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Abstract  
Introduction 
Preterm birth disrupts gut microbiome development. The resulting preterm microbiome is 

characterised by low diversity and commensal microbe abundance, in combination with a 

greater number of potential pathogens. This irregular microbiome may contribute to disease 

burden, with diseases like necrotising enterocolitis (NEC) almost exclusively affecting the 

most premature. Probiotic prophylaxis during admission appears to mitigate disease risk 

through modulation of the gut microbiome. As a result, neonatal intensive care units (NICU) 

across Australia, including the Townsville University Hospital’s (TUH) NICU, include 

probiotic prophylaxis for those infants at high risk of NEC. This includes infants born < 32 

weeks and/or < 1500g. The relationship between the gut microbiome and infant health, 

especially in the context of those born preterm, makes the gut microbiome an important and 

modifiable factor in neonatal care. Thus, this thesis set out to dig further into the impact of 

clinical variables on a unique cohort of entirely probiotic-supplemented infants and explored 

the expansion of the criteria for probiotic supplementation.  

Methods 
This thesis used a combination 16S rRNA metabarcoding and shotgun metagenomics to 

characterise the gut microbiome of preterm infants born in North Queensland Australia. 

Infants born in this region at < 32 weeks and/or < 1500g are supplemented with the probiotic 

Infloran®. Mixed effects modelling was used to explore and account for the impact of other 

potential microbiome covariates. The thesis combines results from four studies across three 

results chapters. Chapter 3 assessed the effect of several covariates at admission and 

discharge in a unique cohort of entirely probiotic-supplemented preterm infants, and Chapter 

4 explored differences in the microbiome of these same infants at discharge to other preterm 

infants who fall outside the criteria for probiotic prophylaxis. Chapter 5 explores the impact 

of probiotic prophylaxis post-discharge and begins with a validation study of the sampling 

method used. 

Results 
In Chapter 3, the gut microbiome of probiotic-supplemented very preterm infants changed 

significantly over time, with mixed effects modelling demonstrating significant associations 

with several covariates. Lower alpha diversity was associated with infants experiencing 
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unfavourable outcomes, specifically sepsis and retinopathy of prematurity (ROP). 

Additionally, chorioamnionitis, preeclampsia, sepsis, necrotising enterocolitis and ROP were 

also all associated with differential abundance of several taxa. Along with these associations, 

widespread colonisation of probiotic taxa was observed. In Chapter 4, supplementation with 

the probiotic Infloran® was demonstrated to have a significant association with favourable 

microbiome metrics, specifically greater diversity and abundance of probiotic taxa, 

suggesting those preterm infants who fall outside the criteria for supplementation may be at a 

relative disadvantage. However, in Chapter 5, I observed that this difference between infants 

who do and do not receive Infloran® during admission does not persist. 

Conclusion  
The outcomes of this thesis improve our understanding of the relationship between 

unfavourable outcomes, both maternal and infant, and the gut microbiome of preterm infants, 

and add credence to the argument for expanding the criteria for probiotic supplementation. 

The impact of maternal health on the preterm infant microbiome suggests considerations 

should made with maternal interventions, and the associations with ROP suggest the gut 

microbiome is a potential target for future interventions, however, more work is needed. 

Lastly, due to the developmental benefits of key taxa, the differences in microbial 

populations associated with probiotic prophylaxis suggest expansion of the inclusion criteria 

could be beneficial. Supporting the development of the preterm infant gut microbiome has the 

potential to help reduce the disease and developmental burden of these infants.  
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1. Introduction 
With between ten- and one hundred-trillion microbial cells, and only one- to ten-trillion 

human cells, we are more microbe than we are human. The impact these mutualistic microbes 

have on human health has led some to refer to the human microbiome as the “hidden” 

metabolic organ 1. The significance of this relationship begins early in life, with several 

studies demonstrating early patterns of gut microbial colonisation playing an important role 

in healthy development and future health 2-6. Disruption in these normal patterns of 

colonisation, as seen in preterm birth, can lead to the development of acute and chronic 

disease. Furthermore, similar irregular microbial colonisation patterns in preterm infants have 

also been linked to key clinical variables, such as mode of delivery and diet 7, maternal 

health 8, and diseases like necrotising enterocolitis (NEC) and sepsis 9. However, probiotic 

supplementation may correct these microbial imbalances and mitigate disease risk 10-13. As a 

result, probiotic supplementation has become a common supplementation modality in 

NICU’s, particularly for the most premature of infants. Thus, this thesis will explore the 

changes in gut bacterial microbiome of probiotic-supplemented, very preterm infants (< 32 

weeks), seeking to characterise microbial population dynamics at admission and discharge, 

in association with several clinical variables and relative to non-treated (probiotic), moderate 

to late preterm (32 to < 37 weeks) infants. 

 

The human gut microbiome 
The human gut microbiome is an integral component of human physiology that significantly 

impacts health 14, and the disruption of which has been implicated in several diseases 15,16. 

Despite limited understanding of the complex mechanisms that define this relationship 

between humans and their microbiome, evidence suggests a level of dependence for humans 

on these microbes 17. A dependency that stems from our coevolution with these microbes 

over millennia, the result of which has been an assemblage of different microbial species and 

humans into a single ecological unit. As a result, the human microbiome is intertwined in 

host physiology, contributing to everything from immunity and metabolism 18, to infant 

development 19.  
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The infant gut microbiome  
The gut microbiome plays a critical role in healthy infant development, immunity and 

metabolism 14,18,19, with microbial development occurring in parallel with infant 

development. Early  colonisers play a crucial role in immunity and tolerance, with early 

colonisers interacting with epithelial and lymphoid tissue in a state of controlled 

inflammation via apoptotic stimuli, reactive oxygen species synthesis and Toll-like receptor 

signalling 20. This crosstalk between microbes with the epithelium and gut-associated 

lymphoid tissue aids in the development of innate immune defences and promotion of 

pathogen recognition, which also leads to gene expression, promotion of epithelial turnover, 

increased mucous synthesis, peristalsis and antimicrobial secretion in mucous 21,22. All these 

changes contribute to the development of tolerance to commensal microbes and food whilst 

providing a barrier against the entry of potentially pathogenic microbes. However, as 

colonisation occurs through both vertical (mother) and horizontal (environment) routes, 

largely influenced by extraneous variables, the colonisation process is sensitive to a host of 

factors (Figure 1.1). These factors can contribute to microbial imbalances, or dysbiosis, 

perturbing normal development and contributing to disease 14. 
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Figure 1.1 Summary of the choreographed progression of microbial colonisation in infants, 
and previously described covariates of the infant microbiome, including both potential causes 
and consequences of microbial dysbiosis. Annotation for necrotising enterocolitis; NEC: 
retinopathy of prematurity; ROP. Figure 1.1 created using www.biorender.com. 

 

Vertical colonisation 
Vertical inoculation means the maternal microbiome and health status play an important role 

in shaping the infant gut microbiome, and in turn their health 23. This process of microbial 

transmission occurs during key colonising events such as birth and breastfeeding, with the 

mother passing on key commensal microbes 24. An unfortunate consequence of this vertical 

transmission is the potential to pass on undesirable microbes, which could contribute to both 

disease and the loss of microbial diversity over generations 25. The impact of this loss in 

microbial diversity is demonstrated by both the shared pathogens of NEC and urinary tract 

infections 26, and altered infant microbiomes associated with maternal antibiotic treatment 
27,28. Although the current dogma suggests the transmission of these microbes occurs initially 

during delivery 29, some evidence suggests maternal-infant translocation of microbes during 

pregnancy. 
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Pre-natal development 
The potential prenatal, or in utero, stage of microbiome development is the least understood. 

There is a growing body of contested research that suggests vertical translocation from 

mother to foetus during pregnancy 30. This includes studies identifying microbes in the 

meconium, the amniotic fluid, and the placenta 31,32, as well animal models identifying 

genetically tagged microbes in the offspring of mothers fed that tagged microbe 33. How this 

would occur is unclear, but one proposed mechanism is that projecting dendritic cells 

embedded in tight-junctions between epithelial cells of the intestine can sample microbes and 

translocate them from the gut-lumen and into the maternal lymphatic and circulatory systems 

and subsequently the infant 34,35. However, whilst compelling, many studies suggesting in 

utero translocation lack rigour 19, and many of the early gut microbiome colonisers of full-

term vaginally delivered infants are of vaginal and faecal origin 36. This suggests that birth is 

the first major colonising event for the gut microbiome. 

 

Birth 
Mode of delivery has a significant impact on microbial composition 8,37. The microbes that 

infants are exposed to during birth play a critical role in the development of immune and 

metabolic systems 38. Vaginally delivered infants have higher abundances of vaginally 

derived microbes, including Bacteroides and Lactobacillus 37,39. Lactobacillus spp. are 

dominant in the vaginal canal and play a critical role in the colonisation of other commensal 

microbes 39. Lactobacillus spp. also produce anti-microbial compounds, lactic acid and 

hydrogen peroxide that alter the environmental conditions and become deterrents for 

colonisation by potentially pathogenic microbes 40,41. In contrast, caesarean born infants 

acquire greater abundances of skin dwelling microbes like Staphylococcus 37,42, in 

combination with delayed colonisation of key commensal microbes – Lactobacillus 37, 

Bifidobacterium 37,43 and Bacteroides 37,44-47. The caesarean-derived microbiome, that also 

includes greater diversity 8, may contribute to associations between this mode of delivery and 

diseases like Irritable Bowel Syndrome (IBS), adiposity, Celiac Disease, Asthma and NEC 48. 

Caesarean birth, the incidence of which is increasing 39, and set to reach 28.5% of deliveries 

by 2030 49, is one of the greatest contributors to disruption of the infant gut microbiome, 

along with antibiotic use and formula feeding 28. 
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Diet  
Breast feeding, much like vaginal birth, is an evolutionary adaptation for mammals that is 

integral to the development and health of both the infant and their gut microbiome. The 

dynamic composition of breastmilk is ‘designed’ to satisfy the needs of infants at different 

life stages. For example, what colostrum (the first milk produced after birth) lacks in 

nutritional value, it makes up in immunologic and growth factors 50. However, over time, the 

key components of breastmilk shift from immunoglobulins and growth factors to lipids, 

proteins, human milk oligosaccharides (HMOs) and probiotics. The specific makeup of 

breastmilk supports everything from epithelial cell proliferation and maturation to 

development of the immune system and the fight against pathogens 50,51. Although formula is 

designed to promote both growth and development, it is difficult to replicate the complexity 

of breastmilk, which contains greater than 200 HMOs and 400 unique proteins. 

When considering the gut microbiome, HMOs and probiotics are of most interest. HMOs are 

human-indigestible prebiotic glycans that selectively nourish commensal microbes. Digestion 

of HMOs produces short chain fatty acids that serve as nourishment for both commensal 

microbes and human cells in the gastrointestinal tract (GI). Additionally, along with lactic 

acid, HMOs help to maintain the acidic environment of the GI tract and protect against 

potentially pathogenic bacteria, through anti-adhesion effects, glycome-modifying effects and 

functioning as selectin-ligand analogues 52. In addition to HMOs, breastmilk contains 

microbes commonly found in the infant gut 53, providing around 104-106 bacterial cells a day 
54. The presence of HMOs and live microbes in breastmilk may be why breastmilk is 

protective against disease 48,55.. 

Due to the differing components of breastmilk and formula, diet has a significant impact on 

the gut microbiome of infants. The gut microbiome of breastfed infants is lower in diversity 
56, but higher in abundance of commensal microbes 37,57, such as Lactobacillus and 

Bifidobacterium 37. Although diversity may be an important factor for human health 15, the 

presence of specific microbes in early infancy may be more important for microbiome and GI 

development 6,58,59. Microbes such as B. breve, B. longum, B. dentium, B. infantis and B. 

pseudocatenulatum 60,61, aid in proper establishment of gut flora and are commonly observed 

in breastfed infants. In contrast, the gut microbiome composition in formula-fed infants, 

including those on mixed feeds, lacks these key microbes and shifts towards adult-like 

composition sooner. The result is a microbiome of higher diversity and one dominated by 
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Staphylococcus, Streptococcus, Enterococcus and Clostridium 62,63. Additionally, formula fed 

infants are more likely to harbour potential pathogens, such as Clostridioides difficile 64.  

 
Maternal health 
As much of the infant’s microbial inoculation occurs through maternal-infant exchange, 

maternal health and medical interventions can also influence the infant microbiome. This 

includes interventions like antibiotics 27 and diseases like chorioamnionitis 8, and potentially 

other maternal microbiome-altering diseases, like type 2 diabetes 65 and preeclampsia 66. 

Distortions in the maternal microbiome are passed on to the infant through previously 

described vertical transmission, demonstrated by increases in Proteobacteria 67 and other 

microbial alterations 46,56 observed in infants with antibiotic-treated mothers. The maternal 

influence on the infant is so great, that a study in 2016, conducted by Arboleya et. al. found 

that maternal antibiotic treatment had a greater effect than infant antibiotic treatment 67. 

Vertical transmission of microbes from mother to infant means that maternal health can have 

a significant impact on infant health. 

 

Characteristic microbiome of preterm infants  
Preterm birth disrupts gut microbiome development 68. This disruption results in a 

microbiome that is low in diversity 69,70, with fewer commensal microbes 71-73, high inter-

individual variation 37,71, and a greater number of potential pathogens 72,74. This includes 

potential pathogens Klebsiella pneumoniae 74 and Clostridioides difficile 72, and common 

commensals Bifidobacterium 8,71-73,75, Lactobacillus 69,71,76 and Bacteroides 37,72,77. 

Unfortunately, reduced levels of Bifidobacterium have also been shown to persist throughout 

the first month of life 43, especially for the most preterm (<33 weeks gestation) 78,79. This 

delayed colonisation could result from a breakdown in the relationship between the 

commensal microbes and intestinal cells, as sufficient maturation of the gut, specifically 

during the perinatal period, is essential for bifidobacterial colonisation 78. However, these 

commensal microbes will eventually increase in abundance as the gut microbiome develops.   

Over time the preterm infant microbiome experiences abrupt changes in composition 80,81 and 

increases in diversity 56,74,81,82, eventually becoming more similar to that of full-term infants 
68. The gut of vaginally delivered full-term infants immediately after birth provides a highly 
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aerobic environment for microbial colonisation. Therefore, colonisation of full-term infants 

begins with facultative anaerobes, such as Escherichia coli and different Staphylococcus spp. 

These microbes aid in a shift from an aerobic to anaerobic environment, allowing the 

colonisation of obligate-anaerobic commensal microbes, like Bifidobacterium and 

Lactobacillus. In contrast, the pre-term microbiome has a greater abundance of facultative 

anaerobes 37,73, fewer aerobes 83 and delayed colonisation of obligate-anaerobes 84, that do not 

become well represented until 12 weeks of age 84. Although the pre- and full-term gut 

microbial communities are almost indistinguishable at two years of age, some evidence 

suggests the delay in colonisation of obligate-anaerobes may be long lasting with lower 

abundance of Bifidobacterium and Lactobacillus being observed at two-years of age 85. So, 

despite significant changes over time, slight differences may persist, which could have long-

term impacts on health. 

 

Disease 
The microbial disruption caused by preterm birth contributes to a higher disease burden in 

preterm infants 86. This includes a higher risk of NEC, sepsis 9,87,88, asthma 89 and type 1 

diabetes 90. Such diseases are likely the result of some combination of microbial intolerance, 

disrupted immune system development and microbial imbalances. As the immune system is 

developmentally regulated, disruption already occurs because of prematurity. However, as 

microbial colonisation also supports immune system development, the irregularities of the 

preterm microbiome relative to that of those born full-term may contribute to further 

perturbation. Additive to this is an imbalanced microbiome that is unable to aid in the fight 

against pathogens, but rather promotes pathogen growth. Without a full-functioning immune 

system or commensal microbes to fight off and outcompete pathogens, preterm infants are at 

a greater risk of disease than their full-term counterparts. 

 

Necrotising Enterocolitis 
Necrotising Enterocolitis, characterised by intestinal inflammation and subsequent necrosis of 

the bowel, affects 4-13% of very low birth weight (< 1500 g) preterm infants, with 20-30% 

overall mortality 91. However, even with its high prevalence and highly consequential 

outcomes its aetiology is not well understood. Although the exact aetiology is unknown, NEC 

is thought to result from a combination of microbial dysbiosis and an immature 
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gastrointestinal tract, with diet playing an integral role 92,93. NEC onset has also been linked 

to antibiotic exposure 26,94, but human milk 55 and probiotics 95 are protective. The disruption 

of the microbiome in combination with immaturity of the intestinal mucosa causes a 

hyper-inflammatory response, and subsequently, NEC lesions 93. However, NEC does not 

have a uniform microbial aetiology 96 and associations have been made with several 

pathogens, including many taxa belonging to the Proteobacteria phylum 97,98, including 

Clostridium 99,100 and Klebsiella 101, as well as low microbial diversity 69,94 and fewer 

commensal microbes 98,102. Although various microbes have been implicated in the disease, 

the inconsistencies in the causative pathogen identified, coupled with the presence of these 

same microbes in healthy infants 26,99 suggests a polymicrobial aetiology.  

Despite a complex pathology that is not well understood, the involvement of the gut 

microbiome in NEC has been well demonstrated by a consistent reduction in the incidence of 

NEC through probiotic supplementation. Several systematic reviews and meta-analyses, the 

largest of which contains 23 studies and > 7,000 infants, have shown that despite some level 

of heterogeneity in the literature, probiotic supplementation can reduce both incidence and 

associated death of NEC in very preterm infants 11,103, with the most effective probiotic 

formulations being those that contain Lactobacillus and Bifidobacterium species 10. However, 

as stated by Sawh et al., heterogeneity in both probiotic organisms and treatment regimens 

has made it difficult to deduce best-practices 10. In addition, the fact that infants developing 

NEC have very different gut microbial community structures between NICUs suggests that a 

successful probiotic protocol in one unit may not work in another 104. Lastly, a point of 

concern is that in many countries, probiotics are considered supplements, and thus do not fall 

under the same stringent pharmaceutical regulations as other drugs. However, despite these 

lingering questions and concerns, it is clear that probiotic supplementation can aid in the 

prevention of NEC through modulation of the gut microbiome.  

 

Sepsis  
Like NEC, the gut microbiome plays an aetiological role in late-onset sepsis (LoS) 105, a 

blood-stream infection that affects 20% of extremely preterm infants 106. Also, similarly to 

NEC, there is no single causative pathogen, and so it is not surprising that LoS has been 

positively associated with several potential pathogens in the gut. Positive associations 

include, but are not limited to, Staphylococcus 87,107-109 and Enterobacteriaceae 87. In addition, 
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low diversity 81and a lower abundance of Bifidobacterium 110 have also been associated with 

the disease. These irregular microbial profiles may increase the risk of LoS via disruption of 

the mucosal barrier, with resultant translocation of luminal contents 111,112. With increased gut 

permeability, microbes or endotoxins can make their way into the lymphatic and circulatory 

systems, causing the systemic immune response known as sepsis.  

 

NICU Environment  
Due to higher disease and developmental burden, many preterm infants spend the early weeks 

of life in a neonatal intensive care unit (NICU). These units specialise in looking after 

preterm and sick newborn infants, and have strict protocols for hygiene, sanitation, feeding, 

visitation, and treatment. These NICU-specific protocols may contribute to NICU-specific 

microbiomes, as demonstrated by clustering of infants microbial populations by NICU, or 

within the same NICU but at different time points 113. This may result in-part from different 

microbes present within different NICU environments, such as the dense biofilms observed in 

feeding tubes 82. These feeding tubes are required for ongoing nutritional support in the early 

weeks/months of life but may also become a site that supports the growth of nosocomial 

bacteria. However, as treatment regimens can also modulate or perturb microbial populations, 

as demonstrated by reduced diversity and altered bacterial profiles in antibiotic-treated 

infants 54, and the promotion of microbes and increased diversity 13,114 in probiotic 

supplemented infants, differing intervention protocols may also be selecting for specific 

microbial populations.  

 

Antibiotics 
The disproportionate disease burden placed on preterm infants leads to microbiome-altering 

treatment with antibiotics, a staple in preterm neonatal care. Despite being life-saving in 

many contexts, antibiotics can disrupt microbial acquisition, resulting in reduced diversity 8 

and altered bacterial profiles 54,115,116. This includes reductions in commensal microbes, like 

Bifidobacterium spp. 46,117, and an increased abundance of potential pathogens, like 

Staphylococcus spp. 109. Treatment with antibiotics selects for microbes harbouring antibiotic 

resistant (ABR) genes. Unfortunately, many of these ABR-harbouring taxa are pathogenic 
81,118, which is why antibiotic-treatment has also been associated with acute diseases, like 

NEC 94,119 and Sepsis 108,109, and chronic diseases like Asthma 120. However, despite 
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associations with chronic diseases later in life, evidence suggests that antibiotics have a 

limited effect on the microbiome post-discharge 42. The mechanism by which antibiotics 

exert long lasting effects on infants may be through disruption of immunological 

programming via microbial disruption. So, although antibiotics have an important role to play 

in neonatal care, unnecessary, excessive, or untargeted use may be counterproductive in 

promoting better health outcomes. 

 

Probiotics 
Probiotic supplementation is now common practice for very preterm infants (<32 weeks 

gestational age) in Australia. A 2015 study identified that sixteen of the twenty NICUs in 

Australia use L. acidophilus and B. bifidum (Infloran®) in some variation of a protocol similar 

to 2 × 109 colony-forming units per day from the first feed and through to 34 weeks' corrected 

age 121. Despite some heterogeneity 68,122, cumulative evidence suggests such probiotic 

supplementation protocols contributes to infant health through positive modulation of the gut 

microbiome. Potential causes of the heterogeneity includes the use of different probiotic 

species 11, methodological variability 123, probiotic impurities/irregularities 114,124, and 

confounding variables 10,125. However, despite this heterogeneity, it is now well accepted that 

probiotic supplementation increases the abundance of commensal microbes (including the 

probiotic strains), as well as a reduction in potential pathogens in infants 12,13. These positive 

changes may also persist, with several studies showing Bifidobacterium remains viable after 

probiotic supplementation 13,126, and that the differences in the microbiome of supplemented 

and non-supplemented infants remain post-discharge 42. These probiotic-induced microbial 

changes may support metabolic and immune-system development, helping to prevent both 

acute and chronic pathologies, which would explain the reduced NEC-incidence in probiotic-

treated infants across several clinical trials 10,11. However, if the benefits of probiotics extend 

beyond acute mitigation of disease, then could they also benefit older preterm infants? In 

addition, if probiotics induce positive microbial modulation, then what clinical associations 

previously identified still exist in an entirely probiotic-supplemented cohort?   
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Aims 
The overall aim of this thesis was to describe the faecal microbiome of preterm infants using 

a combination of metagenomic sequencing technologies in a cohort of preterm infants born in 

North QLD, Australia, and to explore its relationship to a host of variables. 

Aim 1: Explore changes in the bacterial microbiome of very preterm probiotic-supplemented 

infants from admission to discharge. This aim is addressed in Chapter 3. 

Aim 2: Explore the effect of clinical variables (both maternal and infant) on the developing 

very preterm probiotic-supplemented infant bacterial microbiome. This aim is addressed in 

Chapter 3. 

Aim 3: Investigate differences in the bacterial microbiomes of probiotic-supplemented and 

non-supplemented preterm infants during hospital admission. This aim is addressed in 

Chapter 4. 

Aim 4: Determine if probiotic microbes colonise the infant gut. This aim is addressed in 

Chapters 4 and 5. 

Aim 5: Investigate differences in the bacterial microbiomes of probiotic-supplemented and 

non-supplemented preterm infants post-discharge from the hospital. This aim is addressed in 

Chapter 5. 

 

Final Notes 
This thesis contains published papers, and thus the papers are written for both different 

audiences and specific journals. Minor adjustments were made to the formatting to suit the 

style of an academic thesis, such as changing the language to first person singular. However, 

the styles may differ slightly depending on the journal requirements.  

The next chapter (Chapter 2) is a methodological review that assesses the most common 

practices used for characterising the preterm infant microbiome and will elucidate the 

reasoning behind my selection of methodologies in the subsequent chapters. 
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2. Methods for Exploring the Faecal Microbiome of 
Premature Infants: A review 

 

In the introduction, I highlight the variability in results from different studies, and suggest 

that this, at least in part, stems from variability in the methodologies used. Research into the 

microbiome is still a relatively new frontier of science. The rapid progression of this area of 

research has been due, in part, to rapidly evolving genomics technologies and methods. 

Although this progress will undoubtedly benefit microbiome research, it also makes it 

difficult to navigate study design and both the interpretation and synthesis of literature. Thus, 

to better understand the varying methodologies involved in exploring the preterm infant gut 

microbiome, my second chapter is a review titled “Methods for exploring the faecal 

microbiome of premature infants: a review”, which was published in Maternal Health, 

Neonatology and Perinatology (https://doi.org/10.1186/s40748-021-00131-9).  
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Abstract 
The preterm infant gut microbiome plays an important part in infant health and development, 

and recognition of the implications of microbial dysbiosis in preterm infants has prompted 

significant research into these issues. The approaches to designing investigations into 

microbial populations are many and varied, each with its own benefits and limitations. The 

technique used can influence results, contributing to heterogeneity across studies. This review 

aimed to describe the most common techniques used in researching the preterm infant 

microbiome, detailing their various limitations. The objective was to provide those entering 

the field with a broad understanding of available methodologies, so that the likely effects of 

their use can be factored into literature interpretation and future study design. I found that 

although many techniques are used for characterising the preterm infant microbiome, 16S 

rRNA short amplicon sequencing is the most common. 16S rRNA short amplicon sequencing 

has several benefits, including high accuracy, discoverability and high throughput capacity. 

However, this technique has limitations. Each stage of the protocol offers opportunities for 

the injection of bias. Bias can contribute to variability between studies using 16S rRNA high 

throughout sequencing. Thus, I would recommend that the interpretation of previous results 

and future study design be given careful consideration. 

 

Introduction 
The preterm infant gut microbiome has become an important, modifiable factor in the field of 

neonatal intensive care. Compared with infants born full-term, the characteristic microbiome 

of preterm infants (born <37 weeks gestation) is dysbiotic: highly variable 37,71,115, low in 

diversity 8,26,69, low in common commensals 37,69,75, and harbouring more potential pathogens 
72,74. This dysbiotic microbiome composition puts immune-compromised preterm infants at 

an increased risk of acute and chronic disease, and developmental abnormalities 38,101,127. 

Preterm infants are also more likely to be born via caesarean section, be formula fed, receive 

antibiotics, and spend much of their early life in a clinical environment, all of which 

occurrences have the potential to exacerbate the microbial dysbiosis 37,56,113,115.  

Unfortunately, the understanding this microbial composition is confounded by the diversity 

of investigative methods used. Methodologies for examining the microbiome are complex, 

technically challenging and vary between laboratories. Therefore, it is impossible to rule out 
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protocol bias as a factor contributing to the variability seen between studies. In fact, a number 

of studies have demonstrated the role of methodological bias in influencing the outcomes of 

microbiome analysis 128,129, thus contributing to significant heterogeneity in results between 

studies.  

This review aimed to describe the most common techniques used in researching the preterm 

infant microbiome. I chose to focus on those studies investigating preterm infants, due to the 

explosion of interest into this area, although these techniques can also be applied to 

microbiome study of full-term infants. This magnified interest likely stems from the 

disproportionate health burden placed on preterm infants and its link to the microbiome. The 

objective of this review was to provide those entering the field, particularly those in neonatal 

clinical care, with a broad understanding of the different methods used, so that literature 

interpretation and future study design can be enhanced. This review identifies and describes 

the most commonly used methods for examining the preterm infant’s microbiome and maps 

this information against studies comparing efficacy of techniques. This process is designed to 

illuminate which techniques will be most appropriate for the examination of the microbiome 

of preterm infants 

 

Methods 
Search and Eligibility Criteria 
The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

approach (Figure 2.1), was taken to search for relevant literature up until August 2020. 

Studies investigating the preterm microbiome were identified via searches in the SCOPUS 

and PubMed databases using the search terms; “Microbiota” AND “Infant” AND 

“Premature” AND “Faeces”. Journal articles describing a wide variety of study designs, 

sample sizes, interventions, comparators and outcomes were included in this review. Articles 

were excluded if they were not original studies, were case studies, were not in English, were 

unable to be accessed or did not specifically investigate the preterm infant microbiome 

specifically. Reviews found in the initial search were also used to locate other papers that 

addressed the review question.  
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Figure 2.1 PRISMA flow diagram describing the process of study collection and inclusion. 

 
Data Collection Process 
A standardised data collection protocol was established to extract all relevant information for 

qualitative analysis. Author, date of publication, aims/hypotheses, a summary of the methods, 

a summary of the findings and limitations were recorded. Methodology-specific information 

was also collected for primary techniques, secondary techniques, storage and DNA 

extraction. Emphasis was placed on 16S rRNA short amplicon sequencing, as this 

methodology was the most common primary technique, and further information was collected 

for target variable regions, platform, pipeline and reference databases.  

 

Results 
The review of the literature explored the methodological diversity used in the study of the 

preterm infant microbiome, and a summary of the major techniques used across the studies is 

presented in Figure 2.2. The outcome of the systematic review is summarised in Figure 2.1. 
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Two hundred and seventeen articles were identified. Of these 137 articles remained after 

duplicates were removed, with a further 45 articles removed after assessing the full article for 

eligibility. A total of 92 articles were reviewed. There was a surprising lack of detail 

displayed in the methods section of many studies, despite there being several technical 

choices at each stage of the workflow with the potential to contribute to bias. The summary 

information is based only on the data that was made available. 

 

Figure 2.2  Flow diagram describing different workflows and proportions of techniques used 
for microbiome analysis in preterm infants. 

 

Primary Techniques 
Thirteen techniques for characterising the preterm infant gut microbiome were identified 

(Figure 2.2). A wide range of techniques have been used as the primary tool for microbial 

compositional analysis including: 

• Traditional culture-based techniques 130-134,  
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• 16S rRNA short amplicon sequencing 8,9,13,42,45-47,54,67,69,71,73,75,77,80,84,87,91,96,97,99,102,108-

110,113,117,118,122,135-154,  

• Shotgun metagenomics 115,  

• Temperature gradient gel electrophoresis (TGGE) 70,72,78,79,101,155-158,  

• Denaturing gradient gel electrophoresis (DGGE)74,107,116,159,160,  

• HITChip 76,85,  

• Fluorescent In-Situ Hybridisation Analysis (FISH) 161,162,  

• Terminal restriction fragment length polymorphism (TRFLP) 94,163,164,  

• Quantitative PCR (qPCR) 43,47,68,72,83,114,165-170,  

• Long-read nanopore sequencing 171, and  

• Random amplified polymorphic DNA/pulsed-field gel electrophoresis 

(RAPD/PFGE)82.  

Molecular techniques dominated, specifically 16S rRNA short amplicon sequencing, which 

made up 53.2% of primary techniques. qPCR was the second most commonly used 

technique, used in 13% of studies, with the remaining techniques being used by ≤10% of 

studies each. Traditional non-molecular techniques using selective and differential agar 

medium represented a very small fraction of the primary techniques used (5.4%), and a 

further four studies used culture techniques as a secondary method.  

 
Storage Conditions and Extraction Protocol on DNA for Molecular Techniques  
Sample storage protocols were consistent across the molecular techniques. However, the 

DNA extraction techniques used were highly variable. Freezing at -80°C dominated storage 

methods for both faeces (71.4%) and DNA (50%), with non-freezing protocols only used in 

2.9% of studies. DNA extraction was the area demonstrating the greatest variability, with 15 

different methods utilised. The QIAamp DNA Stool Kit, a kit that combines heat, chemical 

and enzymatic lysis was the most commonly used (40.3%), with using no kit at all (14.9%) 

the second most common option. The PowerLyzer PowerSoil kit was third (10.4%), with the 

other twelve kits making up the remaining 34.4%. 
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16S rRNA Amplicon Sequencing – Specific Techniques 
The most common molecular technique was 16S rRNA short amplicon sequencing. However, 

the methods used were highly variable in sequencing platforms, variable target regions, and 

pipelines. Roche 454 (57.8%) sequencing platform was the most commonly utilised of the 

four, with Illumina second (31.1%). The use of this platform has increased in recent years. 

V4 was the most common variable target region used (22.7%). However, there were sixteen 

unique combinations used across the 92 studies. Of the eight pipelines used, QIIME/QIIME2 

(Quantitative Insights Into Microbial Ecology) 172 made up half of the pipelines used, with 

Mothur 173 a distant second (20%). The Ribosomal Database Project (46.3%) was the 

predominant reference database used, with SILVA (19.5%) and Greengenes (17.1%) being 

used in most of the remaining studies. Techniques specific to 16S rRNA short amplicon 

sequencing varied greatly, despite it being the most common method. 

 

Trends Over Time 
Many outdated techniques and tools are being abandoned for newer, more robust methods. 

High throughput molecular techniques have become more commonly used over time, 

especially in 16S rRNA amplicon sequencing, which was first used in 2004. This upward 

trend in 16S rRNA amplicon sequencing is coupled with a decline in both fingerprinting- and 

culture-based techniques, with all culture-based studies occurring prior to 2015. There is also 

a trend towards the use of Illumina platforms and pipelines that use error modelling within 

16S rRNA amplicon sequencing. 

 

Discussion 
Techniques for examining the microbiome can be categorised into two main groups, 

molecular and non-molecular. Molecular techniques have become dominant due to their 

depth of analysis, speed and cost reduction. Nevertheless, there are several techniques to 

choose from even within molecular methodologies, and within a given molecular technique 

there is variation possible in protocols. This lack of consistency can contribute to the 

inconsistencies in results between studies into the preterm microbiome.  
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Culture Based Approaches  
Few studies still rely solely on traditional non-molecular methods for microbiome 

characterisation, with the most recent study under review occurring in 2014 132. Non-

molecular techniques are based on traditional microbiological methods that involve growing 

microbial communities on predetermined growth media under strict laboratory conditions 

designed to optimise growth. Methods vary depending on the type of micro-organisms 

present and downstream applications. Techniques include broth culture, enrichment and 

microbial identification. Examples of growth media include Luria Broth, also known as 

Lysogeny Broth 174, which is common for the cultivation of Escherichia coli, and selective 

agars such as blood, MacConkey 175 or Xylose Lysine Deoxycholate agar 176, which are 

specific for other taxa prevalent in the gastrointestinal tract.  Microorganisms are placed in 

growth medium and left to grow under strict conditions, giving them time to grow into 

individual colonies. Colony morphology can then be used to determine specific taxa and 

colony counts, and are used for the calculation of concentrations and serial dilutions. These 

techniques are primarily used to identify specific microorganisms of interest due to their 

specificity, and employed as diagnostic tools for the detection of pathogenic species. 

Non-molecular techniques can be useful despite their limitations in sensitivity and specificity, 

particularly for anaerobic species, as well as for discovery and scaling. They can improve the 

robustness of results via identification of specific species of interest or identification of 

unidentified sequences that may belong to a known organism 177, when used in combination 

with molecular techniques, such as 16S rRNA high throughputs sequencing. Other major 

benefits of non-molecular techniques include that the materials are inexpensive and that the 

protocol requires limited equipment. However, specific culturing conditions that select for 

specific microbes, of which there must be prior knowledge, mean that many species can go 

undetected 178,179. Moreover, they are time consuming and labour intensive when performed 

at large scale. Thus, traditional culture techniques have largely been displaced by molecular 

techniques due to these time and labour issues, as well as these older techniques’ restricted 

insight into microbial communities.  
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Molecular Based Approaches  
Molecular techniques, including 16S rRNA high throughput sequencing, fingerprinting, 

microarrays and quantitative PCRs, are rapid, sensitive and highly specific, particularly for 

commensal organisms. Molecular techniques have rapidly replaced non-molecular techniques 

for use in identifying microbiome composition since their advent, due to these benefits 

(Figure 2.2). The utilisation of genetic information to differentiate between taxa has made a 

more detailed exploration possible, and may provide information on the abundance and 

composition of these microbial communities beyond those routinely grown in the laboratory. 

The most described microbiota include bacterial communities, which can be identified 

through utilisation of the variable regions of the 16S ribosomal RNA (16S rRNA) gene, 

which is flanked by highly conserved regions. DNA is extracted from faeces in this method, 

commonly using a commercially derived extraction kit. It is amplified by PCR and then 

differentiated into groups based on similarity to identify the taxa present, allowing deep 

community sampling. Samples must first be collected and stored and the DNA extracted for 

all 16S and other molecular techniques. 

 

Sample Collection 
Sample collection protocols will vary depending on study design. However, the timing of 

collection is an important factor to consider when comparing results across studies or during 

study design. Most studies provide specific time points, based on the gestational or post-

gestational age of the infants. However, there are studies that group samples together more 

broadly, for example, binning samples together as “early-infancy” or meconium. Meconium 

is the earliest stool of a mammalian infant, comprised of a thick tar-like substance that lines 

the intestine of the unborn infant. Typically, meconium is not released until after birth. 

However, sometimes it will be released into the amniotic fluid prior to birth. It can also be 

released at different time points post-delivery, typically within the first three to five days. It 

may be that accurate comparisons cannot be made across studies when using such broad 

definitions, as the infant microbiome is dynamic, with choregraphed abrupt changes in 

composition 81,84. Therefore, the timing of collection is an important factor to take into 

consideration when interpretating the literature and planning future study design.  
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Impact of Storage Conditions and Extraction Protocol on DNA for Molecular 
Techniques 
Sample Storage 
Storage conditions influence the stability and constitution of faecal microbial 

communities 180, which could prejudice study conclusions. Inadequate storage can lead to 

continued growth of specific organisms, altering the proportions of taxa/genera in a sample, 

and can lead to DNA/RNA fragmentation. Studies show DNA/RNA fragmentation can occur 

after 24 hours when samples are stored at room temperature 180, and that significant changes 

in bacterial communities can occur in samples after this time 180-182. Potentially, changes can 

occur in as little as 30 minutes, as demonstrated by Gorzalek, et al. 183.  Currently, available 

storage methods include freezing or refrigeration at different temperatures, and the use of 

anaerobic incubation systems, aqueous storage/transport mediums and faecal occult blood 

tests. 

 

Freezing and refrigeration 
Optimal sample storage conditions depend upon the duration of storage. If samples are to be 

processed immediately, storage on ice for up to 48 hours 184, or 4°C for 24 hours 185 appear to 

be sufficient for sample preservation. However, immediate freezing of faecal samples to 

inhibit bacterial growth is the optimal procedure for longer term storage. Long term storage 

of faecal samples at -80°C has been shown to yield microbiota similar to that of fresh 

samples 181,186,187. Storage of faecal samples at -20°C also has shown similar efficacy in 

sample preservation across several studies 180,188,189. However, this appears to be time limited, 

with some studies reporting changes in taxa over longer-term storage at -20°C for storage 

times greater than a week, resulting in significant changes to Bacteroides spp. 190 and for up 

53 days in the Firmicutes to Bacteroidetes ratio 191. Storage at -80°C produces the most 

consistent results and appears to be the most common preservation method (Figure 2.2). It 

was common for samples to be stored at -20°C or 4°C temporarily, or to use non-freeze 

methods until storage at lower temperatures was possible in situations where immediate 

freezing was not possible, such as with at home collection. 
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Other storage techniques 
Immediate freezing of faecal samples can be logistically difficult, especially for large-scale 

population-based studies, and freeze-thawing effects may significantly diminish sample 

integrity. Therefore, other preservation methods may be better suited for some protocols. 

These preservation techniques include chemical and drying preservation such as DNA/RNA 

Shield and anaerobic incubation systems. Preservation buffers, aqueous reagents that stabilise 

and protect cellular DNA/RNA, like DNA/RNA Shield (Zymo Research) and RNAlater 

(Thermofisher), may also preserve genetic integrity for weeks without refrigeration or 

freezing 192-198. Using these buffers ensures that samples are also protected from the potential 

stress caused by freeze-thawing effects. These buffers and other non-freeze preservation 

methods are a good alternative when freezing is not feasible.  

Some potential issues have been highlighted with non-freezing preservation methods, despite 

these methods being a more practical alternative. Preservation buffers may result in lower 

diversity 199,200 relative to immediate freezing. Moreover, some older preservation buffers 

may impede downstream DNA extraction and amplification of target genes 192. Anaerobic 

incubation systems, like Anaerocult®, are only effective for storage of anaerobic strains and 

thus have obvious limitations. Most current research still supports the efficacy of preservation 

buffers, despite several studies highlighting their limitations. Thus, both freezing at -80°C 

and suspension in a stabilisation buffer are acceptable practices when considering all the 

available storage options. 

 

DNA Extraction 
The first step for molecular analysis is DNA extraction, which can be carried out using 

commercially available kits. Extraction is an important step in molecular techniques, which 

involves separating DNA from the other cellular material contained within samples of 

interest. The process involves cell lysis, or the disruption of cell walls, separation of the DNA 

from the other cell components and its subsequent isolation. DNA extraction can be laborious 

and carries a high risk of sample contamination, as a significant amount of handling of the 

biological material is involved. Fortunately, there are several commercially available 

extraction kits that make the process less laborious, more streamlined and more reproducible 

due to the widespread interest in the human microbiome. 
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The amount of tissue needed for DNA extraction and sequencing is dependent on the 

extraction methods and downstream application respectively. Generally, 100 to 1000 

nanograms of DNA is required for whole genome sequencing, and as little as 1 to 10 

nanograms for amplicon sequencing 201. The amount of stool required will be dependent on 

the efficacy of the protocol in extracting the DNA, which is dependent on the methods used 

for the given protocol. The QIAamp DNA Stool Kit, the most commonly used in the preterm 

infant microbiome field, is optimised for 190-220 milligrams of stool, but as mentioned 

above, the amount of stool required is kit-dependent. 

Unfortunately, different extraction protocols and kits can contribute greatly to variation in 

microbial community structure 202,203, introducing bias to outcomes 190,204,205. In one study the 

extraction method was demonstrated to be the second-greatest contributing factor to variation 
202. This variation arises in large part due to different methods of homogenisation and lysis. 

These steps are critical, as different stool fractions can contain different microbial 

compositions, and different microbes are lysed better by different techniques.  

Microbial cell wall structure differs between Gram-negative and Gram-positive bacteria and 

require different lysis methods for DNA extraction. In Gram-negative bacteria, the cell wall 

is thin and made up of both a peptidoglycan and phospholipid bilayer containing 

lipopolysaccharides, whereas Gram-positive bacteria have a thick peptidoglycan cell wall. As 

a result, Gram-positive microbes require more vigorous lysis methods and Gram-negative 

microbes are more easily lysed 190.  

Different forms of homogenisation or lysis can, therefore, contribute to bias by not 

effectively disrupting the cell wall of all microbes present in a sample or, conversely, by 

destroying the DNA of easily lysed cells. Mechanical, chemical, and enzymatic lysis methods 

can also produce different proportions of taxa, with mechanical methods producing higher 

bacterial numbers and greater diversity 190. Two comprehensive studies that explored several 

kits, including the QIAamp DNA Stool Kit, found that the International Human Microbiota 

Standards (IHMS) Protocol Q, that includes mechanical lysis, performs best across several 

parameters 203,206. Despite this, this review found that the most common extraction method 

utilised in preterm infant microbiome studies was the Qiagen QIAamp DNA Stool Kit. This 

method uses a combination of heat, chemical and enzymatic lysis, with some studies adapting 

the protocol to add mechanical lysis through bead beating. Unfortunately, different bead-

beating instruments have been shown to produce bias 203,207,208. Despite this, mechanical 



38 
 

disruption is essential for comprehensive profiling of the human gut microbiome 208,209, and 

until a standardised protocol is established, researchers must be careful to consider the bias 

generated through different kits.  

 

Molecular Techniques 
Fingerprinting Methods 
The increasing usage of 16S rRNA amplicon sequencing has been matched with a reduction 

in the use of other techniques, like different fingerprinting methods. Fingerprinting methods 

are more cost effective and faster to perform 210, although high throughput sequencing 

techniques provide a broad detailed analysis of microbial communities. These techniques are 

favoured in comparison to traditional culture methods, as they provide greater sensitivity and 

specificity for individual organisms, and can be used to analyse large numbers of samples 210. 

Broadly speaking, fingerprinting methods provide a profile of microbial communities that 

uses amplification of a target gene (commonly the 16S rRNA gene) and the utilisation of gel 

electrophoresis to observe physical separation of amplicons, allowing exploration of highly 

abundant taxa. Fingerprinting methods have been used in studies exploring the preterm 

microbiome (18.5%), although they are currently less common. These techniques include 

denaturing/temperature gradient gel electrophoresis (D/TGGE) and terminal restriction 

fragment length polymorphism (TRFLP), as well as denaturing high performance liquid 

chromatography (dHPLC) in a single study. dHPLC uses liquid chromatography to identify 

polymorphisms 211, while the others rely on electrophoresis to differentiate between 

sequences, although all are considered fingerprinting methods. 

 

Denaturing/temperature gradient gel electrophoresis 
Gradient electrophoresis is the size dependent movement and separation of dispersed nucleic 

acids through an acrylamide gel. As DNA has a negative charge, it moves through the 

acrylamide gel or molecular mesh towards the positive electrodes at a rate that is inversely 

proportional to the size of the nucleic acid sequences, thus allowing the differentiation of 

different sized sequences 212. More detailed exploration is achieved by applying either a 

temperature (TGGE) or chemical gradient (DGGE) to denature the samples as they move 

across acrylamide gel, based on the chemical make-up of the sequences 213,214. 
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Both DGGE and TGGE differ in the mechanism of DNA denaturation. In DGGE the nucleic 

acids are exposed to increasingly extreme chemical conditions, leading to the denaturation of 

the DNA in a stepwise process. This allows for visualisation of the sequence differences by 

their position on the gel. The method relies on differences in the ability to denature the bases, 

which is determined by base pair sequences to separate genes by size. In contrast, TGGE uses 

a temperature gradient in combination with the electrophoresis. Strands separate across the 

gel depending on base-pair content, with smaller molecules travelling faster  214 as the 

temperature increases.  

 

Terminal restriction fragment length polymorphism (TRFLP) 
TRFLP also uses electrophoresis to differentiate between sequences based on terminal 

restriction fragment size, like TGGE and DGGE. This allows sequence identification for 

microbial community profiling 215. The method involves PCR amplification of a target gene 

with fluorescently labelled primers and subsequent digestion with restriction enzymes. The 

sizes of the different terminal fragments are then determined by separating the fluorescently 

tagged terminal fragments via capillary or polyacrylamide electrophoresis in a sequencing 

gel, creating unique banding patterns allowing identification of microorganisms 216. T-RFLP 

has high throughput capability and can be highly sensitive, but it also has limited accuracy as 

incomplete or non-specific digestion can lead to overestimation of diversity. Homology of 

sequences can contribute to an underestimation of taxa present 217. Furthermore, libraries 

must be built prior to analysis. 

 

dHPLC 
dHPLC uses liquid chromatography to identify DNA polymorphisms 218, unlike TGGE, 

DGGE and T-RFLP. DNA strands are separated into hetero- and homoduplexes using an ion-

pair, reverse-phase liquid chromatography on a poly alkyl column matrix. 218, following 

partial heat denaturation. The presence of polymorphisms is revealed by the differential 

retention of these homo- and heteroduplex DNA fragments 219. Heteroduplexes are double 

stranded DNA that have formed during PCR amplification that are mismatched at the site of 

mutation. Mismatched double stranded DNA fragments have reduced retention on the column 

matrix, and subsequently in a reduced retention time, thus allowing for identification of 
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polymorphisms. As a result, dHPLC can be useful as a screening test for mutations that may 

be involved in diseases or associated with antibiotic resistance 211,220. The method has also 

been used to differentiate between taxa at species depth by applying the same underlying 

principle of scanning for mutations to the detection of sequence variations between PCR-

amplified bacterial 16S rRNA genes 221, and also as a tool for re-sequencing of genomes 219. 

Limitations (Pros and Cons) 

Some consider dHPLC to be the optimal fingerprinting method 70, potentially allowing 

identification of bacteria at the species and/or biotype levels 221. However, these techniques 

require extensive downstream processing, can produce PCR bias 178,222 and have limited 

detection depth, as it is difficult to relate banding patterns created in gels to species or 

lineages created by fingerprinting methods 223. Thus, fingerprinting methods are usually 

limited to identification at the order/family level 224, and to only the most abundant 

organisms. This methodology also makes it difficult to combine data from multiple studies 

into a single analysis 223. Fingerprinting techniques can be useful for exploring dominant 

members of microbial communities, including clustering of communities based on dominant 

members 225. However, their application is limited in describing entire microbial 

communities. 

 

Phylogenetic Microarrays  
Microarrays were originally developed to monitor gene expression, but their application has 

been expanded to include comparative genomics, DNA sequencing analysis, single-

nucleotide polymorphism (SNP) analysis and microbial detection 226, including studies on the 

preterm infant microbiome 76,85. Microarrays are microscopic slides printed with probes made 

of predefined oligonucleotide sequences complementary to the small subunit (SSU) rRNA. 

The oligonucleotide probes detect gene expression or mRNA transcripts expressed by 

specific genes and extracted from target organisms. Reverse transcriptase converts mRNA 

into complementary DNA (cDNA), and this cDNA is fragmented and fluorescently labelled 

and added to the microarray 227. cDNA then binds complementary oligonucleotide probes via 

hybridisation, and measurement of the observed fluorescent intensity at a given probe is an 

indication of the abundance of predetermined sequences that are chosen prior to analysis and 
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are of interest 227. This makes phylogenetic oligonucleotide arrays (phyloarrays), including 

HITChip, suited to the analysis of microbial communities. 

HITChip is an ecosystem-specific phylogenetic microarray developed for microbial detection 

in the human gastrointestinal tract 228,229, and is the only microarray to be used in studies on 

the preterm infant gut microbiota. HITChip is an oligonucleotide microarray that uses 4,800 

oligonucleotide probes based on two hypervariable regions (V1 and V6) of the 16S rRNA 

gene, identifying 1,140 phylotypes. Phylotypes were designed following the analysis of 

16,000 human gastrointestinal tract 16S rRNA gene sequences 229. As a result, HITChip is 

highly specific to the human gastro-intestinal tract microbiome and provides a high level of 

diversity.  

Limitations (Pros and Cons) 

Benefits of microarrays include ease of use, speed and cost 230, and potential for investigating 

microbial gene functionality 231. These intermediate methodologies allow processing of large 

sample sizes, while providing more taxonomic depth, like fingerprinting methods. 

Microarrays target the ribosomal RNA gene, allowing comparisons of diversity and 

taxonomy, and thus display similar robustness 232,233, like 16S rRNA sequencing. However, 

when compared to high throughput techniques, phylogenetic arrays are limited when 

assessing new lineages, as they can only detect predefined taxa 223,234. Other methodologies 

are better suited when there is potential for taxonomic or gene discovery, as microarrays are 

limited to predefined taxa. Microarrays are not commonly used in studies on the preterm 

infant gut microbiome, as it is a relatively new area of study, and other methodologies may be 

better suited for characterising this niche. 

 

qPCR and Fluorescent In-situ hybridization 
Polymerase chain reaction (PCR) is a highly sensitive molecular technique that was originally 

developed for detection of DNA/RNA sequences, but has since progressed beyond purely 

nucleic acid detection. Quantitative polymerase chain reaction (qPCR) builds on standard 

PCR by providing the quantity of amplified genes. qPCR also differs from standard methods 

as it monitors the amplification of targeted DNA molecules in real time or during PCR 

instead of at the end. This process allows not only detection, but also quantification and 
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characterisation of nucleic acids 235. Fluorescent dye is added to the PCR reaction in dye-

based qPCR, and the fluorescent signal increases proportionately to the quantity of DNA 

being replicated. This allows quantification of DNA after each cycle. However, qPCR only 

allows one target to be examined at a time, thus throughput is limited. The more accurate 

probe-based qPCR provides one way around this drawback, by simultaneously examining 

multiple targets via recognition of sequence-specific probes. The fluorescent signal from the 

probe in probe-based qPCR is proportional to the target sequence that is present in the 

reaction 236, as it is in dye-based qPCR. 

Fluorescent in situ hybridisation (FISH) is another probe-based technique. FISH is a 

molecular technique that uses complimentary binding to identify or quantify cDNA that can 

be used for microbial identification, like microarrays and qPCR 237. FISH uses fluorescently 

labelled DNA probes that match specific DNA sequences that can be observed under a 

microscope, allowing direct quantification of specific taxa. Fluorescent oligonucleotide 

probes are created for targets, either 16S or 23S rRNA sequences. The target and probe 

sequences are denatured with heat or chemicals, and mixed together prior to hybridisation. 

Hybridisation then occurs between complementary target and probe sequences, with 

fluorescence microscopy facilitating detection of hybridisation via observations of 

fluorescently labelled cDNA. This target-specific methodology facilitates high accuracy 

when targeting specific microbes. 

Limitations (Pros and Cons) 

Both qPCR and in-situ hybridisation can provide highly accurate quantification 238, can be 

highly sensitive 239, and can produce similar results to metagenomic methods when 

considering the main intestinal microbial groups 136. However, they are limited in their 

application, as prior knowledge of sequences is required, like fingerprinting and microarrays. 

Thus, these methods have no discovery power and no capacity for assessing diversity. FISH 

has been designed to examine the major microbial groups present in preterm infants but is 

based on groups present in full-term infants 161,162. However, predefining taxa in this way is a 

significant limitation, as preterm infants are known to have significantly different microbial 

populations to infants born full-term 67,136. Moreover, both qPCR and FISH are not scalable, 

and therefore are only effective for low target numbers. qPCR or in-situ hybridisation 

methods may be beneficial when specific populations are being targeted, as they have limited 
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bias and are cheaper compared to sequencing methods, but they are not suitable for projects 

mapping entire microbial ecosystems, like that of the preterm infant gut microbiome. 

 

Sequencing Techniques 
DNA sequencing is the process of nucleic acid sequence determination, and covers a broad 

range of techniques across three generations of sequencing. The first generation of 

sequencing began with a low throughput technique, Sanger sequencing, which only 

sequenced a single DNA fragment at a time 240. Sanger uses a labour-intensive cell-based 

amplification step, involving cloned sequences being placed into plasmids for amplification, 

prior to extraction and purification 240. The second generation of sequencing techniques, often 

referred to as next-generation sequencing (NGS) or high-throughput sequencing (HTS), 

involved 16S rRNA Metabarcoding and Metagenomics (shotgun sequencing). NGS refers to 

any sequencing method using the concept of parallel processing. This parallel processing 

increased the volume of reads per run to millions, vastly improving efficiency, as did the 

development of a cell-free system. NGS also runs elongation and detection steps in parallel, 

again improving efficiency 241. However, NGS technologies are limited in that they use short 

reads (bp), which create a computational challenge when assembling or mapping to genomes. 

A third generation of sequencing was developed to overcome this challenge, long read or 

single molecule direct sequencing. The capacity of all sequencing technologies to produce 

large volumes of relatively accurate data, coupled with the continual reduction in cost, has led 

to their adoption across most modern studies investigating microbial populations. 16S rRNA 

high-throughput amplicon sequencing (metabarcoding) is now the most common method 

used for studies specifically characterising the preterm infant’s gut microbiome (Figure 2.2). 

However, other methods, including shotgun metagenomics, and third generation single 

molecule direct (long-read sequencing), have also been applied. All techniques described 

have their strengths and limitations. 

 

Next Generation Sequencing 
16S rRNA amplicon sequencing  
16S rRNA amplicon sequencing, or metabarcoding, has become the most common technique 

for characterisation of the preterm infant microbiome since it was first used in 2004. 16S 
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rRNA metabarcoding uses high throughput sequencing to target variable regions of the 16S 

rRNA gene, allowing accurate identification of microbial community composition 242-244. The 

16S rRNA gene codes for 16S ribosomal RNA, a component of the 30S small subunit of 

prokaryotic ribosomes. The 16S rRNA gene is highly conserved across taxa, but also has 

several variable regions allowing differentiation between taxa, due to a slow rate of 

evolution. The variable regions are conserved enough that most taxa can be characterised, but 

variable enough that taxa can be differentiated. There are nine of these hypervariable regions 

that range in base pair length and are involved in the secondary structure of the small 

ribosomal subunit. The regions vary in conservation, and thus different regions correlate with 

different levels of taxonomic resolution. The protocol for 16S rRNA gene amplicon 

sequencing involves DNA extraction, PCR amplification of the variable target region(s), 

grouping of sequences into OTUs, ASVs or an equivalent, and then mapping these sequence 

variants to a reference database for taxonomic identification. 

16S rRNA metabarcoding is the most common technique for characterising the preterm 

infant. However, despite this there is no predominant protocol. There are a myriad of options 

at all stages of the workflow, all of which can introduce bias that alters outputs, which is 

supported by the observation that samples cluster by study 128. Technical differences in how 

samples are collected and stored, how DNA is extracted, the primers that are selected and 

variable regions targeted, the sequencing platform, bioinformatic pipelines and reference 

databases could all produce systemic bias that obscures biological differences 128,129. As the 

16S rRNA protocol is the most common technique for characterising the preterm infant gut 

microbiome, a more detailed explanation of its varied protocols is discussed below. Caution 

should be used during both interpretation of the literature and study design until a 

standardised protocol is agreed upon. 

 

Selection of Variable Regions and Primer Bias 
Once DNA is extracted, and prior to sequencing, the target DNA from the variable region of 

interest must be amplified via PCR. However, there is much debate on which variable sub-

region to target and matching primers to use. Indexing primers are complementary base pair 

sequences that are required to ‘select’ and amplify variable sub-regions. These 16S rRNA 

variable sub-regions can vary by up to 40% in taxa between samples analysed with the same 
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pipeline 245, and it has been argued that the most critical step for accurate rDNA amplicon 

analysis is the choice of primers 246, as primer selection can alter coverage 247.  

Samples with the same extraction and storage protocols have been demonstrated to cluster by 

primer selection 128. This is because poor primer selection can influence quantitative 

abundances 248, and contribute to under-representation or over-representation of taxa 98,249 or 

selection against particular taxa 223,250,251. For example, most primers may inadequately detect 

Bifidobacterium 252, possibly over-exaggerating the low levels already observed in preterm 

infants. For identifying species, targeting of these hypervariable sub-regions is limiting, as 

different sub-regions show bias in the taxa that they can identify due to limited variability 

within the sub-region itself. Thus, while V1-V3 may be good for Escherichia and Shigella 

species, Klebsiella will require V3-V5, and Clostridium and Staphylococcus require V6-V9 

sequencing 253. As a result, studies that target hypervariable sub-regions must settle for 

taxonomic resolution at the genus level.  Thus, the only way to ensure good taxonomic 

identification would be to sequence the entire 16S gene, given these limitations and the bias 

that can be introduced through variable region and primer selection. However, high error 

rates and cost are still major deterrents. 

Arguments have been made for targeting the V4-V6 254, V4 248,254,255, and V3-V4 245,247,256 

sub-regions, with V4 being the most common for characterising the microbiome of preterm 

infants, when targeting hypervariable sub-regions for high throughput sequencing (Figure 

2.2). The Earth Microbiome Project 257 recommends the V4 sub-region, and it has been 

demonstrated to have low PCR and sequencing errors due to complete overlap of paired end 

sequences 255. Other work has also shown that the phylogenetic relationships based on V4 

were closest to that entire 16S rRNA gene 254. However, some evidence suggests that 

targeting the V4 region may not be as accurate as previously thought 253. The debate about 

which region is best is ongoing, but research conducted by Almeida et al. makes a convincing 

argument for the use of the V3-V4 region above all else. It compared variable regions across 

different combinations with pipelines and reference databases for both mock communities 

and simulations 245, and found the V3-V4 region consistently produced the most reliable 

taxonomic inferences. Taken together, the frequent use of V4 and the findings across studies, 

targeting either the V4 or V3-V4 sub regions may be best practice until standardisation 

occurs. Additionally, consideration should be given when making comparisons across studies 

that use different variable regions.  
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NGS Platform 
Several sequencing platforms are available for 16S rRNA short read amplicon sequencing, 

with Illumina MiSeq, Roche 454 (originally 454 Life Sciences) and Thermo Fisher’s Ion 

Torrent Personal Genome Machine (PGM) all being used in the context of the preterm infant 

microbiome. Roche 454 has historically been the dominant platform, as NGS technologies 

began with it. However, Illumina now dominates the market, with its consistent growth and 

the eventual abandonment of the Roche 454 sequencing platform in 2016. It is important to 

understand the differing methods across platforms, and their limitations and biases for 

accurate interpretation of the literature, although most modern sequencing technologies will 

opt for Illumina sequencing. 

Illumina sequencing technology facilitates massively parallel sequencing by using optical 

signals to detect base pairs in real time. DNA libraries, containing fragments that vary 

between 100-150bp, are loaded onto a flow cell and placed in the sequencer for this process. 

The sequences bind to the flow cell via complementary adaptors. A process called clonal 

bridge amplification or cluster generation then amplifies each read, creating a spot (cluster) 

on the flow cell (slide) with thousands of copies of the same DNA strand. Then, through a 

process coined sequencing by synthesis, fluorescently tagged nucleotides bind to the 

complementary bases on the DNA strand via repeated cycles of single-base extension. A 

fluorescent signal (the colour of which is dependent on the base) is emitted upon 

incorporation of each nucleotide, and a picture taken, indicating what nucleotide was added. 

Once the forward DNA strand is read, the reads are washed away, and the process is repeated 

for the reverse strand. Computers then construct the sequence by detecting the base at each 

site in each image.  

Roche 454 relies on the production of sequence clusters, like Illumina, but through a process 

called clonal emulsion PCR (emPCR). In emPCR, single stranded DNA fragments (up to 

1kb) from a DNA library are attached to the surface of a bead, rather than a slide, with one 

bead for each DNA fragment. The reads bind to the bead via complementary adaptors. The 

beads are then compartmentalised into single wells containing emulsified oil, and are 

subjected to thermal cycling to achieve clonal amplification. This process produces many 

copies of the original template, as in Illumina’s clonal bridge amplification. The slide 
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containing the wells is then flooded with one of the four nucleoside triphosphates (NTP) that 

bind to their complements, releasing a light signal upon addition. The original NTP mix is 

washed away and the next NTP is added and the cycle is repeated. The light intensities are 

then plotted on a graph for each sequence read, with graphs then used to determine the 

sequence computationally. 

Ion Torrents PGM also uses clonal-emPCR, but differs from Roche 454 both in how it 

determines the nucleotide sequences and the size of DNA fragments. Ion Torrents PGM or 

proton sequencing uses DNA fragments of ~200bp, which are again bound to beads via 

adaptors. These then undergo PCR and are washed with different NTPs. It then exploits the 

release of hydrogen ions, which occurs through the addition of an NTP to a DNA polymer for 

nucleotide sequence determination. The release of hydrogen ions causes changes in pH that 

are used to determine the DNA sequences. 

Limitations (Pros and Cons) 

No platform is without its limitations: limitations that can contribute to platform-associated 

biases and study-based clustering 128, despite significant developments in the sequencing 

field. For example, Roche can have high sequencing error rates associated with A and T 

bases 258, high error rates in homopolymer regions resulting from accumulated variance in 

light intensity 259-261, and can have up to 15% of sequences resulting from artificial 

amplification 262. Ion Torrent is also subject to high homopolymer error rates 261,263,264, as 

well as organism-specific read truncation, due to the similar methods of Roche and Ion 

Torrent, in which multiple nucleotides can be incorporated during a single cycle 265. Illumina 

still have their own systematic base-calling biases  266, even though platforms produce 

comparatively lower error rates 261. These include production of homopolymer-associated 

sequencing errors 258, different quality reads across different sequencing tiles 267, increased 

single-base errors associated with GGC motifs 268 and different sequencing error rates at the 

different read ends 269. In the two dominant platforms in preterm infant studies Roche 454 

and Illumina, the differences caused by platform are minor 248,258. However, the lower error 

rates, higher throughput 261 and higher read quality 265 achieved by Illumina, results in higher 

quality data. This allows stringent quality control parameters, resulting in more reliable 

outputs for downstream analyses 248.  
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Bioinformatics and Reference Databases 
Bioinformatics is an interdisciplinary field of science that combines biology, computer 

science and statistics, in order to process large amounts of biological data, such as that 

produced by 16S rRNA gene amplicon sequencing. Bioinformatic tools like QIIME 270 and 

Mothur 173 are required to clean up and make inferences on microbial composition from data 

that is not human-readable post sequencing and prior to downstream analysis. Bioinformatic 

tools or pipelines need to be both precise and reliable in order to produce accurate biological 

conclusions using the vast amounts of genetic data that is being produced with sequencing. 

These tools convert raw data into interpretable taxonomic abundances by comparing 

sequencing reads in the form of OTUs, ASVs or an equivalent (sequence variants that 

represent a true sequence) 271 to a defined reference database, identifying the taxa present in 

samples by assigning the most likely taxonomic lineages. The accuracy of the taxonomy 

classifications produced is then reliant on both the diversity and breadth of annotated 

sequences in the reference databases 245, as well as the accuracy of the ever improving 

algorithms used by bioinformatic pipelines. 

There is no agreement on optimal practices, although the bioinformatic pipelines are rapidly 

changing and improving, and many researchers are unaware of the biases associated with 

using different tools. Combinations of different software packages, databases and targeted 

regions can produce vastly different levels of accuracy when examining mock communities 

and running simulations 245. When comparing several bioinformatic tools: QIIME, QIIME 2, 

Mothur and MAPseq 272, Almeida et al. found that QIIME 2 was the optimal tool in regards 

to detection sensitivity and composition prediction. QIIME 2 had the largest proportion of 

classified sequences at the most accurate relative abundances 245. However, MAPseq was 

more precise, with fewer genera being miss-assigned.  A more recent study which compared 

the most popular current bioinformatic pipelines for 16S rRNA gene amplicon sequencing, 

found that DADA2 was the best choice for studies requiring the highest possible biological 

resolution, but that USEARCH-UNOISE3 273 had the best overall performance 274. The 

common theme running through USEARCH-UNOISE3, DADA2 and QIIME 2 (uses 

DADA2/deblur plugins) is their denoising or clustering algorithm. 

Denoising and clustering are methods for correcting sequencing errors through grouping of 

similar sequence variants into a bin. This was originally done through OTU clustering, in 

which sequences are clustered based on a 97% similarity threshold. However, there are 
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several methods for implementing this threshold: closed-reference, open-reference and de 

novo clustering 275. The de-novo method clusters reads against one another, based on the 

threshold, without a reference database, unlike the reference-based approaches. In contrast, 

the closed-reference method clusters reads against a database and excludes those sequences 

that do not align. Open-reference clustering also clusters against a database, but then clusters 

reads that do not align de novo. The most successful method is debatable 275,276, but may be 

dependent on the study design. Nonetheless, the quest for more reliable data has seen a shift 

away from OTU-clustering towards error modelling, which takes into account both 

abundance and error.  

Denoisers, as seen in DADA2 277 and deblur 278, generate error models learnt from the reads 

and use these models for sequence variant assignment with either ASVs (DADA2) or 

subOTUs (deblur). The error modelling approach allows for clustering down to the level of 

single-nucleotide differences in the sequence region, improving resolution, and allows 

consistently reproducible labels with intrinsic biological meaning 271. These improvements 

allow researchers to distinguish between true sequences and those generated during PCR 

amplification and sequences, and result in comparable general community structure across 

different tools. However, some variability still exists, with differences in the number 

sequence variant produced and resulting alpha diversity 279, despite these improvements. 

These differences should be considered when making cross-study comparisons and during 

study design. 

The most common bioinformatic pipeline for studies exploring the preterm infant gut 

microbiome is QIIME.  QIIME’s use of OTU clustering and its production of a large number 

of spurious OTUs and inflated alpha diversity 274 should be taken into account when 

considering older literature. However, QIIME was succeeded by QIIME2 in 2018 (first 

published in 2019) 172, which uses an updated error modelling approach, with either DADA2 

or deblur plugins. Most studies on the preterm infant microbiome predate the release of 

QIIME2, and therefore will have used the older version. It is unclear if newer studies will 

make the transition, due to the limited number of papers released since the pipeline’s 

publication. However, in order to produce more robust data, research in this field needs to 

move towards these new and improved methods. 

Along with choosing the best bioinformatics tool, the reference database used is also an 

important consideration. Pipelines can use a homology based or Bayesian approach to match 
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sequence variants to sequences from the reference databases. This was originally achieved 

with a similarity threshold of >95% sequence match being considered to represent the same 

genus and >97% match for species level identification 280. However, recent work suggests 

that these thresholds are too low for accurate assignment 281. The reference databases contain 

FASTA files with reference sequences assigned to nodes of taxonomy. However, 

discrepancies exist in both nomenclature and lineages of taxonomy between databases 281,282, 

which has obvious implications for the taxa identified in a sample. The Ribosomal Database 

Project (RDP) is the database used most often for studies on the preterm infant microbiome. 

SILVA may have better recall and be more precise than the more commonly used RDP 

(Figure 2.2), when examining the human microbiome, based on a benchmarking paper by 

Almeida et al. 245. However, more research on best practices, along with standardisation 

across databases is needed.  

 

Bioinformatics – Contamination  
Contamination is another way variability between studies can be introduced. DNA 

contamination from collection, extraction and sequencing protocols (and kits) can impact 

upon the interpretation of results 283,284. Many of these contaminants could be considered 

normal inhabitants of the human gastro-intestinal tract, and so it is important that measures 

are taken to mitigate the risk of contamination, and that steps are taken to account for or 

remove this contamination. Negative controls, spike-in controls and microbial standards, 

when coupled with appropriate bioinformatic tools, are effective ways to account for both 

accuracy of techniques and contamination.  Bioinformatic tools like microdecon 285 can be 

used to remove homogenous contamination. This is important for both study design and 

interpretation of the literature, as contamination may produce unusual or novel findings if the 

appropriate mitigation strategies are not in place 283. 

 

Descriptive metrics 
Analysing microbial data can provide a significant challenge due to the volume and 

complexity of the data. Additionally, it is difficult to provide a best practice approach for 

statistical analysis of microbiome data, as it is highly dependent on the hypotheses and 

objectives of the study. However, generally, there are three main metrics that are considered 
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in microbial analysis: alpha diversity, beta diversity and differential abundance. 

Unfortunately, finding a meaningful way to conduct these analyses can be a convoluted 

process. 

Alpha diversity refers to the diversity within a sample, summarising the ecological structure 

with respect to either richness (number of taxonomic groups), evenness (distribution of 

abundances of the groups), or a combination of the two 286. Alpha diversity can be 

represented by richness, the Chao 1 index, the Shannon-Weiner index, the Simpson index, 

Pielou’s evenness or Faith’s phylogenetic diversity. All these indices differ in what they 

represent, with richness and the Shannon-Weiner index common in the context of 

microbiome research. Richness is simply referring to the count of sequence variants, whereas 

the Shannon-Weiner index takes both richness and evenness into account. The Chao 1 index 

is a bias-corrected richness estimate 287 that has become less common with the advent of 

newer pipelines (e.g. DADA2), due to their handling of singletons, which is based on the 

assumption that many are spurious sequencing variants. 

Beta diversity refers to microbial differences between samples or groups. There are several 

metrics for beta diversity that represent distances between samples, as there are in alpha 

diversity. Beta diversity metrics include the Jaccard distance, Bray-Curtis distances and 

UniFrac. Jaccard distance is the number of sequence variants shared by samples divided by 

the number shared. Bray-Curtis distances, one of the most widely used in microbiome 

research, builds on this by taking abundances into account as well, whereas UniFrac 

distances, either weighted or unweighted, represent the differences between samples based on 

phylogenetic differences. These distance matrices can all be represented with direct 

comparisons of distances between samples or groups, hierarchical clustering or ordination 

techniques. Ordination is the most common as it reduces the complex distance data to a 2D or 

3D plot, making for easy interpretation. 

Alpha and beta diversity, along with differential abundance, all require normalisation prior to 

analysis. Differential abundance is simply making comparisons for taxonomic abundance 

between samples or metadata. However, the process is more complicated than simply 

counting the number of reads per sample. This is because using read counts as a measure of 

abundance is flawed, as the number of reads is actually an artefact of sequencing, and is 

therefore not a good representation of abundance 288. Alpha and beta diversity also take read 

counts into account, and so both are also sensitive to sequencing depth. Both diversity metrics 
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require an equal number of reads per sample for valid analysis. This means that if appropriate 

measures are not taken, library sizes can determine diversity results 289. Thus, reads must be 

normalized to account for the differing number of reads per a sample prior to analysis. 

However, although normalisation is the solution, different methods are required for different 

analyses. 

Older methods of normalisation include Total Sum Scaling/Normalisation (TSS) and 

rarefying. In TSS, data is transformed to proportions by dividing the reads for each sequence 

variant by the total number of reads, whereas rarefying adjusts for differences in library sizes 

by assigning a sequencing depth threshold, and subsequently subsampling samples with a 

depth above the threshold and discarding those below. However, both methods are poor 

options for differential abundance testing and can have high type 1 errors 290-293. Additionally, 

TSS doesn’t account for heteroskedasticity 130 and rarefying discards potentially useful data. 

As a result, other modern methods have begun to replace the old methods. 

Newer methods include variance stabilising transformation with DESeq2 294, upper quantile 

normalisation 290, CSS normalisation 295 and Trimmed Means of M-values (TMM) with 

EdgeR 296. Methods like DESeq2 and EdgeR are generally favoured due to their performance 

across several comparative papers 290-292. However, these comparisons are specific to 

standardisation of within-sample variance, the ability of data to cluster in ordinations, and 

their performance in differential abundance testing, but there are several important limitations 
297. These methods tend to focus on standardising within-sample variance across samples, as 

they were created for differential abundance testing. As a result, the newer methods do not 

guarantee equal number of reads across samples. They supress species evenness and 

overestimate the importance of low abundance taxa (through log transformations) 297. The 

overestimation of low abundance taxa and suppression of evenness can contribute to an 

inaccurate representation of the community, and, along with non-equal read counts, can lead 

to inaccurate comparisons between samples. 

So, although proportions, specifically TSS and rarefying, are not suitable for differential 

abundance testing, they are more suitable for diversity analysis, as they give a more accurate 

representation of the microbial communities while accounting for differences in read depths 
293,297. Additionally, methods like the variance stabilising transformation with DESeq2 are 

favoured for differential abundance testing. It is critical that researchers are aware of the 
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strengths and limitations of normalisation methods for accurate interpretation and robust 

study design and differences between the subsequent analyses. 

 

Metagenomic Shotgun Sequencing (whole genome sequencing) 
Shotgun metagenomics is another NGS approach that has been used a handful of times for 

characterising the gut microbiome of preterm infants. Shotgun metagenomic sequencing 

targets all DNA in a sample, in contrast to 16S rRNA sequencing, which targets a specific 

region/gene. The protocols differ from 16S rRNA sequencing slightly, although they use the 

same sequencing technology. Shotgun metagenomics does not require amplification, as there 

is no target region/gene, but it does require the removal of host DNA prior to mapping, as all 

extracted DNA in a sample is sequenced. This alternative NGS method provides greater 

taxonomic resolution and gene annotation, allowing more comprehensive analyses. As a 

result, studies using this technology are typically looking to link functional gene profiles or 

pathogen strains to disease. 

Limitations (Pros and Cons) 

Shotgun sequencing has its limitations, despite its obvious benefits. There are numerous 

experimental and computational approaches that can be carried out at each step, as in 16S 

rRNA sequencing 298. DNA extraction methods have been shown to affect composition 299, 

due to kits and reagents containing microbes 300 and differences in lysis techniques 301. 

Library preparation and sequencing can introduce errors through PCR amplification 298 and 

selection of platforms 302,303. Furthermore, specifically metagenome profiling can cause 

protocol-associated variability, having several options for bioinformatics, as all metagenomic 

profiling techniques have their own limitations 298.  

There are two approaches for metagenome-profiling: assembly-free methods and assembly-

based methods. Assembly-free methods, also known as read-based profiling or ‘mapping’, 

make comparisons to reference databases that contain whole genomes, such as Kraken 304 or 

Centrifuge 305, or to selected marker genes, such as mOTU 306. Alternatively, assembly-based 

analysis uses assemblers like Meta-IDBA 307 and SOAPdenonovo2 308 to reconstruct 

genomes de novo. Assembly-based methods can construct multiple whole genomes and 

resolve novel organisms, but can be a significant computational burden and are limited in 

assessing complex communities. Alternatively, read-based analysis is computationally 
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efficient and can deal with more complex communities, assuming there are enough 

sequencing depth and genomes in the reference database. However, identification is limited 

to those microbes previously defined, and so community structure/function is limited. Both 

approaches have their strengths and weaknesses, and which is best may depend on the 

question being asked. 

There are also pros and cons when comparing NGS shotgun approaches to other sequencing 

methods. Metagenomics has more reliable species identification and broader analyses 

potential relative to metabarcoding, but the bioinformatics is more involved, requiring more 

time, skill and computational power, and the sequencing is more expensive, as entire 

genomes are being sequenced instead of a single gene. As a result, older studies using 

shotgun approaches tend to have lower sample sizes 115 or only use the technique on a subset 

of the cohort 116. Additionally, where fragments of bacterial genomes are mixed in with 

contamination from host species and other organisms, 16S rRNA amplicon sequencing has 

specificity for bacteria, does not require full reference genomes, and does not require large 

quantities of, nor high quality, DNA 309,310, as opposed to shotgun sequencing. However, the 

adoption of this technique will likely become more widespread as the price of shotgun 

metagenomic sequencing continues to drop, in combination with improved computational 

methods. However, 16S rRNA amplicon sequencing targeting variable regions continues to 

dominate studies in this field at the present time. 

 

Third Generation Sequencing  
Long read sequencing is another sequencing approach. Full length sequencing of the 16S 

gene was made possible with the advent of third generation sequencing technology, also 

known as long-read sequencing. This approach is possible with platforms like Oxford 

Nanopore Technologies Minion 311 and techniques like Pac Bio’s Circular Consensus and 

Continuous Long Read Sequencing 312. These technologies allow discrimination between 

millions of reads that may only differ by a single nucleotide 253, and have the capacity to 

produce reads in excess of 10,000 base pairs (bp) 313,314. This allows the sequencing of the 

entire 1,500 bp 16S gene and increases the resolution in taxonomic profiling to species and 

strain level.  
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Third generation sequencing can produce these long reads because their design is distinct 

from previous sequencing methods. Nanopore technology produces long sequences by 

passing a single DNA molecule through a DNA pore, measuring changes in current across a 

membrane. The current passing through the membrane is dictated by the size of the base pairs 

in the sequence that is passed through the pore. Alternatively, PacBio’s SMRT (Single 

Molecule, Real-Time) sequencing repeatedly passes a DNA molecule through a DNA 

polymerase attached to a well, with short sequences being read until there are enough 

overlapping reads to identify the entire sequence.  

Long-read technologies can also be applied to whole genome sequencing (WGS) and shotgun 

metagenomics, as well as full length sequencing of the 16S rRNA gene. WGS or shotgun 

metagenomic approaches allow greater sequencing depth, meaning species level detection of 

the preterm microbiome can be achieved, like sequencing the entire 16S gene. This capacity 

was demonstrated by Legget et al., who took advantage of Oxford Nanopore’s ability to 

produce near-real time data in developing a metagenomic screening platform for preterm 

infant microbiome samples 171. Moreover, as shotgun metagenomic sequencing targets all 

genomic DNA in a sample, the data can be used for other analyses, like functional profiling 

and antibiotic resistance gene profiling. This provides a comprehensive investigation of 

microbial ecology.  

Limitations (Pros and Cons) 

The long reads produced from the two technologies are their major advantages. Nanopore can 

produce reads generally ranging from 10Kbp to 1Mbp, with the longest sequence produced 

being >2Mbp 315. These longer reads, along with advances in the associated computational 

methods, allow for greater sequencing depth than short-read technologies, with potential for 

greater accuracy 316, as they can distinguish between sequencing artifacts and actual 

biological sequences 253. However, high error rates 317-319 are still a problem in TGS, despite 

the claim of high accuracy. For Oxford Nanopore, this high error rate comes from using 

changes in current to identify base pairs 320. In PacBio’s Single Molecule, Real-Time 

sequencing no current technology can precisely capture the rate of information produced 

(DNA polymerase adds 100bp/s), which is one reason why the DNA must be passed through 

the enzyme multiple times to overcome this issue. So, although these technologies show 

promise, the high error rates and cost are still deterrents, which is probably why they have 

been used so seldom in studies on the preterm infant microbiome. 
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Conclusions 
Variability of results will continue to be a limitation when investigating microbial 

populations in preterm infants until there is standardisation of protocols. This review aimed to 

describe the most common techniques used in researching the preterm infant microbiome, 

and their limitations. The objective was to provide those entering the field with a broad 

understanding, so that considerations can be taken for both literature interpretation and future 

study design. 16S rRNA amplicon sequencing is the most commonly used method, as it is 

cheaper than both long-read and shotgun metagenomic sequencing, more detailed than non-

molecular techniques and allows the characterisation of taxa present across a wide range of 

samples. This approach, however, has several limitations that can introduce bias. Full length 

sequencing of the 16S gene or a shotgun metagenomics approach may provide better options, 

especially as accuracy continues to increase, along with a reduction in cost. However, until 

these options become more viable, 16S high throughput sequencing targeting a select number 

of hyper variable sub-regions will continue to dominate. 

There are a number of options at different stages within 16S sequencing methods that can 

contribute to bias, and with the large number of tools and databases available, it can be a 

difficult task deciding on an optimal approach. In this work I briefly described the bias across 

methodologies, with emphasis on 16S techniques. The most commonly used techniques 

within 16S rRNA high throughput sequencing are sample storage at -80°C, QIAamp DNA 

Stool Kit for extraction, sequencing on the Roche 454 platform, targeting the V4 region, and 

using the QIIME or QIIME2 pipeline in combination with the Ribosomal Database Project 

reference database. However, the optimal combination for 16SrRNA sequencing would likely 

be storage at -80°C, an extraction kit that includes mechanical lysis, such as (IHMS) Protocol 

Q or the Power Faecal Pro (Qiagen), use of the Illumina platform, targeting of the V3/V4 

regions, using the QIIME2 pipeline (or at least error modelling) in combination with the 

SILVA database. However, the research question, as well as reproducibility and consistency 

across studies should also be considered. To conclude, until standardisation of microbiome 

research is possible, significant consideration needs to be given to ensure correct 

interpretation of the literature and robust study design. 
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3. The bacterial gut microbiome of probiotic-treated 
very preterm infants – Changes from admission to 
discharge 

 

Using best practice methods outlined in Chapter 2, this chapter addresses aims 1 and 2: 

exploring changes in the bacterial microbiome of very preterm probiotic-supplemented 

infants from admission to discharge, and the effect of clinical variables (both maternal and 

infant) on the developing very preterm probiotic-supplemented infant bacterial microbiome. 

The purpose of this chapter was to explore the gut microbiome of what is now a new normal 

in North Queensland clinics; the probiotic supplemented, very preterm infant. This chapter 

reinforces previous findings demonstrating a strong link between microbiome composition 

and both maternal and infant disease, but in a unique cohort. It is also the second, and largest, 

study to implicate the infant gut microbiome in ROP and identified a link between maternal 

preeclampsia and gut-microbiome perturbations in early infancy. Further work is needed to 

elucidate the role of the gut microbiome in ROP, and the impact of microbial alterations that 

occur in association with preeclampsia. These findings were published as “The bacterial gut 

microbiome of probiotic-treated very preterm infants – Changes from admission to 

discharge” in Paediatric Research (https://doi.org/10.1038/s41390-021-01738-6). 
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Abstract  
Background: 

Preterm birth is associated with the development of acute and chronic disease, potentially, 

through the disruption of normal gut microbiome development. Probiotics may correct for 

microbial imbalances and mitigate disease risk. Here amplicon sequencing was used to 

characterise the gut microbiome of probiotic-supplemented preterm infants. The aim was to 

identify and understand variation in bacterial gut flora from admission to discharge and in 

association with clinical variables. 

Results:  

Infants born <32 weeks gestation and/or <1500 g were recruited in North Queensland, 

Australia, with faecal samples collected at admission (n = 71) and discharge (n = 63). 

Univariate analyses showed significant changes in the gut flora from admission to discharge. 

Mixed effects modelling showed significantly lower alpha diversity in infants diagnosed with 

either sepsis or retinopathy of prematurity (ROP) and those fed formula. Additionally, 

chorioamnionitis, preeclampsia, sepsis, necrotising enterocolitis and ROP were also all 

associated with differential abundance of several taxa. 

Conclusions: 

The lower microbial diversity seen in infants with diagnosed disorders or formula-fed, as well 

as differing abundances of several taxa across multiple variables highlights the role of the 

microbiome in development of health and disease. This study supports the need for 

promoting healthy microbiome development in pre-term neonates. 

 

Introduction   
It is well known that preterm birth leads to retarded gut microbiome development and 

increased risk of acute and chronic disease in infants and adults 321. The gut microbiome 

composition of preterm infants differs significantly to those born full term, and is 

characterised by lower diversity 69,322 and high inter-individual variation 71,72,77. Additionally, 

despite high variability, preterm infants typically have fewer commensals like 
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Bifidobacterium 71,72 and Lactobacillus 71,73, and more potential pathogens like Klebsiella 

pneumoniae 74 and Clostridium difficile 72. However, the gut microbiome is dynamic and 

changes significantly over time 323. Although reduced levels of common commensal 

organisms and diversity can persist for months 42,43, maybe years 85, choreographed abrupt 

changes in composition 81,84 and increases in diversity 42 mean that eventually the preterm gut 

microbiome composition becomes more similar to that of full-term infants. 

Shifts in the composition and organism dominance result from environmental changes and 

major colonising events. Colonisation occurs via different routes and is influenced by several 

factors, including delivery and diet. Delivery is the first major colonising event, contributing 

significantly to differences between individuals 8,37, including higher abundances of vaginally 

derived microbes in those born vaginally. This includes Bacteroides and Lactobacillus 37,39. 

In contrast, caesarean born infants acquire greater abundances of skin dwelling microbes like 

Staphylococcus 37,42. As for diet, breast milk and formula also produce distinct microbial 

communities 56,323 due to the presence of both microbes and human made oligosaccharides 

(HMOs) in breast milk 148. Although maternal skin and vaginal microbes colonise infants 

during birth and feeding, these microbes may only be transient with maternal gut microbes, 

passed through birth or lactation proving to be more persistent 23.  

As much of the microbial inoculation occurs through maternal-infant exchange, maternal 

health and medical interventions can also influence the developing infant microbiome. 

Interventions such as antibiotics 27 and diseases like chorioamnionitis 8, a bacterial infection 

occurring before or during labour, have been previously shown to influence the infant 

microbiome. Thus, other maternal microbiome-altering diseases, like type 2 diabetes 65 and 

preeclampsia 66, a pregnancy disorder characterised by high blood pressure, could also disrupt 

the infant microbiome. The resulting irregular infant microbiome could have severe 

consequences for infant health and development 324. 

Disrupted microbial colonisation puts preterm infants at a high risk of acute infection 91,106, 

chronic disease 38,325 and developmental abnormalities 161,326. The increased risk in disease is 

a consequence of the breakdown in the symbiotic relationship between infants and colonising 

microbes, with delayed colonisation of commensal microbes contributing to intolerances to 

normal flora 97,108. Additive to this is an imbalance between commensals and pathogens that 

may induce intestinal inflammation and cytokine production 327. These microbial imbalances 

contribute to higher rates of acute diseases like necrotising enterocolitis (NEC) and sepsis, 
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chronic diseases like asthma 120 and potentially, developmental disorders like retinopathy of 

prematurity (ROP) 328 in preterm infants. This disproportionate burden of disease leads to 

microbiome-altering supplementation with antibiotics, a staple in preterm neonatal care, and 

probiotics, an emerging preventative strategy. Antibiotics can disrupt microbial acquisition, 

resulting in reduced diversity and altered bacterial profiles 54, whilst probiotics have been 

shown to promote the growth of commensal microbes and increases in diversity 13,114,133, as 

well as reducing disease incidence 10. 

As probiotic prophylaxis is now common for the most premature of infants, this prospective 

observational study using 16S rRNA high throughput analysis of faecal and meconium 

samples aimed to characterise the bacterial gut microbiome of probiotic preterm infants. 

Specifically, I set out to characterise changes in a probiotic-supplemented cohort of preterm 

infants from admission to discharge, and to examine the impact of several key variables on 

the microbiome. This includes assessing the reproducibility of past findings and exploring 

new potential associations through multivariant analyses. 

 

Methods 
Study population 
16S rRNA high throughput sequencing was used to characterise the bacterial microbiome, 

down to genus, of infants receiving probiotic supplementation and born into the Townsville 

Hospital and Health Service’s (THHS) Neonatal Intensive Care Unit (NICU). The THHS 

Neonatal intensive care unit (NICU) is the only level six tertiary referral unit outside 

southeast Queensland, Australia. Thus, all babies being born at <29 gestation weeks in North 

Queensland are referred here. North Queensland is affected disproportionately by preterm 

birth, with the North West experiencing the highest rate (12%) of pre-term births 329, and the 

Torres and Cape the highest proportion (11.7%) of low birth weight (LBW) infants 329. North 

Queensland (NQLD) also has a large indigenous population, whose infants are more likely to 

be born prematurely (13%) and represent one out of ten preterm births in Queensland 329. 

When considering the increasing prevalence of preterm birth in the NQLD, 5% over the last 

decade 329, the burden that preterm birth places on NQLD families and the healthcare system 

is significant.  
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Study design and ethics 
Ethics was obtained from the Human Research Ethics Committee from the THHS, and 

recruitment commenced in October of 2017, and continued until October of 2018. Inclusion 

criteria was infants born <32 weeks’ gestation and admitted to the NICU at the THHS. The 

exclusion criteria were no parental consent, gestational age of >32 weeks and 

contraindication to enteral feeds. One capsule of the probiotic Infloran® 330, containing 

Lactobacillus acidophilus (1 × 109 CFU) and Lactobacillus bifidus (Bifidobacterium bifidum) 

(1 × 109 CFU),  is administered via enteral feeds and to all infants born <32 weeks gestations 

and <1500 g at the THHS NICU on a daily basis. Infloran® supplementation is commenced 

on the first day of feeding and ceased once the infant is > 34-36 weeks gestation. Recruitment 

was conducted by a neonatal nurse/research assistant who works at the NICU, and sample 

collection by NICU nurses using collection kits’ (biohazard bag, sterile swab and storage 

container). Collection occurred at admission (meconium) and just prior to discharge (stool). 

However, it should be noted that these labels represent the general timing of collection, and 

as such, the admission samples may not have been the first stool passed and may already be 

under the influence of microbiome covariates. After collection, samples were sent via a 

pneumatic tube system to Pathology Queensland and stored at -80C. Clinical information 

was also collected for downstream analysis. This included both maternal data – antenatal 

antibiotics, antenatal infections (clinically diagnosed), chorioamnionitis (clinically 

diagnosed), prolonged membrane rupture (clinically diagnosed), preeclampsia (clinically 

diagnosed), and diabetes (type 1 or 2, self-reported) and infant data – sex, mode of delivery 

(vaginal birth versus Caesarean section), diet, gestation at birth and collection, NEC (stage 2 

or greater), sepsis (confirmed through culture), days and timing of antibiotics, death, ROP 

(stage 1 or greater), birth weight, nursery discharge weight and date of birth. A summary of 

this data can be found in Table 3.1. 

 

Categorical Variables 

Variables Levels Count Percentage (%) 

Sex Male 60 44.8 

Female 74 55.2 

Diet Formula 40 29.9 
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Breastmilk 64 47.8 

Formula & 
Breastmilk 

30 22.4 

Delivery Vaginal 45 33.6 

Caesarean 89 66.4 

NEC Yes 12 9.0 

No 122 91.0 

Sepsis Yes 8 6.0 

No 126 94.0 

Died Yes 7 5.2 

No 127 94.8 

Antenatal antibiotics Yes 90 67.2 

No 44 32.8 

Neonatal antibiotics  Yes 126 94.0 

No 8 6.0 

Chorioamnionitis  Yes 58 43.3 

No 76 56.7 

Preeclampsia Yes 20 14.9 

No 114 85.1 

Maternal Diabetes  Yes 24 17.9 

No 110 82.1 

Continuous Variables 

Variable mean/median 

Gestational age at birth 28.3/28.1 weeks 

Gestational age at sample 
collection  

Admission 29.3/29.3 

Discharge  35.3/35.9 

Days on antibiotics prior to 
sample collection 

Admission 3.3/3 

Discharge  9.4/5 

Weight at birth 1193/1086g 

Weight at discharge  2448/2425g 

Table 3.1 Overview of the demographic data for the cohort. Annotation: NEC: necrotising 
enterocolitis, ROP: retinopathy of prematurity. 
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Sequencing and bioinformatics 
In brief, the protocol used in this study included sample storage at -80C 181, an extraction kit 

that includes mechanical lysis 206, use of the Illumina MiSeq platform 248, targeting of the 

V3/V4 regions 245 and use of the SILVA reference database 245.  

DNA extraction was conducted using the Bioline ISOLATE Fecal DNA Kit 331, with 

modifications made in consultation with the manufacturer to optimise DNA yield. This 

included increased beta-mercaptoethanol (from 0.5 to 1% to increase DNA solubility and 

reduce secondary structure formation), addition of an extra wash step (to improve purity) and 

decreased elution buffer volume (to increase final DNA concentration). For library 

preparation I followed the Illumina metagenomics library preparation protocol 332, using the 

Index Kit v2 C 333, along with Platinum™ SuperFi™ PCR Master Mix 334. The MiSeq 

Reagent Kit V3 333 was used in combination with the Illumina MiSeq System, targeting the 

V3 and V4 regions with the 785F/800R primer combination for sequencing. 

Pre-analytical bioinformatics were conducted in R Studio Version 3.6.1 335 with a pipeline 

adapted from Workflow for Microbiome Data Analysis: from raw reads to community 

analyses 336, which along with the subsequent analyses can found under Supplementary 

Material. DADA2 337 was used for quality filtering and trimming, demultiplexing, denoising 

and taxonomic assignment (with the SILVA Database), and the microDecon package 285 used 

to remove homogenous contamination from samples using six blanks originating in 

extraction. 

 
Statistical analysis 
Exploring changes in composition and diversity from admission to discharge 
For statistical analysis, a phyloseq object was created using the package Phyloseq 338, with 

taxa filtered by prevalence (threshold = 0.01) and agglomerated at the genus level. The data 

were then explored through Principle Coordinate Analysis (PCoA) plots using a Bray-Curtis 

dissimilarity matrix created from normalised (Total Sum Scaling) non-agglomerated data. 

Permutational analysis of variance (PERMANOVA) was then conducted for community-

level comparisons between admission and discharge samples to observe group-level 

differences based on the Bray-Curtis dissimilarity matrix, using the adnois() function of the 
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package Vegan 339. Alpha diversity indices, Shannon Index and Observed (richness), were 

then calculated on filtered, non-agglomerated data, and a comparison was made between 

admission and discharge samples using a Wilcoxon Rank Sum Test, with adjusted p-values 

accounting for False Discovery Rate using the Benjamini-Hochberg procedure 340. To 

identify individual microbes whose abundance changed significantly from admission to 

discharge, data that were filtered and agglomerated at the genus level, but not transformed, 

were then normalised and modelled (negative-binomial) with DESeq2 294. A Wald Test with 

the Benjamini-Hochberg multiple inference correction was then performed to determine 

significant differentially abundant taxa. 

 

Exploring the effect of clinical variables on alpha diversity and taxonomic 
abundance 
Lastly, associations between several clinical variables and community structure were 

explored. The relationship between clinical variables and both Shannon Diversity and 

taxonomic abundance were assessed using multivariant linear regression models. For 

exploring the relationship with Shannon diversity, a mixed effects linear regression model 

was created using the package lme4 341, with a gaussian distribution and using the restricted 

maximum likelihood estimation. Continuous predictors were scaled and cantered to avoid 

convergence issues and multicollinearity assessed using the AED package 342. Collinear 

variables were removed from the model. Thirteen predictors: mode of delivery, feeding type, 

gestation, antenatal antibiotics, antenatal infections, NEC, sepsis, chorioamnionitis, neonatal 

antibiotics, death, prolonged membrane rupture, preeclampsia, diabetes and retinopathy of 

prematurity were included in the initial model. To control for high amounts of inter-

individual variation in the microbiome of preterm infants 69, individual’s identification 

(unique record number – URN) was included as a random factor. To assess the influence of 

clinical variables at both admission and discharge an interaction variable was included in the 

model (labelled Type). The resulting model Shannon ~ (15 Parameters) * Type + (1|URN), 

assesses the effect of the 15 predictors on Shannon diversity for both types of samples, 

Admission and Discharge, whilst accounting for the individual, represented here by URN.  

Backwards selection (69) was then implemented to simplify the model by comparing 

Akaike’s Information Criterion (AIC) scores between regression models and removing 

predictors that were not contributing to the model. The process was repeated until the least 
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complex adequate model was identified. The covariates included in the final model were 

sepsis, antenatal antibiotics, gestational age at birth, gestational age at collection, diet, the 

mode of delivery, NEC, preeclampsia, ROP and days on antibiotics. The significance of the 

fixed effects variables in this final model was then assessed analysis of deviance (Type II 

Wald Chi-square test) from the car package 343,  and post-hoc pairwise Tukey comparisons 

(correcting for multiple comparisons) from the emmeans package 344.  

For differential taxonomic abundance, two negative binomial generalized linear models were 

created using the package DESeq2. A combination of previous literature and exploratory 

analysis, including PCoA plots, PCA and scatterplots, were used for model selection. Again, 

continuous predictors were scaled and cantered, and multicollinearity was assessed. Taxa 

were agglomerated at the genus level, due to the limited taxonomic depth of short amplicon 

sequencing. To reduce the number of false positives, two separate models were run; one each 

for admission and discharge samples. The resulting model assessed the effect of 11 

independent predictors; sepsis, diet, chorioamnionitis, mode of delivery, gestation at birth, 

gestation at collection, NEC, preeclampsia, ROP and days on antibiotics prior to sample 

collection, on taxonomic abundance. Low abundance and low frequency taxa were then 

removed, and a Wald Test with the Benjamin-Hochberg multiple inference correction was 

then performed.  More information on the analysis can be found in the Supplementary 

Material. 

 

Results 
Exploring changes in composition and diversity from admission to discharge 
The study recruited 85 preterm infants born <32 weeks and <1500g from the THHS NICU. 

From these infants 134 stool samples were collected, of which 71 were from admission 

(meconium) and 63 from discharge (stool), with 44 infants have paired samples. 42 of the 

discharge samples were collected after the cessation of probiotic prophylaxis, with an average 

time since cessation of 23 days. Other cohort demographics can be observed in Table 3.1. 

Significant changes in genera were observed between admission and discharge (Figure 3.1), 

with Staphylococcus significantly higher at admission (p<0.01), and Enterobacter (p<0.01), 

Lactobacillus (p<0.01), Clostridium sensu stricto 1 (p<0.01) and Veillonella (p<0.05) higher 

at discharge (Figure 3.2C). Although there was limited separation between admission and 



66 
 

discharge samples, the beta diversity showed a clustering pattern that resulted in a significant 

difference between the two groups (Figure 3.2A, PERMANOVA; p<0.01 & R2 = 0.06, 

homogeneity of variance; p = 0.85). The average species diversity within samples (Observed 

and Shannon) increased from admission to discharge (Figure 3.2B), but not significantly.  

 

Figure 3.1 Histograms representing the distribution (top 20 taxa) of taxonomic relative 
abundance for admission and discharge samples at both phylum (A) and genus (B) levels. 
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Figure 3.2 A: Principle coordinate analysis plot for admission versus discharge based on 
Bray-Curtis dissimilarity matrix (p<0.01 & R2 = 0.06), B: box plots of alpha diversity for 
admission versus discharge, C: table of differential abundance testing for admission versus 
discharge (base value is admission). Annotation: p-adj: Adjusted p value; lfc: log-fold 
change, & lfcSE: log-fold change standard error. P<0.05 = *, P<0.01 = **, P<0.001 = ***. 

 

Exploring the effect of clinical variables on alpha diversity and taxonomic 
abundance 
Several maternal and infant variables were significantly associated with changes seen in the 

preterm infant gut microbiome. Mixed effects models show that several clinical and 

environmental variables were significantly associated with both the diversity and taxonomic 

composition within samples. Significant pairwise differences in diversity were observed for 

diet, sepsis and ROP (Figure 3.3), and chorioamnionitis, preeclampsia, sepsis, NEC, ROP 

and diet were all associated with changes in taxonomy (Table 3.2). 
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Figure 3.3 Boxplots of alpha diversity (Shannon Index) for significant Tukey’s pairwise 
comparisons designated by lower case letters, (where a is significantly different from b) on a 
linear mixed effects model that used an interaction term to assess the effects both at and 
between admission and discharge, and was modified through backwards selection. 
Annotation for Diet; B: Breastmilk, B/F: Breastmilk and Formula & F: Formula. A: Box plot 
comparing alpha diversity at admission and discharge between different types of diet, B: Box 
plot comparing alpha diversity between sepsis diagnoses, C: Box plot comparing alpha 
diversity at admission and discharge between retinopathy of prematurity diagnoses. 

 

log2FoldChange lfcSE padj Genus Variable Sample 

3.09 0.99 * Staphylococcus Chorioamnionitis:Yes Admission 

-17.58 3.22 *** Enhydrobacter Sepsis:Yes Admission 

-15.38 3.95 ** Pseudomonas Sepsis:Yes Admission 

10.33 2.84 ** Bifidobacterium Sepsis:Yes Admission 

-11.62 2.31 *** Bifidobacterium NEC:Yes Admission 

4.84 1.00 *** Staphylococcus ROP:Yes Admission 
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-27.65 2.64 *** Escherichia/Shigella Preeclampsia:Yes Discharge 

-4.25 1.67 * Veillonella Diet:Breastmilk Discharge 

2.54 0.87 * Bifidobacterium Diet:Breastmilk Discharge 

3.64 1.46 * Klebsiella Diet:Breastmilk Discharge 

-5.52 1.91 * Lactobacillus Diet:Formula Discharge 

P<0.05 = *, P<0.01 = **, P<0.001 = ***. 

Table 3.2 The significant differentially abundant taxa at the genus level obtained from 
DESeq2 analysis, with log2FoldChage for the variable listed compared to the base value. 
Annotation: p-adj: Adjusted p value; lfc: log-fold change, lfcSE: log-fold change standard 
error, NEC: necrotising enterocolitis, ROP: retinopathy of prematurity. 

 

Mode of delivery and diet 
Only diet had a significant impact on the gut microbiome, with the mode of delivery not 

reaching significance for alpha diversity (p = 0.057, Supplementary Material) or any taxa. 

The type of milk the infant received had a significant effect on alpha diversity (Figure 3.3A; 

ꭓ2 = 13.5, df = 2, p<0.01), with subsequent post-hoc pairwise comparisons finding a 

significant difference between formula-fed infants (𝑥̅ = 2.10 ± 0.17) and those that were 

breastfed (𝑥̅ = 1.56 ± 0.11) (Figure 3.3A; p<0.01). For differential abundance, infants who 

were fed only breastmilk had significantly higher abundances of both Bifidobacterium (Table 

3.2; p<0.05) and Klebsiella (Table 3.2; p<0.05), and lower Veillonella (Table 3.2; p<0.05), 

relative to those that were only fed formula, but only at discharge. In addition, those fed only 

formula had significantly lower Lactobacillus at discharge (Table 3.2; p<0.01). 

 

Pregnancy complications 
Both preeclampsia and chorioamnionitis had a significant impact on the infant gut 

microbiome, with both conditions significantly associated with taxonomy (Table 3.2). In 

infants whose mothers were diagnosed with chorioamnionitis before or during labour, 

Staphylococcus was significantly higher at admission (Table 3.2; p<0.05). For infants whose 

mother was diagnosed with preeclampsia there were no differences at admission, but 

significantly lower Escherichia/Shigella (Table 3.2; p<0.001) at discharge. 
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Neonatal complications 
Three neonatal complications, ROP, NEC and sepsis, were significantly associated with the 

developing preterm gut microbiome. Both sepsis (Fig 3B; ꭓ2 = 4.70, df = 1, p<0.05) and 

ROP (Fig 3C; ꭓ2 = 10.98, df = 1, p = <0.001) were significantly associated with diversity, 

with infants who were diagnosed with sepsis having significantly lower diversity (𝑥̅ = 1.10 ± 

0.17) than infants who did not have the disease (𝑥̅ = 1.84 ± 0.09). For ROP, subsequent 

pairwise analysis suggests a significant association between diagnosis and differences in the 

microbiome at admission, suggesting early microbial perturbations could be implicated in 

later disease onset (Figure 3.3C; p<0.01). 

NEC, sepsis and ROP were significantly associated with the abundances of several taxa at 

admission. Infants diagnosed with sepsis had significantly lower Pseudomonas (p<0.01) and 

Enhydrobacter (p<0.01), in combination with significantly enriched Bifidobacterium 

(p<0.01). Bifidobacterium was significantly lower in infants diagnosed with NEC (p<0.01), 

and Staphylococcus significantly enriched in infants diagnosed with ROP (p<0.01). 

 

Discussion 
The aim of this study was to identify and understand variation in gut microflora development 

in a cohort of probiotic-supplementation preterm infants from North Queensland, Australia. 

Specifically, I set out to assess the difference in bacterial microbiome between two time 

points while the infant was in hospital, between admission and discharge. I also sought to 

understand the effect of several clinical variables (both maternal and infant) on the 

development of the gut microbiome. To do so,16S rRNA gene high throughput sequencing 

was utilised. I then conducted univariate comparisons to examine the difference between the 

infant microbiome at admission and discharge, and mixed effects models to explore the 

influence of several clinical variables, including Sepsis, Feeding Type, Chorioamnionitis, 

Mode of Delivery, Gestation, NEC, Preeclampsia and ROP. 
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Exploring changes in composition and diversity from admission to discharge 
Despite overlap, overall community structure was significantly different between admission 

and discharge faecal samples. Staphylococcus, commonly an early coloniser of the infant gut 
345, was found in significantly higher abundance at admission. In healthy newborns, 

colonisation usually begins with oxygen-tolerant microbes 345 like Staphylococcus, that 

consume oxygen, shifting the environment from aerobic to anaerobic 60, allowing 

colonisation of strict anaerobes 345. Clostridium sensu stricto 1, a genus of mostly strict 

anaerobes, along with the genera Lactobacillus, Enterobacter and Veillonella were found in 

significantly higher abundance at discharge. The significant presence of Lactobacillus at 

admission is surprising considering the delayed or limited colonisation of common 

commensals with Lactobacillus and Bifidobacterium normally seen in preterm infants 37,43,78. 

Although not significant (p = 0.11), the presence of Bifidobacterium across 99 samples in 

such a young cohort is also noteworthy 78,79. This is especially true considering their 

supplementation with Infloran®, which may explain the significant presence of both 

Lactobacillus and Bifidobacterium in such a cohort. Future work should apply a more robust 

sequencing methods, to see if the species present are those found within the probiotic. 

 

Exploring the effect of clinical variables on alpha diversity and taxonomic 
abundance 
Mode of delivery and diet 
In contrast to previous studies, no significant pairwise differences in diversity or taxonomy 

between vaginally and caesarean delivered infants at admission or discharge was observed. 

Typically, caesarean born infants bypass the vaginal route of inoculation, resulting in greater 

diversity 8, with fewer or delayed colonisation of Lactobacillus 37, Bifidobacterium 37,43 and 

Bacteroides 44,46,346, coupled with higher than normal amounts of skin dwelling microbes. The 

inconsistency between the results of this study and the literature may be due to other 

confounding variables, such as prematurity itself or supplementation with probiotics, which 

has been demonstrated to alter Bifidobacterium and Lactobacillus populations in preterm 

infants 13. If probiotic supplementation is driving the disparity between the results of and 

previous work, this would support previous work suggesting probiotic supplementation can 

correct for microbial differences seen in caesarean born infants 347.  
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Regarding the influence of diet on microbiome, there was significantly lower alpha diversity 

and higher abundances of Bifidobacterium and Klebsiella at discharge in breastfed infants, 

relative to those solely formula fed. The significant difference in Bifidobacterium supports 

previous work showing that breastfed infants have lower diversity 56 in combination with 

more commensal microbes 37,57, including different Bifidobacterium species 37. The higher 

abundance of such microbes stems from the presence of both Bifidobacterium and HMOs in 

breastmilk 52,348,349. Additionally, the higher abundance of Lactobacillus in infants the were 

fed a combination of formula and breastmilk, relative to those who only received formula, 

suggests that ‘supplementing’ formula feeding with some breastmilk may correct for some 

microbial imbalances associated with formula feeding. As for the differences in Klebsiella, 

the genus contains known pathogens such as Klebsiella pneumoniae, previously associated 

with NEC 153, and has been implicated in cases of sepsis. However, K. pneumoniae is a very 

diverse genus that is also part of normal flora.  

 

Pregnancy complications 
Maternal factors were also significantly associated with the composition of the probiotic-

supplemented preterm infant microbiome. Associations were observed for both 

chorioamnionitis and preeclampsia. Infants whose mothers were diagnosed with 

chorioamnionitis had higher abundances of the genus Staphylococcus. Previous work has 

found microbes at different levels of  taxonomy to be associated with chorioamnionitis, but 

not from the genus observed in this study 350. As chorioamnionitis is a bacterial infection of 

the placenta and membrane surrounding the foetus, occurring before or during labour, what 

pathogens are translocated from the membrane to the foetus may dictate the associations 

found. Unfortunately, the translocation and resulting increased abundance of Staphylococcus 

may be why exposure to chorioamnionitis increases the risk of preterm infants to adverse 

neonatal outcomes 350, like sepsis, which has previously been associated with Staphylococcus 
107,109. 

For infants whose mothers were diagnosed with preeclampsia, Escherichia/Shigella was 

significantly lower at discharge. As preeclampsia can alter the maternal microbiome 66, the 

resulting dysbiosis, at least in part, may be being passed through a maternal route of 

inoculation. Previous work by Stewart et al., The Environmental Determinants of Diabetes in 
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the Young (TEDDY) study, has found preeclampsia contributes to significant difference at the 

species, but not genus, level 323. However, the two cohorts are vastly different, with the 

TEDDY study including both full- and pre-term children, with samples from 3 months of age. 

In contrast, the cohort in this work was entirely preterm who at discharge may have only been 

3 months old. Additionally, as preeclampsia is associated with preterm birth 351, the cohort in 

this study had a larger proportion of infants born to preeclamptic mothers (18% compared to 

4%). Taken together, preeclampsia may have a greater impact on preterm infants, or may 

have more of an effect in the early months of life, when the mother is still the dominant 

colonising route for microbes. As to why Preeclampsia only has an effect at discharge is 

unclear. However, as the impact is occurring via the maternal route, it may be related to 

continued exposure to the mother. This continued exposure through the maternal route of 

transmission, either by touch or breastmilk, may compound the passing of irregular 

taxonomic profiles that resulting from continued preeclampsia-treatment post-delivery 352,353. 

 

Neonatal complications 
Sepsis was significantly associated with the abundance of Bifidobacterium, Pseudomonas and 

Enhydrobacter. Multi-omics approaches have previously linked sepsis to the gut microbiome 
110, with other studies showing associations of sepsis with low diversity 81, as well as higher 

abundances of Staphylococcus 107,109, and lower abundances or absence of commensal 

microbes like Bifidobacterium 108,110. Although I also observed differences in 

Bifidobacterium, the directional effect is counter to what was observed previously. However, 

it is worth noting that of the eight infants diagnosed with sepsis, only three had 

Bifidobacterium in their sample. So, despite reaching statistical significance, this finding may 

not be clinically relevant.  

For NEC, significantly lower abundances of Bifidobacterium was observed, but in contrast to 

previous work, no enrichment of any taxa. As previously mentioned, Bifidobacterium is a 

common commensal microbe found in the probiotic Infloran®, that is uncommon in preterm 

infants born <33 weeks gestation 78, and has previously been shown to be protective against 

NEC 96. Although my work does not support previous evidence of an associated pathogen, 

the plethora of microbes that have previously been associated with NEC 97,99,100 , in 
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combination with studies showing reduced commensal microbes 98,102 and diversity 94,140, 

suggests the aetiology is more complex than just the presence of a pathogen.  

There was also significant enrichment of Staphylococcus (of the Staphylococcaceae family) 

and lower diversity at admission for infants diagnosed with ROP. An association between the 

gut microbiota and ROP has been explored once before, by Skondra et al. 354. They observed 

significant enrichment of the family Enterobacteriaceae in preterm infants with the disease at 

28 weeks postmenstrual age 354. The discrepancy in my results is not necessarily a product of 

error, but rather, as seen with NEC, due to the complex aetiology characterised by more than 

just the presence of a particular group of taxa. This complexity makes it difficult to 

hypothesise the specific role that the microbiome could be playing in ROP. However, the 

associations observed suggest that microbial perturbations may be involved in the 

development of ROP, making it a candidate for targeted intervention. This should be the 

target of further research. 

Limitations of this work include low taxonomic depth and only sampling in early infancy. 

The use of 16S rRNA gene metabarcoding limited detection power to the genus level, 

resulting in no identification of species or functional genes. Additionally, collecting samples 

only at admission and discharge means this work provides no insight into the longevity of the 

differences observed, this may impact the clinical significance. Future work will use a 

combination of 16S rRNA gene metabarcoding and shotgun metagenomic techniques to both 

characterize species allowing an exploration of the differences observed in this study, and 

others, and to investigate if these persist in the long-term. 

This prospective observational study used 16S rRNA gene sequencing to characterise the 

bacterial microbiome of probiotic-supplemented infants. The study aimed to identify and 

understand variation in bacterial gut flora between two time points and as the result of several 

clinical variables. My study builds on previous research and supports other studies describing 

significant changes in the preterm microbiome over time and associations with several 

factors. The lower bacterial diversity seen in infants diagnosed with diseases or who were 

formula fed, as well as the differing abundances of several taxa across multiple variables 

reinforces the role of the microbiome in disease and supports the need for promoting healthy 

microbiome development. Additionally, the associations with maternal disease highlights the 

importance of maternal health to infant microbiome development, and in turn infant health.  
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4. To probiotic or not to probiotic: a metagenomic 
comparison of the discharge faecal microbiome of 
infants supplemented with probiotics in NICU and 
those who are not 

 

Using the microbiome-covariates identified in Chapter 3, the studies in Chapter 4 utilise 

mixed effects modelling to parse out differences in the microbiome between 

probiotic-supplemented and non-supplemented infants. The purpose of this chapter is to 

address the current supplementation criteria for preterm infants in North Queensland, 

Australia, which is currently restricted to those born < 32 weeks and < 1,500 g. Although the 

targeted approach to probiotic prophylaxis may be justified, given the inverse relationship 

between NEC and gestational age, probiotics may afford benefits beyond prevention of this 

acute disease. If probiotics are inducing positive microbial changes during admission in those 

infants being supplemented, then all preterm infants may benefit. The objective of this 

chapter was to compare infants supplemented and not supplemented just prior to leaving 

hospital care. This chapter addresses aims three and four: investigating differences in the 

bacterial microbiomes of probiotic-supplemented and non-supplemented preterm infants 

during hospital admission, and whether the probiotic microbes colonise the infant gut. 

The results of this chapter suggest that supplemented and non-supplemented infants have 

distinct microbiomes, with those not supplemented having lower alpha diversity and 

abundances of key taxa. These findings suggest that late-preterm infants may benefit from 

stability and protection provided through greater alpha diversity and abundance of beneficial 

microbes that results from probiotic prophylaxis. This chapter was published as “To probiotic 

or not to probiotic: a metagenomic comparison of the discharge gut microbiome of infants 

supplemented with probiotics in NICU and those who are not” in Frontiers in Pediatrics 

(https://doi.org/10.3389/fped.2022.838559).  
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Abstract 
Background: 

Preterm birth is associated with the development of both acute and chronic disease, and the 

disruption of normal gut microbiome development. Recent studies have sought to both 

characterise and understand the links between disease and the faecal microbiome. Probiotic 

prophylaxis may correct for these microbial imbalances and, in turn, mitigate disease. 

However, the criteria for probiotic supplementation in NICU’s in North Queensland, 

Australia limits its usage to the most premature (< 32 weeks gestation) and small for 

gestational age infants (<1500 g). Here I use a combination of amplicon and shotgun 

metagenomic sequencing to compare the faecal microbiome of infants who fulfil the criteria 

for probiotic-prophylaxis and those who do not. The aim of this study was to determine if 

probiotic-supplemented preterm infants have significantly different taxonomic and functional 

profiles when compared to non-supplemented preterm infants at discharge.  

Methods: 

Preterm infants were recruited in North Queensland, Australia, with faecal samples collected 

just prior to discharge (36 ± 0.5 weeks gestation), to capture potential changes that could be 

probiotic induced. All samples underwent 16S rRNA gene amplicon sequencing, with a 

subset also used for shotgun metagenomics. Mixed effects models were used to assess the 

effect of probiotics on alpha diversity, beta diversity and taxonomic abundance, whilst 

accounting for other known covariates. 

Results: 

Mixed effects modelling demonstrated that probiotic supplementation had a significant effect 

on overall community composition (beta diversity), characterised by greater alpha diversity 

and differing abundances of several taxa, including Bifidobacterium and Lactobacillus, in 

supplemented infants.  

Conclusions: 

Late preterm-infants who go without probiotic-supplementation may be missing out on 

stabilising-effects provided through increased alpha diversity and the presence of commensal 

microbes, via the use of probiotics. These findings suggest that late-preterm infants may 
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benefit from probiotic supplementation. More research is needed to both understand the 

consequences of the differences observed and the long-term effects of this probiotic-protocol.  

 

Introduction   
The development of the gut microbiome is an important regulator of lifelong health 2-6. 

However, being born preterm disrupts the gut microbiome’s natural development 322. 

Probiotics are increasingly used as supplements to support preterm infant development, 

particularly as adjunctive therapies to prolonged antibiotic treatment. In neonatal intensive 

care units (NICU) across Australia, probiotic supplementation is becoming the standard of 

care for the most premature (< 32 weeks gestation) and small for gestational age infants (< 

1,500 g). This is in response to clinical trial validated evidence, that demonstrates effective 

probiotic supplementation against Necrotising Enterocolitis (NEC) and Late-onset sepsis 

(LoS) 10,11,355, in combination with an increased risk of acquiring the disease in very preterm 

infants 356. It is now well recognised that there may be other wide ranging health benefits 

stemming from early and appropriate gut colonisation with bacterial probiotic-species. 

Although targeted probiotic prophylaxis of the most premature of infants may be justified, 

those who do not meet the supplementation-criteria may be missing out on potential health 

benefits 347,357. Preterm infants not supplemented with probiotics may have a disadvantaged 

start to life 11-13. 

The gut microbiome plays a critical role in the healthy development of the infant, particularly 

for immunological and metabolic programming 14,18,19. The disruption of normal gut 

microbial colonisation caused by preterm birth can be associated with acute life-threatening 

diseases 86,178, such as NEC and sepsis 9,87,88. Additionally, a growing body of evidence now 

suggests disrupted development of the gut microbiome is associated with chronic lifelong 

conditions, such as asthma 89, type 1 diabetes 90 and metabolic derangements 358. These 

diseases are more common in those born prematurely, infants who harbour a gut microbiome 

characterised by low diversity 69 and commensal microbe abundance 71-73, in combination 

with the presence of a greater number of pathogens 72,74. Probiotic prophylaxis may provide a 

solution for improving gut microbiome diversity and commensal microbe abundance, and, in 

turn, reduce the significant health burden placed on preterm infants.  
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Despite some heterogeneity between studies reported in the literature 122, probiotics have 

demonstrated efficacy in reducing the incidence of diseases, such as NEC 10,11,355, as well as 

positively modulating the infant gut microbiome 12,13, in the most premature infants. The 

heterogeneity observed could result from the use of different probiotic species 11, variability 

in the microbiome detection methods used 123 or the many confounding variables that 

influence the developing gut microbiome. Nonetheless, several countries, such as Japan and 

Australia, use probiotics as part of standard care for the most premature of infants, and those 

at high risk of NEC. Although supplementation protocols may vary between countries and 

neonatal units, here in North Queensland (NQLD) Australia, standard protocol dictates that 

all infants born < 32 weeks gestation and < 1500 g are supplemented with Infloran®, a 

probiotic containing Bifidobacterium bifidum and Lactobacillus acidophilus, as approved by 

the Therapeutic Goods Administration of Australia 359. However, the specificity of this 

criterion means that preterm infants who fall outside of this criteria, infants who may also 

suffer from irregular microbial colonisation, go without probiotics. What significance this has 

for these non-supplemented preterm infants remains unclear. 

Very little is known about the implications of limiting probiotics to the most premature for 

the developing microbiome of older preterm infants. Unfortunately, research exploring 

probiotic-supplementation in older preterm infants is lacking, with a 2017 meta-analysis 

showing the average age for clinical trials is < 33 weeks 11. This is not unjustified when 

considering the previously mentioned inverse correlation of NEC with both gestational age 

and birth weight 360,361. Thus, probiotics are targeted at this younger preterm demographic 

and, in turn, the research as well. Late-preterm infants could be missing out on benefits 

provided through probiotics.  

This study was designed to investigate the effect of probiotic supplementation on the 

developing preterm infant gut microbiome, by comparing the gut microbiome of probiotic-

supplemented (born < 32 weeks gestation) and non-supplemented (born >32 weeks & <37 

weeks gestation) preterm infants. The aim of the study was to determine if these two groups 

have significantly different taxonomic and functional profiles when leaving care, at 36 weeks 

corrected gestational age. Additionally, I also collected data on known microbiome-

covariates so that they could be controlled for using mixed effects modelling. Gut 

microbiome health at discharge is an important end goal to not leave the child at a lifelong 

disadvantage. 
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Materials and Methods 
Study population 
A combination of 16S rRNA gene amplicon and shotgun metagenomic sequencing was used 

to characterise the faecal microbiome of preterm infants from North Queensland (NQLD), 

Australia. 16S rRNA gene amplicon sequencing was applied to the entire cohort, and shotgun 

metagenomics to a small subset. NQLD is burdened disproportionately by preterm birth, with 

the North West experiencing the highest rate (12%) of pre-term births 329, and the Torres and 

Cape the highest proportion (11.7%) of low birth weight infants 329. NQLD also has a large 

indigenous population, who are more likely to experience prematurity (13%), representing 

one in ten preterm births in Queensland 329. As the prevalence of preterm birth in NQLD is 

increasing, 5% over the last decade 329, the burden that preterm birth places on the families 

and healthcare system in this region of Australia is significant. 

Recruitment sites were the Townsville University Hospital’s (TUH) Neonatal Intensive Care 

Unit (NICU) and Special Care Nurseries (SCN), as well as the Cairns and Hinterland 

Hospital and Health Service’s (CHHHS) SCN. Samples from the probiotic-supplemented 

infants were all collected from the TUH NICU, as this is the only level six tertiary referral 

unit in NQLD, which is a specialised unit for dealing with complex pregnancies. All high risk 

preterm infants (<32 weeks gestation and/or <1500 g) received the probiotic Infloran® 330, 

containing Lactobacillus acidophilus (1 × 109 CFU) and Bifidobacterium bifidum (1 × 109 

CFU) on a daily basis. Use of this probiotic is approved by the Therapeutic Goods 

Administration (TGA) of Australia. Prophylaxis with Infloran® is commenced on the first day 

of feeding and ceased once the infant is 34 weeks gestation.  

Inclusion criteria for the cohort included: born <32 weeks’ gestation and admitted to the 

NICU at the TUH for the probiotic-supplemented group, and <37 weeks but >32 and 

admitted to the SCN at the TUH or CHHHS for the non-supplemented group. The exclusion 

criteria were no parental consent, gestational age of >32 weeks and contraindication to enteral 

feeds for the probiotic-supplemented group, and no parental consent and gestational age of 

>37 weeks for the non-supplemented group. Ethics was obtained from the Townsville 

Hospital and Health Service Human Research Ethics, (HREC/17/QTHS/7). Recruitment and 

collection of faecal samples were conducted by neonatal nurses, who work in the nurseries, 

between October of 2017 and October of 2018. 
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Sample collection, storage, and DNA extraction 
Faecal sample collection was carried out by neonatal nurses during routine nappy changes. 

This occurred just prior to discharge (𝑥̅ = 36 ± 0.5 weeks gestation) to capture potential 

probiotic-induced changes. Collection was conducted using collection kits (biohazard bag, 

sterile swab and storage container) with nurses collecting more than enough sample to 

provide the 150mg required for the Bioline ISOLATE Fecal DNA Kit protocol 331. The 

collected faecal samples were then sent via pneumatic tube systems to Pathology Queensland 

and stored at -80C for up to 6 months. DNA extraction for both the 16S rRNA gene 

amplicon and shotgun metagenomic sequencing was carried out using the Bioline ISOLATE 

Fecal DNA Kit, which includes mechanical bead-beating 331. Modifications were made in 

consultation with the manufacturer to increase DNA yield. This included increased beta-

mercaptoethanol (from 0.5 to 1% to increase DNA solubility and reduce secondary structure 

formation), addition of an extra wash step (to improve purity) and decreased elution buffer 

volume from 100l to 50l (to increase final DNA concentration), for overall increased DNA 

yield and purity. The extracted DNA was then stored frozen at -80C. Clinical information 

was also collected for downstream analyses (Table 4.1).  

Categorical Variables 

Variables Levels Probiotic-supplemented Non-supplemented 

n % n % 
Diet Formula 23 36.5 0 0 

Breastmilk 26 41.3 12 38.7 

Formula & 
Breastmilk 

14 22.2 19 61.3 

Delivery Vaginal 16 25.4 16 51.6 

Caesarean 47 74.6 15 48.3 

NEC Yes 5 7.9 0 0 

No 58 92.1 31 100 

Sepsis Yes 2 3.2 1 3.2 

No 61 96.8 30 96.8 

Antenatal 
antibiotics 

Yes 39 38.1 

 

13 41.9 

No 24 61.9 18 58.1 
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Neonatal 
antibiotics  

Yes 60 95.2 23 74.2 

No 3 4.8 8 25.8 

Chorioamnionitis  Yes 27 42.9 1 3.2 

No 36 57.1 30 96.8 

Preeclampsia Yes 10 15.9 3 9.7 

No 53 84.1 28 90.3 

Maternal 
Diabetes  

Yes 12 19.0 7 22.6 

No 51 81.0 24 77.4 

Died Yes 2 3.2 0 0 

No 61 96.8 31 100 

Continuous Variables 

Variable Probiotic-supplemented Non-supplemented 

Median IQR Median IQR 
Gestational age 
at birth (weeks) 

28.1 3.9 35.6 2.7 

Gestational age 
at collection 
(weeks) 

36.7 4.8 38.7 3.6 

Days since last 
antibiotic dose 

38 44 9 23 

 

Table 4.1 Overview of the demographic data for the preterm-infant cohort that underwent 16 
rRNA gene amplicon sequencing. Days since last antibiotic dose are for those who are no 
longer being treated. 

 

16S rRNA short amplicon sequencing  
The Illumina metagenomics library preparation protocol was used for library preparation 332, 

using the Index Kit v2 C 333, along with Platinum™ SuperFi™ PCR Master Mix 334. 

Sequencing was performed on the Illumina MiSeq system using the MiSeq Reagent Kit V3 

600 cycles 333, targeting the V3 and V4 regions with the S-D-Bact-0431-b-S-17/S-D-Bact-

0785-a-A-21primer combination332. Pre-analytical bioinformatics were conducted in R Studio 

Version 3.6.1 335 with a pipeline adapted from Workflow for Microbiome Data Analysis: from 

raw reads to community analyses 336, which can found at 
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https://github.com/JacobAFW/SCN_vs_NICU_probiotic_study. DADA2 337 was used for 

quality filtering and trimming, demultiplexing, denoising and taxonomic assignment (using 

the SILVA Database), and the microDecon package 285 used to remove homogenous 

contamination from samples using blanks originating in extraction. 

 

Shotgun metagenomics 
A subset of the samples (n=6) was selected on the basis of suitability for shotgun 

metagenomics analysis (performed by Microba Life Sciences), with samples with the highest 

extracted DNA concentrations chosen. Six samples, three from probiotic-supplemented and 

three from non-supplemented infants, were chosen to make species-level and functional 

comparisons. Other demographic data specific to these infants can be found in the Appendix. 

These selected samples were shipped to Microba on dry ice. Sequencing was conducted on 

the Illumina NovaSeq6000 system with 300 bp, paired-end reads. Microba provided an end-

to-end service, also conducting the bioinformatics and statistical analysis. This was done 

using Microba’s Metagenomics Analysis Platform (MAP), which includes the Microba 

Genome Database, the Microba Community Profiler, and the Microba Gene and Pathway 

Profiler 362. Microba’s MAP produces taxonomic and functional profiles. Functional profiles 

include Enzyme Commission (EC) Number, Membrane Transport Proteins (TCDB) and 

MetaCyc (database) Pathways and MetaCyc Groups.  

 
Statistical Analyses 
Analysis of data obtained through 16S rRNA short amplicon sequencing 

To assess the difference between the probiotic and non-supplemented preterm infants across 

the entire cohort, while accounting for known associates (Table 1) to the infant gut 

microbiome, I assessed alpha diversity, beta diversity and taxonomic abundance using mixed 

effects models. The scripts for these analyses can be found on the GitHub page previously 

mentioned. The covariates included; maternal antibiotics 363, maternal diabetes 364,365, 

chorioamnionitis 8, preeclampsia 366, maternal diabetes 364, mode of delivery 8,37, infant diet 
56,323, gestational age, NEC 99,100, infant sepsis 107,109, neonatal antibiotics 54 and ROP 328. For 

beta diversity, I performed an EnvFit analysis from the Vegan package 367, which compares 

the differences in the centroids relative to total variation. A Bray-Curtis dissimilarity matrix 
339 based on data normalised through Total Sum Scaling (TSS) 297 was used for the EnvFit 
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analysis. The significance was based on 10,000 permutations and was transformed using the 

Benjamini-Hochberg (BH) procedure 340.  

For alpha diversity (Shannon Index), I used the package lme4 341 to perform a generalised 

linear mixed effects model. Diversity was calculated at the ASV level. Multicollinearity was 

assessed using the AED package342 and collinear variables removed. Backwards selection 

(69) was implemented to find the least complex, yet adequate, model. Significance was 

determined using an analysis of deviance (Type II Wald Chi-square test) from the car 

package 343, and subsequent post-hoc pairwise Tukey comparisons, correcting for multiple 

comparisons, using the emmeans package 344. 

DESeq2 294, which uses a negative binomial generalized linear model and variance stabilising 

transformation, was used for comparing taxonomic abundances between probiotic and non-

supplemented groups. Taxa were agglomerated and assessed at the genus level. To identify 

taxa that were significantly differentially abundance, a Wald Test with the BH multiple 

inference correction was used. The statistical analyses can be found in the GitHub provided 

above. 

Analysis of shotgun metagenomics data 

To compare probiotic supplemented and non-supplemented infants in the subset of the cohort 

that underwent shotgun metagenomics, comparisons were again made for alpha diversity, 

beta diversity and taxonomic abundance. Standard t-tests were used for comparing alpha 

diversity (richness and the Shannon Index), Redundancy analysis (multiple linear regression) 

for beta diversity, and ALDEx2, with a Welch’s t-test, for differential abundance. P values 

were corrected with the BH procedure.  

 

Results 
The aim of the study was to determine if probiotic-supplemented (born < 32 weeks gestation) 

and non-supplemented (born >32 weeks & <37 weeks gestation) preterm infants have 

significantly different taxonomic and functional profiles when leaving care. The study 

recruited 94 preterm infants, 63 of which were supplemented with probiotics and 31 not 

supplemented and collected 94 stool samples (one for each infant) at 35.3 and 39.7 weeks for 

supplemented and non-supplemented groups respectively (Table 4.1). Most infants across the 
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cohort received antibiotic therapy, with several infants from the supplemented (17) and non-

supplemented (6) groups still receiving treatment at the time of collection. Additionally, 16 

infants in each probiotic group were born vaginally, representing a greater proportion in the 

non-supplemented group, and most infants received either formula or a combination of 

formula and breastmilk, with a greater proportion of probiotic-supplemented infants being 

breastfed relative to non-supplemented infants. The average duration of probiotic prophylaxis 

was 33.4 days, with 42 samples collected after the cessation of prophylaxis, and an average 

time since cessation of 23 days. All samples underwent 16S rRNA gene amplicon 

sequencing, and a subset, 3 probiotic-supplemented and 3 non-supplemented, also underwent 

shotgun metagenomics. 

 

Figure 4.1 A: Significance and the amount of variance in gut microbiome composition 
explained by several microbiome covariates modelled with EnvFit on an NMDS ordination 
based on Bray-Curtis distances from the 16S rRNA short amplicon sequencing data. The x 
axis describes the explained variance (r2) and the colour the p value (adjusted for false 
discovery rate with the Benjamani-Hochberg method). Annotation for necrotising 
enterocolitis; NEC: retinopathy of prematurity; ROP. P < 0.05 = *. B: Principle coordinate 
analysis (PCoA) plot based on ASV level taxonomy obtained through 16S rRNA short amplicons 
sequencing describing the dissimilarity of probiotic-supplemented (n =  63) and non-supplemented 
groups (n = 31) based on taxonomy. 
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Figure 4.2 A: Dot whisker plot of the estimates for the probiotic-supplementation covariate 
resulting from a generalised linear mixed effects regression model, exploring the effect of 
several known microbiome covariates on the Shannon diversity index derived from 16S rRNA 
short amplicon sequencing, and based on ASVs transformed through total sum scaling, B: 
Table describing significantly differentially abundant taxa between probiotic-supplemented 
(base-level) and non-supplemented infants, using 16S rRNA short amplicon sequencing, as 
determined by DESeq2 analysis, based on data transformed through DESeq2’s variance 
stabilising transformation. Annotation for probiotic-supplemented; PS: non-supplemented; 
NS: p-adj: adjusted p value; lfc: log2-fold change; lfcSE: log2-fold change standard error; 
NT. P < 0.05 = *, P < 0.01 = **, P < 0.001 = ***. Sample sizes; probiotic supplemented = 63, and 
non-supplemented = 31. 

 

16S rRNA gene amplicon sequencing analysis  
16S rRNA gene amplicon sequencing showed probiotic prophylaxis influences the preterm-

infant faecal microbiome, having a significant effect across all three metrics measured: alpha 

and beta diversity, and taxonomic abundance. Probiotic supplementation, along with sepsis, 

were the only covariates found to have a significant association (P < 0.05) with ASV level 

bacterial profiles (Figure 4.1A, Figure 4.1B), with sepsis explaining more variation (r2 = 

0.33). In addition, infants supplemented with probiotics had significantly higher alpha 

diversity (P < 0.05) than non-supplemented infants (Figure 4.2A), as well as significantly 

differential abundance of several taxa. This included higher abundance of Enterobacter, 

Cronobacter, Klebsiella, Veillonella and Clostridium Sensu Stricto 1, as well as the 

probiotic-genera Bifidobacterium and Lactobacillus, and lower abundances of Streptococcus 

(Figure 4.2B).  Bifidobacterium and Lactobacillus were observed in 55 and 39 of the 63 

discharge infants, in contrast to 10 and 6 in the non-supplemented group (Supplementary File 

1). 
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Figure 4.3 Area chart of species level abundances (top 30-most abundant) across the subset 
of samples that underwent shotgun metagenomics (n =6). Abbreviations: PS = probiotic-
supplemented, NS = not supplemented, sqrt = square root transformation. 

 
Shotgun metagenomic sequencing analysis 
The results from the shotgun metagenomics showed that there was a high rate of colonisation 

with Enterococcus faecalis, as well as other aerobic species from the Proteobacteria phylum 

across all samples. Infants were also commonly colonised with skin dwelling microbes, such 

as Streptococcus spp., Staphylococcus spp., and Veilonella spp.. However, despite these 

cohort-wide trends, probiotic supplementation still appeared to have some effect on the faecal 

microbiome. Although, not significantly different, samples clustered by supplementation-

group for species-level taxonomy, MetaCyc pathway, MetaCyc group and EC number 

profiles (Supplementary Material), suggesting distinct taxonomic and metabolic profiles. Due 

to the small sample size, I was unable to account for other covariates with the shotgun 

metagenomics analysis. However, no infants in this subset were diagnosed with sepsis, the 

only other significant beta diversity covariate identified through 16S metabarcoding. Alpha 

diversity metrics were supportive of what was observed at the genus level (Supplementary 

Material), with significantly higher species-level alpha diversity in probiotic supplemented 

infants (Shannon index, P < 0.05), which also translated into significantly higher MetaCyc 

pathway diversity (Richness, P < 0.05).  
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Figure 4.4 Scaled heatmap of MetaCyc groups for the subset of samples that underwent 
shotgun metagenomics across probiotic-supplemented (n = 3) and non-supplemented (n = 3). 
Colour scale shows not-detected (white), and abundances ranging from low (black) to high 
(yellow). 

 

When comparing species and functional profile abundance between the probiotic-

supplemented and non-supplemented groups, there were no significant differences when 

adjusting for multiple comparisons. However, there were several taxa that were only present 

in one group or the other, resulting in their ranking as top associations. The top associations 
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(by p value) in species level abundances were Staphylococcus lugdunensis, Veilonella 

parvula and Klebsiella pneumoniae. S. lugdunensis was only observed in non-supplemented 

infants and the latter two species only in probiotic-supplemented infants (Figure 4.3), 

supporting what was observed at the genus level. Additionally, probiotic-supplemented  

infants showed a different probiotic species colonisation pattern compared with non-

supplemented infants. With the exception for B. bifidum and B. longum in a single infant, no 

Lactobacillus spp. or other Bifidobacterium spp. were observed in the non-supplemented 

infants. In contrast, B. bifidum was observed in all three of the probiotic-supplemented infants 

and one of the non-supplemented individuals. The species made up 9.8%, on average, of the 

total species relative abundance in the supplemented group and only 0.12% in the non-

supplemented. Lactobacillus acidophilus was observed in only two of the probiotic-

supplemented infants, but with only 0.23% of the total species abundance. Despite the 

different colonisation patterns between the two groups, neither univariate comparison 

resulted in a significant difference. 

There were no significant differences between the supplemented and non-supplemented 

probiotic groups for functional genetic groups. However, there were several note-worthy 

differences observed within the MetaCyc group profile (Figure 4.4). This includes the 

presence of Antibiotic Resistance and Hydrogen Production groups in all three probiotic-

supplemented infants relative to one non-supplemented infant, and the top associations of 

Reactive Oxygen Species Degradation (greater in probiotic-supplemented) and Carboxylate 

Degradation (greater in non-supplemented) (Figure 4.4). 

 

Discussion 
This work explored the faecal microbiome of preterm infants, comparing microbial 

populations between infants who received probiotic-supplementation and those who did not. 

Specifically, a combination of 16S rRNA gene amplicon (full cohort) and shotgun 

metagenomic sequencing (a subset of the cohort) was used to determine if differences exist in 

the faecal microbiome between probiotic-supplementation groups. The results suggest that a 

significant difference does exist in the bacterial profiles of probiotic-supplemented and non-

supplemented preterm infants at discharge from the hospital (36 ± 0.5 weeks gestation), and 

that these differences in taxonomy may translate into differences in functional profiles. In 

addition, the probiotic-taxa contained within Infloran® may colonise most infants. Although 
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these findings may currently have limited direct translation in the clinic, they add weight to 

the argument for expanding the probiotic supplementation criteria in Australia, which is 

currently limited to those infants born < 32 weeks gestation and < 1500 g. 

 
Probiotic groups have distinct microbiomes, characterised by greater alpha 
diversity in those supplemented  
Probiotic supplementation may contribute to differences in gut microbiome diversity. The 

results suggest that there was significant variation in the alpha diversity of the faecal 

microbiome between the two groups, with probiotic supplemented infants having 

significantly greater alpha diversity. This suggests Infloran® may be contributing to the 

establishment of a more diverse, and in turn, healthier gut microbiome. In addition, these 

results run counter to what one would expect when comparing early- and late-preterm infants 

not supplemented with probiotics, as lower alpha diversity is typically associated with lower 

gestational age 69,74. However, there is evidence to support increased diversity in response to 

probiotic supplementation in extremely preterm infants 368, which may also be compounded 

by the widespread use of antibiotics in the study cohort, and the ability of probiotics to 

correct for this 369. With greater gestational age, microbial diversity increases, and the 

microbiome becomes more stable 370. This increase in diversity is protective against 

instability 371,372, meaning protective against overgrowth by opportunistic pathogens, as seen 

in diseases such as NEC and LoS 81,88. As a result, non-supplemented late-preterm infants 

may, therefore, be missing out on protection provided through higher diversity afforded via 

probiotic supplementation. However, it is worth noting that although higher diversity can be 

indicative of greater microbiome health, it may not always be the case. A prime example of 

this is the significant association previously shown between breastfeeding and low alpha 

diversity 56,373. In addition, because of the links between greater age and alpha diversity, the 

greater diversity seen in the supplemented group may also reflect the greater post-menstrual 

age of non-supplemented infants at sample collection. Thus, caution should be taken when 

interpreting these results, and more broadly, when using alpha diversity metrics as a proxy for 

gut microbiome health. 

 
Higher rate of detection and abundance of probiotic-taxa in those supplemented 
Taken together, the 16S rRNA short amplicon and shotgun metagenomic sequencing suggest 

the probiotic-taxa, Lactobacillus acidophilus and Bifidobacterium bifidum, may colonise the 
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infant microbiome, but not consistently. This pattern of probiotic-species detection is 

supported by previous work 12,13. The shotgun metagenomic sequencing, that was performed 

on a subset of the cohort, was able to identify B. bifidum across all three supplemented infants 

and L. acidophilus in one. The low level of L. acidophilus detection has been reported 

previously 12,13, and unfortunately, may result from poor product-quality. These quality 

assurance concerns are highlighted by an inability to produce robust quantification of L. 

acidophilus in the past 13, and 16S rRNA sequencing of the probiotic itself in my work, which 

found uneven proportions of taxa within the probiotic InfloranTM at the genus level, 

dominated by Bifidobacterium (Appendix Figure 1). The cause of these irregularities is 

unclear, however, this is not the first time irregularities in the microbial profiles of probiotic 

supplements have been observed 114.  

 
With 16S rRNA short amplicon sequencing, both Bifidobacterium (p < 0.05) and 

Lactobacillus (p <0.001) were in significantly greater abundance in the probiotic 

supplemented group and were observed in 55 and 39 of the supplemented infants 

respectively. In contrast, I identified only 10 infants with Bifidobacterium and 6 with 

Lactobacillus in the non-supplemented group. Although this does not provide direct evidence 

for widespread probiotic-species colonisation, the higher frequency and abundance of these 

genera suggests that supplementation with Infloran® promotes the growth of these 

commensals, which may aid in the fight against pathogenic infection and in immune and 

metabolic system development 374,375. The significance of this greater presence of common 

commensal microbes in a very preterm demographic is compounded by the contrasting 

observations suggesting a negative relationship between birth gestational age and limited or 

delayed colonisation with Lactobacillus and Bifidobacterium 43,78. However, not all 

supplemented infants had detectible Lactobacillus and Bifidobacterium. The limited detection 

of Lactobacillus may be due, at least in part, to issues with the probiotic outlined above. 

However, why colonisation with Bifidobacterium is not consistent remains unclear, as no 

clinical variable included in the analyses had a negative association with this genus, and all 

probiotic-supplemented infants that had samples collected at > 36 weeks gestation (post-

supplementation) still had Bifidobacterium present (Supplementary Material). Whether 

Bifidobacterium colonises the probiotic-supplemented infant gut may be dependent on the 

complex interaction of multiple factors. 
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The greater abundance of Bifidobacterium colonisation may persist beyond probiotic 

prophylaxis. As previously mentioned, probiotic prophylaxis for infants at TUH ceases 

between 34- and 36-weeks gestational age. However, these results suggest that 

Bifidobacterium persists beyond this time point, as the genus was present in all 23 infants 

with samples collected > 36 weeks gestation. This supports previous studies that have 

observed long-term probiotic-species colonisation, at least with Bifidobacterium 13,376. Thus, 

the probiotic species may continue to exert positive benefits beyond the supplementation 

period. This persistence could benefit moderate and late preterm infants, who despite having 

a lower relative risk of NEC and sepsis 360,361, are still vulnerable relative to those born full 

term 377. Further work needs to be done to explore long-term differences between 

supplemented early- and non-supplemented moderate/late-preterm infants. 

 
Probiotic supplementation associated with differences in non-probiotic taxa 
Enterobacter, Cronobacter, Klebsiella, Veillonella and Clostridium Sensu Stricto 1 were all 

higher in probiotic supplemented infants, whilst Streptococcus had a greater abundance in 

those not supplemented. The significance of such modulation is unclear, as despite several 

notable pathogens within these genera, many other species can be considered normal flora. 

As early-life microbial colonisation occurs concomitantly with development of the immune 

system, immune-system maturation is influenced by the presence of commensal microbes 378, 

therefore, fewer commensal microbes at this stage of life may be detrimental long-term. 

Although it is unclear whether these specific taxa play a role in morphological or functional 

development of the immune system 378, their presence will at least lead to preferential 

development of immune tolerance, reducing the likelihood of such taxa reaching their 

‘pathogen-potential’ later in life. In addition, if these taxonomic differences persist, 

specifically reduced levels of Veillonella, non-supplemented infants may be at a greater risk 

of chronic diseases like asthma, which has previously been shown to be associated with such 

differences 89. 

  

At the species level, there were notable differences in Veilonella parvula, Klebsiella 

pneumoniae and Staphylococcus lugdunensis. S. lugdunensis was found in all non-

supplemented but not in probiotic-supplemented infants, and V. parvula and K. pneumoniae 

across all probiotic-supplemented but not in non-supplemented infants. Although this appears 
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to align, in part, to the difference in probiotic-supplemented at the genus level, these 

differences may be better explained by other variables. For instance, K. pneumoniae was one 

of the most abundant taxa in probiotic-supplemented infants. However, it is possible that this 

species was selected for through antibiotic treatment 379, which seems likely when 

considering all three of the probiotic-supplemented infants received antibiotics and that K. 

pneumoniae had the greatest abundance of ABR genes across all species (Supplementary 

Material). Unfortunately, the sample size of the shotgun analysis was too small to draw 

conclusions, and future work should apply shotgun methods to a greater sample size to 

elucidate why there are differences in given taxa.  

 
Differences in functional profiles between probiotic groups 
Although there were limited differences in taxonomy between supplemented and non-

supplemented infants, this does not mean that there are no physiological consequences. From 

both an ecological and physiological perspective, several small changes in what may be 

critical taxa, may have significant consequences, especially if these differences are in taxa 

that harbour genes critical to key environmental processes. Although not significant, and as 

previously mentioned, ABR genes were in higher abundance across the probiotic-

supplemented group, whilst only present in a single non-supplemented infant, with Hydrogen 

Production following the same pattern. The presence of ABR and Hydrogen Production 

genes in the probiotic-supplemented infants is also closely linked to specific species. The 

previously mentioned abundances of K. pneumonia and V. parvula, along with E. flexneri (in 

one infant), were the only species across all probiotic-supplemented infants to have these 

pathways present. Although this example may not have any significant implications, it 

highlights the functional importance the presence of a single species can have. Another 

example of this importance is highlighted by the lower abundance of 1.3-beta-galactosyl-N-

acetylhexosamine phosphorylase in the non-supplemented group (Supplementary Material). 

The enzyme is a critical component of an enzymatic system within Bifidobacterium spp. that 

metabolises human milk oligosaccharides. Thus, without species like B. bifidum, the non-

supplemented infants have less capacity to reap the benefits of breast feeding. Thus, although 

differences may be subtle and temporary for species like B. bifidum, these differences could 

have larger, long lasting physiological consequences. 
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Limitations 
This study has several limitations. This includes the different ages in the supplementation-

groups, the distribution of samples across two sequencing runs, the limited taxonomic depth 

provided through 16S rRNA gene amplicon sequencing, and the small samples size that 

underwent shotgun metagenomics. To mitigate the effect of the different ages between the 

probiotic groups, and the batch-effect introduced through multiple sequencing runs, both 

variables were included in all three of the mixed effects models. As for the limited taxonomic 

depth and limited sample size of the sub-cohort that underwent shotgun metagenomics, this 

could be overcome using shotgun metagenomics across the entire cohort. However, this 

technique, and others of similar resolution, are cost prohibitive at present 123. 

 

Conclusion  
There was a significant difference in overall faecal microbiome community composition 

between probiotic-supplemented and non-supplemented infants, with alpha diversity greater 

in the supplemented infants. Moderate to late preterm-infants who go without probiotic-

supplementation may be missing out on stabilising-effects provided through probiotic-

supplementation, which may help to prevent disease. These results suggest that there could be 

a role for probiotic supplementation in late preterm infants in North Queensland, Australia. 

However, caution should be taken when extrapolating from single-centre studies to other 

locations. In addition, rather than provide answers, the differences in taxonomy prompt more 

questions. Significant differences exist at the genus level, but what are the consequences of 

these differences? Additionally, differences observed at both the species and functional level 

highlight the power of shotgun metagenomic sequencing, and I suggest that as the cost of this 

technology continues to decrease, that future work should adopt this approach. Obtaining 

species-level and functional profiles in this cohort would provide us with a better 

understanding of the physiological and ecological consequences of withholding probiotic-

prophylaxis from moderate to late preterm infants.  
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5. Exploring the long-term colonisation and persistence 
of probiotic-prophylaxis species on the gut 
microbiome of preterm infants: a pilot study. 

 

In Chapter 4 I observed significant differences in microbial diversity and composition 

between probiotic-supplemented, very preterm infants and non-supplemented, moderate to 

late preterm infants just prior to discharge from the hospital. Chapter 5 builds on this by 

exploring this same comparison at an age of 18 months to 2 years, to determine if these 

differences persist post-discharge, as the complexity and stability of the gut microbiome 

increases. This chapter addresses the final aim of this thesis, which was to investigate 

differences in the bacterial microbiomes of probiotic-supplemented and non-supplemented 

preterm infants post-discharge. 

This chapter was split into two separate manuscripts. In the first I present a validation of an 

at-home infant stool sample collection kit, the OMNIgene® GUT, for determining the faecal 

microbiome for use in longitudinal studies. The results suggest that the OMNIgene® GUT kit 

is an easy to use and robust and repeatable method for at-home sample collection when 

immediate freezing is not possible. This method was used for the subsequent manuscript. 

This work has been accepted for publication in the Australian Journal of Medical Science as 

“A validation of at-home infant stool sample collection devices for determining the faecal 

microbiome”. 

The second manuscript from this chapter addresses the aim stated above. The results of this 

study suggest that the species in the probiotic Infloran® do not persist 18 months – 2 years 

post discharge, and that the modulation observed at discharge does not persist. Rather, 

previously supplemented infants were observed to have lower diversity, in combination with 

differing abundances of three relatively understudied taxa. This component of Chapter 5 has 

been published in the European Journal of Pediatrics (https://doi.org/10.1007/s00431-022-

04548-y). 
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Chapter 5.1: A validation of at-home infant stool sample collection 
devices for determining the faecal microbiome. 
 

Abstract 
In this study I present a validation of an at-home infant stool sample collection the 

OMNIgene® GUT for determining the faecal microbiome for use in longitudinal studies. 

Although developments in metagenomics and sequencing technologies have resulted in an 

explosion in microbiome research, studies exploring the long-term effects of probiotic 

modulation in infants are still relatively rare due in part to the challenges in the 

metagenomics methodology and standardised collection and storage techniques. To 

investigate the efficacy of the OMNIgene® GUT on microbial composition, I compared 

samples stored using the OMNIgene® GUT kit to the same samples collected in a 

standard/sterile collection tube and stored at - 80C for 3 months prior to 16S rRNA 

metabarcoding. No significant differences in read depth or microbial composition of samples 

were found between the two methods of collection and storage. When coupled with clear 

guidelines for self-collection and shipping, the OMNIgene® GUT kit is a feasible option for 

sampling preterm infants at home. 

 

Introduction 
Developments in metagenomics and sequencing technologies have been a catalyst for an 

explosion in microbiome research. This explosion in research has led to an understanding of 

the importance of preterm infant gut microbiome development, and its emergence as a 

modifiable factor in neonatal intensive care 114,380,381. The role of the gut microbiome in 

metabolic and immune system development means that positive modulation of bacterial 

populations in the gut could provide long term metabolic and immune benefits. This is 

especially important for those infants born preterm, where an immature gut microbiome has 

been linked to disease. A dysbiotic microbiome puts preterm infants at a greater risk of both 

acute diseases, such as necrotising enterocolitis (NEC) and sepsis 360,382, and chronic diseases, 

such as asthma and diabetes 383,384. The introduction of probiotic supplementation has been 

shown to alleviate some of this disease burden 10,11, potentially through microbiome 

modulation 12,13. Although this probiotic-associated microbiome modulation has been well 

characterised during their hospital stay, studies exploring the long-term effects of probiotic 
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modulation are still relatively rare. This sparseness is likely to be linked to challenges in the 

metagenomics methodology. 

Metagenomic studies investigating the microbiome are complex, technically challenging, and 

vary between laboratories. Each stage of the project protocol can introduce biases that 

influence outcomes 128,129 and contribute to heterogeneity between studies 123. Arguably the 

most important pre-analytical consideration for faecal sampling is storage conditions prior to 

analysis. This is a particularly important consideration during point of care or at home 

collection, where freezing is not always an option, and the protocol involves untrained 

individuals. Thus, the sample collection methods need to combine a simple method with 

robust storage. The reliability of downstream metagenomics analyses is highly dependent on 

appropriate storage conditions as this can influence both the stability of DNA and 

composition of the microbial communities 180.  

Inadequate storage protocols may promote growth of specific taxa and can lead to DNA/RNA 

fragmentation in less than 24 hours at room temperature 180,181. Commonly available storage 

methods include freezing or refrigeration, and the use of stabilizing buffers, with the optimal 

method dependent on the duration of storage 123. Freezing at - 80C is considered optimal for 

long-term storage, as it has been demonstrated to more consistently yield microbiota 

composition closely related to that of fresh samples 181,186. However, when immediate 

freezing is not logistically possible, storing samples in a preservation buffer is preferred, as 

this can preserve genetic integrity for several weeks 192,193. However, chemical storage is not 

without its issues as these storage buffers may result in lower diversity 199,200, and some have 

been shown to impede downstream DNA extraction and amplification 192. These concerns 

may also be product specific.  

The objective of this project was to explore the performance of the OMNIgene® GUT kit in 

preserving microbial communities during at home collection. The OMNIgene® GUT kit is an 

all-in-one system for self-collection and stabilisation of faecal samples containing microbial 

DNA 385. The kit includes a collection tube with 200 𝜇𝑙 of stabilising liquid. The sample is 

deposited into the tube and mixed with the stabilising liquid by shaking. Here I present a pilot 

study that compares storage of preterm infant stool samples with the OMNIgene® GUT kit 

against storage in sterile collection kits at - 80C. I aimed to determine if at home sample 
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collection for future preterm infant studies, using the OMNIgene® GUT kit, is a feasible 

protocol. 

 

Methods 
Study Design  
To investigate the effect of the OMNIgene® GUT on microbial composition, samples stored 

using the collection kit were compared to the same samples collected in a standard/sterile 

collection tube.. I chose a subset of samples (n = 5) from a previous study, using methods 

previously described 380, and aliquoted them into OMNIgene® GUT kits. Each sample had 

random proportions of stool added to mimic at home collection. The number of kits that were 

used for each sample was dependent on the amount of stool in the initial collection and the 

initial sample was used as the base level for the comparison. This resulted in a total of 26 

technical replicates (21 stored with OMNIgene® GUT), from 5 different biological replicates 

(Figure 5.1), with all technical replicates stored at -80C for 3 months, from the day they 

were prepared. As part of the previous study, samples were immediately frozen and stored for 

~12 months, and then subsequently thawed for DNA extraction. Thus, a limitation of this 

study is that samples had been through one previous freeze-thaw cycle. The biological 

replicates are designated by the variable URN (unit record number), that has been de-

identified from the original URN.  
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Figure 5.1 A; Visual description of the sampling method, where five original biological 
replicates were used to create 26 technical replicates by aliquoting the original replicates 
into OMNIgene® GUT collection kits. B; a table describing the number of original replicates, 
and resulting technical replicates that were used for the analyses. 

 
16S rRNA short amplicon sequencing 
The Bioline ISOLATE Fecal DNA Kit was used for DNA extraction 331, which involves 

mechanical lysis, with modifications made in consultation with the manufacturer to optimise 

DNA yield. Modifications included increased beta-mercaptoethanol from 0.5 to 1% 

(increasing DNA solubility and reducing secondary structure formation), addition of an extra 

wash step (improving purity) and decreased elution buffer volume from 100l to 50l 

(increasing final DNA concentration). Additionally, a modification was made for 

compatibility with OMNIgene® GUT. After consultation with the manufacturer, a volume of 

150 µl was chosen for the initial sample volume, with 90-150 mg used for the original 

samples. All previously listed modifications were applied to both sample types.  

 

The Illumina metagenomics library preparation protocol was used for library preparation 332, 

using the Index Kit v2 C 333, along with Platinum™ SuperFi™ PCR Master Mix 334. 16S 

rRNA short amplicon sequencing was performed on the Illumina MiSeq system using the 

MiSeq Reagent Kit V3 333, targeting the V3 and V4 regions with the S-D-Bact-0431-b-S-

17/S-D-Bact-0785-a-A-21primer combination 332. Pre-analytical bioinformatics were 

conducted in R Studio Version 3.6.1 335 with a pipeline adapted from our previous work 380, 
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which can be found in the supplementary material. DADA2 337 was used for quality filtering 

and trimming, demultiplexing, denoising and taxonomic assignment (using the SILVA 

Database), and the microDecon package 285 was used to remove homogenous contamination 

from samples using blanks originating in extraction. The OMNIgene and original samples 

were processed, from extraction through to analysis, in parallel. 

 

Statistical analysis 
To compare storage methods, whilst accounting for the biological replicates, read depth, beta 

diversity, alpha diversity, and taxonomic abundance were assessed using mixed effects 

models. For beta diversity comparisons, I performed both a PERMANOVA and an EnvFit 

analysis from the Vegan package 367, which compare the differences in the centroids relative 

to total variation. Both analyses were applied to a Bray-Curtis dissimilarity matrix 339 based 

on data normalised through Total Sum Scaling (TSS) 297. The significance was based on 

10,000 permutations and was transformed using the Benjamini-Hochberg (BH) procedure 340.  

For both alpha diversity and read depth, I performed generalised linear mixed effects models, 

using the package lme4 341. For diversity, both richness and the Shannon Index were 

calculated at the ASV level. Multicollinearity was assessed using the AED package 342, and 

significance was determined using an analysis of deviance (Type II Wald Chi-square test) 

from the car package 343. This was followed by subsequent post-hoc pairwise Tukey 

comparisons, to correct for multiple comparisons, using the emmeans package 344. 

DESeq2 294, which uses a negative binomial generalized linear model and variance stabilising 

transformation, was used for comparing taxonomic abundances between groups. Taxa were 

agglomerated at the genus level, due to the limited taxonomic depth of 16S-target 

technologies. A Wald Test with the BH multiple inference correction was performed to 

obtain taxa that were significantly differentially abundant among groups of interest. The pre-

analytical bioinformatics and statistical analyses can be found in the GitHub link in the 

supplementary material. 
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Results 

 

Figure 5.2 Column graph illustrating the similarities in read depth between technical 
replicates and coloured by biological replicates. Storage method had no significant effect on 
read depth (p = 0.87). 

 

 

Figure 5.3 A; Principle coordinate analysis plot based on Bray-Curtis distances describing 
the similarity/dissimilarity of samples based on taxonomic composition and demonstrating 
the clustering of samples based on URN (p < 0.01) and not the storage method (p = 0.24), 
with the exception of a single outlier (designated OMNIgene). B; Table describing the results 
from both a PERMANOVA performed with adonis2 (and the subsequent test for homogeneity 
of variance) and an envfit analysis performed on Bray-Curtis distances. 
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Figure 5.4 Dot plots, coloured by the URN and faceted by alpha diversity measure, 
representing the distribution of alpha diversity metrics across samples in the storage 
comparison. Alpha diversity was significantly associated with URN (Shannon: p < 0.001 & 
richness: p < 0.001) and not sample storage (Shannon: p = 0.19 & richness: p = 0.74). 
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Figure 5.5 Bar charts comparing the distribution of the top 20 most abundant genera 
(colours) across technical replicates (individual bars), and within URN (facets) for the 
storage method comparison. 

 

There was no significant different between storage with the OMNIgene® GUT collection kit 

and storage in sterile collection kits at - 80C. The OMNIgene® GUT collection kit did not 

have a significant effect on read depth (Figure 5.2) or microbial composition (Figures 5.3-5). 

The results of the analyses show that the samples clustered by the biological replicates 

(URN), rather than storage type. URN had a significant association with overall community 

composition (Figure 5.3A) and explained most of the variation/similarity between samples 

(Figure 5.3B), as demonstrated by both PERMANVOA (p < 0.05) and envfit (p < 0.05) 
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mixed effects models. Despite some variation (Figure 5.4, Shannon Index: 𝑥̅ = 2.27 ± 0.35, 

Richness:  𝑥̅ = 42.5 ± 14.74), the storage method also had no significant effect on alpha 

diversity (Shannon Index: p = 0.19, Richness: p =0.74). Lastly, when exploring taxonomic 

abundance, it did appear that the original sample had differences in taxonomy relative to 

those from the OMNIgene® GUT collection kit. However, differential abundance testing with 

DESeq2 demonstrated that despite this difference, that overall, the storage method had no 

significant effect on the abundance of taxa (Figure 5.4). Additionally, despite this variation in 

taxonomy between sample storage within URN 4, these samples still clustered based on 

taxonomic composition (Figure 5.2A). Using the OMNIgene® GUT collection kit is a viable 

option for at home collection when immediately freezing at -80C is not possible. 

 

Discussion 
Optimal storage conditions are a key starting point of pre-analytical variation for all 

metagenomics studies. Without optimal storage conditions, samples may be compromised, 

and any conclusions drawn from the data unreliable. Previous work has found that storage on 

ice for up to 48 hours 184, or 4°C for 24 hours 185 is sufficient if samples are to be processed 

immediately. However, for long-term storage, freezing at -80°C is best as it inhibits bacterial 

growth and/or degradation, as demonstrated by similarities between long term storage of 

faecal samples at -80°C and fresh samples 181,186,187. Thus, it is common for samples to be 

stored at -20°C or 4°C, until freezing at lower temperatures is possible. Alternatively, 

preservation buffers, like DNA/RNA Shield (Zymo Research) and RNAlater (Thermofisher), 

have been shown to preserve genetic integrity for weeks without refrigeration or freezing 192-

198. However, some preservation buffers may result in lower diversity, or impede downstream 

DNA extraction and amplification of target variable regions 192. The objective of this study 

was to determine if storage with OMNIgene® GUT kit had a significant effect on 

metagenomic outcomes, and thus, was a feasible option for at home sample collection. 

The DNA obtained from samples stored in the OMNIgene® GUT was sufficient for DNA 

extraction, amplification of variable regions and sequencing. The adequacy of the DNA 

extract can be assessed by estimating the read depth captured during sequencing. Sufficient 

read depth is necessary for capturing an accurate representation of microbiome composition 

and for producing accurate diversity metrics 297. The results of this study show that there is no 
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significant variability between technical replicates belonging to the same biological replicate. 

The only outlier is a technical replicate within URN 3 with low read depth, which is also 

evident in the PCoA. It is unclear as to why this sample has low read depth, relative to the 

other technical replicates. However, this could be due to an error in the aliquoting or library 

preparation protocol. Importantly, this sample was from an OMNIgene® GUT kit, the other 

three technical replicates stored in the same manner within this URN are relatively 

homogenous. 

The similarities in read depth between storage methods translated into similarities in 

microbial composition. Similar to previous work by Hill et al. 200, samples in this study 

clustered significantly by the biological replicate, suggesting that the storage method has no 

effect on microbial composition, despite some taxonomic variation in URN 4. Other studies 

have demonstrated deficiencies in some preservation treatments can result in a reduction in 

alpha diversity and particular taxa, however, the microbial diversity and composition 

produced by the OMNIgene® GUT kit was similar to storage in a standard collection jar at 

- 80°C. Thus, despite the reliability of non-freezing preservation methods being called into 

question in the past 192,199,200, the counter narrative presented in this study is likely to be an 

effect of different products producing different results, which has also been noted previously 
199.  

Although the OMNIgene® GUT kit does not impact microbial communities, several 

limitations not assessed here should be noted. Firstly, the kits come at a significant cost, and 

if funds are limited then this will translate into a limited sample size. Secondly, the 

preservation method is specific to the genetic material, and thus can only be coupled with 

DNA extraction and associated downstream methods. Thus, the kit can limit both the size and 

scope of the analyses.  

The present study shows that the OMNIgene® GUT kit as a reliable and repeatable storage 

option for faecal microbiome studies. This supports results from a recent study by Szopinska 

et al., who concluded that the OMNIgene® GUT kit is a participant-friendly collection 

method 386. Not only is the kit reliable in its preservation of microbial communities, it is 

coupled with clear guidelines for self-collection 385. The OMNIgene® GUT kit has no 

deleterious effects on preservation of microbial communities, and when coupled with clear 

guidelines for self-collection and shipping, is a feasible option for sampling preterm infants at 

home.  
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Conclusion 
The current study demonstrates that the OMNIgene® GUT kit is an easy to use and robust 

and repeatable method for at-home sample collection when immediate freezing is not 

possible. The kit produces microbial populations that do not deviate significantly from what 

is considered the gold standard for long term storage. Using this method would allow for at-

home sampling as part of an investigation into the gut microbiome of preterm infant, post-

discharge. Although conducting such research is what instigated this investigation, these 

finds are translatable and support at-home sampling with the OMNIgene® GUT kit for other 

microbiome studies using human stool samples.  
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Chapter 5.2: Exploring the long-term colonisation and persistence of 
probiotic-prophylaxis species in the gut microbiome of preterm 
infants: a pilot study. 
 

Abstract 
Preterm infants suffer from a higher incidence of acute diseases such as necrotising 

enterocolitis and sepsis. This risk can be mitigated through probiotic prophylaxis during 

admission. This reduction in risk is likely the result of acute modulation of the gut 

microbiome induced by probiotic species, which has been observed to occur up until 

discharge. I aimed to determine if this modulation, and the associated probiotic species, 

persisted beyond discharge. I conducted both a cross-sectional analysis (n=18), at ~18 months 

of age, and a longitudinal analysis (n=6), from admission to 18 months of the gut microbiome 

of preterm infants using both shotgun metagenomics and 16S rRNA profiling. Conclusion: 

The metagenomics analyses suggest that the species from the probiotic Infloran®, as well as 

the positive modulatory effects previously associated with supplementation, may not persist 

beyond discharge and once prophylaxis has stopped. Despite the lack of long-term 

colonisation, the presence of probiotics during early neonatal life may still have modulatory 

effects on the microbiome assembly and immune system training. 

Introduction 
Preterm birth, defined by the World Health Organisation as < 37 weeks gestation 387, disrupts 

gut microbiome development 68. The resulting preterm microbiome is characterised by low 

diversity and commensal microbe abundance, in combination with a greater number of 

pathogens 73,388. This characteristic preterm microbiome has been linked to increased disease 

burden in these infants 86. This includes acute diseases like necrotising enterocolitis (NEC) 

and late-onset sepsis (LOS), and chronic diseases like asthma and both type 1 and 2 diabetes, 

all of which have been linked to the microbiome 178. However, probiotic prophylaxis can 

mitigate the risk of these acute diseases 11. As a result, probiotic prophylaxis has now become 

the standard of care for the most premature (< 32 weeks gestation) and small for gestational 

age infants (< 1,500 g) in neonatal intensive care units (NICUs) across Australia.   

Probiotic prophylaxis has been demonstrated to mitigate and treat several infectious and non-

infectious diseases through modulation of the gut microbiome 389. This includes Helicobacter 

pylori infection 390, rotavirus infection 391, obesity 392 and allergies 393. In preterm infants, 
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probiotics have been shown to reduce the incidence of both NEC and LOS, with the benefits 

likely stemming from changes in the microbiome afforded by the presence of probiotic 

strains 389. These strains, specifically from Bifidobacterium and Lactobacillus, have been 

shown to contribute to a Bifidobacterium-dominated microbiome, which, in turn, can 

positively modulate immune system activity and development 178,394. To date, much of the 

research has been focused on improving survival for very and extremely preterm infants, who 

suffer a higher burden of disease and death in early life. As such, there is little data exploring 

the long-term impact of probiotics or their use in older preterm demographics.  

 

Certain probiotic species have been shown to persist beyond discharge 13, possibly continuing 

to exert positive effects on the development of the infant gut microbiome. However, this 

observation of probiotic persistence is not consistent 13,376, and as infants have been shown to 

cluster in their microbial populations by NICU 113; caution should be taken when 

extrapolating from these single unit studies to another unit. We have demonstrated in a 

previous study that probiotic-prophylaxis had a significant positive modulatory effect on very 

preterm infants over the course of their hospital admission 395. We observed greater diversity 

in the gut microbiome of probiotic-supplemented preterm infants, relative to those not 

supplemented, at discharge from the hospital, suggesting that preterm infants who fall outside 

the criteria for probiotic prophylaxis (defined as <32 weeks gestation and/or <1500 g) may be 

missing out on the positive modulatory effects for healthy gut microbiome development. Our 

aim for this study was to investigate if these differences persist following discharge up to 1.5 

- 2 years of age and conduct both a cross-sectional and longitudinal analysis of the gut 

microbiome of these preterm infants, using both shotgun metagenomics and 16S rRNA 

profiling. We were particularly interested to determine if the probiotic species, specifically 

Lactobacillus acidophilus and B. bifidum were persisting in the gut long-term. In addition, to 

determine if probiotics had a lasting modulatory effect on microbiome development, we 

compared these probiotic-supplemented infants to a group of infants who were born into the 

same nursery but did not receive probiotic supplementation. Lastly, we combined these newly 

acquired samples with data collected previously, to conduct a longitudinal examination of 

probiotic supplemented infants. 
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Methods 
Study design 
This observational study involves both a longitudinal and cross-sectional component. As the 

main objective of this project was to examine if probiotic prophylaxis during admission has a 

lasting effect, I performed a cross-sectional analysis of 18 infants using shotgun 

metagenomics and compared those who had received probiotics against those who had not. 

As previously mentioned, a subset of this cohort (n = 6) had samples collected as part of an 

earlier study, and so I also performed a longitudinal analysis of these probiotic-supplemented 

infants using 16S rRNA amplicon sequencing, as this was the technique used previously.  

 

Study population 
Infants recruited were previously admitted to the Townsville University Hospital’s (TUH) 

Neonatal Intensive Care Unit (NICU) and Special Care Nurseries (SCN). The TUH NICU is 

the only level six tertiary referral unit in NQLD, which is a specialised unit for dealing with 

complex pregnancies. The criteria for probiotic prophylaxis at the TUH NICU dictates that all 

high risk preterm infants (defined as <32 weeks gestation and/or <1500 g) receive Infloran® 
330, containing Lactobacillus acidophilus (1 × 109 CFU) and Bifidobacterium bifidum (1 × 109 

CFU) on a daily basis, from the first day of feeding to > 34-36 weeks gestation. Inclusion 

criteria for the cohort included: born <32 weeks gestation and previously admitted to the 

NICU at the TUH for the probiotic group, and >32 weeks and admitted to the SCN at the 

TUH. The exclusion criteria were no parental consent, born >32 weeks and contraindication 

to enteral feeds for the probiotic group, and no parental consent for the non-supplemented 

group. Ethics was obtained from the Townsville Hospital and Health Service Human 

Research Ethics, (HREC/QTHS/65181 and HREC/17/QTHS/7). Informed consent was 

obtained from parents/legal guardians of all subjects through the signing of a Parental 

Information Sheet and Consent Form (PICF), which can be found in the supplementary 

material.  

 

Recruitment and sample collection  
Infants previously admitted to the TUH were recruited by a neonatal nurse between January 

and August of 2021. At recruitment, these infants were between 18 months and 2 years of 
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age. Parents/guardians of previously admitted preterm infants were contacted via the phone, 

and upon verbal approval, mailed out a Parental Information Sheet and Consent Form (PICF), 

and collection kit. The collection kit included: 

• OMNIgene® GUT all in one system. 

• Paid return postal package. 

• Detailed instructions on sample collection and postage. 

• Absorbent material and leak proof biohazard bag for postage requirements. 

• Questionnaire. 

The samples of recruited infants were stored in the OMNIgene® GUT collection tube, and 

once mailed back to the research team, the tubes were stored at -80C, as recommended by 

the manufacturer. 

 

Collection of metadata 
Both clinical (during admission) and post-discharge metadata were also collected. For the 

clinical data, this included both maternal – antenatal antibiotics, chorioamnionitis (clinically 

diagnosed), preeclampsia (clinically diagnosed), and diabetes (type 1 & 2), and infant data – 

mode of delivery (vaginal birth versus caesarean section), diet, gestation at birth and 

collection, NEC (stage 2 or greater), sepsis (confirmed through culture), neonatal antibiotics 

and Retinopathy of Prematurity (ROP) (stage 1 or greater). The post-discharge information 

was collected through the previously mentioned, brief questionnaire.  

 

Categorical Variables   

Variables Levels Probiotic-supplemented Non-supplemented 

   n   %    n    % 
Probiotics post-discharge Yes 9 64.3 0 0 

No 5 35.7 4 100 

Diet during admission Combination 8 57.1 3 75 
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Breastmilk 6 42.6 1 25 

Diet post-discharge  Combination 12 85.7 2 50 

Breastmilk 2 14.3 2 50 

Mode of birth Vaginal 4 28.6 1 25 

Caesarean 10 71.4 3 75 

NEC Yes 0 0 0 0 

No 14 100 4 100 

Sepsis Yes 2 14.3 0 0 

No 12 85.7 4 100 

Antenatal antibiotics Yes 8 57.1 0 0 

No 6 42.9 4 100 

Neonatal antibiotics  Yes 14 100 2 50 

No 0 0 2 50 

Chorioamnionitis  Yes 2 14.3 0 0 

No 12 85.7 4 100 

Preeclampsia Yes 2 14.3 0 0 

No 12 85.7 4 100 

Maternal Diabetes  Yes 1 7.1 0 0 

No 13 92.9 4 100 

Continuous Variables 

Variable Probiotic-supplemented Non-supplemented 

Median IQR Median IQR 

Gestational age at birth 27.7 2.7 35.6 1.8 

Table 5.1 Demographic/clinical data of study population used for both the 16S 
metabarcoding and shotgun metagenomics. 
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16S rRNA short amplicon sequencing 
The Bioline ISOLATE Fecal DNA Kit was used for DNA extraction 331. Modifications were 

made in consultation with the manufacturer to optimise DNA yield, and included increased 

beta-mercaptoethanol from 0.5 to 1% (increasing DNA solubility and reducing secondary 

structure formation), addition of an extra wash step (improving purity) and decreased elution 

buffer volume from 100l to 50l (increasing final DNA concentration). After consultation 

with the manufacturer, 150 µl was chosen for the initial sample volume, in place of the usual 

150 µg required by the kit, for compatibility with the OMNIgene® GUT kit. The Illumina 

metagenomics library preparation protocol was used for library preparation 332, using the 

Index Kit v2 C 333 and Platinum™ SuperFi™ PCR Master Mix 334. Sequencing was 

performed on the Illumina MiSeq system using the MiSeq Reagent Kit V3 333, targeting the 

V3 and V4 regions with the S-D-Bact-0431-b-S-17/S-D-Bact-0785-a-A-21primer 

combination 332. Both the pre-analytical bioinformatics and statistical analyses were 

conducted in R Studio Version 3.6.1 335 with a pipeline adapted from my previous work 380, 

which can be found in the supplementary material. DADA2 337 was used for quality filtering 

and trimming, demultiplexing, denoising and taxonomic assignment (SILVA Database). In 

addition, microDecon 285 was used to remove homogenous contamination from samples using 

extraction blanks.  

 

Admission and discharge samples for longitudinal analyses 
Data for a subset of individuals that had samples collected at both admission and just prior to 

discharge were obtained from previous work. As sample recruitment occurred at the same 

hospital, a small subset (n = 6) had samples collected at these previous time points, allowing 

us to make comparisons across these three time points, within the probiotic supplemented 

group. However, it should be noted, that for one infant we did not receive an admission 

sample. The recruitment, collection and sequencing protocols are as previously described 380. 

 

Shotgun metagenomics 
The shotgun metagenomics was performed by Microba Life Sciences 362. Once samples had 

DNA extracted for 16S rRNA gene amplicon sequencing, the samples were then again stored 
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at -80C, and soon after, shipped to Microba on dry ice. Sequencing was conducted on the 

Illumina NovaSeq6000 system with 300 bp, paired-end reads. This workflow was completed 

using Microba’s patented Metagenomics Analysis Platform (MAP), which includes the 

Microba Genome Database, the Microba Community Profiler, and the Microba Gene and 

Pathway Profiler 362. The MPA produces taxonomic and functional profiles.  

 

Statistical analysis 
For both the 16S rRNA short amplicon sequencing and shotgun metagenomics, beta 

diversity, alpha diversity, and taxonomic abundance were assessed using mixed effects 

models. For beta diversity comparisons, I performed both PERMANOVA and EnvFit 

analyses from the Vegan package 367, which compare the differences in the centroids relative 

to total variation. Both analyses were applied to Bray-Curtis dissimilarity matrices 339 based 

on data normalised through Total Sum Scaling (TSS) 297. The significance was based on 

10,000 permutations and was transformed based on the Benjamini-Hochberg (BH) procedure 
340.  

For alpha diversity comparisons, I performed generalised linear mixed effects models. The 

generalised linear mixed effects regression models were created using the package lme4 341. 

Shannon diversity was calculated at the ASV level, and continuous predictors were scaled 

and centred. Multicollinearity was assessed using the AED package 342, and significance was 

using an analysis of deviance (Type II Wald Chi-square test) from the car package 343. This 

was followed by subsequent post-hoc pairwise Tukey comparisons, to correct for multiple 

comparisons, using the emmeans package 344. 

DESeq2 294, which uses a negative binomial generalized linear model and variance stabilising 

transformation, was used for comparing taxonomic abundances between groups. For the 16S 

rRNA short amplicon sequencing, taxa were agglomerated at the genus level, due to the 

limited taxonomic depth of 16S-target technologies. A Wald Test with the BH multiple 

inference correction was performed to obtain taxa that were significantly differentially 

abundant. The pre-analytical bioinformatics and statistical analyses can be found in the 

GitHub link in the supplementary material. 
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Results 
Changes in the gut microbiome of probiotic-supplemented infants over time  
The data from the 16S amplicon sequencing revealed that the microbial composition of the 

microbiome of the probiotic-supplemented infants changed dramatically over time, with 

inter-individual variation reducing and stabilising at discharge (Figure 5.6A). Samples 

clustered significantly by the sampling time based on their taxonomic composition (Figure 

5.6A, p < 0.01), coupled with a significant increase in alpha diversity post-discharge (Figure 

5.6B, admission and post-discharge: p < 0.0001, and discharge and post-discharge: p < 

0.0001), as taxa continued to colonise. The composition is dominated early on by the phylum 

Firmicutes, followed by Proteobacteria and Actinobacteriota at discharge, and then 

Bacteroidota and Firmicutes post-discharge (Figure 5.7A). At the genus level, Streptococcus, 

a facultative anaerobe, was observed to dominate at admission, followed by Bifidobacterium 

at discharge, and with subsequent maturation to a more diverse ecosystem post-discharge. 

The changes in Streptococcus over time were significant (p < 0.01), with it being in 

significantly greater abundance early on, compared with both discharge (p < 0.001) and post-

discharge (p < 0.01) samples. A similar pattern was seen for Bifidobacterium, which was in 

significantly greater abundance at both admission (p < 0.001) and discharge (p < 0.001), 

relative to post-discharge samples. 

 

 

Figure 5.6 A: Principal coordinate analysis plot based on Bray-Curtis distances using ASV 
level taxonomy obtained through 16S rRNA short amplicons sequencing demonstrating the 
changes in gut microbial composition for the six infants tracked over time, with significant (p 
< 0.01) clustering of samples. B: dot plot representing the time-based increases in alpha 
diversity metrics for the same six infants tracked over time and based on transformed ASV 
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level taxa (16S amplicon sequencing), both observed (richness) and the Shannon Index, 
where pairwise comparisons found significant differences between admission and discharge 
samples (p =0.01), admission and post-discharge (p < 0.0001) and discharge and post-
discharge (p < 0.0001). 

 

 

Figure 5.7 A: Changes in the proportions of taxa for the six infants tracked over time at both 
the phylum and genus levels (16S amplicon sequencing) across admission, just prior to 
discharge and post discharge, describing the significant (p <0.0001) reduction in 
Bifidobacterium abundance post-discharge relative to the first two time points. B: Changes in 
the proportions of both Bifidobacterium and Lactobacillus for the six infants tracked (16S 
amplicon sequencing) across admission, just prior to discharge, and post discharge, using 
16S amplicon sequencing. 

 

Persistence of probiotic species present at discharge up to 2 years of age 
Bifidobacterium was present at admission, discharge, and post-discharge, however, 

Lactobacillus was sparse at all time points (Figure 5.7B). Bifidobacterium was at its greatest 

abundance at discharge, and thus, towards the end of supplementation. However, despite 

being present across all infants, there was a significant reduction in its abundance post-

discharge. Using shotgun metagenomics, I observed that what remains of the genus post-

discharge is mostly other Bifidobacterium species, with B. bifidum only present in 4/14 

infants (Table 5.2). The other Bifidobacterium species present were B. adolescentis, B. 

animalis, B. breve and B. longum, with B. longum the most common and B. breve having the 

greatest mean relative abundance. L. acidophilus, was also not present post-discharge (Table 

5.2). The only two species from this genus present post-discharge were L. paracsei and L. 

rhmanosus. The lack of long-term colonisation with L. acidophilus is consistent with 

previous work; however, B. bifidum has been observed to persist post-discharge at ~58 weeks 
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13. The scarcity of probiotic species present in the study cohort suggests transient 

colonisation. 

 

Genus Species Supplemented Infants (n = 14) 

Bifidobacterium bifidum  4 

adolescentis 5 

animalis 9 

breve 5 

longum 11 

Lactobacillus acidophilus 0 

paracsei 2 

rhmanosus 7 

Table 5.2 The number of infants that had species belonging to Bifidobacterium or 
Lactobacillus present post-discharge, determined through shotgun metagenomic sequencing. 

 

Comparison of probiotic-supplemented infants and non-supplemented infants  
Previously identified positive modulation of the gut microbiome associated with probiotic 

prophylaxis during hospital admission does not persist at 18 months to 2 years post-

supplementation, however several other associations were observed. Overall community 

composition did not differ significantly between those who received probiotic prophylaxis 

and those who did not (Figure 3.A, PERMANOVA: p = 0.4, envfit: p = 0.88). However, 

differences in several taxa were oberved (Figure 4). Specifically, we observed greater 

abundance of Clostridium_M sp001517625 (p < 0.01) and Flavinofractor plauti (p < 0.01), 

in combination with lower abundances of Alistipes finegoldi (p < 0.01), in those that received 

probiotic prophylaxis. Clostridium_M sp001517625 (11/14 infants) and Flavonifractor plauti 

(13/14 infants) were only observed in the probiotic group. In contrast, Alistipes finegoldi was 

only found in half of those supplemented, but all of those who did not receive probiotics. 

Lastly, counter to what was expected, alpha diversity, both richness (p < 0.05) and the 

Shannon Index (p < 0.05), were significantly lower in those infants supplemented with 

probiotics (Figure 3.B). However, it is unclear whether this associated modulation is a result 

of probiotic prophylaxis or evidence of an inability of probiotics to exhibit lasting modulation 

beyond the supplementation period.  
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Figure 5.8A: Principal coordinate analysis plot based on Bray-Curtis distances exploring the 
clustering of samples post-discharge by probiotic-supplementation (coloured) using species 
level taxonomy obtained through shotgun metagenomics. B:Dot plots describing the 
significant difference in alpha diversity metrics post-discharge, both observed (richness) (p < 
0.05) and the Shannon Index (p < 0.05), between probiotic supplementation groups and 
obtained through shotgun metagenomics. 

 

 

 

Figure 5.9 A: Bar plots comparing the relative distribution of the top 30 most abundant 
species identified through shotgun metagenomics, and across individuals and between 
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probiotic-supplementation status. B: Results of Wald-test on the probiotic-supplementation 
comparison from DESeq2 mixed effects modelling, that also accounted for diet, on species 
level taxonomy obtained through shotgun metagenomics. 

 

Discussion 
We have previously described the short-term positive modulatory impact that probiotic 

supplementation with Infloran® can have on the developing gut microbiome of preterm 

infants during their NICU admission 395, supporting an increased diversity and colonisation 

with beneficial taxa, such as Bifidobacterium. This study set out to investigate whether 

colonisation by these probiotic species affected the development of a healthy microbiome at 

18 months to 2 years post discharge. Significant changes were observed in the microbiome of 

supplemented infants over time, with increases in alpha diversity and dynamic changes in 

taxonomic abundance, culminating in a reduction in heterogeneity between samples and 

stabilisation of the microbiome. However, these dynamic changes were coupled with a 

significant reduction in probiotic species. Several studies report persistence of the probiotic 

species in the faeces of preterm infants up to the time of hospital discharge 396-399, yet 

evidence for long-term colonisation with probiotic species is limited. The inability of 

probiotic species to colonise the infant gut may mean that probiotic associated modulation is 

short lived. However, the reported benefits of probiotic prophylaxis may extend beyond 

colonisation and include competitive pathogen exclusion, changes to intestinal barrier 

function and immune modulation 389. These positive effects on the developing microbiome 

may prove important for pre-term infants. 

 

Changes in probiotic-supplemented infants over time  
Despite high levels of heterogeneity between individuals early in life, the infant microbiome 

generally follows a standardised colonisation process. This includes an increase in strict 

anaerobes across time, particularly Bifidobacterium 400. However, in this work we observed a 

significant reduction in this genus after it rose to dominance at discharge. This drop in 

Bifidobacterium, as well as the lack of persistence of B. bifidum, may be the result of 

confounding factors. Delayed colonisation or reduced counts of Bifidobacterium have 

previously been linked to caesarean section 400, and greater colonisation to breastfeeding 380. 

The link to breastfeeding largely stems from the presence of human milk oligosaccharides in 
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breastmilk, which selectively nourish specific microbes 401,402. Without nourishment, 

microbes like B. bifidum, may not persist. This may also explain why our work does not align 

with that of Abdulkadir et. al, who observed persistence of B. bifidum following 

supplementation with Infloran® and post discharge 13. An important distinction between this 

study and theirs, is that their entire cohort was breastfed, contrasting with only four infants in 

this study. Thus, diet may be an important factor for sustaining colonisation, and a modifiable 

factor that could encourage the long-term persistence of probiotic species in preterm infants. 

L. acidophilus was not present post-discharge. Previous work has also struggled to isolate 

both the species and genus in supplemented infants 12,13,376. However, unlike B. bifidum, this 

may not be a result of diet. Yousuf et. al. suggested that the limited presence of Lactobacillus 

was because it is a coloniser of the small intestine, and thus, less likely to be found in faecal 

samples 376. In addition, we observed that the genus does not consistently establish itself in 

the gut during admission/prophylaxis, which is also supported by my previous work 395. I 

previously suggested that this could be the result of poor probiotic integrity. However, more 

work still needs to be done to provide conclusive evidence. Taken together, it is likely that 

the persistence of probiotic species and even bacterial community succession over the long 

term is determined by multiple environmental factors.  

 

Comparison of probiotic-supplemented infants and non-supplemented infants 
Positive probiotic-associated modulation may not persist beyond discharge. Previous work 

suggests probiotic prophylaxis contributes to acute increases in bacterial diversity and 

abundance of known commensals, as well as a reduction in potential pathogens 12,13. 

However, this modulation appears to be temporary and may result from the limited 

persistence of probiotic species. Durack et. al. observed that probiotics can temporarily 

correct for the delayed diversification associated with preterm infants, but that the inability of 

the probiotic species to engraft meant that these benefits are lost when probiotic prophylaxis 

is complete 403. However, the cessation of probiotic prophylaxis may explain why we don’t 

see previously observed modulation persist, but it does not explain the differences that were 

observed.  

Probiotic supplementation was associated with both lower alpha diversity and a greater 

abundance of three taxa. However, despite the association between probiotics and lower 
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diversity, it is unclear if probiotics are the driver of this low diversity. This is especially true 

when one considers the lack of probiotic persistence. These results may suggest that 

probiotics cannot correct for the lower diversity common to the most premature of infants. 

However, if probiotics are the causative factor, the drop in diversity may be a result of the 

restructuring of the microbial ecology, where the probiotic supports growth of a few specific 

taxa. Either way, whether this lower diversity will have significant consequences for these 

infants is not known, and beyond providing stability, greater diversity may also have limited 

benefits. The primary benefit of probiotics may come through support of key taxa that 

possess invaluable functionality 22,404. However, due to their implication in both positive and 

negative health outcomes, the taxa associated with supplementation in this study may not 

provide any significant benefit 404-408.  

Despite the apparent limited long-term benefits in microbial modulation, the acute 

modulation observed previously during supplementation may provide lasting benefits. 

Microbial perturbations, including lower diversity, have been consistently associated with 

disease. This includes obesity 409, metabolic syndrome 410, Crohn’s disease and ulcerative 

colitis 411-413, multiple sclerosis 414, and more. However, equally important to note is the effect 

on the development of both innate and adaptive immune function 415-417, as perturbations in 

the gut microbiome have also been shown to have long-lasting metabolic and immunological 

dysregulation 418,419, and are significantly associated with a atopy and asthma development in 

childhood 403,420,421. Thus, the early-life gut microbiome, colonising a relatively sterile 

habitat, influencing the developing ecosystem, and in turn, immune and physiological 

conditions, may have the greatest impact on long-term health. 

 

Limitations  
This work has limited statistical power and was unable to account for all known microbial 

covariates due to its small sample size. As stated in the methods, the recruitment and 

collection protocol involved contacting parents/guardians at home and relying on their 

involvement for the collection and postage of stool samples. This proved too much of a 

burden for a demographic of people who have limited incentive to be involved in the project 

and are dealing with the stresses of being a new parent. We recommend that future studies 

take this into consideration during study design, and either have greater involvement in the 

collection process or target a larger group to ensure adequate sample size.  
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Conclusion 
Probiotic supplementation in very preterm infants lowers the risk of several important 

neonatal outcomes, including NEC, LoS and all-cause mortality. However, this study 

suggests that the probiotic species from Infloran® may not persist beyond discharge. The 

implications of this are unclear. While probiotic-supplemented infants showed a healthier 

microbiome at discharge compared to other infants who did not receive probiotic 

supplementation, probiotic-supplemented infants had lower diversity in their gut microbiome 

at 18 months to 2 years of age. The small sample size reduces the certainty of this result. 

Nonetheless, with the emergence of a significant body of literature implicating the early gut 

microbiome in immune system development it is unclear if lower diversity at this age would 

have significant implications.  
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6. General Discussion 
Preterm birth has been associated with the development of short and long-term 

complications, caused in part, through the disruption of normal gut microbiome development. 

Probiotic supplementation may correct for these microbial imbalances and mitigate disease 

risk. As a result, probiotic-supplementation has become part of standard care for all infants 

born into the Townsville University Hospital (TUH) at < 32 weeks gestation and/or < 1500g. 

Using a combination of 16S rRNA metabarcoding and shotgun metagenomics, this thesis 

explored the gut bacterial microbiome of this unique cohort, addressing the five aims 

outlined in the introduction. This includes characterising populations at admission and 

discharge, assessing the impact of potential covariates, and exploring differences between 

non-supplemented and supplemented preterm infants during admission and post-discharge. 

In brief, this thesis identified novel associations with the gut microbiome of a unique cohort 

of infants, that non-supplemented infants from the same hospital have significantly different 

microbial profiles, and that these differences do not persist 2 years following discharge. This 

chapter builds on previously discussed results, giving a more comprehensive synthesis of the 

data, and discussing translatability and direction for future research. 

 

The gut microbiome of probiotic-supplemented very preterm infants 
from the TUH 
The gut microbiome of probiotic-supplemented very preterm infants from TUH NICU 

follows similar patterns of colonisation to what is described in the literature but shares only a 

selection of previously described covariates. The significant differences between admission 

and discharge samples, highlighted by enrichment of Staphylococcus at admission and 

increases in Clostridium sensu stricto 1, Lactobacillus, Enterobacter and Veillonella at 

discharge, supports the previously described progression of oxygen-tolerant microbes that 

aid in a shift towards an anaerobic environment 60,345. Additionally, although not significant, 

the presence of Bifidobacterium across 99 samples (53 of 99 were at discharge) in such a 

young cohort is also noteworthy, as very preterm infants can experience delayed or limited 

colonisation with Bifidobacterium and Lactobacillus 37,43,78,79. The significant increase in 

Lactobacillus coupled with a high frequency of colonisation with Bifidobacterium in such a 

premature cohort suggests that prophylaxis with the probiotic Infloran® (containing 
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Lactobacillus and Bifidobacterium) is having a significant impact on the gut microbiome of 

this cohort during admission. 

 

 

Figure 6.1 Covariates of the probiotic-supplemented very preterm infant gut microbiome, as 
determined by mixed effects exploring taxonomic abundance and alpha diversity. Annotation 
for necrotising enterocolitis; NEC: retinopathy of prematurity; ROP. Figure 1 created using 
www.biorender.com. 

 

The lower bacterial diversity seen in infants diagnosed with unfavourable outcomes, as well 

as the differing abundances of several taxa across multiple variables reinforces the role of the 

gut microbiome in disease, the impact of maternal health on the microbiome, and supports the 

need for promoting healthy microbiome development (Figure 6.1). The association between 

breastfeeding and higher abundance of Bifidobacterium observed in this thesis and previous 

work37,57, reinforces the importance of infant diet on health. As described in Chapter 4, 

Bifidobacterium species possess not only the ability to digest the HMOs in breastmilk 
52,348,349, but also important immunological regulatory capacity 422-426. This observation lends 

more credence to the importance of breastfeeding, and in turn, maternal health.  
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As much of the early microbial inoculation occurs vertically via a maternal route, maternal 

health has an important role to play in the developing infant microbiome 23. In this thesis, 

both preeclampsia and chorioamnionitis had significant associations with taxa. The 

association between preeclampsia and lower Escherichia/Shigella at discharge may stem 

from continued exposure to the mother, who may continue preeclampsia-treatment post-

delivery, compounding the passing of irregular microbial patterns over time 352,353. 

Additionally, the increased abundances of certain Staphylococcus spp. in association with 

chorioamnionitis may partly explain why exposure to chorioamnionitis increases the risk of 

adverse neonatal outcomes 107,109,350. Taken together, these findings support the idea that 

‘mum matters’, and that maternal health plays a key role in shaping the developing infant 

microbiome. If the relationship between maternal health and the infant microbiome continues 

to be consistently replicated, considerations can be made around maternal health, and how 

that may have knock on effects for infant health. 

As observed previously, both lower diversity and greater/lower abundances of specific taxa 

were associated with negative health outcomes 107,109,354. However, instead of providing 

clarity the results add further heterogeneity to the literature. My findings of sepsis being 

associated with a greater abundance of Bifidobacterium, NEC not being linked to a greater 

abundance of any taxa, and the enrichment of Staphylococcus in infants diagnosed with ROP, 

all contrast previous work 97,98,108,110,354. These contradictory findings could be the result of 

study design, including the study population or analyses used. However, another explanation 

discussed in Chapter 3, and highlighted by previous work 96, may be due to the non-uniform 

microbial structure and potential polymicrobial aetiology of NEC and late onset sepsis. These 

diseases are likely to be the synthesis of multiple microbial and physiological factors. This is 

further supported by the observation that NEC has very different gut microbial structures 

between different NICUs 104, which also differ more broadly in their microbiomes in general. 

However, despite the complex aetiology of NEC and sepsis, probiotics have been shown to 

reduce their incidence, and thus, the gut microbiome may still be a future target for 

interventions in ROP.  

It is difficult to deduce how exactly the microbiome is implicated in the examined clinical 

variables, or vice versa. The gut microbiome is a complex ecological landscape where the 

presence or absence of a microbe may have significant consequences, or not. Both infant and 

maternal health have a significant association with the developing infant gut microbiome, 
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and, although probiotics may aid in microbiome development, correcting for some 

imbalances, they are not a wonder-drug that can correct for the influence of all covariates. 

However, the abnormally widespread presence of Bifidobacterium in the intestinal 

microbiome of these probiotic-supplemented infants suggests probiotics may elicit some 

positive modulatory effects. Although this impact may not correct for all microbial 

imbalances, the presence of this well-known commensal genus, could aid in colonisation of 

other commensal taxa and help to shape a more proficient immune system. However, if 

probiotics are indeed eliciting such a response, perhaps supplementation should be extended 

to older infants. 

 

Differences in the microbiome of supplemented and non-
supplemented preterm infants at discharge 
Moderate to late preterm infants may be missing out on acute modulatory effects induced 

through probiotic prophylaxis. In the cohort from Chapter 4, probiotic supplementation 

corrected for associations between lower gestational age and low diversity 69,70, fewer 

commensal microbes 71-73 and greater pathogen abundance 72,74, producing a microbiome that 

is more similar to that of full-term infants. The targeted approach of probiotic 

supplementation in very preterm infants, as previously mentioned, is the result of NEC’s 

inverse correlation with gestational age and birth weight 360,361, and the demonstrated efficacy 

of probiotics to reduce the risk of NEC10,11. However, the benefits of probiotics may extend 

beyond acute prevention of disease, as there is accumulating evidence suggesting that early 

microbial colonisation is a determinant for adult health 2-6. This is not the first study to 

suggest probiotics positively modulate the infant gut 12,13, but this study builds on previous 

findings and suggests that infants born into the TUH (and other centres that use similar 

guidelines for probiotic supplementation) who do not receive probiotics are leaving care with 

lower microbial diversity and fewer key commensal microbes. 

Moderate to late preterm infants could benefit from stabilising effects provided through the 

greater alpha diversity associated with probiotic supplementation 371,372. The significant 

association between alpha diversity and probiotics suggest that the probiotic species 

contribute to the colonisation of more microbes 19. Presence of a greater diversity of taxa 

could aid in protection against pathogenic species and contribute to the development of 

broader immune tolerance. This is because early colonisers of the microbiome play a critical 
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role in immune-system development, interacting with both epithelial and lymphoid tissue in a 

state of controlled inflammation 20. A greater diversity of taxa early in life may contribute to 

a greater tolerance with age. 

A greater abundance of key taxa could have significant benefits for those who receive 

probiotic prophylaxis. Reduced levels of Bifidobacterium in early life have also been linked 

to NEC, sepsis and atopic disease 98,325,427, including lower levels in 3-month old infants who 

go on to develop an autoimmune disorder at 2-4 years of age 420. Some commensal microbes 

engage in crosstalk with human cells, aiding the development of innate immune defences, 

pathogen recognition, epithelial turnover, mucous synthesis, peristalsis, and antimicrobial 

secretions 21,22. Members of the Clostridium sensu stricto 1 cluster, such as C. sutyricum, also 

play a role in intestinal homeostasis through the production of metabolites like butyrate and 

other SCFAs 428. So much so, that different Clostridium species, including C. sutyricum, have 

been suggested as potential probiotic-therapeutics 428. Bifidobacterium, can induce dendritic 

cell maturation 422-424, mobilisation of immune cells 425,429 and modulation of immune 

responses 426,430. Promotion of such immunological factors may be why probiotics reduce the 

incidence of NEC and sepsis 10,11. The extent to which probiotic-induced modulation can 

mitigate other diseases in infants is understudied. However, because of the previously 

mentioned functional benefits, reduced levels of Bifidobacterium, and the other six taxa that 

are lower in non-supplemented infants, may have significant consequences for their 

immunity. 

Despite probiotics appearing to drive significant changes in the gut microbiome, this work 

also highlighted concerns in probiotic integrity. Lower levels of Lactobacillus, and more 

specifically L. acidophilus, have also been observed previously 12,13,376. Others have 

previously suggested that this is due to Lactobacillus being a coloniser of the small intestine 
376. However, sequencing of the probiotic itself, as discussed in Chapter 4, highlighted quality 

(composition) concerns, which are not uncommon in probiotics 114,124. Unfortunately, the 

inclusion of the probiotic in the sequencing was done without careful consideration, and I 

should have included multiple probiotic samples to determine if this observation was 

consistent. The integrity of Infloran® should be pursued in future work. 

Although questions remain regarding the consequences of the differences observed between 

groups, it is clear that even when accounting for known covariates, probiotics have a 

significant associated with the gut microbiome of preterm infants at discharge. As probiotic 
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supplementation is facilitating or instigating these changes, transforming the microbiome to 

one that mirrors that of full-term infants, then further consideration should be given to 

expansion of the probiotic supplementation criteria. As previously mentioned, the lack of 

research exploring the effect of probiotics in moderate to late preterm infants are an 

unfortunate consequence of a targeted approach to combating acute life-threatening infections 

in the most premature, however, if the benefits of probiotics go beyond prevention of acute 

disease more infants may benefit. 

 

Differences between supplemented and non-supplemented infants at 
discharge do not persist 
The previously mentioned changes in the gut microbiome associated with probiotic 

supplementation appear to be transient. The limited differences in the microbiomes of 

supplemented and non-supplemented infants post-discharge likely stems from an inability of 

the probiotic species to persist. As discussed in Chapter 5, the inability of B. bifidum to 

persist may be the result of other confounding factors, such as diet. Again, highlighting the 

importance of breastfeeding. The limited presence of L. acidophilus was no surprise, given 

what was observed at discharge and what previous work has described 12,13,376. However, 

more work needs to be done to deduce the reason; whether the cause is low probiotic integrity 

or an inability of stool sampling to capture microbial populations in the upper gastrointestinal 

tract. Both outcomes would be concerning. 

Despite limited persistence of the probiotic species, supplemented infants had lower alpha 

diversity in combination with a greater abundance of three taxa. With such a small sample 

size it is unclear if these differences are driven by the probiotic. However, a negative 

relationship between diversity and probiotic supplementation during prophylaxis has been 

observed previously 12. Supplementation with probiotics may drive the persistence and 

growth of a few key taxa, decreasing diversity over time. This calls into question the use of 

greater alpha diversity as a metric for greater health, an error already highlighted by the effect 

of diet on the gut microbiome 380. Unfortunately, the differences in taxonomic abundance 

associated with probiotic supplementation do not clearly support this hypothesis as there is 

conflicting evidence surrounding their benefits. Thus, it is unclear if probiotics have a 

positive long-term effect on the gut microbiome, but this does not mean that probiotic 

supplementation during admission does not have other long-lasting benefits. 
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Moderate to late preterm infants may still be afforded benefits from probiotic prophylaxis 

during hospital admission, despite changes in the microbiome not persisting. The aim of this 

chapter was built on the assumption that the long-term health benefits of probiotic 

supplementation would be provided through long-term modulation of the gut microbiome. 

However, moderate to late preterm infants may still benefit from acute disease mitigation, 

and probiotic species may only need to pass through transiently to exert long-term, positive 

health benefits. Correlative data suggests that infants colonised early in life with 

Bifidobacterium species are less likely to develop immune-mediated diseases later in life 
48,431-433. This relationship likely stems from the involvement of key taxa, like 

Bifidobacterium, in early-life immune system development 20-22,48,375. Thus, infants who 

undergo probiotic-prophylaxis in early life may still have long-lasting immunological 

benefits, despite the probiotic taxa not persisting beyond the supplementation period. So, 

although the final chapter of my thesis suggests that the probiotic species do not persist 

beyond supplementation, moderate to late preterm infants may derive long-term health 

benefits from the transient presence of the probiotic strains during hospital admission. 

 

Limitations 
This thesis has several limitations that have proven to be informative learning experiences. 

The most notable include limitations associated with 16S rRNA gene amplicon sequencing, 

and its associated protocols, those that have arisen due to difficulties encountered during 

recruitment, and regarding the search methods/terms used in Chapter 2. Firstly, the power of 

16S rRNA gene amplicon sequencing is limited to exploring high-level, group-based 

differences or associations. Due to its inability to provide species-level taxonomic depth and 

gene-associated functionality, it is difficult to extract physiological or clinical meaning from 

these high-level, group-based differences. In addition, the 16S method itself is biased and 

plagued with protocol heterogeneity, which can translate into greater heterogeneity between 

studies 123,434. This limits the strength of inferences made when comparing the work in this 

thesis to that previously carried out. Secondly, in Chapter 5, although many guardians agreed 

to partake in the study, the number of samples that were returned was minimal, resulting in a 

limited sample size. Although I attempted to make the process as easy as possible, by 

providing everything needed for collection and postage, including simple instructions and a 

paid-return parcel, carrying out the collection and/or postage proved too much of a burden for 
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new parents or guardians. Lastly, the limited search terms used in Chapter 2 may not have 

been expansive or broad enough to capture the entire target literature under review. However, 

as previously mentioned, these limitations have proven to be good learning experiences.  

These limitations will serve as a guide for future decision making in the context of my own 

study design. The limitation of using 16S rRNA gene amplicon sequencing could be solved 

with a switch to shotgun metagenomics, which as described in Chapter 2, can provide more 

detailed insights into the gut microbiome. In addition, using shotgun metagenomics would 

remove biases associated with primer selection. To address the sample size issue, I believe 

that greater involvement of the research team in the sample collection process would solve 

this problem. Restricting the recruitment to Townsville, and then going out and collecting the 

samples myself would have removed the significant reliance of the collection protocol on the 

parents or guardians of these infants. However, both these solutions are cost prohibitive, and 

provide their own logistical issues. 

 

Future research and translation 
The human microbiome is a rapidly evolving field, and this thesis is but a small contribution. 

However, I do believe the work here suggests that a randomised-controlled trial exploring the 

expansion of the inclusion criteria for probiotic supplementation to include moderate to late 

preterm infants is warranted. With the work discussed in this thesis, our research team now 

has a platform to build off and a track record to leverage for funding. In addition, such future 

work could be expanded to include other probiotic strains. With the reduction in costs of the 

rapidly evolving genomics technologies, more insight into the benefits of other strains may be 

uncovered, and the clinical setting should be ready to adapt accordingly. More broadly, as the 

cost of sequencing continues to drop, future work should harness the power of technologies 

to decipher the relationship, and underlying mechanisms, that exists between significant 

covariates and the microbiome, between the microbes and their host, and between the 

different species within the microbiome. Better understanding this complex ecological 

relationship may benefit the production of probiotic therapeutics and improve intervention 

strategies. 
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Conclusions 
The overall aim of this thesis was to describe the faecal microbiome of a cohort of preterm 

infants born in North QLD, Australia, using a combination of metagenomic sequencing 

technologies and explore its relationship to a host of variables. Using mixed effects models, 

the results support previous work demonstrating a significant association between lower 

alpha diversity and unfavourable covariates, and suggests that probiotic taxa can colonise, 

persist, and positively modulate the gut microbiome of very preterm infants. These findings 

add further evidence to support the idea that ‘mum matters’, and that maternal health and 

infant microbiome development are crucially intertwined. Additionally, these findings 

suggest that those born moderate to late preterm could benefit from probiotic 

supplementation, despite limited long-term modulation in the gut microbiome, and supports 

the argument for expanding the current probiotic criteria. 

The significant relationship between maternal and infant microbiome development was best 

depicted by the association between Escherichia/Shigella and preeclampsia at discharge. I 

hypothesize a possible reason that a difference was only observed at discharge may be due to 

the continued treatment for preeclampsia through anti-hypertensive drugs. The implications 

of this are twofold: firstly, this suggests that the mother continues to matter after the first 

major colonising event (birth), and secondly, that maternal treatments may have a negative 

impact on the developing infant microbiome. Whether this would be direct, through passing 

of the drug itself, or indirect, through passing of a negatively modulated maternal 

microbiome, is unclear. However, either way, if maternal interventions are having a 

significant impact on the infant microbiome, then consideration may need to be taken when 

prescribing treatment regimens to new mothers. 

The relationship between enrichment of Staphylococcus and lower diversity for infants 

diagnosed with ROP was also an important observation. Previously explored in a single 

study, the sample size in Chapter 3 adds some much-needed power to the relationship 

between ROP and the preterm infant gut microbiome, providing more concrete evidence of 

this association. This work, and that of Skondra et al., not only highlights the role of the 

microbiome in development but provides a potential target for intervention in a disease that is 

particularly common in those born preterm. As mentioned in Chapter 3, if a role or 

mechanism can be identified in future work, the gut microbiome could become a target for 

intervention for this highly prevalent developmental disorder. 
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Evidence to support the expansion of probiotic supplementation to include all preterm infants 

is the most significant implication to come from this work. Despite lingering questions and 

concerns regarding probiotic-quality and long-term impacts, it is clear that probiotics can aid 

in the acute, positive modulation of the gut microbiome in preterm infants, possibly 

supporting metabolic and immune system development. This probiotic-induced positive 

microbial modulation renders a microbiome that is more like that of full-term infants, relative 

to those born moderate to late preterm, which is likely why clinical trials have shown 

reductions in NEC resulting from probiotic supplementation. Expanding the criteria for 

probiotics to include all infants born < 37 weeks could see a reduced health burden in preterm 

infants, through support of microbiome development, and in turn, metabolic and immune 

system development. However, more work still needs to be done before such translation can 

occur. 
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7. Abbreviations 
 

16S-TRFLP: 16S terminal restriction fragment polymorphism 

ABR: antibiotic resistance  

ASV: amplicon sequence variant 

B: Bifidobacterium 

BH: Benjamini-Hochberg 

CHHS: Cairns and Hinterland Hospital and Health Service 

DGGE: Denaturing gradient gel electrophoresis 

dHPLC: denaturing high-performance liquid chromatography  

DNA: deoxyribonucleic acid 

dNTP: deoxynucleoside triphosphate 

E: Escherichia  

EC: Enzyme Commission Number 

emPCR: emulsion polymerase chain reaction 

FISH: fluorescence in situ hybridization  

HMO: human milk oligosaccharide  

InviMag Kit: InviMag Stool DNA Kit 

K: Klebsiella 

L: Lactobacillus 

LoS: Late-onset sepsis 

MetaCyc: metabolic pathway database  

MoBio Kit: MoBio Powersoil Bacterial DNA Kit 

MPA: Metagenomics Analysis Platform  

MPA: Metagenomics Analysis Platform  

NEC: necrotising enterocolitis  

NICU: neonatal intensive care unit 

NMDS: Non-Metric Multidimensional Scaling  

NQLD: North Queensland 

NS: non-supplemented 
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NT: non-treated 

OTU: operational taxonomic unit 

PacBio SMRT: Pac Bio Single Molecule, Real-Time Sequencing 

PCA: Principal component analysis 

PCoA: Principal coordinate analysis 

PCR: polymerase chain reaction 

PERMANOVA: permutational analysis of variance  

PFGE: pulse-field gel electrophoresis  

PowerLyzer Kit: PowerLyzer PowerSoil Kit 

PS: probiotic-supplemented 

PT: probiotic-treated 

QIAamp Kit: QIAamp DNA Stool Kit 

QIIME: Quantitative Insights Into Microbial Ecology  

qPCR: quantitative polymerase chain reaction 

RAPD: random amplified polymorphic DNA 

RDP: Ribosomal Database Project 

RNA: ribonucleic acid 

ROP: retinopathy of prematurity  

rRNA: ribosomal ribonucleic acid 

SCN: Special care nursery 

Shotgun: Shotgun metagenomics 

TCDB: Membrane Transport Proteins  

TGGE: Temperature gradient gel electrophoresis 

TGS: third generations sequencing  

THHS: Townsville Hospital and Health Service 

TSS: Total Sum Scaling 

V: Veillonella 

WGS: whole genome sequencing  
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8. Appendix 
Scripts for bioinformatics and analyses 
In the interest of both transparency and reproducibility, all scripts and most of the 
supplementary information for this thesis, and its associated manuscripts, can be found online 
at: 

• Chapter 3: https://github.com/JacobAFW/NICU_Microbiome_Study  
• Chapter 4: https://github.com/JacobAFW/SCN_vs_NICU_probiotic_study  
• Chapter 5: https://github.com/JacobAFW/Long_term_effects_of_probiotics  

 

Sequencing Data 
The raw sequencing data for this thesis can be found at the International Nucleotide Sequence 
Database Collaboration at the National Center for Biotechnology Information (NCBI) 
repository (Home - BioProject - NCBI (nih.gov)) using the following ProjectID’s: 

• Chapter 3: PRJNA687291 
• Chapter 4: PRJNA751712 
• Chapter 5: PRJNA805057 

 

Supplementary material 
Spreadsheets and large files that were included as part of the supplementary material 
alongside publications have not been included in this thesis. However, these large files are 
available at the links to the publications provided below. The supplementary data included as 
part of this thesis is specific to outputs produced through data exploration and summarisation, 
and statistical analyses. 
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Chapter 3 
All supplementary data for chapter 3 can be found at the link provided above, or published 
online (The bacterial gut microbiome of probiotic-treated very-preterm infants: changes from 
admission to discharge | Pediatric Research (nature.com)) as all significant outputs were 
included in the manuscript. 

 

Chapter 4  
The supplementary data below, for chapter 4, can also be found online in the Supplementary 
Material section (Frontiers | To Probiotic or Not to Probiotic: A Metagenomic Comparison of 
the Discharge Gut Microbiome of Infants Supplemented With Probiotics in NICU and Those 
Who Are Not | Pediatrics (frontiersin.org)) . 

 

Categorical Variables 

Variables Levels Count % 

Probiotic treatment Yes 63 67.0 
No 31 33.0 

Diet Formula 23 24.5 

Breastmilk 38 40.4 
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Formula & 
Breastmilk 

33 35.1 

Delivery Vaginal 32 34.0 

Caesarean 62 66.0 

NEC Yes 5 5.3 

No 89 94.7 

Sepsis Yes 3 3.2 

No 91 96.8 

Antenatal antibiotics Yes 52 55.3 

No 42 44.7 

Neonatal antibiotics  Yes 83 88.3 

No 11 11.7 

Chorioamnionitis  Yes 28 29.8 

No 66 70.2 

Preeclampsia Yes 13 13.8 

No 81 86.2 

Maternal Diabetes  Yes 19 20.2 

No 75 79.8 

Continuous Variables 

Variable mean/median 

Gestational age at birth 30.8/30.1 weeks 

Gestational age at collection  36.0/36.0 weeks 

Appendix Table 1 Overview of the demographic data for the preterm-infant cohort that 
underwent 16 rRNA gene amplicon sequencing. 

 

ID 1 2 3 4 5 6 
Probiotics Yes Yes Yes No No No 
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Diet Formula Formula Formula Breastmilk Breastmilk 
& 
Formula 

Breastmilk 

NEC No Yes No No No No 
Sepsis No No No No No No 
Delivery Caesarean Caesarean Caesarean Caesarean Vaginal Caesarean 

Antenatal 
antibiotics 

Yes Yes No No No No 

Neonatal 
antibiotics 

Yes Yes Yes No No No 

Chorioamnionitis No Yes Yes No No No 
Maternal 
diabetes 

No No No No Yes No 

Preeclampsia No No No No No No 
ROP No Yes Yes No No No 
Gestational age 
at birth  

26 24 25 34 37 34 

Gestational age 
at collection  

31 36 35 35 39 35 

Appendix Table 2 Overview of the demographic data for the six preterm-infants who had 
samples that underwent shotgun metagenomic sequencing. 
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Appendix Figure 1 Bar plot of relative abundance of taxa at the genus level from the 
probiotic Infloran as determined by 16S rRNA amplicon sequencing. 

 

Appendix Figure 2 Redundancy analysis of shotgun metagenomics outcomes. A: Redundancy 
analysis of clr transformed species-level taxonomic data, coloured by probiotic-treated and 
non-treated groups (P = 0.1), B: Redundancy analysis of clr transformed MetaCyc pathways 
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data coloured by probiotic-treated and non-treated groups (P = 0.6), C: Redundancy 
analysis of clr transformed MetaCyc groups data coloured by probiotic-treated and non-
treated groups (P = 0.7), D: Redundancy analysis of clr transformed EC numbers data 
coloured by probiotic-treated and non-treated groups (P = 0.5). Annotation for probiotic-
treated; PT: non-treated; NT. 

 

Appendix Figure 3 Boxplots comparing diversity at discharge using shotgun metagenomics 
data.  A: Boxplots comparing the Shannon Index based on species level abundances obtained 
through shotgun metagenomics for probiotic-treated and non-treated infants, B: Boxplots 
comparing the Richness based on species level abundances obtained through shotgun 
metagenomics for probiotic-treated and non-treated infants. Annotation for probiotic-
treated; PT: non-treated; NT. 

 

contrast estimate SE z.ratio p.value 

Supplemented – Non-supplemented 0.52 0.25 2.12 0.03 

Appendix Table 3 Tukey’s pairwise comparison from a generalized linear mixed effects 
modelling on the Shannon Index, based on ASV level abundances obtained through 16S rRNA 
amplicon sequencing, and comparing probiotic-treated to non-treated infants. 

 

envfit 

Variable r2 p 

Gestational_Age_at_Birth 0.06 0.66 

Probitoic_Treatment 0.03 0.04 
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Feeding_Type 0.02 0.90 

NEC < 0.01 0.59 

Sepsis 0.33 0.04 

Mode_of_Delivery 0.02 0.53 

Neonatal_Antibiotics < 0.01 0.90 

Chorioamnionitis 0.02 0.59 

Preeclampsia < 0.01 0.80 

ROP < 0.01 0.74 

Batch < 0.01 1.00 

Diabetes < 0.01 0.77 

Antenatal_Antibiotics 0.01 0.59 

Appendix Table 4 Results (r2 and p value) of an envfit analysis showing the contribution of 
covariates to microbiome populations obtained through 16S rRNA amplicon sequencing. 
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Appendix Figure 4 Bar chart representing the relative abundance of Bifidobacterium 
obtained through 16S rRNA amplicon sequencing across samples and between treatment 
groups, where NICU represents those treated with probiotics and SCN those not treated. 
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Appendix Figure 5 Bar chart representing the relative abundance of Lactobacillus obtained 
through 16S rRNA amplicon sequencing across samples and between treatment groups, 
where NICU represents those treated with probiotics and SCN those not treated.  

 

 

Appendix Figure 6 Bar chart representing the relative abundance of both Bifidobacterium 
and Lactobacillus measured through 16S rRNA amplicon sequencing across samples 
collected at > 36 weeks gestation (post probiotic-treatment) in the treatment group. 
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Appendix Figure 7 Boxplots comparing diversity between probiotic groups based on shotgun 
metagenomics data. A: Boxplots comparing the Shannon Index for MetaCyc Groups between 
probiotic-treated and non-treated infants, B: Boxplots comparing the Shannon Index for 
MetaCyc Groups between probiotic-treated and non-treated infants, C: Boxplots comparing 
the Shannon Index for MetaCyc Pathways between probiotic-treated and non-treated infants, 
D: Boxplots comparing the Shannon Index for MetaCyc Pathways between probiotic-treated 
and non-treated infants, E: Boxplots comparing the Shannon Index for Enzyme Commission 
between probiotic-treated and non-treated infants, F: Boxplots comparing the Shannon Index 
for Enzyme Commission between probiotic-treated and non-treated infants, G: Boxplots 
comparing the Shannon Index for Membrane Transport Proteins between probiotic-treated 
and non-treated infants, H: Boxplots comparing the Shannon Index for Membrane Transport 
Proteins between probiotic-treated and non-treated infants; PT: non-treated; NT. 

 

Chapter 5 
As chapter 5 is two separate manuscripts, the supplementary material was divided 
accordingly. 

 

A validation of at-home infant stool sample collection devices for determining the faecal 

microbiome. 

 
 

DF Sum of 
squares 

R2 F Pr(>F) 

Sample 
Type 

1 0.06 0.01 1.18 0.24 
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URN 4 7.61 0.88 38.84 < 0.01 

Residual 20 0.98 0.11 NA NA 

Total 25 8.64 1 NA NA 

Appendix Table 5 Results of a mixed effects model using PERMANOVA on ASV abundances 
obtained through 16S rRNA metabarcoding showing that storage method does not contribute 
to differences between groups/samples. 

 
 

R2 Pr(>r) 

Sample Type 0.00 0.92 

URN 0.93 < 0.001 

Appendix Table 6 Results of a mixed effects model using envfit on ASV abundances obtained 
through 16S rRNA metabarcoding showing that storage method does not contribute to 
differences between groups/samples. 

 

Variable Chisq Df Pr(>Chisq) 

Sample 
Type 

1.72 1 0.19 

URN 53.23 4 < 0.0001 

Appendix Table 7 ANOVA results from a generalised linear mixed effects model on Shannon 
Index diversity, based on ASV abundances obtained through 16S rRNA metabarcoding and 
showing that storage method has no association with alpha diversity. 

 

Variable Chisq Df Pr(>Chisq) 

Sample 
Type 

0.11 1 0.74 

URN 565.91 4 < 0.0001 

Appendix Table 8 ANOVA results from a generalised linear mixed effects model on richness, 
based on ASV abundances obtained through 16S rRNA metabarcoding and showing that 
storage method has no association with alpha diversity.  

 

Variable Chisq Df Pr(>Chisq) 

Sample 
Type 

0.3 1 0.87 
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URN 56.94 4 < 0.0001 

Appendix Table 9 ANOVA results from a generalised linear mixed effects model on read 
depth, based on ASV abundances obtained through 16S rRNA metabarcoding and showing 
that storage method has no association with read depth. 

 
Exploring the long-term colonisation and persistence of probiotic-prophylaxis species on the 

gut microbiome of preterm infants: a pilot study. 

 

Categorical Variables 

Variables Levels Count 

Diet during admission Combination 5 

Breastmilk 1 

Diet post-discharge  Combination 5 

Breastmilk 1 

Delivery Vaginal 0 

Caesarean 6 

NEC Yes 0 

No 6 

Sepsis Yes 0 

No 6 

Antenatal antibiotics Yes 1 

No 5 

Neonatal antibiotics  Yes 6 

No 0 

Chorioamnionitis  Yes 0 

No 6 
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Preeclampsia Yes 1 

No 5 

Maternal Diabetes  Yes 0 

No 6 

Continuous Variables 

Variable mean/median 

Gestational age at birth 28.6 ± 0.5 

Appendix Table 10 Demographic/clinical data for infants that underwent 16S metabarcoding. 

 
 

DF Sum of 
squares 

R2 F Pr(>F) 

Timing of 
collection 

2 2.26 0.35 4.45 <0.001 

Diet 1 0.31 0.05 1.20 0.29 

Residual 13 3.30 0.52 NA NA 

Total 16 6.38 1 NA NA 

Appendix Table 11 Results of a mixed effects model using PERMANOVA on ASV abundances 
obtained through 16S rRNA metabarcoding showing that the microbiome of this cohort 
differed significantly at different time points. 

 
 

R2 Pr(>r) 

Timing of 
collection 

0.85 <0.001 

Diet 0.18 0.09 

Appendix Table 12 Results of envfit analysis on ASV abundances obtained through 16S rRNA 
metabarcoding showing the time at which sample were collected was a significant covariate 
of the microbiome. 

 

Variable Chisq Df Pr(>Chisq) 
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Timing of 
collection 

116.83 2 < 0.001 

Diet 0.10 1 0.79 

Appendix Table 13 ANOVA results from a generalised linear mixed effects model on the 
Shannon Index based on ASV abundances, obtained through 16S rRNA metabarcoding and 
showing that timing of sampling has a significant association with alpha diversity. 

 

Contrast Estimate SE P 

Admission – 
Discharge  

-0.71 0.25 < 0.01 

Admission – 
Post-discharge 

-3.02 0.29 <0.001 

Discharge – 
post-discharge 

-2.31 0.27 <0.001 

Appendix Table 14 Tukey’s pairwise comparison from a generalised linear mixed effects 
model on the Shannon Index based on ASV abundances, obtained through 16S rRNA 
metabarcoding and showing the significant pairwise differences between different time points 
in the infant’s early life. 

 

Variable Chisq Df Pr(>Chisq) 

Timing of 
collection 

513.55 2 < 0.001 

Diet 0.04 1 0.84 

Appendix Table 15 ANOVA results from a generalised linear mixed effects model on richness 
based on ASV abundances, obtained through 16S rRNA metabarcoding and showing that 
timing of sampling has a significant association with alpha diversity. 

 

Contrast Estimate SE P 

Admission – 
Discharge  

-15.45 8.70 0.18 

Admission – 
Post-discharge 

-203.13 10.10 <0.001 

Discharge – 
post-discharge 

-187.66 9.21 <0.001 

Appendix Table 16 Tukey’s pairwise comparison from a generalised linear mixed effects 
model on the Shannon Index based on ASV abundances, obtained through 16S rRNA 
metabarcoding and showing a significant increase in richness post-discharge. 
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Comparison Lfc Lfc 
SE 

P-adj Species 

Admission – 
Discharge  

-6.80 1.72 <0.001 Streptococcus 

Admission – 
Post-discharge 

-7.28 1.96 <0.001 Streptococcus 

Discharge – 
Post-discharge  

4.02 0.91 <0.001 Bifidobacterium 

Admission – 
Post-discharge  

3.52 1.00 <0.001 Bifidobacterium 

Appendix Table 17 Results of DESeq2 differential abundance testing showing the significant 
differences in Genera between different sampling time points. 

 

Categorical Variables 

Variables Levels Count 

Probiotics during admission Yes 14 

No 4 

Probiotics post-discharge Yes 9 

No 9 

Diet during admission Combination 9 

Breastmilk 9 

Diet post-discharge  Combination 15 

Breastmilk 3 

Delivery Vaginal 5 

Caesarean 13 

NEC Yes 0 

No 18 

Sepsis Yes 0 
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No 18 

Antenatal antibiotics Yes 7 

No 11 

Neonatal antibiotics  Yes 17 

No 1 

Chorioamnionitis  Yes 2 

No 16 

Preeclampsia Yes 2 

No 0 

Maternal Diabetes  Yes 1 

No 17 

Continuous Variables 

Variable mean/median 

Gestational age at birth 30.0 ± 1.3 

Appendix Table 18 Demographic/clinical data for infants included in the cross-sectional 
shotgun metagenomics analysis. 

 
 

DF Sum of 
squares 

R2 F Pr(>F) 

Probiotics 1 0.29 0.06 1.01 0.4 

Delivery 2 0.65 0.13 1.14 0.24 

Diet 1 0.24 0.05 0.85 0.6 

Residual 13 3.71 0.75 NA NA 

Total 17 4.92 1 NA NA 

Appendix Table 19 Results of a mixed effects model using PERMANOVA on species level 
abundances obtained through shotgun metagenomics showing that probiotic supplementation 
does contribute to dissimilarity between groups post-discharge. 

 



150 
 

 
R2 Pr(>r) 

Probiotics 0.01 0.88 

Delivery 0.11 0.88 

Diet 0.02 0.88 

Appendix Table 20 Results of a mixed effects model using envfit on species level abundances 
obtained through shotgun metagenomics showing that probiotic supplementation is not a 
significant covariate of the preterm infant microbiome post-discharge. 

 

Variable Chisq Df Pr(>Chisq) 

Probiotics 5.28 1 < 0.05 

Delivery 0.69 2 0.71 

Diet 0.06 1 0.80 

Appendix Table 21 ANOVA results from a generalised linear mixed effects model on the 
Shannon Index based on species level taxonomy, obtained through shotgun metagenomics, 
and showing that probiotic supplementation is significantly association with alpha diversity. 

 

Contrast Estimate SE P 

Probiotics: No - 
Yes 

0.63 0.27 < 0.05 

Appendix Table 22 Tukey’s pairwise comparison from a generalised linear mixed effects 
model on the Shannon Index based on species level taxonomy, obtained through shotgun 
metagenomics, and showing a significant negative association of probiotic prophylaxis with 
alpha diversity. 

 

Variable Chisq Df Pr(>Chisq) 

Probiotics 6.53 1 < 0.05 

Delivery 0.12 2 0.94 

Diet 0.26 1 0.60 

Appendix Table 23 ANOVA results from a generalised linear mixed effects model on richness 
based on species level taxonomy, obtained through shotgun metagenomics, and showing that 
probiotic supplementation is significantly association with alpha diversity. 
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Contrast Estimate SE P 

Probiotics: 
No - Yes 

38 14.87 < 0.05 

Appendix Table 24 Tukey’s pairwise comparison from a generalised linear mixed effects 
model on richness based on species level taxonomy, obtained through shotgun metagenomics, 
and showing a significant negative association of probiotic prophylaxis with alpha diversity. 

 

Variable: 
base level 

Lfc Lfc 
SE 

P-adj Species 

Probiotics: 
Yes 

29.09 2.59 < 0.01 Clostridium_M sp001517625 

Probiotics: 
Yes 

18.66 1.95 < 0.01 Flavonifractor plautii 

Probiotics: 
Yes 

-16.02 2.53 < 0.01 Alistipes finegoldii 

Appendix Table 25 Results of DESeq2 differential abundance testing showing the significant 
differences in Genera between the probiotic supplementation groups. 
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