package (v2.5-
6) with marginal adjustments for feeding mode and sex. Secondary microbiome outcomes included 

differences in gut microbiome composition (i.e., alpha diversity, beta diversity, taxa relative 

abundances) and functional potential (i.e., MetaCyc pathway abundances) based on intervention group 

and birth mode. The non-parametric Kruskal-Wallis test was used to assess differences in alpha 

diversity between infant groups at each time point. PERMANOVA tests were performed cross-

sectionally at each time point as described above to assess differences in beta diversity between infant 

groups. General linear models as implemented in the MaAsLin2 package (v0.99.18) [420] were used 

to examine associations between individual microbiome features (e.g., specific taxa/metabolic 
pathways) and infant groups. Taxa profiles were tested at the species, genus, and phylum levels; counts 

were log-transformed, and rare taxa that were present in <10 % of samples were excluded. Feeding 

mode was included in all models as a fixed effect. Nominal p-values were adjusted for multiple testing 

using Benjamini-Hochberg procedure, with FDR-adjusted q values <0.2 considered statistically 

significant.  

Statistical analysis of growth data were performed in SAS (v9.4) and Minitab (v16) by an unblinded 

researcher (Éadaoin Butler). All statistical tests were two-tailed, with significance maintained at 5% level 

and without adjustment for multiple comparisons. There was no imputation of missing values. 

Secondary growth outcomes included differences in anthropometry (i.e., BMI z-score) and body 

composition (i.e., total body fat percentage). Generalised linear regression models based on repeated 
measures were used to assess treatment effects on anthropometry, including an interaction term 

between visit and group, while adjusting for baseline value of the outcome and sex. The average 

monthly change (Δ) in z-score between birth and 3 month assessment was calculated for weight and 

BMI. Group differences in Δ were assessed using generalised linear regression models, adjusting for 

the baseline outcome value and sex. Data on body composition were analysed using the same latter 

models, except that BMI z-score at birth was used as the baseline covariate because DXA scans were 

not performed at birth. Model-adjusted estimates and group differences were calculated and tested. 
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5.3 RESULTS 
5.3.1 Study participants 
From a pool of 171 interested participants, 80 pregnant women passed initial eligibility assessments 
and were subsequently screened. The 80 pregnant women included 45 planning an elective CS and 35 

a vaginal birth (Figure 5.1). Nine women planning a CS were excluded following pathogen screening, 

eight of whom returned a positive Group B Streptococcus test. A further 11 women in the group planning 

a CS were excluded during the perinatal period, six of whom required an emergency CS (Figure 5.1). 

Similarly, 11 women in the VB group were excluded due to perinatal complications, while a further 2 

withdrew prior to data collection. Thus, 47 women were included in the trial: 22 in the VB group and 25 

women whose neonates were randomised at birth into CS-seeded (n=12) or CS-placebo (n=13) groups 

(Figure 5.1).  

The number of recruited participants was short of our recruitment target of 30 women planning a CS 

(i.e., 15 per intervention group). This exception occurred because our trial had to end prematurely, as 
screening laboratories in the Auckland region during the study period were forced to prioritise testing 

for the COVID-19 pandemic. Therefore, we were unable to continue pathogen screening potential 

participants.  

Overall, participants were mostly of European ethnicity, university-educated, and of a similar pre-

pregnancy BMI (Table 5.1). Participants in the CS groups (combined) were slightly older than 

participants in the VB group, and their neonates were born slightly earlier in gestation (Suppl. Table 

5.1). The majority of participants (85%) gave birth at Auckland City Hospital. The total CS rate at this 

hospital in 2019 was 38.6% (20.4% planned/elective, 18.2% unplanned/emergency)[148]. As per our 

inclusion criteria, all neonates were born healthy with a 5-minute APGAR score ≥7.  

 

5.3.2 Metagenomic sequencing 
The meconium samples did not meet the standard DNA yield requirements for library preparation, 

preventing these samples from being sequenced (mean ± standard deviation of DNA yield: 21 ± 53 ng). 

The maternal vaginal supernatant also had a relatively low DNA yield (148 ± 186 ng) and were 

subsequently combined with their respective gauze extract yield (1266 ng ± 927 ng) to obtain a 

composite maternal vaginal sample. Thus, metagenomic sequencing was performed on 116 samples 

including 25 maternal vaginal samples, 45 infant 1-month stool samples, and 46 infant 3-month stool 
samples. Removal of contaminating human sequences dramatically reduced the read count of maternal 

vaginal samples from a mean of 21.2 ± 1.6 million read pairs/sample after QC filtering to a post-

processed mean of 1.9 ± 1.4 million read pairs/sample. By contrast, quality filtering had a limited effect 

on infant stool samples, with post-processed read counts of 20.6 ± 3.5 and 19.9 ± 4.9 million read 

pairs/sample for 1-month and 3-month samples, respectively. 
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Figure 5.1 CONSORT diagram showing the flow of participants through the ECOBABe trial, including 

infants born by caesarean section (CS) or vaginally (VB). 
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Table 5.1. Maternal demographic characteristics, infant characteristics at birth, and early feeding 

practices in the three groups in the ECOBABe trial. 

 CS-seeded CS-placebo VB 

n 12 13 22 

    

Maternal characteristics    

Age (years) 38.5 [34.6, 40.3] 34.9 [33.1, 37.0] 33.3 [31.7, 35.3] 

Pre-pregnancy BMI (kg/m2) 24.3 ± 2.5 23.6 ± 3.1 23.2 ± 3.3 

Ethnicity European 10 (83%) 11 (85%) 16 (73%) 

 Māori 1 (8%) 1 (8%) 3 (14%) 

 Asian nil 1 (8%) 2 (9%) 

 Other 1 (8%) nil 1 (5%) 

Education High-school or lesser nil 1 (8%) 1 (5%) 

 Vocational 2 (17%) 3 (23%) 2 (9%) 

 University 10 (83%) 9 (69%) 19 (86%) 

Intrapartum antibiotic prophylaxis* 12 (100%) 13 (100%) nil 

 Time before birth (minutes) 14 [11, 16] 18 [9, 30] - 

    

Infant characteristics at birth    

Female sex 7 (58%) 7 (54%) 9 (41%) 

Gestational age (weeks) 39.0 [39.0, 39.0] 39.0 [38.0, 39.5]* 40.0 [39.0, 41.0] 

Weight (g) 3658 ± 382 3612 ± 571 3660 ± 455 

Weight z-score 0.71 ± 0.84 0.64 ± 1.14 0.46 ± 0.85 

Length z-score 1.02 ± 0.57 1.28 ± 1.06 1.35 ± 1.13 

BMI z-score 0.44 ± 0.94 0.06 ± 1.23 -0.07 ± 1.04 

Ponderal index (g/cm3) 2.67 ± 0.22 2.56 ± 0.27 2.51 ± 0.27 

    

Infant feeding    

At 1 month Exclusive breastfeeding 9 (75%) 9 (69%) 17 (77%) 

 Partial breastfeeding 3 (25%) 3 (23%) 5 (23%) 

 Formula feeding nil 1 (8%) nil 

At 3 months Exclusive breastfeeding 5 (42%) 7 (54%) 16 (73%) 

 Partial breastfeeding 5 (42%) 5 (39%) 6 (27%) 

 Formula feeding 2 (17%) 1 (8%) nil 

Data are n (%), mean ± standard deviation, or median [quartile 1, quartile 3], as appropriate. 

BMI, body mass index; CS-placebo, infants born by caesarean section who received placebo; CS-seeded, infants 

born by caesarean section who received vaginal seeding; VB, infants born from vaginal births. 

*All but one women who gave birth by caesarean section received 2 g of cefazolin prior to surgery; the exception 

was one women from the CS-placebo group who received 600 mg of clindamycin instead.  

*P=0.027 for a pairwise comparison to the VB group; there were no other observed differences between groups on 

birth characteristics or infant feeding. Comparisons between CS (group as a whole) and VB group are presented 

in Suppl. Table 5.1. 
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5.3.3 Vaginal seeding did not alter the gut microbiome of CS infants 
Prior to trial commencement, we confirmed that over a quarter of vaginal microbiota individually 

extracted from three pregnant women remained viable in solution (mean viability 26.5% ± 6.5%; Suppl. 

Table 5.2). To assess the impact of oral administration of maternal vaginal microbes on gut microbiome 

development, we profiled the taxonomic composition and gene repertoire of microbes present within 

infants’ stool samples at 1 month and 3 months of age. Differences in microbial composition between 
infant groups were visualised by multi-dimensional scaling (Figure 5.2B) and tested by PERMANOVA 

(Table 5.2). While the composition of the infants’ gut microbiota was clearly distinct from the maternal 

vaginal microbiota (Figure 5.2A), we did not observe any difference in the microbial composition of 

stools collected from CS infants who received vaginal seeding compared to those receiving the placebo 

at either 1 month (primary outcome, p = 0.90) or 3 months of age (p = 0.18) (Table 5.2). Similarly, there 

were no differences between CS groups in the relative abundance of any particular phyla, genera, or 

species within the infant gut microbiota (linear models, q >0.2). With respect to functional potential, 
vaginal seeding of neonates born by CS did not alter the abundance of any microbial metabolic 

pathways compared to placebo (linear models, q >0.2). Microbial alpha diversity and gene richness 

were similar between the three infant groups (Kruskal-Wallis test, p > 0.05, Figure 5.2C-D). 

Consistent with published observations [61, 62, 66, 68, 89, 90, 136, 182], compositional differences 

were detected between CS and VB infant microbiomes at both 1 month (p = 0.022) and 3 months of 

age (p = 0.001) explaining 5.7% and 8.8% of the variance, respectively (Table 5.2). At the bacterial 

family level, VB infants harboured proportionally more Bacteroidaceae (Figure 5.3A), reflecting higher 

relative abundances of genus Bacteroides (Figure 5.3B). Bacteroides was detected in 28% of stool 

samples from CS infants at 1 month of age, compared to 80% of stool samples from VB infants. The 

low Bacteroides signature did not appear to be related to feeding mode or antibiotic exposure after birth 
(Suppl. Figure 5.1). At the species-level, VB infants had higher relative abundances of Bacteroides 

vulgatus at 1 month of age, and B. vulgatus, B. dorei, and B. fragilis at 3 months of age compared with 

CS infants (linear model, q <0.2). Conversely, CS infants had proportionally more Atopobium spp. (in 

particular, Atopobium parvulum), Clostridium spp., Haemophilus spp., and Streptococcus group 

mitis/oralis/pneumoniae at 3 months of age (linear model, q <0.2). There were no differences in the 

relative abundances of Bifidobacterium or Lactobacillus genera between infant groups (Figure 5.3B). 

 

Table 5.2 Variation in infants’ gut microbiome structure based on treatment group and birth mode. 

 1 month of age  3 months of age 

Comparisons n R2 p-value  n R2 p-value 

CS-seeded vs CS-placebo* 12 vs 13 1.5% 0.90  12 vs 13 5.4% 0.18 

CS-seeded vs VB 12 vs 20 6.4% 0.055  12 vs 21 9.3% 0.005 

CS-placebo vs VB 13 vs 20 5.6% 0.096  13 vs 21 12.5% 0.001 

CS vs VB 25 vs 20 5.7% 0.022  25 vs 21 8.8% 0.001 

*Primary outcome. Microbiome comparisons were performed using genus-level Bray Curtis dissimilarities. R2 

represents the proportion of variance explained. P-values determined using PERMANOVA with marginal 

adjustments for feeding mode and sex. Statistically significant differences (at p <0.05) are shown in bold.  
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Figure 5.2 Comparisons of microbiome composition and diversity in infants based on treatment group.  

Non-metric multi-dimensional scaling plots based on genus-level Bray Curtis dissimilarities showing the variation 

in microbiome composition in: A. maternal vaginal and infant faecal samples at 1 month and 3 months of age; and 

B. faecal samples from infants in the three study groups at 1 month and 3 months of age. C. Shannon diversity 

index and D. gene richness, normalised by sequencing depth, for infant faecal microbiomes at 1 month and 3 

months of age; each box represents the median and inter-quartile range (IQR), and whiskers the range of the data 

(expanding up to 1.5 x IQR). Group differences assessed by Kruskal-Wallis test.  
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Figure 5.3 Taxonomic differences in infant gut microbiomes based on treatment group. 

A. Relative abundance of bacterial families in infant gut microbiomes. Bacterial families whose relative abundances 

were <1% are categorised as “Other”. B. Relative abundances of Bacteroides, Bifidobacterium, and Lactobacillus 

genera in infant gut microbiomes. Each box represents the median and inter-quartile range (IQR), and whiskers 

the range of the data (expanding up to 1.5 x IQR). ***p <0.001 for an overall difference in relative abundances 

among the three study groups, assessed by a Kruskal Wallis test. 
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5.3.4 Functional differences in the gut microbiome of CS and VB infants 
The higher abundance of Bacteroides spp. in the gut microbiomes of VB infants contributed towards 

functional differences in the microbiome’s metabolic potential (Figure 5.4). In total, 20 microbial 

pathways were more abundant in VB infants when compared to CS infants at either 1 month or 3 months 

of age (linear model, q <0.2). At a broad level, these pathways were involved in coenzyme A and vitamin 

biosynthesis, cell wall production, nucleotide and GABA degradation, and amino acid and secondary 
metabolite biosynthesis (Figure 5.4). Observed differences in vitamin biosynthesis potential were 

related to the production of B vitamins, including thiamine (B1), phosphopantothenate (B5), pyridoxal 5’-

phosphate (B6), and folate (B9), as well as menaquinol (Vitamin K2). Amino acid biosynthesis differed 

specifically in relation to L-ornithine (an amino acid previously shown to play a role in gut barrier function 

[500]), and L-lysine.  

To ascertain that the increase in Bacteroides spp. within VB infant microbiomes was responsible for the 

functional alterations observed, differential pathway abundances were stratified by species contribution; 

these were then compared between VB and CS samples to identify the species driving the increase in 

overall pathway abundance. For the majority of differentially abundant pathways (14/20), Bacteroides 

spp. were responsible for the increase in pathway potential (Wilcoxon rank sum test, FDR adjusted q 
<0.2). Specifically, pathway abundances were found to be higher in VB infants for B. uniformis, B. 

vulgatus, B. dorei, B. fragilis, B. faecis, and Parabacteroides distasonis (Suppl. Figure 5.2). 

 

 

Figure 5.4 Microbial metabolic pathways that were more abundant in gut microbiomes of VB infants. 

Differences in MetaCyc pathway abundances were assessed using generalised linear models, as implemented in 

MaAsLin2, and were adjusted for feeding mode and sex. Cells represent the mean pathway abundance expressed 

in copies per million (CPM) for each infant group at 1 month (1m) and 3 months (3m) of age. Broad-level functions 

were categorised based on MetaCyc “superclasses”.  
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5.3.5 Limited colonisation of the infant gut by maternal vaginal microbes 
To assess engraftment of maternal vaginal strains within the infant gut in relation to vaginal seeding, 

we performed strain-level profiling for maternal vaginal samples and infant faecal samples collected 

from the CS intervention groups (CS-seeded and CS-placebo). No strain profiling was performed for 

the VB group due to the absence of maternal vaginal samples from VB participants. Within the CS 

group, only four species were present in both the maternal vaginal and infant faecal profiles at a 
sufficient sequencing depth for strain-level identification. These included strains of Bifidobacterium 

breve, Bifidobacterium longum, Lactobacillus gasseri, and Lactobacillus casei paracasei. Infants were 

more likely to share strains from these species with their own mother (6/7, 85.7% of intra-pair 

comparisons) than with unrelated mothers (n = 2/79, 2.5% of inter-pair comparisons). The two examples 

of strain matches between infants and unrelated mothers involved Lactobacillus gasseri.  

At 1 month of age, there were five probable maternal strain transmission events, four within CS-seeded 

infants and one within a CS-placebo infant (Figure 5.5A). By 3 months of age, only one of these 

maternally-derived strains (Bifidobacterium breve) was still present in the gut of a CS-seeded infant 

(Figure 5.5B). In another case, the maternal strain of Bifidobacterium longum that was present in the 

infant gut at 1 month of age had been replaced by a genetically distinct strain at 3 months. In the 
remaining three cases of maternal transmission, the species was either absent from the infant gut or 

present but below the detection threshold for strain identification at 3 months of age. There were no 

other examples of maternal strain transmission at 3 months of age.  

For species that were present within the infant gut at both 1 month and 3 months of age, we compared 

the genetic similarity of the dominant strain. Across all infants and including all species, we identified a 

mean dominant strain replacement rate of 46 ± 25%, indicating that strain fluctuation in the infant 

microbiome was highly dynamic. Dominant strain replacement rates did not vary between infant groups 

(ANOVA, p = 0.18). The most common strains to be replaced between 1 month and 3 months of age 

belonged to Veillonella parvula (17/18, 94%) and Haemophilius parainfluenzae (12/15, 80%). Both of 

these commensal species are regarded as opportunistic pathogens that are typically found across 
multiple sites, including the oral cavity, gut, and vagina [501–503]. Veillonella parvula in particular, is 

known to bloom in infancy, and has been shown to be important in immune development [127]. The 

high rates of strain turnover we observed for these two species could reflect a lack of stable colonisation 

within the infant gut. 
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Figure 5.5 Maternal vaginal strains detected at 1 month and 3 months of age, in faecal samples of 

infants born by caesarean section who received vaginal seeding or placebo. 

A. Maternal vaginal strains detected in the faecal microbiome of five CS infants. B. Phylogenetic tree of different 

Bifidobacterium breve strains from infant faecal samples and vaginal samples from CS mothers. Scale bar signifies 

difference in sequence similarity between strains as determined by single nucleotide polymorphism (SNP)-based 

haplotyping. Strains from reference genomes and infants born vaginally (VB) are included for context. An example 

of a probable maternal strain transmission event is highlighted in the grey box.  
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5.3.6 Adverse events  
There were no serious adverse events recorded in the study. Importantly, there were no cases of early 

onset postpartum infection or high fever after birth. Neonatal hypoglycaemia (n=5; 2 CS-seeded, 3 CS-

placebo) and neonatal care unit/hospital admission (n=5; 4 CS-seeded, 1 CS-placebo) were the most 

frequently recorded adverse events (Table 5.3). There was one case of colic (as defined by the modified 

Wessel criteria [504]) in a CS-placebo infant and two cases of reflux (1 CS-seeded, 1 CS-placebo). 
However, these were considered to be unrelated to the treatment by the study’s data monitoring 

committee and the research team.  

 

Table 5.3 Adverse events recorded over the 3 month study period. 

Condition CS-seeded CS-placebo VB 

Biliary atresia  0 0 1* 

Colic 0 1 2 

Cyanosis 1* 0 1* 

Fever 1* 1* 0 

Failure to thrive 0 1 0 
Nappy rash 0 1 2 

Neonatal hypoglycaemia 2 3 0 

Obstructive episode or seizure 0 0 1* 

Petechial rash 1* 0 1* 

Reflux 1 1 0 

Respiratory distress 1* 0 1* 

Stridor 1* 0 1* 

NICU/hospital admission* 4 1 5 

CS, caesarean section; CS-placebo, infants born by CS who received placebo (sterile water); CS-seeded, infants 

born by CS who received vaginal seeding; NICU, neonatal intensive care unit; VB, infants born vaginally. 

*Conditions of infants admitted to the NICU or hospital during study participation 

 

 

5.3.7 Growth outcomes 
As a result of the New Zealand-wide lockdown imposed by the government due to the COVID-19 

pandemic, a subset of clinical assessments that should have occurred at 1 month (n=5) and 3 months 

(n=11) of age took place over the phone. Consequently, there were fewer anthropometric 
measurements and body composition scans obtained than originally aimed for, and some 

anthropometric data were either recorded by the attending healthcare professional or taken by the 

parents themselves. From the data we did obtain, there were no observed differences in anthropometry 

or body composition between the three infant groups at 1 month or 3 months of age, including total 

body fat (a key secondary outcome; Table 5.4). Similarly, there were no differences in growth outcomes 

when comparing both CS groups combined to VB infants (Suppl. Table 5.3). 
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Table 5.4. Infant anthropometry and body composition. 

 CS-seeded CS-placebo VB 

Anthropometry (1 month of age)    

n 12 13 19 

Weight z-score 0.23 (-0.26, 0.71) 0.25 (-0.21, 0.72) 0.35 (-0.02, 0.72) 

Length z-score 1.08 (0.56, 1.61) 1.22 (0.72, 1.71) 0.99 (0.58, 1.41) 

BMI z-score 0.03 (-0.56, 0.63) 0.07 (-0.49, 0.63) 0.40 (-0.07, 0.87) 

Ponderal index (g/cm3) 2.59 (2.44, 2.75) 2.60 (2.45, 2.75) 2.67 (2.55, 2.80) 

    

Anthropometry (3 months of age)    

n 9 12 20 

Weight z-score † 0.13 (-0.36, 0.63) 0.30 (-0.18, 0.78) 0.62 (0.24, 0.99) 

Δ weight z-score/month -0.14 (-0.36, 0.09) -0.08 (-0.28, 0.12) 0.02 (-0.14, 0.17) 

Length z-score 0.82 (0.24. 1.39) 1.26 (0.74, 1.77) 0.96 (0.56, 1.36) 

Δ length z-score/month -0.10 (-0.32, 0.13) -0.03 (-0.23, 0.17) -0.08 (-0.24, 0.08) 

BMI z-score -0.14 (-0.82, 0.54) -0.18 (-0.77, 0.40) 0.34 (-0.12, 0.80) 

Δ BMI z-score/month 0.005 (-0.28, 0.29) -0.06 (-0.30, 0.19) 0.07 (-0.12, 0.26) 

Ponderal index (g/cm3) 2.69 (2.51, 2.86) 2.64 (2.49, 2.80) 2.77 (2.65, 2.89) 

    

DXA (3 months of age)    

n 8 10 17 

Sex (females) 5 (63%) 6 (60%) 7 (42%) 

Total body fat (%) 38.2 (34.5, 41.8) 36.9 (33.8, 40.0) 40.2 (37.8, 42.6) 

Trunk fat (%) 10.8 (8.9, 12.7) 9.5 (7.8, 11.3) 10.5 (9.2, 11.7) 

Fat-free mass (%) 68.8 (65.8, 71.9) 71.0 (68.2, 73.8) 69.6 (67.6, 71.7) 

Δ, delta (change) expressed as the average change in z-score per month between birth and the 3-month 

assessment; BMI, body mass index; CS-placebo, infants born by caesarean section who received placebo; CS-

seeded, infants born by caesarean section who received vaginal seeding; DXA, whole body dual-energy x-ray 

absorptiometry; VB, infants born from vaginal births. 

Anthropometric data are the adjusted mean and the respective 95% confidence interval (CI) from a repeated 

measures analysis, whose model included trial group allocation, assessment (1- and 3-month visits), and an 

interaction term, as well as sex and the baseline value of the outcome; delta data are the mean and respective 

95% CI, adjusted for sex and the baseline value of the outcome; and DXA data are mean and 95% CI, adjusted 

for sex and BMI z-score at birth.  

There were no statistically significant pairwise differences between groups for any of the reported study outcomes. 
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5.4 DISCUSSION 
Vaginal seeding is a largely untested procedure designed to restore gut microbiome development in 

infants born by CS, with the intention of reducing their risk of developing metabolic and immune 

disorders later in life. Here, we show that oral administration of maternal vaginal microbiota suspended 

in water did not alter the structure or function of the gut microbiome in infants born by CS at 1 month or 

3 months of age. With the inclusion of a reference group of infants born vaginally, we corroborated what 

many others have shown before (i.e., that CS-born infants have lower relative abundances of 
Bacteroides spp.) [61, 62, 66–68, 89, 90, 136, 182]. Our method of vaginal seeding was unable to 

restore Bacteroides levels in these infants. This characteristic signature of low Bacteroides abundance 

led to functional differences in the metabolic potential of the microbiome of CS infants with a number of 

biosynthesis pathways under-represented. While we acknowledge that our reduced participant 

numbers might have impaired our ability to detect subtle differences in microbiota composition and 

function between CS-seeded and CS-placebo infants, our findings suggest that vaginal seeding alone 

does not have an appreciable impact on gut microbiome development. Furthermore, vaginal seeding 

had no detectable effect on infant anthropometry and body composition within the first 3 months of life. 

Our results extend those of a previously published pilot study by Dominguez-Bello and colleagues who 

used an alternative method of vaginal seeding, in which the mouth and skin of four CS neonates were 
wiped with maternal vaginal microbiota [493]. The authors reported partial restoration of the neonatal 

microbiome across multiple body sites, most notably the oral and skin microbiomes. Using anal swabs 

as a proxy for the gut microbiome, Bacteroides restoration by vaginal seeding was observed in only one 

of the four neonates from the second week of age. Although we were limited to studying infant gut 

microbiota at just two time points (i.e., 1 month and 3 months of age), these preliminary findings suggest 

that vaginal seeding, irrespective of administration technique, is unlikely to sufficiently restore the gut 

microbiome of infants born by CS, particularly with respect to Bacteroides colonisation and abundance.  

This result is not particularly surprising given that Bacteroides spp. are not typical residents of the 

vaginal microbiome [505]. In our study, Bacteroides spp. were detected in only 8/25 (32%) of CS 

mothers, at a mean relative abundance of 0.069 ± 0.13%. While we did not collect maternal stool 
samples in our study, Bacteroides spp. are known to be abundant members of the adult gut microbiome 

[2]. Thus, exposure to the maternal faecal, rather than vaginal, microbiota may be a more effective 

method for restoring Bacteroides levels in infants born by CS. In support of this, a group in Finland 

recently demonstrated that oral administration of maternally-derived faecal microbiota in a small volume 

of breastmilk led to greater restoration of the early gut microbiome in seven CS neonates compared to 

vaginal seeding [506]. In particular, Bacteroides spp. abundances in the former group during the first 

four weeks of life were comparable to VB neonates, although their abundance had declined by 12 weeks 

of age [506]. Recent studies assessing maternal strain transmission have also revealed that maternal 
enteric strains, rather than those from the vagina, are more likely to reside within the infant gut with 

higher proportions of maternal strain sharing in VB infants compared to CS infants [62, 63, 67, 136, 

175]. These findings are consistent with the very low levels of maternal vaginal strain engraftment we 

observed in our study within CS infants.  



 

 

Chapter Five: The ECOBABe Study 101 

In our study, faecal microbiomes of CS infants at 3 months of age were enriched in Haemophilus spp. 

and Streptococcus group mitis/oralis/pneumonia. These taxa have previously been found to negatively 

correlate with Bacteroides spp. abundances suggesting a potential antagonistic relationship [66, 67, 

176]. Given the consistency of this observation, research should be directed towards understanding the 
specific interactions that occur between these species. It may be possible that the low Bacteroides 

abundance in CS infants is not strictly related to a lack of maternal exposure, but rather, an 

outcompetition by other species present within the infant gut microbiome. This notion is supported by 

the recent observation that Bacteroides abundance is similar between CS and VB neonates during the 

first week of life, but subsequently diminishes within CS neonates one week later [67].  

While many studies have focused on characterising the taxonomic differences that exist between CS 

and VB gut microbiomes, characterisation of the functional differences has been rare. Previously, CS 

gut microbiomes were found to harbour a lower potential for lipopolysaccharide (LPS) biosynthesis, 

leading to functional differences in the immunostimulatory potential of the gut microbiome [62]. In our 

study, reduced Bacteroides spp. abundance led to the underrepresentation of 20 microbial metabolic 
pathways. Many of these pathways are involved in the production of B vitamins, although the relevance 

of these findings is unclear. To the best of our knowledge, there are no reported differences in B vitamin 

levels between babies born by CS and those born vaginally. However, B vitamins are also present 

within breastmilk [507], so differences in B vitamin production may only become relevant post-weaning. 

Peptidoglycan biosynthesis was another pathway underrepresented in infants born by CS. Similar to 

LPS, peptidoglycan is also a component of the bacterial cell wall that acts as a potent immune stimulator 

and may also play a critical role in priming the infant immune system [42]. Further validation of these 

functional differences in larger and more ethnically diverse cohorts is required. Pathways that are found 
to be consistently underrepresented in CS microbiomes should then be mechanistically probed, to help 

clarify the impact of perturbed microbiota on immune priming and later health outcomes. 

The impact of any seeding approach, be it faecal or vaginal, is likely to be compromised by the routine 
intrapartum antibiotic prophylaxis (IAP) given to women to reduce their risk of surgical infection during 

CS. Under WHO guidelines [508], IAP are typically administered preoperatively while the neonate is 

still in utero. As a consequence, not only do neonates born by CS have reduced exposure to maternal 

microbes at birth, they’re also exposed to broad spectrum antibiotics during one of the most critical 

periods of gut microbiome acquisition. Interestingly, a previous study found that VB neonates whose 

mothers received IAP developed a perturbed microbiome during the first month of life that was also 

characterised by low Bacteroides [136]. While the microbiome effects of IAP are difficult to disentangle 
from the effects of CS, it is likely that neonatal antibiotic exposure in our study could have detrimentally 

affected the viability of ‘seeded’ microbes, thereby reducing their likelihood of successful colonisation. 

Delaying IAP administration until after cord clamping may help mitigate these effects and improve gut 

microbiome development which is particularly pertinent given a recent study of 55,901 women found 

no differences in surgical site infections depending on whether IAP were administered before or after 

cord clamping [509]. 
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In our study, vaginal seeding was performed without incident and no serious adverse events were 

reported. However, the short- and long-term safety of vaginal seeding is still yet to be determined. 

Pathogen screening is paramount to minimising infection risk, particularly given the recent case report 

of a neonate contracting herpes following vaginal seeding from an unscreened herpes-positive mother 
[510]. In our trial, 20% of enrolled women were excluded after testing positive for potentially pathogenic 

organisms, which was slightly lower than the 35% exclusion rate reported by Korpela et al. who 

performed faecal seeding [506]. Therefore, if “seeding” practices were to become routine in the future, 

maternal pathogen screening would limit the number of neonates who could potentially benefit from 

these therapies. Moreover, due to their personalised nature, maternally-derived therapies would be 

difficult to scale to a population level.  

Administration of standardised probiotic formulations may be a safer, more inclusive, and practical 

therapy for microbiota restoration, as was recently demonstrated in a moderately sized (n = 422 infants) 

multi-strain probiotic randomised controlled trial [511]. Future research should also focus on 

investigating other factors outside of microbial interventions that might help restore gut microbiome 
development. For example, the presence of an older sibling has been shown to help normalise the gut 

microbiome of CS-born infants during their first year of life, subsequently removing their heightened risk 

of developing childhood asthma [137]. A greater understanding of how the microbiome adapts and 

develops during infancy may provide alternative avenues for microbiota restoration. Future research is 

also still required to determine whether microbiome restoration can meaningfully reduce the risk of 

developing other CS-associated disorders, such as obesity.  

 

5.5 CONCLUSION 
In conclusion, our pilot trial found that oral administration of maternal vaginal microbes had no 

detectable effect on the structure and function of the early gut microbiome of infants born by CS. 

Although infection risk was minimised with maternal pathogen screening, the risks involved with 

transplanting microbiota, particularly in neonates with underdeveloped immune systems, warrants 

continual caution. Given that this procedure could not revert gut microbiome development, the argument 

for its utility in reducing disease risk in CS-infants may now be moot. 
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6.1 SUMMARY OF FINDINGS 
While the ingestion of microbes in the form of fermented foods or faecal preparations to promote health 
has occurred for centuries [248, 512], only recently has the success of such treatments been attributed 

to the gut microbiome. Paramount to this discovery was the rapid advancement of molecular methods 

to study the microbial world with unprecedented breadth and scale unveiling disparate microbiome 

profiles in various states of health and disease [513]. The gut microbiome has since become an 

attractive therapeutic target and a range of both ancient and novel microbial interventions have been 

developed to alter its composition and function [514]. Despite a growing body of studies focused on the 

clinical efficacy of such interventions, the ecological impact of microbial introduction on the gut 

microbiome has largely remained a mystery.  

The aim of this thesis was to investigate gut microbiome alterations in response to various different 

forms of microbial transfer in newborn babies, adolescents, and adults. Utilising high-resolution shotgun 

metagenomic sequencing data obtained from three clinical intervention trials, I performed 
comprehensive assessments of microbial community structure, diversity, gene repertoire, and strain 

engraftment stability. Collectively, the observations in this thesis have provided novel insights into the 

factors that influence successful strain engraftment and microbiome alteration following microbial 

transfer and identified important gaps in our knowledge concerning host variability that will guide the 

next frontier of research. In this final chapter, I contextualise my findings within the broader microbiome 

literature, draw attention to their limitations, and discuss potential directions for future research. A 

summary of each study’s findings in relation to the thesis objectives is presented in Figure 6.1. 

In the Gut Bugs study (chapter three), faecal microbiota transplantation (FMT) from multiple lean donors 

led to durable shifts in the gut microbiomes of adolescent recipients with obesity. In what was effectively 

a microbiome competition experiment, I discovered that two donor microbiomes (one female, one male) 
dominated strain engraftment. These ‘super-donors’ were characterised by high microbial diversity and 

a high Prevotella to Bacteroides (P/B) ratio. Engrafted strains led to enterotype-level shifts in community 

composition and provided genes that altered the metabolic potential of the community, including 

pathways previously shown to be important in energy balance homeostasis [445, 446]. Despite our 

attempts to standardise FMT dose and origin, FMT recipients varied widely in their engraftment of donor 

strains suggesting a critical role of the host environment in mediating FMT receptivity.  

In the PROFAST study (chapter four), daily supplementation with the probiotic strain Lactobacillus 

rhamnosus HN001 in combination with a 5:2 intermittent fasting regime for 12 weeks did not affect the 

structure or functional potential of the gut microbiome in adults with prediabetes. While this pilot study 

was underpowered to detect subtle differences in the gut microbiome, the very low relative abundance 
of the probiotic species Lactobacillus rhamnosus in participant samples suggests the probiotic was 

unable to successfully colonise and flourish within the gut, potentially explaining the minimal impact 

observed on the endogenous community. Irrespective of probiotic intake, several microbiome-related 

features were associated with greater improvements in body weight and mental health adding further 

support to the complex relationship that exists between the gut microbiome and human health [513].  
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In the ECOBABe study (chapter five), oral administration of maternal vaginal microbes (i.e., vaginal 

seeding) did not alter gut microbiome development in infants born by caesarean section (CS). Despite 

the presence of viable microbial cells within transplant solutions, there were no observed differences in 

gut microbiome composition or function between CS-seeded and CS-placebo infants at 1 month or 3 
months of age. Both CS groups displayed the characteristic lack of Bacteroides species which led to a 

number of biosynthesis pathways being underrepresented when compared with microbiomes from 

vaginally born (VB) infants. Maternal vaginal strain engraftment within the infant gut was rare suggesting 

that other maternal sources, such as the perianal area where Bacteroides species are likely more 

common [2], may play a larger role in seeding the infant gut microbiome. Overall, this pilot’s findings 

question the value of vaginal seeding as a microbial restoration strategy for infants born by CS.  

 

 

Figure 6.1 Summary of thesis objectives for each microbial intervention study.   
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6.2 AN ECOLOGICAL PERSPECTIVE OF STUDY OUTCOMES 
Out of all three microbial interventions investigated, only FMT induced long-lasting shifts in both the 
structure and functional potential of the gut microbiome. Probiotic supplementation and vaginal seeding, 

in comparison, had no measurable impact on gut microbiome development and augmentation. In this 

section, existing microbiome literature and basic ecological principles are leveraged to explain the 

variable responses to microbial introduction observed in each of the studies. In particular, the 

contributions of three key variables (the microbial intervention, the resident gut microbiome, and the gut 

environment of the host) will be discussed. 

 

6.2.1 Consideration of the microbial intervention 
The gut microbiome is an ecosystem. Its residents live in complex interacting networks that are 

continuously sensing and responding to their environment [515]. In the same way that humans 

contribute to various roles within society, microbes do not function in isolation. Within the gut, various 

commensal and symbiotic relationships exist between different types of microbes that help to shape 

community structure and determine functional outputs. For example, extracellular digestion of inulin 

fibre by the prominent gut member Bacteroides ovatus supports the growth of Bacteroides vulgatus 

[516]. Despite the initial metabolic cost, B. ovatus appears to reciprocally benefit from B. vulgatus 

expansion although the precise mechanism has not been identified [516].  

In light of the inter-species cooperativity that exists within the gut microbiome, FMT approaches that 

attempt to transfer entire communities of microbes, as opposed to single-strain probiotics, may lead to 
greater levels of strain engraftment and microbial augmentation as transferred organisms are 

accompanied by microbes and microbial factors that promote their growth and incorporation into the 

community. This hypothesis is supported by an elegant mouse experiment which demonstrated that 

supplementation with multiple species of bacteria was required for Bacteroides producta to successfully 

colonise the gut and inhibit the growth of pathogenic vancomycin-resistant Enterococcus faecium [517].  

Transferring a diverse community of microbes may also increase the likelihood of engraftment given 

the transferred microbes will have different preferences for environmental and functional niches within 

the recipient’s microbial community. Consistent with this, in the Gut Bugs study, the proportion of strain 

engraftment was higher for donors with a more diverse gut microbiome. Similar observations have been 

made in previous FMT trials [284, 297, 298].  

It has also been argued that species-specific traits are more relevant for engraftment than strain-specific 

traits after Smillie and colleagues observed that strains of any given species tended to engraft in an “all 

or nothing” manner [305]. In their FMT study for recurrent CDI, Prevotella copri was shown to have one 
of the highest engraftment rates among species [305]. Similarly, the relative abundance of Prevotella 

was also shown to increase within the gut microbiomes of children with Autism Spectrum Disorders 

following FMT therapy [277], and its abundance remained elevated at their two year follow up [518]. In 

line with these reports, we demonstrated in the Gut Bugs study that certain species of bacteria, in 
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particular Prevotella copri, were more likely to engraft and persist within the recipient gut. While we did 

not explore the biological reasons behind the superior engraftability of Prevotella copri, we did show 

that its enrichment was driven by the presence of one Prevotella-dominant donor within the multi-donor 

pool. It would therefore be beneficial in future to further characterise the Prevotella genomes from these 
donors to gain a better understanding of why some species engraft better than others. A microbiota 

viability experiment should also be conducted to determine whether the species that remain viable 

following the FMT encapsulation protocol are the same species that successfully engraft once 

transferred. It may be that engraftment rates of particular species are higher simply because these 

microbes survive stool processing better. 

The taxonomic identity of the microbial intervention and its relation to engraftment success is also 

relevant in the context of probiotics. The majority of probiotic strains on the market have been selected 

on the basis they are easy to culture in vitro and bulk manufacture [519]. However, many of these 

strains exhibit poor colonisation in vivo suggesting they are not suitably adapted to the enteric 

microenvironment [320]. Probiotic strains are rarely detected in the stool after the supplementation 
period [379], and have generally been shown not to effect the composition of the gut microbiome despite 

claims they promote a “healthy” or “balanced” gut [514]. Thus, if probiotics are of benefit, they likely 

mediate their effects transiently as they pass along the gastrointestinal tract rather than by altering the 

underlying structure of the gut microbiome [520]. This may partially explain why we did not observe 

significant gut microbiome shifts in response to daily Lactobacillus rhamnosus HN001 supplementation 

in the PROFAST study. A transition towards more biologically relevant strains isolated from the gut of 

healthy individuals may facilitate greater colonisation success and provide longer-lasting effects. An 

example of this is the Escherichia coli Nissle 1917 (EcN) strain that was isolated during the First World 
War from the stool of a German soldier who did not succumb to the bouts of diarrhoea that were afflicting 

his comrades in a region endemic with Shigella [521]. Unlike traditional Lactobacillus and 

Bifidobacterium probiotics, this isolated EcN strain exhibits excellent colonisation properties in both 

mice [522] and humans [523], and has been shown to be effective in remediating infant diarrhoea [524] 

and remission maintenance in ulcerative colitis [523]. For the treatment of prediabetes, supplementation 

with the common gut resident, Akkermansia muciniphila, may be more appropriate given its association 

with improved metabolic health [340].  

In summary, 1) microbial interventions containing diverse microbial communities have a greater 

likelihood of engrafting within the gut owing to inter-species cooperativity and by allowing more niches 

within the gut to be targeted, 2) Some bacterial species tend to engraft better than others suggesting 
species-specific traits influence colonisation success, and 3) enterically isolated probiotic strains exhibit 

superior colonisation properties compared to probiotic strains derived from fermented foods, and may 

therefore have a greater impact on gut microbiome augmentation.  

 

6.2.2 Consideration of the resident gut microbiome 
Aside from species incompatibility, another potential barrier to engraftment is the presence of the 

resident gut microbiome. By occupying set niches within the gut, the resident microbes are able to 
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compete with exogenously introduced microbes for similar nutritional substrates [525, 526], secrete 

inhibitory compounds [46–48], and selectively prime the immune response [46, 527, 528]. For example, 

commensal Bacteroides thetaiotaomicron was shown to limit the growth of pathogenic Citrobacter 

rodentium by monosaccharide competition [525]. While, Ruminococcus obeum, a species associated 
with cholera-recovery, was found to restrict Vibrio cholerae colonisation via the secretion of quorum 

sensing molecules that interfered with pathogen gene expression [529].  

Although colonisation resistance has traditionally been thought of in the context of pathogens, it may 
equally be important in determining the fate of microbes introduced for therapeutic reasons [379]. 

Colonisation resistance is closely connected to microbial diversity. A reduction in microbial diversity is 

one of the main reasons C. difficile is able to proliferate within the gut unrestrained [49] and why FMT 

is so effective in remediating this infection [251, 259]. Ecological modelling of microbiome responses to 

FMT in the context of recurrent CDI revealed FMT efficacy decreases with increasing microbial diversity 

of the disease state [530]. However, recurrent CDI is an example of a severely dysbiotic condition for 

which colonisation resistance is critically impaired. The resident microbiota is more likely to be a 
hindrance to engraftment in conditions associated with less extreme forms of microbial dysbiosis, like 

obesity [247]. In the Gut Bugs study, a bowel cleanse was performed prior to FMT to reduce the 

abundance of endogenous microbes along the GI tract and thereby encourage maximal strain 

engraftment. This might explain why the proportion of FMT engraftment was not correlated with 

recipients’ microbial diversity at baseline as the bowel cleanse occurred after the baseline samples had 

been collected. Thus, it is possible the bowel cleanse homogenised microbial abundance and diversity 

among recipients. Given FMT was administered the day after the bowel cleanse, it would not have been 

possible to collect a post-bowel cleanse/pre-FMT stool sample to address this query as recipients’ 
bowels were empty at the time of treatment administration. However, it is unlikely the bowel cleanse 

completely cleared out the endogenous microbiome given the dominant strains from placebo recipients’ 

gut microbiomes (who also underwent a bowel cleanse) were retained at 6 weeks post treatment in 

~50% of cases. Previous studies have also reported that the composition of the gut microbiome remains 

relatively consistent following bowel cleanse with only temporary reductions in microbial diversity [531–

533]. Therefore, even though a bowel cleanse was performed in the Gut Bugs study, the resident gut 

microbiome would still have likely played a role in determining the proportion of donor strain engraftment 

among FMT recipients, potentially explaining the wide variation in engraftment they exhibited. 

In the PROFAST study, participants did not undergo a bowel cleanse prior to probiotic supplementation. 

Unexpectedly, probiotic enrichment was found to be higher in participants who had a more diverse 
microbiome at baseline, contradicting the modeling experiments by Xiao and colleagues [530]. 

Similarly, baseline diversity was also observed to be higher in the gut microbiomes of ulcerative colitis 

patients who achieved remission post-FMT compared to those who did not remit [295]. By contrast, 

baseline microbial diversity was not predictive of FMT response in another IBD patient cohort [298], nor 

did it influence mucosal colonisation of a multi-strain probiotic in healthy volunteers [379]. In the latter 

trial, baseline abundance of each probiotic species was instead more predictive of colonisation success 

reinforcing the idea that species-specific traits are important determinants of engraftment [379]. Overall, 
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these inconsistencies concerning microbial diversity and engraftment dynamics may reflect inherent 

differences in the microbiome across disease states and variation among the small cohort sizes of 

currently published FMT trials. 

The impact of the resident microbiome is less relevant in the context of vaginal seeding as the newborn 

gut has not yet established a stable microbiome. Even though tiny pockets of bacteria have been 

discovered within the fetal intestine during mid gestation [52], these simple, low biomass communities 

are rapidly surpassed by the microbes encountered during birth [534]. It is for this very reason that 
vaginal seeding is performed as soon as possible after CS in order to mimic the natural progression of 

microbial encounters that occur during vaginal birth. In the ECOBABe study, the lack of maternal vaginal 

strain engraftment in the microbiomes of CS-seeded infants at one month of age highlights that these 

microbes were not well suited to the gut and were likely outcompeted in the days following transfer by 

microbes that were more physiologically adapted to the gut environment. Thus, vaginal seeding may 

not have altered gut microbiome development in this particular study due to an incompatibility between 

the microbes being transferred and the host environment. This would also explain why maternal FMT 
had a greater restoration effect on the gut microbiome of babies born by CS compared to vaginal 

seeding [506].  

 

6.2.3 Consideration of the gut environment of the host 
The unique ecological landscape of the human gut is determined by both genetic and environmental 

factors. Comparative microbiome profiling in twins has shown that the relative abundance of certain 

taxa (e.g., the bacterial family Christensenellaceae) are genetically determined [84]. Mechanistically, 

host genes have been shown to influence bacterial colonisation patterns. For example, expression of 
the fucosyltransferase 2 (FUT2) gene leads to fucosylated substrates being presented on intestinal 

epithelial cells which attracts particular commensal species (e.g., Ruminococcaceae and Bacteroides 

spp.) to the epithelium [535]. Presence of these mucosal commensals provides protection against 

pathogen translocation, which is why individuals with mutations in the FUT2 gene have higher 

susceptibility to infection [536]. Genetic differences are also relevant in the context of gut microbiome 

development. Breastmilk from ‘non-secretor’ mothers that lack a functional FUT2 gene, harbour distinct 

HMO profiles which leads to reduced abundance and diversity of Bifidobacterium spp. within the infant 

gut microbiome [537]. Host genetics have also been shown to influence permissiveness to probiotic 
mucosal colonisation by altering the expression of various metabolic and innate immune response 

pathways along the gastrointestinal tract [379]. Thus, the host’s genetic background may either facilitate 

or hinder the engraftment of transplanted microbes via its ability to alter the geographical, 

immunological, and metabolic conditions of the gut environment. While an individual’s genetics cannot 

easily be altered, immunological pre-screening of recipient cells with different donor microbiota or 

probiotics may help in selecting microbiota that are less likely to be immunologically rejected by the 

host. 
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Another pivotal host feature that likely influences response to microbial interventions is diet. The old 

adage, “you are what you eat”, which traditionally describes the relationship between food consumption 

and health is equally as relevant in the context of the gut microbiome. It is well established that diet 

strongly influences the composition and function of the gut microbiota [96–100, 538, 539]. While some 
dietary interventions have been shown to alter the gut microbiome [340, 540–543], their effects may be 

limited to shaping the relative abundances of microbes that are already present within the gut. Herein 

lies the value of microbial interventions which have the ability to provide recipients with novel taxa and 

functions they previously did not possess. Yet, in order to produce the wide variety of beneficial 

metabolites, microbes require the appropriate nutritional substrates. 

In the Gut Bugs study, donors were selected on the premise they consumed a healthy and variable diet 

while recipients consumed a relatively unhealthy diet. Recipients were instructed to maintain their 

regular diet throughout the study to allow the efficacy of FMT to be assessed as a sole therapy. 

However, the change in nutritional landscape from donor to recipient likely had a strong influence on 

which donor strains successfully engrafted and continued to proliferate within the recipient gut. 
Interestingly, the proportion of donor strain engraftment post-FMT remained relatively consistent 

throughout the 6 month trial suggesting dietary selection of donor strains occurred in the days following 

FMT administration. Similarly in the ECOBABe study, the initiation of breastfeeding likely had a strong 

influence on gut microbiome development by selecting for microbes that are able to breakdown the 

complex human milk oligosaccharides a baby relies upon for fuel [72, 173, 544–546]. This may explain, 

in part, why at one month of age, almost all of the maternal vaginal strains administered were no longer 

present within the gut microbiomes of CS-seeded babies. An interesting follow up analysis would be to 

assess whether there were any bacterial genes specific to the few vaginal strains that did engraft that 
could explain their selective advantage over other strains present within the vaginal seeding inoculum 

(for example, genes involved in human milk digestion).  

 

6.2.4 Future implications for microbial therapeutics 
The results of my thesis are consistent with previously published research which contend that 

successful colonisation and behaviour of an incoming microbe will largely depend on the environmental 

conditions supplied by the host, and the biological interactions with the residing gut microbiome [303, 

305, 378, 379]. Therefore, response to microbial therapeutics will inevitably vary from person to person 
given that individuals harbour highly variable and unique gut microbiomes, consume different diets, and 

have different genetic backgrounds. Unfortunately, within the field of microbial therapeutics, host-

microbe compatibility has often been overlooked despite the significant role it plays in determining 

individual responses to therapy [6]. To translate microbial manipulation therapies from bench to 

bedside, I argue that all three factors (the microbial intervention, the resident gut microbiome, and the 

host environment) need to be taken into consideration to develop effective, reliable, and personalised 

therapeutics. 
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6.3 LIMITATIONS 
6.3.1 Sample size of the clinical trials 
While all three studies included in this thesis employed the gold standard randomised placebo-

controlled study design, there were considerable differences in sample size. Both PROFAST (n=26 

adults) and ECOBABe (n=25 CS infants) were pilot studies which limited their power to detect subtle 

differences in the gut microbiome in response to intervention. By contrast, the Gut Bugs study (n=87 

adolescents) had greater power for detecting alterations in the composition and functional potential of 

the gut microbiome, and for associating clinical outcomes with microbiome features. Microbiome power 
calculations are rarely performed in clinical trials because they are typically considered secondary 

outcomes that are more exploratory in nature. Moreover, determining sample size for microbiome 

studies is complicated by the fact that the effects of novel microbial therapies on the gut microbiome 

are unknown [547]. Interventions that induce only small effects on the gut microbiome may be masked 

by the large gut microbiome variability that exists between individuals [2]. As discussed previously, the 

resident gut microbiome and the host environment can also lead to variable responses to interventions 

which need to be taken into consideration. As statistical methods for microbiome analysis become more 
standardised, more precise power calculation methods will be developed to ensure future microbiome 

studies are designed with sufficient cohort sizes to accurately assess microbiome responses [419]. 

 

6.3.2 Useful samples not collected 
For each of my studies, there were a number of microbiome samples we did not collect which would 

have been useful to include for further comparisons. In the Gut Bugs study, FMT engraftment was first 

assessed at 6-weeks post-intervention. By this time point, many of the host selection pressures (i.e., 

diet and immunity) would have already taken effect, which is consistent with the stable donor strain 
retention rates we observed from week 6 through to week 26. Collecting stool samples during the first 

week may have captured more of the dynamic strain restructuring that was occurring within the gut. 

Specifically, it would have been interesting to identify donor strains that initially engrafted but were 

subsequently lost or overgrown by recipient strains in the days following FMT. Comparing the functional 

gene profile of these transiently engrafting strains to those of strains that stably engrafted may have 

provided critical insight into microbial traits that are associated with stable engraftment and those that 

are sensitive to host-selection. This information would be particularly useful for optimizing colonisation 

properties of probiotics or microbial consortia in the future.  

In the PROFAST study, the impact of 5:2 intermittent fasting on the gut microbiome could not be 

accurately assessed as the study did not include a non-intermittent fasting group. Without such a group, 

I was not able to account for the natural drift in the gut microbiome that occurs over a 12-week period 
without intervention. Because of this, I decided to use the 12-week drift exhibited by the Gut Bugs Study 

placebo group as a comparison. However, the Gut Bugs study placebo group was not entirely 

appropriate to use as a comparison given participants had received a bowel cleanse prior to treatment 

and were of a different age group and disease stage. The inclusion of multiple pre-intervention samples 
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(i.e., a sample collected 12 weeks prior to baseline) from the same individual is another means by which 

microbiome drift could have been assessed. Therefore, to better assess the impact of intermittent 

fasting in future, studies should be designed with the appropriate controls in mind that allow microbiome 

drift to be appropriately accounted for. 

With regards to the ECOBABe study, there were two maternal samples that would have been useful to 

collect: 1) vaginal swabs from the VB mothers, and 2) stool samples from all of the mothers. Both of 

these samples would have allowed a more informative assessment of the degree and source of 
maternal strain transmission that occurs during birth to be obtained. For instance, if maternal vaginal 

strain engraftment was also found to be rare in VB babies at one month of age, it would suggest that 

the majority of vaginally transmitted strains are transient gut colonisers. Alternatively, if maternal vaginal 

strain engraftment rates were high within VB babies, it would suggest there was either a problem with 

our vaginal seeding technique, or a consequential effect of the prophylaxis antibiotics administered 

during CS. With regards to maternal stool, acquisition of such samples would have enabled vertical 

transmission of maternal enteric strains to be assessed and compared across groups. This information 
would also have been useful in determining whether the mother’s gut was the source of the Bacteroides 

strains that were enriched within the gut microbiome of VB babies. If so, this would strengthen the 

findings that the maternal gut is a key driver of infant gut microbiome development [62, 63, 136, 175] 

and that current vaginal seeding approaches are insufficient [493, 506]. 

 

6.3.3 Taxonomic scope 
Microbial community transplants like FMT and vaginal seeding encompass a complex mixture of many 

different types of microbes including bacteria, fungi, viruses, archaea, and helminths as well as the 
various metabolites they produce [312, 442, 548–550]. While this thesis focused solely on assessing 

the bacterial populations, a growing area of research is looking into the potential impact of other 

microbiome members in the success of microbial transplantation. In particular, bacteriophages (viruses 

that infect bacteria), have received a lot of attention because of their recently discovered role in shaping 

gut microbiome composition [551–553]. In a small proof of concept study, five patients with recurrent 

CDI were administered a filtered stool solution containing enteric metabolites and viruses but no viable 

bacteria [443]. Intriguingly, a few days post-transfer, all five patients had achieved CDI resolution and 

remained symptom free for the duration of the study (up to six months). Subsequent studies have also 
demonstrated associations between viral transfer in FMT and clinical outcomes [442, 444]. Of note, a 

recent study conducted in mice found that transplantation of viruses isolated from the gut of lean mice 

normalised the gut microbiomes of obese recipient mice leading to reduced weight gain and improved 

glucose tolerance [554]. Collectively, these studies demonstrate that the therapeutic properties of 

unrefined microbial community transplants extend beyond bacteria. It is therefore not sufficient to 

analyse only the bacterial component if we are to truly understand the mechanism of these therapies. 

Continued expansion of viral reference sequence databases and the development of more 

sophisticated virome bioinformatic tools will help ensure more holistic microbiome assessments can be 
carried out in future. 
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6.3.4 Metagenomic sequencing limitations 
The more high-throughput sequencing costs continue to fall, the more researchers are beginning to 

make the switch from low resolution amplicon sequencing to strain-resolved, shotgun metagenomics. 

Yet, metagenomic sequencing has a number of limitations which must be noted. Firstly, taxonomic 

profiling using a reference-based mapping approach is limited by database breadth. Thus, the 

contributions of the microbial “dark matter” (i.e., DNA sequence of unknown origin) go undetected. 

Secondly, sequencing data is compositional in nature and cannot monitor changes in the actual 
abundance of species. An increase in the relative abundance of one species will inevitably cause a 

reciprocal decrease among the remaining species. This inherent limitation of relative abundances can 

lead to false positives in differential taxa analyses and negative correlation biases [555]. The use of 

flow cytometry to determine total microbial load followed by metagenomic sequencing [556] or qPCR 

with known concentrations of spiked DNA standards [557] may help provide an anchor from which 

absolute abundance of species can be inferred.  

Finally, because metagenomics is based on microbial DNA content, functional profiling can only provide 

information on the potential functions of the community and does not reflect the true functional output 

[558]. To help build a more comprehensive picture of what the microbiome is doing and how it is 

responding to microbial interventions, future studies would benefit from employing a multi-faceted 
approach that integrates various complementary ‘omics’ techniques including metatranscriptomics, 

metaproteomics, and metabolomics that profile the active genes, resulting proteins, and metabolites 

produced by the microbiome. Of these techniques, faecal metabolomic profiling would arguably be the 

most informative for assessing function given the important role of microbially-derived metabolites in 

mediating microbial communication and host health [559–561]. 

 

6.4 FUTURE DIRECTIONS 
6.4.1 Understanding microbiome variability in health and disease  
Exactly what constitutes a “healthy” gut microbiome and how best to modulate a “disease-associated” 
microbiome are two very important and outstanding questions in the microbial therapeutics field. The 

first phase of the Human Microbiome Project (HMP), completed in 2012, revealed that there is no single 

“core microbiome” that is common to all individuals [2]. Rather, healthy individuals harbour highly unique 

gut microbiome compositions reflecting the various different cultural, nutritional, and lifestyle practices 

that exist within human society. Gut microbiome composition was shown to be a poor predictor of host 

phenotype in comparison to microbial molecular functions which were relatively more conserved 

between individuals [2]. During the second phase of the HMP, individuals and their microbiomes were 

comprehensively characterised in various different disease settings (e.g., preterm birth, IBD, and 
prediabetes) uncovering complex host-microbe interactions and disease-associated signatures [562].  

While large-scale metagenomic-wide association studies (mGWAS) continue to facilitate these efforts 

[563], an equal focus needs to be placed on establishing causation and probing the specific 

mechanisms by which these different microbe assemblies contribute towards disease phenotypes 
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[564]. Gnotobiotic animal models will therefore continue to be of use during this next frontier [565], as 

will longitudinal-based studies monitoring gut microbiome dynamics prior to disease onset [566, 567]. 

In addition, careful and meticulous curation of metadata will assist in adjusting for microbiome 

confounders that can lead to spurious associations [385]. Continual improvement of sequencing 
technologies and bioinformatics will help broaden our understanding of the inter-domain interactions 

that occur between the nonbacterial residents of the microbiome (i.e., the virome, mycome, and 

parasitome)[568]. Meanwhile, machine learning models incorporating various large-scale multi-omic 

datasets will be useful in identifying important biomarkers that are predictive of disease development or 

therapeutic response to interventions [569, 570]. There is also a need to develop non-invasive gut 

sampling techniques to better understand microbial interactions that occur within different regions of 

the gut. In fact, an ingestible osmotic pill has already been developed for gut microbiome sampling in 

vivo and has been trialled in several animal models [571]. Collectively, all of these technological 
developments and research efforts will help to improve our understanding of microbiome variability in 

health and disease allowing more effective microbial interventions to be developed that target specific 

microbiome features driving disease aetiology.  

 

6.4.2 Safety considerations amidst growing media hype 
The microbiome field is currently experiencing a boom of public interest in response to the 

overwhelming number of publications in recent years supporting a role for the gut microbiome in human 

health and disease [513]. Understandably, this has encouraged the development of various microbial-
based therapies that are specifically designed to target the gut microbiome to improve one’s health. 

However, there are a number of risks associated with the administration of live microorganisms and few 

studies have focused on the short and long-term side effects of these microbial therapies. The lack of 

safety-related research is further compounded by the vast number of different probiotic products 

available on the market, and the highly individualised nature of donor-derived transplants. There is also 

growing concern, given the rise in online do-it-yourself (DIY) guides [572, 573], that individuals could 

unwarily be putting their health, or their offspring’s health, at risk by not fully understanding the potential 

harms associated with microbial introduction.  

Because the revival of FMT as a medical therapy has only recently occurred, the current evidence for 

its safety is limited. In the short-term, FMT is considered to be a safe intervention when the appropriate 
donor screening has occurred [292]. Adverse events are typically mild and transient in nature and 

include symptoms like constipation, diarrhoea, bloating, and abdominal discomfort [574–578]. These 

findings are consistent with the adverse events we observed in the Gut Bugs study [432]. However, the 

importance of comprehensive donor screening was recently reinforced in a safety alert released by the 

FDA that reported on two instances of an immuno-compromised patient being infected by extended-

spectrum beta-lactamase (ESBL)-producing Escherichia coli following FMT, one of whom died as a 

direct result of that infection. The antibiotic-resistant microbe was later confirmed to be present within 

the donor’s stool preparation. While these two infectious episodes could have been avoided had the 
donor’s material been screened properly, it is important to remember that microbial behaviour is highly 
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context-specific. As such, an organism that was previously tolerable in one individual may potentially 

elicit harm when transplanted into another host. Similarly, there is also the risk of transferring to the 

recipient unintended donor phenotypes [6]. The classic example of this was when an individual who 

had been lean their whole life subsequently developed obesity after receiving FMT for recurrent CDI 
from a healthy but overweight donor [579]. Nowadays, donors are routinely screened for relevant 

medical history prior to selection given the vast range of human diseases associated with the gut 

microbiome. Despite this, it remains possible that a donor possesses a microbiome configuration that 

is primed for a condition they have not yet developed, or that engraftment of a particular donor strain is 

sufficient to bring about a phenotype that was previously restricted within the donor. In short, even 

though FMT appears to be safe in the majority of cases, we still do not yet know enough about the risks 

of transplanting multiple strains of microbes from one host to the next to be confident it is not without 

harm.  

Similar to FMT, vaginal seeding also represents an undefined microbial transplant for which there are 

particular safety concerns, especially given its administration to newborns with underdeveloped immune 
systems [236]. Despite a lack of evidence for its safety and efficacy, vaginal seeding has become a 

popular topic in mainstream media which has likely led to an increase in unsupervised vaginal seeding 

practices in mothers who have not been appropriately screened [183]. One of the biggest safety 

concerns is the potential transmission of opportunistic pathogens (e.g., Group B Streptococcus) that 

can be asymptomatic in the mother yet cause fatal infections in newborns [580]. When designing the 

ECOBABe trial, we also had to consider the potential risks of transferring vaginal microbes from mothers 

with pre-existing medical conditions. The vaginal microbiome has previously been shown to be altered 

in mothers of children with type 1 diabetes [581] and microbial gut alterations have also been observed 
in mothers with gestational diabetes [582] and their offspring [583]. Therefore, the decision was made 

to exclude women with any form of diabetes from participating in the trial in addition to the 

comprehensive pathogen screening that was performed. As it transpired, our method of vaginal seeding 

was performed safely without any adverse events. Yet, vaginal seeding was not sufficient to restore gut 

microbiome development in babies born by CS suggesting the benefits of vaginal seeding do not 

outweigh the significant risks associated with this form of microbial therapy. As an alternative, probiotics 

represent a potentially safer and controllable form of microbial intervention that would be worth pursuing 

in future, particularly given their success in preventing necrotising enterocolitis [584] and sepsis [585] 
in pre-term infants. 

Probiotics have been consumed in the form of fermented foods for hundreds of years and are generally 
considered to be safe [586]. Nowadays, pharmacies and health food stores are flooded with an 

overwhelming supply of different probiotic products that can be difficult to navigate as a consumer. 

Because of their classification as a “dietary supplement”, probiotic products often boast unsubstantiated 

health claims and do not require their safety to be validated via the traditional drug route of phased 

clinical trials [587]. Yet probiotics, by their very definition, are live microbial organisms that still have the 

potential to cause infection or produce harmful toxins when administered in humans [588]. While this 

risk may be small, it is nonetheless relevant to consider particularly if probiotics are to be used in 
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individuals with compromised immune systems (i.e., preterm infants, the elderly, and the ill)[586]. A 

comprehensive systematic review of human probiotic literature found that only 62% of studies reported 

on adverse events and no confident claims could be made to assure the safety of all probiotics on the 

market [589]. Furthermore, there have been reports of probiotic products containing contaminant 
microbes not listed on the label [590, 591] which begs the question, if a company cannot even confirm 

the identity of their product, how are they able to ensure its safety? It should not be up to the consumer 

to have to verify every health and safety claim made by a probiotic company. Probiotic products need 

to be better regulated and have their safety and efficacy assessed in large-scale randomised placebo-

controlled clinical trials to prevent unsubstantiated claims and growing media hype [568]. 

 

6.4.3 No one-size-fits-all: Shift towards personalised microbiome therapies 
Various disorders including obesity and IBD have been associated with microbial dysbiosis – a blanket 
term describing an unhealthy or imbalanced gut community. Current probiotic and microbial 

transplantation approaches have relied on a “one-size-fits-all” approach for reconstituting the gut 

microbiome and remediating disease. However, the microbiome deficit of one individual may not 

necessarily mirror that of another and therefore it is not surprising recipients exhibit variable responses 

to microbial therapies both in terms of strain engraftment and clinical outcomes. As discussed earlier, 

the success of any microbial intervention depends on a combination of three factors: the microbial 

intervention, the resident gut microbiome, and the host environment. It is therefore time to leave behind 

the idea that everyone can take the same probiotic strain or donor community as a treatment for chronic 
disease. Research efforts should instead be directed towards developing personalised interventions 

that are tailored to the microbiological individuality of the recipient.  

For FMT, this could mean selecting donors that are known to be enriched in taxa that have the ability 

to restore specific metabolic deficiencies in the recipient. For example, provision of butyrate-producing 

bacteria has been associated with greater FMT efficacy in treating patients with inflammatory disorders 

like IBD [299] and metabolic syndrome [280]. Meanwhile, donors with higher abundances of 

Bifidobacterium were more effective in treating individuals with irritable bowel syndrome [263]. Donor-

recipient matching approaches would also benefit from considering microbiome features that enhance 

strain engraftment. As demonstrated in the Gut Bugs study, the microbial diversity and enterotype of 

the donor had a strong influence on engraftment success and should therefore be considered when 
selecting FMT donors in future. 

Continual characterisation of the gut microbiomes of FMT responders and non-responders will help 

uncover the specific collection of species or pathways that are responsible for driving the therapeutic 
effects of FMT. By doing so, the field of microbial therapeutics may begin to shift away from the 

crudeness of whole faecal transplantation and move towards a more refined microbial consortia 

transplantation approach. Unlike traditional probiotics that exhibit poor colonisation in vivo [320], 

consortia of microbial strains could be sourced from the microbiomes of healthy individuals ensuring 

they are well-adapted to the enteric microenvironment. However, a key roadblock that needs to be 

overcome is identifying the specific culture requirements for such strains to be successfully isolated and 
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produced ex vivo. Several defined consortia approaches have already been trialled in recurrent CDI 

treatment but have produced mixed results [592, 593]. It may be that the microbial community structure 

as a whole plays a more influential role in FMT success than the isolation of critical species alone. 

Regardless, synthetic microbial consortia approaches should continue to be investigated as a treatment 
for chronic diseases as a way of circumventing the risks associated with administering faecal material. 

Microbial therapies are also likely to benefit from more integrative approaches. For example, combining 

microbial therapeutics with dietary interventions may enhance their effectiveness by providing 
transplanted microbes with the nutritional substrates they require to flourish within the gut [315]. 

Previously, it has been shown that supplementation with prebiotic soluble fibres enhances the growth 

of fibre-fermenting microbes within the gut leading to increased production of beneficial short-chain fatty 

acids in patients with type 2 diabetes [594]. Synbiotic strategies, in which prebiotics and probiotics are 

provided in tandem, have also demonstrated superior effects over either therapy alone in individuals 

with ulcerative colitis [595], irritable bowel syndrome [596], and non-alcoholic fatty liver disease [597]. 

Thus, an integrative synbiotic strategy may be a more sustainable and effective approach for restoring 
gut microbiome disturbances associated with chronic disease.  

Alternatively, a postbiotic approach could be adopted whereby individuals are supplemented directly 

with the desired metabolite or byproduct of microbial metabolism. Flavonoid, for example, is a 
microbially-derived product that has been shown to protect against the weight rebound effects often 

seen with “yo-yo” dieting [452]. Similarly, direct administration of SCFAs (byproducts of microbial 

fermentation of dietary fibre) were shown to attenuate gut inflammation in a mouse model of colitis 

[598]. While these findings highlight the potential benefits of a postbiotic approach, their effects would 

require continuous supplementation and thus they do not represent long-term preventative solutions. 

Their utility also requires a former understanding of their role in disease remediation. Hence, for some 

conditions with complex aetiologies, the desired microbial outputs may not yet be known. Further 

research would therefore be required to identify the particular microbiome deficiencies contributing 
towards such conditions, which may not necessarily be the same in every individual. 

At present, FMT appears to be the most effective treatment for restoring a perturbed gut microbiome. 
In order to move forward with more targeted and personalised therapeutics, future research needs to 

be focused on understanding how individual microbial strains interact with one another and the host 

during different stages of health and disease [514]. A greater emphasis on uncovering microbial 

mechanisms will ensure microbial interventions can be designed rationally and in the context of variable 

microbiota profiles. It is conceivable that individuals will ultimately be stratified into various treatment 

arms depending on their microbiome profile, genetic background, and accompanying lifestyle. A similar 

approach using personalised patient-stratified diets has already demonstrated efficacy in improving 

postprandial glucose responses [599]. Thus, incorporation of microbiome data has the potential to 
greatly assist in the development of personalised therapeutics – the next big frontier of medicine. 
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6.5 CONCLUDING REMARKS 
This thesis explored the impact of various forms of microbial interventions on the structure and function 
of the human gut microbiome. Using high-resolution shotgun metagenomics, I provided the first 

evidence for variable strain engraftment in the context of multi-donor FMT for the treatment of 

adolescent obesity. I demonstrated that engraftment variability was linked to microbiome-specific 

features of the donors while also highlighting the influential role of the recipient microbiome in 

determining engraftment success. Furthermore, I showed that engrafted donor strains were responsible 

for post-FMT enrichment of microbial pathways involved in energy regulation, providing a target for 

future mechanistic investigation. I contrasted these findings with the lack of microbiome impact 

observed during probiotic supplementation and explained how colonisation resistance of the resident 
microbiome likely contributed to this effect. Finally, I provided further insight into current understandings 

of gut microbiome assembly at birth by showing that oral administration of maternal vaginal microbes 

did not restore gut microbiome development in babies born by caesarean section. Collectively, these 

findings highlight the complexity of using the gut microbiome as a therapeutic target and identify critical 

gaps in our understanding concerning the various microbial and host interactions that govern 

engraftment success. Yet, with increased complexity comes increased possibility. Adopting 

complementary strategies that incorporate both large-scale longitudinal clinical trials and follow up 

mechanistic studies, will advance our molecular understanding of how the gut microbiome can be 
manipulated to improve health outcomes, leading to more personalised and effective microbial 

therapies in future.  
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8.1 SUPPLEMENTARY MATERIAL FOR THE GUT BUGS STUDY 
 

Supplementary Figures 

• Supplementary Figure 3.1 Bacterial load of FMT capsules by donor. 

• Supplementary Figure 3.2 Microbial diversity, as measured by Shannon diversity index, of 

donors’ and recipients’ gut microbiomes over the course of the study. 

• Supplementary Figure 3.3 Sex-specific microbiome shifts over the course of the study. 

• Supplementary Figure 3.4 Venn diagrams displaying the number of bacterial species in the 
gut microbiome that were unique to or shared between (A) female donors and (B) male 

donors. 

• Supplementary Figure 3.5 Strain engraftment dynamics. 

• Supplementary Figure 3.6 Gene richness of donors’ and recipients’ gut microbiomes. 

 

Supplementary Tables 

• Supplementary Table 3.1 Donor eligibility criteria. 

• Supplementary Table 3.2 Clinical assessments conducted in the Gut Bugs study. 

• Supplementary Table 3.3 Variance of bacterial species profiles (Bray-Curtis dissimilarity) 

explained by each variable in cross-sectional PERMANOVA. 

• Supplementary Table 3.4 Shifts in the gut microbiome profile of FMT and placebo recipients 

towards donor microbiomes, as measured by baseline adjusted Bray-Curtis dissimilarity. 

• Supplementary Table 3.5 MetaCyc pathways in the gut microbiome found to be differentially 

abundant between FMT and placebo recipients. 
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Supplementary Figure 3.1 Bacterial load of FMT capsules by donor 
 
Bacterial genome load was determined by quantitative PCR using universal 16S primers (Fwd: 5’-

GGTGAATACGTTCCCGG-3’; Rev: 5’-TACGGCTACCTTGTTACGACTT-3’). Female donors donated 8 times (i.e., 

8 capsule batches) while male donors donated 6 times (i.e., 6 capsule batches) with the exception of DM05 who 

was replaced after first batch with DM12. Triplicate qPCR reactions were performed using DNA (1 ul) extracted 

from the contents of a single donor capsule (from each batch). Reactions were prepared using SYBR Select Master 

Mix (Applied Biosystems) and performed on a QuantStudio 6 Flex platform (cycling conditions: 50°C 2min, 96°C 

2min, then 30 cycles of 95°C 15 sec, 60°C 1min). Each point on the violin plot represents the mean cycling threshold 

(Ct) value for technical triplicates for each capsule. There was no statistically significant difference in bacterial load 

between donors (all donors, p = 0.82; female donors only, p = 0.67; male donors only, p = 0.93, Kruskal-Wallis 

test). 
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Supplementary Figure 3.2 Microbial diversity, as measured by Shannon diversity index, of donors’ 

and recipients’ gut microbiomes over the course of the study.  

Longitudinal changes in recipient’s microbial diversity were assessed by Wilcoxon signed-rank test with differences 

from baseline denoted by *p < 0.05, **p < 0.005. 
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Supplementary Figure 3.3 Sex-specific microbiome shifts over the course of the study. 

A higher Bray-Curtis dissimilarity value indicates a larger degree of microbiome shift from their baseline sample. 

Placebo participants likely represent the expected natural drift of the gut microbiome over time without intervention. 

Differences between treatment groups were tested by Wilcoxon rank-sum test, with statistical significance denoted 

as *p <0.05 and **p < 0.005. 
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Supplementary Figure 3.4 Venn diagrams displaying the number of bacterial species in the gut 

microbiome that were unique to or shared between (A) female donors and (B) male donors. 
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Supplementary Figure 3.5 Strain engraftment dynamics.  

(A) Relative abundance of bacterial species in the gut microbiome at baseline according to their respective 

dominant strain scenario. Data points represent bacterial species in the gut microbiome of FMT recipients for 

which strain-level identification was available at baseline and week 6. “Strain gained” represents strains that were 

acquired at week 6 from species that were not present at baseline. “Strain replaced” represents dominant strains 

that were replaced with a conspecific donor strain post-FMT. “Strain stable” represents dominant strains that 

remained stable from baseline to week 6. Wilcoxon rank-sum test was used to compare the difference in relative 

abundance of species at baseline for strains that were replaced or remained stable. ** p < 0.005. 

(B) Proportion of donor-engrafted bacterial strains in the gut microbiome of FMT recipients at each post-treatment 

time point. Data points represent FMT recipient metagenome samples which are plotted according to the 

proportion of strains within their gut microbiome that matched a donor’s strain, subset by donor ID and time point.   
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Supplementary Figure 3.6 Gene richness of donors’ and recipients’ gut microbiomes. 

Longitudinal changes in recipient’s gene richness from baseline were assessed by Wilcoxon signed-rank test with 

significance denoted by *p < 0.05, ***p < 0.0005 
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Supplementary Table 3.1 Donor eligibility criteria. 

 Criteria 

Inclusion Aged 18-28 years. 

Body mass index >18.5 kg/m2 and <30.0 kg/m2. 

Total body fat ≤29% for females and ≤19% for males. 

Regular exercise (moderate to vigorous physical activity ≥3.5 hours per week). 

Regular bowel habit (at least once every 2 days). 

Intake of ≥4 portions of fruit and/or vegetables per day. 

 

Exclusion Any transmissible viral or bacterial pathogens, or intestinal parasites. 

Multidrug-resistant organisms (e.g., vancomycin-resistant enterococci, 
extended-spectrum beta-lactamase-producing Enterobacteriaceae and 
carbapenem-resistant Enterobacteriaceae). 

Gastrointestinal disease (including symptoms of irritable bowel syndrome, 
inflammatory bowel disease or coeliac disease). 

Atopic diseases requiring regular prophylaxis or treatment. 

Current or past history of malignancy. 

Impaired fasting glucose or impaired glucose tolerance. 

Type 1 diabetes, type 2 diabetes, or monogenic diabetes. 

Known dyslipidaemia, hypertension, or metabolic syndrome. 

Regular use of medications known to influence metabolism or the gut 
microbiome. 

Use of oral antibiotics in the past 3 months. 

Regular ‘binge drinking’ (≥5 standard drinks of alcohol per session, at least 
once a week). 

Any use of recreational drugs or tobacco. 

Current or past pregnancy. 

Overseas travel in previous 6 months, except for visits to Australia, UK, USA, 
Canada, Northern Europe, France, and Germany. 

UK residence in 1980–1996 (due to risk of variant Creutzfeldt-Jakob disease). 

Exclusion criteria adapted from Youngster et al. [600], Hirsch et al. [601], van Nood et al. [257] and Bakken et al. 
[602]. 
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Supplementary Table 3.2 Clinical assessments conducted in the Gut Bugs study. 

Category Measures 

Clinical Medical history and examination 

Anthropometry (body weight, height, circumference of the waist, hip, and neck) 

Whole body DXA scan 

Clinic blood pressure 

24-hour ambulatory blood pressure monitoring 

 

Biochemical Glucose homeostasis (Matsuda index, HOMA-IR, HbA1c, fasting insulin, 
fasting glucose) 

Fasting lipid profile (Total cholesterol, triglycerides, LDL, HDL) 

Liver function tests (ALP, ALT, AST, GGT) 

Inflammatory markers (hsCRP, uric acid) 

 

Questionnaires 3-day dietary record 

NZAFFQ 

Birmingham IBS 

Bowel movement questionnaire 

PedsQL 

EPOCH 

IPAQ 

ASAQ 

 

Gut Microbiome Metagenomic sequencing 

Metatranscriptomic sequencing 

ALP, alkaline phosphatase; ALT, alanine aminotransferase; ASAQ, adolescent sedentary activity questionnaire; 

AST, aspartate aminotransferase; DXA, dual-energy x-ray absorptiometry; EPOCH, engagement perseverance 

optimism connectedness happiness; GGT, gamma-glutamyl transferase; HbA1c, glycated haemoglobin; HDL, 

high-density lipoprotein; HOMA-IR, homoeostasis model assessment of insulin resistance; hsCRP, high-

sensitivity C-reactive protein; IBS, irritable bowel syndrome; IPAQ, international physical activity questionnaire; 

LDL, low-density lipoprotein; NZAFFQ, New Zealand adolescent food frequency questionnaire; PedsQL, 

paediatric quality of life inventory. 
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Supplementary Table 3.3 Variance of bacterial species profiles (Bray-Curtis dissimilarity) explained by each variable in cross-sectional PERMANOVA.  

 Baseline (n = 84) Week 6 (n = 82) Week 12 (n = 77) Week 26 (n = 73) 

Variable R2 p-value q-value R2 p-value q-value R2 p-value q-value R2 p-value q-value 

Sequence batch 4·7% 0·057 0·15 3·2% 0·086 0·18 n/a n/a n/a n/a n/a n/a 

Sex 1·3% 0·31 0·40 3·7% 0·001 0·013 1·3% 0·37 0·46 1·7% 0·18 0·28 

Age 1·5% 0·16 0·28 0·6% 0·96 0·96 1·7% 0·17 0·28 3·3% 0·008 0·055 

Ethnicity 6·5% 0·032 0·14 6·2% 0·050 0·15 6·9% 0·060 0·15 6·0% 0·22 0·31 

Antibiotics n/a n/a n/a 1·5% 0·18 0·28 1·0% 0·64 0·71 1·2% 0·49 0·57 

Treatment group 0·6% 0·95 0·96 2·7% 0·006 0·055 2·9% 0·011 0·060 2·2% 0·063 0·15 

Table contain R2 (the proportion of variance explained), nominal p-value based on 10,000 permutation tests, and FDR-adjusted p-values (q-values) after multiple comparisons. 
Significant findings are highlighted in bold (q value <0.1). 
n/a, not applicable. 
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Supplementary Table 3.4 Shifts in the gut microbiome profile of FMT and placebo recipients towards donor microbiomes, as measured by Bray-Curtis 

dissimilarity. 

  
 Bray-Curtis Dissimilarity  Baseline-adjusted shift  

 

  
 FMT Placebo  FMT Placebo  FMT vs. Placebo 

Donor Week  N Mean ± SD N Mean ± SD  Shift p-value Shift p-value  p-value 

DF12 0  25 0.76 ± 0.08 26 0.78 ± 0.07  
    

 
 

 
6  24 0.76 ± 0.09 26 0.77 ± 0.07  -0.003 0.99 0.005 0.53  0.71 

 
12  23 0.80 ± 0.07 23 0.79 ± 0.08  -0.029 0.17 -0.009 0.75  0.42 

 
26  22 0.79 ± 0.08 23 0.76 ± 0.10  -0.017 0.42 0.019 0.39  0.25 

DF14 0  25 0.70 ± 0.07 26 0.68 ± 0.10  
    

 
 

 
6  24 0.71 ± 0.09 26 0.69 ± 0.12  -0.010 0.53 -0.008 0.84  0.74 

 
12  23 0.73 ± 0.10 23 0.71 ± 0.10  -0.034 0.070 -0.030 0.45  0.42 

 
26  22 0.69 ± 0.09 23 0.68 ± 0.11  0.013 0.35 -0.008 0.80  0.48 

DF16 0  25 0.66 ± 0.10 26 0.64 ± 0.09  
    

 
 

 
6  24 0.58 ± 0.06 26 0.64 ± 0.10  0.082 0.0025 0.001 0.92  0.016 

 
12  23 0.62 ± 0.06 23 0.64 ± 0.09  0.041 0.12 -0.005 0.96  0.27 

 
26  22 0.58 ± 0.11 23 0.65 ± 0.10  0.081 0.0066 -0.016 0.54  0.0031 

DF17 0  25 0.68 ± 0.09 26 0.69 ± 0.08  
    

 
 

 
6  24 0.70 ± 0.07 26 0.69 ± 0.07  -0.024 0.56 -0.004 0.67  0.93 

 
12  23 0.72 ± 0.08 23 0.67 ± 0.07  -0.037 0.092 0.013 0.41  0.061 

 
26  22 0.70 ± 0.06 23 0.69 ± 0.08  -0.022 0.54 -0.004 0.64  0.96 

N represents the number of participants included in each treatment group at each time point.  
Within-group differences in baseline-adjusted shifts towards donor profiles at each time point were assessed by Wilcoxon signed-rank tests. 
The difference in baseline-adjusted shifts towards donor profiles between FMT and placebo groups were assessed by Wilcoxon rank-sum tests.  
Significant findings are highlighted in bold (p value < 0.05). 
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Supplementary Table 3.4 (Continued) Shifts in the gut microbiome profile of FMT and placebo recipients towards donor microbiomes, as measured by 

Bray-Curtis dissimilarity. 

  
 Bray-Curtis Dissimilarity  Baseline-adjusted shift  

 

  
 FMT Placebo  FMT Placebo  FMT vs. Placebo 

Donor Week  N Mean ± SD N Mean ± SD  Shift p-value Shift p-value  p-value 

DM03 0  17 0.65 ± 0.12 19 0.64 ± 0.09        

 
6  15 0.69 ± 0.11 18 0.64 ± 0.10  -0.050 0.30 -0.009 0.64  0.51 

 
12  14 0.67 ± 0.12 17 0.68 ± 0.10  -0.024 0.63 -0.047 0.11  0.60 

 
26  14 0.64 ± 0.10 17 0.67 ± 0.12  0.004 0.86 -0.041 0.13  0.17 

DM05 0  6 0.77 ± 0.08 5 0.71 ± 0.11  
    

 
 

 
6  5 0.79 ± 0.04 5 0.76 ± 0.05  0.001 0.81 -0.052 0.44  0.42 

 
12  5 0.76 ± 0.10 5 0.68 ± 0.14  0.039 0.63 0.027 0.31  0.84 

 
26  5 0.81 ± 0.05 5 0.75 ± 0.13  -0.017 1.00 -0.044 0.63  0.84 

DM07 0  17 0.59 ± 0.15 19 0.59 ± 0.10  
    

 
 

 
6  15 0.62 ± 0.12 18 0.63 ± 0.12  -0.061 0.095 -0.035 0.26  0.53 

 
12  14 0.61 ± 0.13 17 0.66 ± 0.10  -0.035 0.22 -0.060 0.04  0.60 

 
26  14 0.57 ± 0.11 17 0.67 ± 0.14  0.003 0.90 -0.074 0.07  0.28 

DM08 0  17 0.61 ± 0.10 19 0.58 ± 0.08  
    

 
 

 
6  15 0.61 ± 0.10 18 0.61 ± 0.08  -0.010 0.72 -0.033 0.20  0.66 

 
12  14 0.57 ± 0.12 17 0.59 ± 0.10  0.040 0.14 -0.019 0.61  0.059 

 
26  14 0.58 ± 0.08 17 0.64 ± 0.11  0.033 0.43 -0.064 0.06  0.044 

DM12 0  11 0.65 ± 0.13 14 0.66 ± 0.12  
    

 
 

 
6  10 0.69 ± 0.12 13 0.71 ± 0.08  -0.057 0.13 -0.048 0.34  0.65 

 
12  9 0.61 ± 0.17 12 0.73 ± 0.07  0.035 0.73 -0.044 0.18  0.22 

 
26  9 0.62 ± 0.11 12 0.73 ± 0.11  0.024 0.43 -0.051 0.23  0.17 

N represents the number of participants included in each treatment group at each time point. Within-group differences in baseline-adjusted shifts towards donor profiles at each 
time point were assessed by Wilcoxon signed-rank tests. The difference in baseline-adjusted shifts towards donor profiles between FMT and placebo groups were assessed by 
Wilcoxon rank-sum tests.  Significant findings are highlighted in bold (p value < 0.05).  
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Supplementary Table 3.5 MetaCyc pathways in the gut microbiome found to be differentially abundant between FMT and placebo recipients. 

Time point MetaCyc pathway Model 
coefficient stderr N N not 0 p-value q-value 

Week 6 PANTOSYN-PWY: pantothenate and coenzyme A biosynthesis I 60.5 14.4 79 79 6.8E-05 0.0081 
Week 6 PYRIDNUCSYN-PWY: NAD biosynthesis I (from aspartate) -55.6 14.8 79 79 3.4E-04 0.0307 

Week 6 COA-PWY: coenzyme A biosynthesis I 53.3 16.1 79 79 1.4E-03 0.1036 
Week 6 PWY-2941: L-lysine biosynthesis II -60.6 19.5 79 79 2.6E-03 0.1233 

Week 6 PWY-3841: folate transformations II 60.8 19.4 79 79 2.5E-03 0.1233 
Week 6 PWY0-1298: superpathway of pyrimidine deoxyribonucleosides degradation 13.3 4.3 79 79 2.7E-03 0.1233 
Week 6 POLYAMSYN-PWY: superpathway of polyamine biosynthesis I -29.3 9.7 79 79 3.4E-03 0.1374 

Week 6 PWY-5189: tetrapyrrole biosynthesis II (from glycine) -14.7 5.1 79 77 4.9E-03 0.1730 

Week 6 PWY-7371: 1,4-dihydroxy-6-naphthoate biosynthesis II -15.8 5.5 79 62 5.3E-03 0.1730 

Week 6 PWY-6385: peptidoglycan biosynthesis III (mycobacteria) 58.4 20.7 79 79 6.2E-03 0.1843 
Week 12 COLANSYN-PWY: colanic acid building blocks biosynthesis 20.7 6.3 73 73 1.6E-03 0.1835 
Week 26 COLANSYN-PWY: colanic acid building blocks biosynthesis 27.2 5.8 73 72 1.2E-05 0.0015 
Week 26 PWY-7323: superpathway of GDP-mannose-derived O-antigen building blocks 21.5 4.5 73 72 1.0E-05 0.0015 
Week 26 ARGININE-SYN4-PWY: L-ornithine de novo biosynthesis 51.3 11.3 73 73 2.3E-05 0.0018 
Week 26 PYRIDOXSYN-PWY: pyridoxal 5’-phosphate biosynthesis I 48.4 10.9 73 73 3.4E-05 0.0020 
Week 26 PWY0-845: superpathway of pyridoxal 5’-phosphate biosynthesis and salvage 57.9 13.3 73 73 4.4E-05 0.0022 
Week 26 1CMET2-PWY: N10-formyl-tetrahydrofolate biosynthesis 65.5 15.7 73 73 8.1E-05 0.0034 
Week 26 PWY-5101: L-isoleucine biosynthesis II 31.9 7.7 73 73 9.7E-05 0.0034 
Week 26 PWY-6168: flavin biosynthesis III (fungi) 62.0 14.9 73 73 8.9E-05 0.0034 
Week 26 PWY-7282: 4-amino-2-methyl-5-phosphomethylpyrimidine biosynthesis (yeast) 64.5 17.0 73 73 3.1E-04 0.0100 
Week 26 PWY-3841: folate transformations II 68.3 19.6 73 73 8.5E-04 0.0231 
Week 26 PWY-6531: mannitol cycle 6.0 1.7 73 71 8.1E-04 0.0231 
Week 26 PWY-6703: preQ0 biosynthesis 60.7 17.9 73 73 1.1E-03 0.0288 
Week 26 PWY-5154: L-arginine biosynthesis III (via N-acetyl-L-citrulline) 23.7 7.6 73 73 2.7E-03 0.0643 
Week 26 ANAGLYCOLYSIS-PWY: glycolysis III (from glucose) 57.0 20.4 73 73 6.6E-03 0.1467 
N represents the number of participant samples included in the model. N not 0 represents the number of participant samples where the specified pathway had an abundance 
count > 0. Rows in bold represent pathways that were enriched in FMT recipients. Nominal p-values were adjusted for multiple testing (Benjamini-Hochberg) to obtain q-values. 
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8.2 SUPPLEMENTARY MATERIAL FOR THE PROFAST STUDY 
 

Supplementary Figures 

• Supplementary Figure 4.1 Agarose gel electrophoresis of Lactobacillus rhamnosus qPCR 

amplicons generated from PROFAST metagenomic samples and controls. 

 

Supplementary Tables 

• Supplementary Table 4.1 Clinical assessments conducted at baseline and week 12. 

• Supplementary Table 4.2 Summary of statistically significant clinical results for PROFAST 

participants at baseline and week 12. 
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Supplementary Figure 4.1 Agarose gel electrophoresis of Lactobacillus rhamnosus qPCR amplicons 

generated from PROFAST metagenomic samples and controls.  

Ladder = 1 Kb Plus DNA Ladder (Invitrogen, #10787018). 

POS CTRL = Lactobacillus rhamnosus HN001 probiotic extract (Go Healthy NZ, #GO1386). 

ZYM CTRL = 10-Strain Microbial Community Standard (ZymoBIOMICS, #D6300). 

EXT CTRL = blank DNA extraction control. 

NTC = no template control. 
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Supplementary Table 4.1 Clinical assessments conducted at baseline and week 12. 

Category Measures 

Clinical Blood pressure 

Anthropometry (body weight, height, circumference of the waist, hip, and neck) 

Abdominal MRI scan 

Whole body DXA scan (total body fat, abdominal fat, visceral fat, fat free 
mass, bone mineral density) 

Resting energy expenditure and respiratory quotient 

 

Biochemical Glucoregulatory markers (HbA1c, glucose, insulin, C-peptide) 

Lipids (Cholesterol, triglycerides, LDL, HDL) 

Liver enzymes (ALT, AST) 

Inflammatory markers (IL-6, TNF-α) 

Gut hormones (ghrelin, GIP, active GLP-1, glucagon, leptin, PYY) 

 

Questionnaires 7-day food diary (assessing total energy, protein, fat, carbohydrate, sugar, 
fibre, and alcohol intake) 

VAS score (hunger and satiety assessment) 

Mood and eating questionnaire (including PHQ9 and GAD for assessing 
depression and anxiety) 

Short Form-12 (quality of life questionnaire) 

 

Gut Microbiome Shotgun metagenomic sequencing 

Lactobacillus rhamnosus qPCR 

AST, aspartate aminotransferase; ALT, alanine aminotransferase; DXA, dual-energy x-ray absorptiometry; GAD, 

general anxiety disorder; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; IL-6, interleukin 6; LDL, 

low-density lipoprotein; PHQ9, patient health questionnaire-9; TNF-α, tumour necrosis factor α; qPCR, 

quantitative polymerase chain reaction; VAS, visual analogue scale. 
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Supplementary Table 4.2 Summary of statistically significant clinical results for PROFAST participants at baseline and week 12. 

Measurement Intermittent fasting (probiotic) Intermittent fasting (placebo) P-value 

 Baseline Week 12 Baseline Week 12 Between groups1 Groups combined2 

Primary outcome       

HbA1c (mmol/mol) 42.9 ± 2.6 40.9 ± 2.9 43.1 ± 2.9 41.1 ± 1.9 0.938 < 0.001 

 

Secondary outcomes       

Weight (kg) 91.3 ± 13.9 86.7 ± 13.7 98.6 ± 18.4 93.7 ± 18.1 0.859 < 0.001 

BMI (kg/m2) 33.6 ± 3.7 31.9 ± 4.0 34.7 ± 4.9 33.0 ± 5.2 0.967 < 0.001 

Waist circumference (cm) 111.1 ± 11.0 107.5 ± 10.9 112.7 ± 16.7 106.5 ± 16.1 0.211 < 0.001 

Neck circumference (cm) 39.1 ± 4.2 38.1 ± 3.4 40.9 ± 3.8 39.8 ± 3.8 0.971    0.040 

Waist hip ratio 0.96 ± 0.10 0.94 ± 0.09 0.92 ± 0.10 0.90 ± 0.09 0.890    0.019 

Total body fat (kg) 41.3 ± 9.1 37.9 ± 9.3 43.9 ± 12.3 40.3 ± 13.6 0.852 < 0.001 

Abdominal fat (kg) 4.2 ± 1.1 3.7 ± 1.1 4.5 ± 1.7 4.0 ± 1.8 0.692 < 0.001 

Visceral fat (kg) 2.0 ± 0.81 1.8 ± 0.70 2.1 ± 1.18 1.8 ± 1.06 0.771 < 0.001 

Fat free mass (kg) 50.8 ± 9.3 49.8 ± 9.6 55.1 ± 12.4 54.1 ± 12.4 0.992    0.003 

REE (kcal/day) 1561.3 ± 162.9 1495.9 ± 193.8 1760.2 ± 422.3 1640.5 ± 317.0 0.393    0.004 

Leptin (µg/ml) 16.2 ± 11.9 12.5 ± 10.7 18.9 ± 10.8 15.8± 9.8 0.844    0.039 

SF12 questionnaire       

     General health 63.0 ± 23.2 75.5 ± 21.5 59.0 ± 28.0 69.7 ± 19.9 0.836    0.011 

     Social functioning 85.0 ± 21.1 85.0 ± 17.7 76.7 ± 22.1 91.7 ± 20.4 0.0499    0.026 

     Mental health 73.8 ± 13.8 72.5 ± 12.9 69.2 ± 14.8 80.0 ± 10.4 0.0069    0.015 

Values expressed as mean ± standard deviation. Significant results (p < 0.05) are highlighted in bold. BMI, body mass index; HbA1c, glycated haemoglobin; REE, resting 

energy expenditure; SF12, short-form 12. 

1
Two-sample t-test comparing the changes over 12 weeks. 

2
Paired t-test for change over 12 weeks
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8.3 SUPPLEMENTARY MATERIAL FOR THE ECOBABE STUDY 
 

Supplementary Figures 

• Supplementary Figure 5.1. Infant taxonomic profiles by feeding mode. 
• Supplementary Figure 5.2. Species responsible for the increased metabolic pathway 

abundances in the faecal microbiomes of infants born vaginally (VB) compared to those born 

by caesarean section (CS) at 1 and 3 months of age, as reported in Figure 5.4. 
 

Supplementary Tables 

• Supplementary Table 5.1 Maternal demographic characteristics, infant characteristics at 

birth, and early feeding practices in the vaginal birth (VB) vs the combined caesarean-section 

(CS) group in the ECOBABe trial. 
• Supplementary Table 5.2 Proportion of viable, dead, and damaged microbial cells in vaginal 

microbiota solutions prepared from three pregnant women 
• Supplementary Table 5.3 Infant anthropometry and body composition according to birth 

mode: caesarean section (CS) vs. vaginal birth (VB). 
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Supplementary Figure 5.1. Infant taxonomic profiles by feeding mode. 
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Supplementary Figure 5.2 Species responsible for the increased metabolic pathway abundances in 

the faecal microbiomes of infants born vaginally (VB) compared to those born by caesarean section 

(CS) at 1 and 3 months of age, as reported in Figure 5.4. 

Cells represent the mean pathway abundance expressed in copies per million (CPM) for each species, depending 

on birth mode and age. The six contributing species were determined by Wilcoxon rank-sum test (FDR adjusted q 
<0.2) comparing species-stratified abundances between VB and CS infants. Only pathways in which a contributing 

species could be identified are included in this heatmap. 
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Supplementary Table 5.1. Maternal demographic characteristics, infant characteristics at birth, and 

early feeding practices in the vaginal birth (VB) vs the combined caesarean-section (CS) group in the 

ECOBABe trial. 

 CS VB p-value 
n 25 22  
    
Maternal characteristics    

Age (years) 36.3 [33.4, 39.8] 33.3 [31.7, 35.3] 0.006 
Pre-pregnancy BMI (kg/m2) 23.9 ± 2.8 23.2 ± 3.3 0.44 

Ethnicity European 21 (84%) 16 (73%) 0.63 
 Māori 2 (8%) 3 (14%)  

 Asian 1 (4%) 2 (9%)  

 Other 1 (4%) 1 (5%)  
Education High-school or lesser 1 (4%) 1 (5%) 0.71 

 Vocational 5 (20%) 2 (9%)  

 University 19 (76%) 19 (86%)  
Intrapartum antibiotic prophylaxis* 25 (100%) nil  

 Time before birth (minutes) 14 [10, 25] -  

     
Infant characteristics at birth    

Female sex 14 (56%) 9 (41%) 0.39 

Gestational age (weeks) 39.0 [39.0, 39.0] 40.0 [39.0, 41.0] 0.020 
Weight (g) 3634 ± 481 3660 ± 455 0.85 

Weight z-score 0.67 ± 0.99 0.46 ± 0.85 0.43 

Length z-score 1.15 ± 0.85 1.35 ± 1.13 0.50 
BMI z-score 0.24 ± 1.10 -0.07 ± 1.04 0.32 

Ponderal index (g/cm3) 2.61 ± 0.25 2.51 ± 0.27 017 

    
Infant feeding    

At 1 month Exclusive breastfeeding 18 (72%) 17 (77%) >0.99 

 Partial breastfeeding 6 (24%) 5 (23%)  

 Formula feeding 1 (4%) nil  
At 3 months Exclusive breastfeeding 12 (48%) 16 (73%) 0.13 

 Partial breastfeeding 10 (40%) 6 (27%)  
 Formula feeding 3 (12%) nil  

Data are n (%), mean ± standard deviation, or median [quartile 1, quartile 3], as appropriate. 
BMI, body mass index. 

P-values determined using one-way ANOVA for continuous variables and Fisher’s exact test (2-sided) for 

categorical variables. P-values for statistically significant differences (at p<0.05) are shown in bold. 
*All but one women who gave birth by caesarean section received 2 g of cefazolin prior to surgery; the exception 

was one women who received 600 mg of clindamycin instead.  
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Supplementary Table 5.2 Proportion of viable, dead, and damaged microbial cells in vaginal 

microbiota solutions prepared from three pregnant women. 

Participant ID Viable (%) Dead (%) Damaged (%) 

P101 21.0 20.0 59.0 

P102 24.7 6.6 68.7 

P103 33.7 6.6 59.7 

Mean (SD) 26.5 ± 6.5 11.1 ± 7.7 62.5 ± 5.4 

Microbial viability assessed by flow cytometry using fluorescently distinguishable dyes; viable cells (SYTO BC 

positive), dead cells (propidium iodide positive), and damaged cells (SYTO BC positive, propidium iodide 

positive). The proportion of each subpopulation was calculated with reference to the total cell count. 
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Supplementary Table 5.3 Infant anthropometry and body composition according to birth mode: 

caesarean section (CS) vs. vaginal birth (VB). 

 CS VB 

Anthropometry (1 month of age)   

n 25 19 

Weight z-score † 0.24 (-0.11, 0.59) 0.35 (-0.01, 0.72) 

Length z-score 1.15 (0.80, 1.51) 0.99 (0.59, 1.39) 

BMI z-score 0.08 (-0.33, 0.50) 0.36 (-0.11, 0.83) 

Ponderal index (g/cm3) 2.60 (2.49, 2.70) 2.67 (2.55, 2.80) 

   

Anthropometry (3 months of age)   

n 21 20 

Weight z-score 0.22 (-0.13, 0.57) 0.62 (0.25, 0.99) 

Δ weight z-score/month -0.10 (-0.25, 0.04) 0.02 (-0.14, 0.17) 

Length z-score 1.13 (0.76. 1.51) 0.96 (0.57, 1.35) 

Δ length z-score/month -0.06 (-0.21, 0.09) -0.08 (-0.24, 0.08) 

BMI z-score -0.12 (-0.57, 0.32) 0.30 (-0.16, 0.75) 

Δ BMI z-score/month -0.03 (-0.21, 0.15) 0.07 (-0.11, 0.26) 

Ponderal index (g/cm3) 2.66 (2.55, 2.78) 2.77 (2.65, 2.89) 

   

DXA (3 months of age)   

n 18 17 

Sex (females) 11 (61%) 7 (42%) 

Total body fat (%) 37.4 (35.1, 39.8) 40.2 (37.8, 42.6) 

Trunk fat (%) 10.1 (8.9, 11.4) 10.5 (9.3, 11.7) 

Fat-free mass (%) 70.0 (67.9, 72.1) 69.6 (67.6, 71.6) 

 Δ, delta (change) expressed as the average change in z-score per month between birth and the 3-month 
assessment; BMI, body mass index; DXA, whole body dual-energy x-ray absorptiometry. 

Anthropometric data are the adjusted mean and the respective 95% confidence interval (CI) from a repeated 

measures analysis, whose model included trial group allocation, assessment (1- and 3-month visits), and an 

interaction term, as well as sex and the baseline value of the outcome; delta data are the mean and respective 
95% CI, adjusted for sex and the baseline value of the outcome; and DXA data are mean and 95% CI, adjusted 

for sex and BMI z-score at birth. 

There were no statistically significant pairwise differences between groups for any of the reported study outcomes. 
All p>0.05. 
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