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Thesis Abstract 

 

The global prevalence of inflammatory bowel disease (IBD) has been steadily rising since the 

turn of the century. IBD is a chronic gastrointestinal disease with no cure, and it therefore has 

a significant lifelong burden for people with the disease. The causal mechanisms of IBD are 

not fully understood, and genetic factors do not entirely explain its development. One factor, 

the gut microbiome (i.e., the microorganisms that inhabit the gut together with their genes 

and metabolic products), has been implicated in IBD, and studying it offers an opportunity to 

further our understanding of how the disease develops and persists. Individuals with IBD 

have gut microbiomes that look different from healthy individuals, a phenomenon often 

described as ‘dysbiosis’. It has been difficult to define specifically what dysbiosis means for 

people with the disease as there is wide variation between study designs, while also having 

methodological limitations and oversights. Despite this, therapies for IBD are being 

developed around altering the gut microbiome. An encouraging treatment option is faecal 

microbiota transplantation (FMT), wherein a gut microbiome sample (stool) from a healthy 

donor is transferred to a recipient with IBD. The efficacy of FMT is currently comparable to 

other therapeutics for IBD, and continued research of the gut microbiome may lead to 

improvements in FMT. 

This thesis takes an interdisciplinary approach to studying the gut microbiome in IBD to offer 

insights into the pathophysiology of the disease. Most gut microbiome studies of IBD have 

centred around bacteria, and this thesis provides an alternative perspective by highlighting the 

necessity of including nonbacterial gut microbes—namely fungi, protozoa, and viruses—in 

IBD research. This point is then demonstrated with the use of computational and statistical 

methods to show that intestinal fungi and protozoa have an altered distribution in IBD. 

Through these methods, it is also shown how nonbacterial microbes can be used to improve 

what is known of FMT. In addition to the inclusion of nonbacterial microbes, longitudinal 

studies are necessary to improve the efficacy of FMT by revealing the microbial changes that 

lead to remission. These studies are more accessible when flexible sampling types are used to 

enable participants to collect their own samples. The comparability of an alternative sample 

type (dry stool swabs) collected by participants is evaluated in this thesis against its reference 

sample type (whole stool) in a longitudinal study of FMT for IBD. Lastly, this thesis provides 
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a guide to designing longitudinal microbiome studies in clinical and public health research 

that is built on critical statistical considerations.  

Overall, this thesis synthesises insights from microbiome research with clinical and 

biostatistical expertise to bridge the gap between basic and translational science. The 

knowledge presented in this thesis paves the way for advancements and alternative 

approaches to gut microbiome research that will ultimately improve outcomes for individuals 

with the disease. 
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The gut microbiome in human health 

The human body is occupied by trillions of microorganisms that form micro-ecosystems in 

several of its anatomical regions: the gastrointestinal tract, mouth, vagina, and skin constitute 

major sites of microbial colonisation (Turnbaugh et al. 2007). These microbes carry out 

various metabolic functions, including some that are necessary for our survival such as 

vitamin K synthesis in the gut (Ellis et al. 2021). They are also intimately connected with the 

immune system; human-associated microbes can defend against invasive pathogens and help 

‘educate’ the immune system to discriminate between these pathogens and beneficial, 

commensal microorganisms (Wang et al. 2017). The microorganisms that colonise the human 

body include bacteria, archaea, fungi, protozoa, and viruses (Turnbaugh et al. 2007; Nash et 

al. 2017; Tisza & Buck 2021). Coupled with their metabolic products, genes, and surrounding 

micro-environment, these are known as the ‘human microbiome’ (Marchesi & Ravel 2015; 

Berg et al. 2020). The microbiome has been coined the ‘forgotten organ’ because of its late 

discovery, and studying it provides key opportunities to advance our understanding of human 

health (O'Hara & Shanahan 2006).  

We can now more fully appreciate the human microbiome thanks to developments in high-

throughput methods, including amplicon sequencing and shotgun metagenomic sequencing. 

Amplicon sequencing is a targeted approach that amplifies common marker genes found in 

microbes, such as the 16S ribosomal RNA (rRNA) gene found in bacteria and archaea and 

18S rRNA genes and internal transcribed spacer (ITS-1 and ITS-2) genes found in fungi and 

protozoa (Amaral-Zettler et al. 2009; Stoeck et al. 2010; Caporaso et al. 2012). This approach 

gives a picture of the taxonomic makeup of a microbial community. Shotgun metagenomic 

sequencing is indiscriminate; it does not rely on marker genes when sequencing the DNA of 

samples (Sharpton 2014). Therefore, shotgun sequencing can capture genes that tell us about 

the functional information of a community. Both methods allow us to characterise a plethora 

of microbial species, instead of being limited to culturing a few at a time (Young et al. 2021). 

Our ability to describe the vastness of the human microbiome over the past few decades has 

fundamentally changed how the human body is viewed in medical research. Though 

estimates are still being revised, it is understood that the human body hosts roughly as many 

microbial cells as human cells (Sender, Fuchs & Milo 2016). More than half of these 

microbial cells and their genetic content are harboured in the gastrointestinal tract (i.e., the 

‘gut microbiome’) where they perform important functions, such as digest food, metabolise 

drugs, synthesise vitamins, and interact with the immune system (Ramotar et al. 1984; 
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McMahon 2002; Hooper, Littman & Macpherson 2012). Given its intimate relationship with 

the body, it should come as no surprise that deviations to the gut microbiome have been 

implicated in various pathologies (Wang et al. 2017). In fact, it is now difficult to find a 

condition that has not been associated with the gut microbiome (Kho & Lal 2018). 

Multifactorial diseases have especially benefited from this research, and the gut microbiome 

is considered another ‘missing link’ to understand the nongenetic contributors to disease 

(Kho & Lal 2018; Vijay & Valdes 2022). Changes to the gut microbiome have been 

associated with many of these conditions ranging from metabolic disorders, (e.g., obesity and 

heart disease), mental disorders (e.g., depression and schizophrenia), autoimmune conditions 

(e.g., multiple sclerosis and systemic lupus erythematosus), and immune-mediated (e.g., 

inflammatory bowel disease and allergic conditions) (Hevia et al. 2014; Boulangé et al. 2016; 

Rothhammer & Quintana 2016; Pascal et al. 2018; Glassner, Abraham & Quigley 2020; 

Limbana, Khan & Eskander 2020; Szeligowski et al. 2020; Witkowski, Weeks & Hazen 

2020). 

 

Introduction to inflammatory bowel disease 

The incentive to map out environmental factors that contribute to these diseases is greater 

than ever; the global incidence of multifactorial, noncommunicable diseases is on the rise as 

the incidence of infectious diseases declines (Bach 2018). One such disease, inflammatory 

bowel disease (IBD), has been steadily increasing in cases across the world, with developed 

nations having the highest burden of IBD (Ng et al. 2018; Alatab et al. 2020). In Australia, a 

2013 report projected that between 80,000 to 100,000 people would be diagnosed with the 

disease by the current year, 2022 (PwC 2013). IBD is a blanket term for several subtypes; the 

two main diseases are Crohn’s disease (CD) and ulcerative colitis (UC) (Podolsky 2002). CD 

constitutes inflammatory symptoms anywhere along the gastrointestinal tract, from the mouth 

to anus, whereas UC is restricted to the colon. The inflammation in UC is also restricted to 

the mucosa, but in CD, inflammation can exist across the entire organ wall (i.e., transmurally) 

(Xavier & Podolsky 2007). Both subtypes are characterised by a chronic, relapsing-remitting 

pattern of disease. That is, patients may go through periods of increased disease activity 

(flare) followed by a reduction or resolution of symptoms (Liverani et al. 2016). Long-term 

remission can be achieved in some cases, but there is no definitive cure for the disease.  
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While stakeholder reports highlight the financial burden of IBD (at least $3 billion AUD per 

annum in Australia) (PwC 2013), this is far from the only burden to consider. As there is no 

cure, IBD confers an impaired quality of life and high morbidity for patients (Andrews et al. 

2010). The main symptom of UC is frequent bloody diarrhoea which is often coupled with 

abdominal pain and urgency to defecate (Carter, Lobo & Travis 2004; GESA 2018). The 

symptoms of CD vary due its heterogeneity, but can include diarrhoea, pain, general malaise, 

and serious complications such as intestinal obstruction (Carter, Lobo & Travis 2004; GESA 

2018). In Australia, IBD is commonly diagnosed in adults by the age of 30, but 10-20% of 

cases are diagnosed during childhood (Grover, De Nardi & Lewindon 2017). A large 

proportion of newly diagnosed individuals are thus young and spend many of their productive 

years managing their chronic disease (GESA 2018). Current treatment options sit at a 

moderate level of efficacy to induce remission and, with no guarantee of lifelong remission, 

can leave patients with a worry of relapse (Cai, Wang & Li 2021). Therefore, the 

development of therapies with improved efficacies is of great importance. 

 

The link between inflammatory bowel disease and the gut microbiome 

The difficulty of finding effective treatments for IBD stems from its multifactorial nature. At 

the molecular level, the characteristic inflammation of IBD results from a dysfunctional 

immune response that aberrantly targets microorganisms in the intestinal tract (Khor, Gardet 

& Xavier 2011; Xu et al. 2014). However, it is not fully understood why this immune activity 

arises. There is a genetic component to IBD and over 200 genetic risk loci have been 

identified, but none of these are fully penetrant (Gordon et al. 2015; Cleynen et al. 2016; 

Uniken Venema et al. 2017). Additionally, studies of twins have shown that identical twins 

are more likely to develop the same subtype of the disease than fraternal twins (Halfvarson et 

al. 2006). However, not all twin pairs develop the disease, illustrating the contribution of 

nongenetic factors to its aetiology (Halfvarson et al. 2006; Halme et al. 2006). The global 

incidence of IBD is also rising at a level that cannot solely be explained by genetics, 

particularly in developing nations and regions which have seen a rapid increase in IBD (Zuo 

et al. 2018).  

A prominent theory on the cause and persistence of IBD is the gut microbiome (Glassner, 

Abraham & Quigley 2020). Many of the genetic risk loci are found in or adjacent to immune 

genes associated with microbial interactions (Cleynen et al. 2016). Other supporting evidence 
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includes how colitis does not spontaneously develop in germ-free mice when they are kept in 

germ-free conditions, and that faecal stream diversion can induce remission in CD (Harper et 

al. 1985; Rutgeerts et al. 1991; Sellon et al. 1998; Veltkamp et al. 2001; Gkouskou et al. 

2014). A key indication lies in the fact that industrialisation (the process of social and 

economic change that occurs when a society shifts from agrarian to industrial life) is 

associated with a greater risk of IBD; developing regions of the world are seeing much higher 

incidences of IBD than neighbouring rural areas (Kaplan & Ng 2016; Ng et al. 2018). In 

addition to IBD, industrialisation has been linked to an increase in several immune-mediated 

diseases including type 1 diabetes, multiple sclerosis, and allergic diseases (Patterson et al. 

2014; Fogarty 2015; Noorimotlagh et al. 2021).  

A leading hypothesis to explain this phenomenon is that an industrialised lifestyle causes 

changes to the microbiome which then leads to immune dysfunction (Bach 2018; Zuo et al. 

2018). Industrialisation is associated with reduced diversity of the gut microbiome (De 

Filippo et al. 2010; Schnorr et al. 2014), and several lifestyle factors linked to 

industrialisation have both been associated with a reduction in microbial diversity and 

independently confer a risk of IBD, including antibiotic use during childhood, a diet high in 

saturated fat and refined sugar and low in dietary fibre, and exposure to pollution (De Filippo 

et al. 2010; Shaw, Blanchard & Bernstein 2010; Kronman et al. 2012; Ng et al. 2015; Jin et 

al. 2017; Lewis & Abreu 2017). Further, Al Nabhani et al. (2019) showed that, in mice, the 

period between birth and weaning, when solid foods are gradually introduced, is a critical 

window of immune development through early exposure to microbes. This exposure triggers 

an immune reaction, deemed the ‘weaning reaction’, which was protective against 

development of murine allergy, colitis, and colorectal cancer. This hypothesis suggests that, 

without a ‘weaning reaction’ the immune becomes dysregulated and results in disease due to 

environmental triggers later in life.  

Alternatively, the gut microbiome observed in IBD may be a consequence of disease. It has 

been hypothesised that chronic intestinal inflammation causes increased levels of oxygen in 

the gut (Rigottier-Gois 2013). The availability of oxygen in the gut affects the distribution of 

microbial species, and increased oxygen would support a shift towards facultative anaerobes 

from the dominant obligate anaerobes that normally live in a healthy gut. This scenario could 

support interventions that limit oxygen in the affected intestinal region to shift the 

microbiome toward obligate anaerobes. Overall, understanding the gut microbiome changes 
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that occur in IBD and the potential environmental triggers of the disease is crucial to 

understand how it can be prevented and treated. 

 

i. Findings of the gut microbiome in IBD 

The overarching finding of the gut microbiome in IBD is that it is reduced in diversity from 

unaffected individuals, often referred to as ‘dysbiosis’ of the gut microbiome (Glassner, 

Abraham & Quigley 2020; Aldars-García, Chaparro & Gisbert 2021). This reduced diversity 

has been measured in different ways across high-throughput sequencing studies, including 

within-sample diversity (alpha diversity) (e.g., Imhann et al. 2018), between-sample diversity 

(beta diversity) (e.g., Schirmer et al. 2018), and specific microbial taxa such as a decrease in 

Roseburia (Chen et al. 2014; Laserna-Mendieta et al. 2017) and Faecalibacterium prausnitzii 

(Laserna-Mendieta et al. 2017; Zakrzewski et al. 2018), and an increase in Bifidobacterium 

species (Mar et al. 2016; Takahashi et al. 2016; Nishino et al. 2018). However, these findings 

are not always consistent. For example, Roseburia has been observed as being both increased 

and decreased in UC (Chen et al. 2014; Nishino et al. 2018). It has also been difficult to 

ascertain whether observed differences are a cause of the disease, an effect, or both (Glassner, 

Abraham & Quigley 2020). 

 

ii. Current limitations of microbiome studies 

It has been difficult to pin down a precise description of ‘dysbiosis’ in IBD because studies 

vary wildly in their designs. A scan through systematic reviews will reveal the plethora of 

studies that have already been conducted on this topic, and the variation in their methods and 

findings (Pittayanon et al. 2020; Aldars-García, Chaparro & Gisbert 2021). For example, 

sampling the microbiome can be performed with different methods, the two most common 

being stool sampling and mucosal biopsy, and these methods capture a different microbial 

makeup from each other (Bassis et al. 2017; Vandeputte et al. 2017a). There is also 

variability in the cohorts that have been sampled; geographic location, treatment status (e.g., 

naïve versus not naïve to treatment), sample size, and various other participant demographics 

and lifestyle factors differ between studies and can all affect the gut microbiome (Pittayanon 

et al. 2020; Vujkovic-Cvijin et al. 2020; Aldars-García, Chaparro & Gisbert 2021; Wilkinson 

et al. 2021). A lack of quantitative approaches in microbiome research hinders our ability to 

accurately compare microbiomes between individuals, as sequencing results give relative 
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abundance measures and the true microbial cell load (i.e., ‘microbial load’) can vary greatly 

between individuals (Vandeputte et al. 2017b). Integrating microbial load via cell counting 

with sequencing results can overcome this issue (Vandeputte et al. 2017b), but this method 

has not been widely adopted, likely due to resource limitations. Thus, the comparability 

between existing studies is limited and has likely prevented us from uncovering broad trends.  

The nascency of gut microbiome research means that previous studies have been limited by 

methodological constraints. Most high-throughput sequencing studies of the microbiome are 

conducted with 16s rRNA sequencing because of its affordability. As sequencing costs have 

decreased, more shotgun metagenomic studies are now appearing in the literature (Pittayanon 

et al. 2020; Aldars-García, Chaparro & Gisbert 2021). This method allows more precise 

species- and strain-level identification across more species which may increase the 

comparability of studies and give better functional insight into the microbiome in IBD (Fang 

et al. 2018). Additionally, shotgun sequencing permits the survey of different types of 

microorganisms. Most studies in IBD to date have focussed on bacteria as they are the most 

abundant microorganism of the gastrointestinal tract, while leaving out other less common, 

but potentially important, microbial types such as fungi, protozoa, and viruses (Sartor & Wu 

2017; Richard & Sokol 2019). Shotgun sequencing facilitates the identification of bacteria 

while also surveying other microbes in one sampling and sequencing effort. The reduced cost 

of sequencing has also made it easier to conduct studies with greater sampling sizes, thereby 

increasing the ability of researchers to conduct different study designs (Minich et al. 2018; 

Wilkinson et al. 2021). Cross-sectional studies have dominated the literature of IBD and the 

gut microbiome, as they are easier and cheaper to conduct than longitudinal studies (Aldars-

García, Chaparro & Gisbert 2021). However, longitudinal studies are needed to grasp the 

temporal dynamics of the microbiome to elucidate important trends in IBD, such as how the 

microbiome changes with the development of disease or increased disease activity 

(Halfvarson et al. 2017). These studies will help us determine the causal role of the gut 

microbiome.   

 

iii. The gut microbiome as a therapy for IBD 

Even though the role of the gut microbiome in IBD is still not fully understood, researchers 

and clinicians are trialling therapies dependent on altering the patient’s microbiome to treat 

the disease (Sharma et al. 2020). Current first-line treatments for IBD include 
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immunomodulators, immunosuppressants, and biologics, but as previously stated, their 

efficacy is far from ideal (Girardin et al. 2012; GESA 2018). Additionally, these therapies 

come with undesirable side effects (Quezada, McLean & Cross 2018). As most therapies for 

IBD rely on targeting the immune response, there has been interest in expanding therapeutics 

into new territories. One area of active research is faecal microbiota transplantation (FMT), 

which is the transplantation of a microbiome sample, in the form of stool, from a healthy 

donor to a recipient with IBD (Sadowsky & Khoruts 2016). The purpose of FMT is to induce 

remission by restoring the recipient’s microbiome to a healthy state and it relies on the 

assumption that healthy individuals have microbiomes with anti-inflammatory properties. 

FMT has mostly been trialled in UC with moderate success rates (Costello et al. 2017; 

Caldeira et al. 2020), though one trial for CD has also been published (Sokol et al. 2020). A 

Cochrane library systematic review of trials of FMT in UC found that the therapy may induce 

remission in some recipients, but more high-quality studies are needed before its efficacy can 

be confirmed (Imdad et al. 2018). Studies of FMT often include analyses to characterise the 

microbiomes of donor samples and recipients, and they are plagued by similar study design 

and methodological limitations outlined above.  

The efficacy of FMT can likely be improved as the field of microbiome research progresses 

towards new, improved, and standardised methods and studies. Our ability to refine FMT 

relies on us understanding several characteristics of the microbiome, including what 

constitutes a healthy donor microbiome that is beneficial for transplantation, and how the 

patient microbiome interacts with the transplanted microbiome. As the cost of high-

throughput sequencing continues to decrease, this interaction can be measured with higher 

resolution, repeated sampling in the same individuals over the course of clinical trials.   
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Thesis overview 

In this thesis, I bring together multidisciplinary methods of studying the microbiome to 

advance our understanding of the pathophysiology of inflammatory bowel disease (IBD). As 

intestinal bacteria are commonly studied in the context of IBD, I highlight the need to 

incorporate other, rarer intestinal microbes, such as eukaryotes and viruses, into this research. 

I use bioinformatic and statistical approaches to identify eukaryotes in the gut microbiomes 

of individuals with IBD and associate the identified microbes with patient factors. I also 

explore longitudinal gut microbiome samples from a clinical trial of faecal microbiota 

transplantation (FMT) for individuals with IBD. Lastly, I build on the limitations of the 

previous chapter and provide recommendations and considerations for designing longitudinal 

gut microbiome studies in clinical and public health research.  

 

Chapter 1 

The neglected gut microbiome: fungi, protozoa, and bacteriophages in inflammatory bowel 

disease 

Bacteria are most commonly studied in gut microbiome research of IBD due to their high 

abundance over other microbes. Researchers often claim that 'dysbiosis' is present in the gut 

microbiome of individuals with IBD when only the intestinal bacteria have been studied. This 

published review summarises what is known of nonbacterial microbes that are often 

neglected in IBD research and how they can be studied with high-throughput DNA 

sequencing method. The aim of this review is to encourage further exploration into this 

understudied area and reminds researchers to consider the comprehensiveness of gut 

microbiome studies before making sweeping conclusions on the behaviour of the microbiome 

in IBD. 

 

Chapter 2 

Individuals with inflammatory bowel disease have an altered gut microbiome composition of 

fungi and protozoa 

This chapter advances the existing knowledge of the nonbacterial microbiome in IBD 

summarised in Chapter 1. I use two bioinformatic tools outlined in the previous chapter to 
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detect eukaryotes in published gut microbiome samples of people with IBD and compare 

these findings to people without IBD. I also detect eukaryotes in longitudinal gut microbiome 

samples from individuals with IBD who received FMT and their FMT donors. I show that 

eukaryotes of the gut microbiome differ in IBD from healthy individuals and vary over time. 

 

Chapter 3 

The utility of dry swabs over stool samples: a case study from a faecal microbiota transplant 

trial  

FMT is a promising therapeutic option for IBD, but success rates are currently moderate due 

to a lack of understanding of the underlying mechanisms that instigate remission. One option 

to increase our understanding is through longitudinal sampling of the FMT recipient's gut 

microbiome. This sampling could allow us to witness the daily or weekly changes that lead to 

remission. However, the typical method for gut microbiome sampling, whole stool collection, 

is not always feasible at such a high frequency of collection. Here, I assess an alternative to 

whole stool—dry swabs of stool—to determine whether they are an appropriate proxy to 

whole stool collection in an FMT trial for IBD. 

 

Chapter 4  

Recommendations and considerations for longitudinal studies of the human microbiome 

Longitudinal studies are crucial in clinical research to account for the time-dependent 

variation of the microbiome in patients. The longitudinal study design of Chapter 3 suffered 

from several limitations, which I build upon in this chapter to provide a guide for researchers 

and clinicians intending to embark on a longitudinal microbiome study. I approach this from 

two angles: considerations for study design and available statistical methods for clinical 

research. I emphasise how researchers should recognise the most resource-efficient and 

appropriate way to conduct a longitudinal study to answer their questions of interest. This 

chapter is presented with multidisciplinary insights to be accessible to individual with 

backgrounds from basic and clinical science, and biostatistics. 
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Abstract 

The study of the gut microbiome and its relationship to disease has benefited from stool 

sampling over the invasiveness of mucosal biopsy samples. However, whole stool sampling 

is difficult to consistently achieve in high-resolution longitudinal studies. Here, we compared 

whole stool to a sampling alternative, dry swabs of stool, in a longitudinal trial of 25 

individuals with ulcerative colitis (UC) who received faecal microbiota transplants (FMT). 

FMT recipients self-collected dry swabs over 8 weeks post-FMT, resulting in 345 samples 

across 21 time points, and whole stool samples were also self-collected from the recipients at 

day 0, and weeks 4 and 8. All samples underwent 16S ribosomal RNA marker gene 

sequencing to detect bacterial DNA. Microbial diversity of the dry swabs was similar to 

whole stool, while microbial composition was different and influenced by patient factors, 

such as age and sex. Additionally, post-FMT remission was associated with significant shifts 

in the composition and diversity of swabs, and surprisingly, recipients who achieved 

remission had a lower swab diversity. Given that they captured an informative level of 

diversity to stool, we conclude that dry swabs are a suitable alternative to whole stool 

collection in longitudinal studies of the gut microbiome in UC. 

 

Keywords 

gut microbiome, swab, stool, ulcerative colitis (UC), faecal microbiota transplant (FMT) 

 

Introduction 

Ulcerative colitis (UC) is one of the two major inflammatory bowel diseases and is 

characterised by chronic inflammation of the large intestine (colon). UC is caused by a 

combination of immune, environmental, and intestinal microbial factors that lead to aberrant 

immune function at the colonic mucosa; however, the complexities of these causal 

mechanisms are not fully understood (Khor, Gardet & Xavier 2011; Loddo & Romano 2015; 

Ho et al. 2019). Treatments for UC range from pharmacological (e.g., aminosalicylates, 

steroids and biologics) to surgical and aim to induce and maintain remission (Cai, Wang & Li 

2021). While non-surgical treatments for UC have largely centred around immune 

modulation and suppression, another treatment area of interest is the modification of the 

intestinal microbiota through faecal microbiota transplantation (FMT) (Knox et al. 2019; 

Glassner, Abraham & Quigley 2020).  
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FMT involves the transfer of intestinal microbiota from a healthy donor to a recipient, with 

the purpose of treating disease. FMT has a high cure rate for the treatment of recurrent and 

refractory Clostridioides difficile infection (Moayyedi et al. 2017; Quraishi et al. 2017). FMT 

can also induce remission of UC, though with a lower rate of efficacy than for Clostridioides 

difficile infection, that is temporary in most patients without maintenance dosing (Costello, 

SP et al. 2017; Yalchin et al. 2019; Stojek, Jabłońska & Adrych 2021). Many important 

questions remain, including which microbes and microbial functions are therapeutic for 

inducing and maintaining remission in UC, and whether it is important to identify suitable 

donations with these characteristics and match them to patient factors (Yalchin et al. 2019; Li 

et al. 2020; Okahara et al. 2020; Olesen & Gerardin 2020; Quraishi, Iqbal & Hart 2020). To 

address these questions, donor sampling is needed, in addition to high resolution longitudinal 

sampling of the recipient microbiome post-FMT to understand the initial microbiota changes 

that may instigate remission. Most FMT trials have used infrequent sampling at the point of 

clinical assessment (4-12 weeks after FMT has commenced), and this may bias the analysis 

towards organisms that have benefited from remission rather than organisms that may be 

inducing remission immediately following FMT. 

 

The intestinal microbiome in IBD is usually sampled via whole stool or, less commonly, via 

mucosal biopsy (Aldars-García, Chaparro & Gisbert 2021). Stool collection remains the 'gold 

standard' method for specimen collection due to its “ease” and the invasiveness of biopsies 

(Biehl et al. 2019), with most FMT trials favouring this approach (Paramsothy et al. 2017). 

However, stool collection for individuals with UC can be challenging due to frequent loose or 

bloody stool (Bassis et al. 2017). Additionally, stool collection should be conducted on-site of 

the storage facility and immediately frozen to reduce the likelihood of bacterial blooms in 

transit (Amir et al. 2017a; Marotz et al. 2021). This collection method may exclude 

individuals who are uncomfortable with the ‘yuck factor’ of donating and/or transporting 

their whole stool. An alternative to stool collection is swab sampling, either of the rectum or 

toilet paper containing stool (Costello, EK et al. 2009; Vandeputte et al. 2017). Rectal swabs 

have been shown to be reliable in recapitulating the gut microbiome when compared to stool 

samples and mucosal biopsies (Araújo-Pérez et al. 2012; Budding et al. 2014; Bassis et al. 

2017; Jones et al. 2018; Sun et al. 2021). Toilet paper swabs, or 'dry' swabs, have been 

particularly popular in citizen science gut microbiome projects (McDonald et al. 2018) 

because they are easier for the participant to obtain themselves without discomfort, offering 

the potential for higher participant compliance in clinical trials (Galea & Tracy 2007; Short et 
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al. 2021). However, few studies have compared dry swabs to stool in great detail (Costello, 

EK et al. 2009; Sinha et al. 2016; Bokulich et al. 2019), and none have featured self-collected 

samples from participants.  

 

The objective of our study was to assess the utility of toilet paper swabs over whole stool in a 

clinical trial of FMT for UC. We compared swab and stool samples from 25 individuals with 

UC who received donor or autologous FMT at weeks 4 and 8 post-FMT. We also evaluated 

swabs that were collected at-home by the recipients over 8 weeks post-procedure to describe 

bacterial microbiome factors associated with remission. In the published literature, our study 

is the first to compare stool samples and toilet paper swabs collected by participants with IBD 

undergoing FMT. 

 

Methods 

Study design and sample collection 

The study design and methods for the collection of stool samples are described previously in 

Costello et al. (2019). A subset (n = 25) of the FMT recipients in the original study collected 

toilet paper swabs of their stool (hereafter referred to as ‘swabs') at home daily from days 1 to 

7 post-FMT, then for two different days each week from weeks 2 to 8. Each participant was 

given a -20°C freezer to store their swabs at home before transferring to the on-site storage 

facility. Whole stool samples were also collected from the recipients at baseline, two days 

before receiving FMT, and in weeks 4 and 8 post-FMT at the time of clinical follow-up 

appointments. 

 

Sample extraction and sequencing 

Stool from patients and individual donors was frozen without additive at -80°C. Swabs were 

stored for up to 8 weeks at -20°C prior to transfer to -80°C. Stool from the donor batches was 

frozen at -80°C with 65% saline and 10% glycerol. Bacterial DNA was extracted from the 

samples using the MoBio PowerMag Microbial DNA Isolation kit (MoBio Laboratories, 

Carlsbad, CA, USA) following the manufacturer’s protocol. All stool samples were extracted 

and processed in duplicate, whereas only single swabs were extracted. The swab extraction 

was similarly conducted using the PowerMag Isolation kit with an additional step at the 

beginning: swab tips were removed and placed into lysis buffer, then heated to 56°C for 10 

minutes before continuing with the extraction as per the manufacturer's protocol. Amplicon 
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library preparation was performed using a modified dual-index PCR approach. The first-step 

primers (515F, 806R) amplified the V4 hypervariable region of the 16S rRNA gene present 

in bacteria and archaea, and the second set (i5, i7) added the indexed barcodes to enable 

multiplexing of the samples (Kozich et al. 2013). The library was pooled at equimolar 

concentrations and run on two independent runs (stool and swab samples) of an Illumina 

HiSeq2500 Rapid instrument using 2 x 250 bp paired-end chemistry (Ramaciotti Centre for 

Genomics, UNSW). 

 

To account for contaminant bacterial DNA in the biological samples, negative sample 

controls were taken for both stool and swabs. Stool negative controls consisted of the lysis 

buffer only (‘stool reagent blank’). There were two types of swab negative controls: the first 

consisted of the lysis buffer (‘swab reagent blank’) and the second involved an unused swab 

tip being extracted in the manner described above ('swab extraction blank’). Controls were 

prepared according to sample type as described above. 

 

Quality control and bioinformatic analysis 

The samples in our study included 507 samples from 25 FMT recipients (431 dry swabs and 

76 stool samples), and these were processed and quality controlled within a larger dataset of 

599 samples that included 54 donor samples, 14 donor mixes, and 24 negative controls from 

the original study (Costello, SP et al. 2019). Quality control was performed using the QIIME 

2 (v2021.11.0) bioinformatic pipeline for microbiome sequencing data (Bolyen et al. 2019). 

Stool samples sequenced in lane 1 were selected over those sequenced in lane 2 as more 

samples successfully sequenced in lane 1. We did not merge samples between lanes to reduce 

lane-related sequencing bias (Kennedy et al. 2014). Read quality was assessed (qiime quality-

filter q-score) and forward reads were chosen to be analysed alone over reverse reads due to a 

lower overall quality of the reverse reads. Forward reads were then processed with the 

QIIME 2 plugin Deblur (qiime deblur denoise-16S) to correct low quality sequencing reads, 

trim the reads to 250 bp (--p-trim-length 250), and produce a count table of unique amplicon 

sequence variants (ASVs) in each sample and a table of representative sequences (Amir et al. 

2017a). A phylogenetic tree was constructed using the SATé-enabled phylogenetic placement 

(SEPP) (qiime fragment-insertion sepp) (Janssen et al. 2018), which inserted the 

representative sequences into the SILVA 128 99% identity reference tree (Quast et al. 2012). 

Taxonomy was assigned to the representative sequences with the QIIME 2 feature-classifier 

plugin (Bokulich et al. 2018), which uses a classifier (qiime feature-classifier classify-
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sklearn) pretrained on the SILVA 138 reference database (Quast et al. 2012). Alpha 

rarefaction curves (qiime diversity alpha-rarefaction) were generated to inform the ideal 

depth of rarefaction for the dataset.  

 

Decontamination was performed in R (v4.0.5) (R Core Team 2020) using decontam (v1.14.0) 

(Davis et al. 2018) by importing the QIIME 2 feature table into phyloseq (v1.38.0) 

(McMurdie & Holmes 2013) with qiime2R (v0.99.6) (Bisanz 2018). The prevalence method 

of the isContaminant function was used to identify contaminant amplicon sequence variants 

(ASVs) in the biological samples from the negative control samples. A stringent threshold 

score of 0.52 was used to remove the contaminants from the biological samples. Because 

decontam identifies contaminants based off their prevalence in each sample type, ASVs that 

were present in the negative controls through suspected cross-contamination from the 

biological samples were not identified as contaminants. Therefore, these ASVs were not 

removed during decontamination, resulting in some negative controls remaining in the dataset 

after this step. These samples were manually removed before downstream analyses (qiime 

feature-table filter-samples). 

 

The entire dataset was initially rarefied to 1,500 16S rRNA sequences to assess the effects of 

contamination and other sources of variance with composition and diversity metrics (qiime 

diversity core-metrics-phylogenetic --p-sampling-depth 1500). This rarefaction depth retained 

798,000 (5.11%) sequences in 532 (88.81%) samples from the initial mean sequence count of 

26,071 (SD: 69,175) in 599 samples. The dataset was then filtered in two ways: the first for 

sample type comparisons and the second for swab-only analyses. The dataset for sample type 

comparisons consisted of the FMT recipients' stool samples from weeks 4 and 8 post-FMT 

and, as two swabs were collected in each week, the first swab of weeks 4 and 8. For swab-

focussed analyses, samples were filtered to FMT recipient swab samples from all time points, 

and their stool samples from weeks 4 and 8 post-FMT. In both datasets, samples with lower 

than 1,000 sequences were removed (qiime feature-table filter-samples --p-min-frequency 

1000). The dataset for the sample type comparison was rarefied to 1,019 sequences, the size 

of the smallest sample, for composition and diversity metrics (qiime diversity core-metrics-

phylogenetic --p-sampling-depth 1,019), which resulted in 77,444 (5.81%) ASVs from the 

initial mean sequence count of 17,529 (SD: 12,480) retained in all 76 samples. The 

rarefaction depth for the swab-only analysis was also 1,019 sequences, which resulted in 
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351,555 (4.68%) sequences of the initial mean of 21,779 (SD: 71,258) sequences retained  in 

all 345 samples. 

Differential abundances were determined at the bacterial genus level using ANCOM-II (v2.1) 

with unrarefied count tables (Kaul et al. 2017). Data pre-processing was performed using the 

default values (out_cut = 0.05; zero_cut = 0.90; lib_cut = 1000; neg_lb = FALSE), the model 

was adjusted for the following covariates: year of FMT and FMT recipient sex, and 

differentially abundant genera were chosen based on the 70% probability value. Relative 

abundances for taxa bar plots were generated with phyloseq (v1.38.0) (McMurdie & Holmes 

2013), and all plots were made with ggplot2 (v3.3.5) (Wickham 2016), with the help of the 

tidyverse (v1.3.1) (Wickham et al. 2019), and arranged with cowplot (v1.1.1) (Wilke 2020). 

 

Statistical analysis 

For analyses involving participant characteristics, age was defined as a categorical variable 

according to the Montreal classification for IBD phenotype; the participants under 40 years 

old were grouped separately to those over 40 (19 to 40 and 41 to 62 years) (Silverberg et al. 

2005). Multivariate correlation analyses were run in R by using qiime2R to import abundance 

unweighted UniFrac distance matrices generated with QIIME 2. Mantel tests were run with 

the mantel function in the R package vegan (v2.5-7) (Oksanen et al. 2020) using Pearson's 

correlation and 999 permutations. Procrustes tests were run by converting UniFrac distance 

matrices to PCoAs with the R package ape (v5.6-2) (Paradis & Schliep 2018) and then using 

vegan's protest function with the symmetric Procrustes statistic and 999 permutations. Alpha 

diversity significance tests were calculated in QIIME 2 (qiime diversity alpha-group-

significance) by performing Kruskal-Wallis one-way ANOVA tests (Kruskal & Wallis 1952) 

on Shannon diversity and observed features vectors. Beta diversity significance tests were 

also calculated in QIIME 2 with adonis multi-factor PERMANOVA (Anderson 2001) set to 

999 permutations on unweighted UniFrac distance matrices (qiime diversity adonis --p-

permutations 999).  

 

Results 

Assessing contamination by sample type 

As bacterial contamination influences lower biomass samples in significant ways (Salter et al. 

2014; Eisenhofer et al. 2019; Weyrich et al. 2019), we first examined whether contamination 

had a differential impact on the swabs over the stool samples. Negative controls (n = 24) 
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were processed and sequenced for each sample type; 10 stool reagent controls, 3 swab 

extraction controls, and 11 swab reagent controls were collected. Their sequence counts 

ranged from 8 to 13,782 sequences (mean: 2,422 sequences, SD: 3,872), indicating a high 

level of contamination in some controls. The controls did not have distinct compositions (beta 

diversity) based on whether they were processed with swabs or stool (Figure S1A & Figure 

S1B), and most had a composition more similar to stool than to swabs regardless of the 

control type (Figure 1A & Figure 1B). The five most abundant genera in the controls were 

gut taxa: Blautia, Bacteroides, Faecalibacterium, Prevotella, and Collinsella (Figure S1C).   

 

Decontam was used to identify contaminant ASVs based on their prevalence within the 

negative controls and biological samples (Figure S2). Decontam identified 2,393 contaminant 

ASVs in the dataset of 42,072 sequences in 599 biological samples (Table S1). Contaminants 

were generally not typical of published reagent or environmental contaminants ( 
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Figure S1. Negative control types did not show a distinct microbial signal. The composition 

of negative controls is shown with unweighted UniFrac distances displayed on PC1 and PC2 

in (A) and PC1 and PC3 in (B), and with relative abundances of genera in (C). 

 

) (Salter et al. 2014). Instead, most contaminants (98%) were taxa from the major gut 

bacterial phyla: Firmicutes (71.5%), Bacteroidota (15.7%), Actinobacteria (5.4%), 

Proteobacteria (3.9%), Verrumicrobiota (1.1%), and Fusobacteria (0.9%) (  
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Table S2), indicating the contamination may have been faecal in origin. There were more 

contaminant ASVs identified in the swab sample dataset (2,352) than stool samples (2,110) 

(Table S3). However, the swab dataset contained more overall samples (n = 445) than the 

stool dataset (n = 154), so the proportion of contaminants was lower in the swabs (9%) than 

in stool (13%). 

 

As the contaminant signal did not appear to differ between control types, we did not separate 

the dataset into each sample type before removing contamination. Out of caution, we 

removed all 2,393 putative contaminant ASVs from both swab and stool samples. Thus, it is 

likely that some biological signal at the ASV level was removed in this process (Karstens et 

al. 2019). Only one stool negative control was removed with decontamination (Table S3); the 

rest of the controls still remained in the dataset (Figure 1C & Figure 1D). This was to be 

expected since some of the controls were highly contaminated with gut taxa, making it 

difficult for decontam to distinguish all true contaminants from gut taxa present in the 

biological samples. The remaining negative controls were subsequently removed from the 

dataset. Decontamination did not have a large effect on the composition of the dataset or 

distribution of swab and stool samples (Figure 1E & Figure 1F). The swabs were not more 

impacted by decontamination than stool, possibly due to the higher overall number of swabs 

in the dataset.  
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Figure 1. Removing contaminant bacterial DNA did not have a large effect on the 

compositional differences between swab and stool samples. PCoA plots were generated with 

unweighted UniFrac distances of samples rarefied to 1,500 16S rRNA sequences. Stool and 

swab samples from faecal microbiota transplant (FMT) donors and recipients are shown 
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before decontamination on (A) PC1 and PC2, and (B) PC1 and PC3. All samples after 

decontamination are shown on (C) PC1 and PC2, and (D) PC1 and PC3. As decontamination 

did not remove all negative control samples, those that remained were manually removed 

from the dataset. The remaining samples without negative controls are shown on (E) PC1 and 

PC2, and (F) PC1 and PC3.  

 

Technical and participant sources of microbiome variance 

After filtering out contaminants and negative control samples, the dataset was filtered to FMT 

recipient samples to test for sources of technical bias that could impact the resulting 

microbiome signal. One sampling variable—year of FMT administration—had a significant 

impact on the composition (beta diversity) of the recipients' swabs (Adonis: R2 = 0.05, p = 

0.00) and stool samples (Adonis: R2 = 0.06, p = 0.00) (Figure 2, Figure S3 &   
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Table S4), indicating that the time of sampling influenced the microbiota observed. In 

particular, samples from 2014 strongly clustered together and were different in alpha 

diversity from samples taken in 2015 and 2016 (swabs: observed ASVs: H = 41.78, q = 0.00 

& Shannon diversity: H = 38.42, q = 0.00; stool: observed ASVs: H = 14.08, q = 0.00 & 

Shannon diversity: H = 13.95, q = 0.00) (Table S5). There were no differentially abundant 

genera between the years of FMT in the stool samples, but 117 genera differed in the swab 

samples, which suggests that the batch effects associated with the year of FMT had a greater 

impact on the swab samples (Table S6). 

 

We also tested whether participant characteristics influenced the microbiome variation of 

both sample types. FMT recipient age and sex did not significantly impact the alpha diversity 

of the swabs (age: observed ASVs: H = 0.89, q = 0.35 & Shannon diversity: H = 0.10, q = 

0.76; sex: observed ASVs: H = 0.95, q = 0.33 & Shannon diversity: H = 3.39, q = 0.07), or 

stool samples (age: observed ASVs: H = 0.08, q = 0.77 & Shannon diversity: H = 0.01, q = 

0.92; sex: observed ASVs: H = 2.69, q = 0.10 & Shannon diversity: H = 3.13, q = 0.08) 

(Table S5). However, these variables had an effect on the composition of each sample types 

(Figure 2 & Figure S3). Both recipient age and sex equally affected the composition of the 

swabs (age: Adonis: R2 = 0.02, p = 0.02; sex: Adonis: R2 = 0.02, p = 0.00), and recipient sex 

also affected the composition of the stool samples (Adonis: R2 = 0.02, p = 0.03) (  
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Table S4). 
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Figure 2. The year the faecal microbiota transplant (FMT) was performed and the FMT 

recipient age and sex impacted the bacterial composition of the recipient swab samples. 

PCoA plots were generated with unweighted UniFrac distances of samples rarefied to 1,019 

16S rRNA sequences. Composition is shown with PCoA plots of unweighted UniFrac 

distances and samples are coloured by the year of FMT on (A) PC1 and PC2, and (B) PC1 

and PC3. Samples are coloured by FMT recipient sex on (C) PC1 and PC2, and (D) PC1 and 

PC3.  
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Swab samples differed from stool in composition but not diversity 

We assessed how dry swabs captured the gut microbiome compared to the field standard for 

specimen collection—whole stool. The dataset was filtered to swab and stool samples 

collected from FMT recipients in the same weeks—weeks 4 and 8—to mitigate the effect of 

time variation on the sample comparisons. As swabs were collected twice in each week from 

weeks 2 to 8, the first swabs collected in weeks 4 and 8 were retained over the second swabs 

due to a higher amount of missing of the second swabs (Figure S4). Sample filtering resulted 

in 42 samples from 24 individuals at week 4 post-FMT (20 swab and 22 stool samples), and 

34 samples from 23 individuals at week 8 (16 swab and 18 stool samples). The swab dataset 

contained 36 samples with a mean of 14,239 sequences (SD: 11,863) and the stool samples 

had a mean of 20,490 (SD: 12,420) sequences in 40 samples. Many of the ASVs across both 

sample types were assigned to the same bacterial genera, so we collapsed the ASVs to the 

genus level to test for bacteria that differed between swabs and stool with ANCOM-II (Kaul 

et al. 2017). Four of the genera that were more abundant in the week 4 swabs over stool—

Finegoldia, Anaerococcus, Peptoniphilus, and Fenollaria—were also more abundant in the 

swabs due to the year of FMT. Thus, we attributed these differentially abundant genera to 

batch effects and removed them from the results. Of the remaining three genera, 

Corynebacterium were more abundant in the swabs, whereas Bifidobacterium and 

Mitsuokella were less abundant (Table 1). There were no differentially abundant genera at the 

second time point of samples, week 8.  

 

We also assessed how the sample types compared in microbiome diversity and composition. 

Swab and stool samples did not differ in their observed number of ASVs and evenness of 

ASVs (Shannon diversity) from each other at either time point (week 4 observed ASVs: H = 

1.55, q = 0.21 & Shannon diversity: H = 0.01, q = 0.94; week 8 observed ASVs: H = 2.57, q 

= 0.11 & Shannon diversity: H = 0.58, q = 0.45) (Figure 3A & Figure 3B; Table S7). We 

tested whether swab and stool differed compositionally using a multi-factor PERMANOVA 

(adonis) to incorporate the sources of variation (year of FMT and FMT recipient age and sex) 

that could affect the sample type comparison (Anderson 2001). The year of FMT 

administration had the greatest impact on the variation in sample compositions (week 4: R2 = 

0.07, p = 0.01; week 8: R2 = 0.09, p = 0.00), and sample type had the second highest impact 

(week 4: R2 = 0.05, p = 0.00; week 8: R2 = 0.04, p = 0.04) (Table S8).  
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It is known that gut microbiome samples from the same individual tend to be more similar to 

each other than to samples from other individuals, and this has been shown in rectal swabs as 

well (Bassis et al. 2017; Biehl et al. 2019; Reyman et al. 2019). Thus, we examined whether 

paired swab and stool samples would better illustrate any differences between the sample 

types. The pairwise dataset consisted of recipients who had both a stool and swab sample at 

week 4 or a stool and swab sample at week 8. This step reduced the dataset to 36 samples 

from 18 recipients who had both samples at week 4 (18 swab and 18 stool samples) and 22 

samples from 11 recipients who had both samples at week 8 (11 swab and 11 stool samples). 

The taxonomic makeup of the paired samples showed similarities between some individuals 

at the bacterial genus level, while others had noticeable differences of particular genera 

between swabs and stool (Figure S5). Across the paired samples, there were 217 genera 

identified in the swabs and 189 genera identified in the stool samples. After filtering out the 

four genera that were likely caused by batch effects, Finegoldia, Anaerococcus, 

Peptoniphilus, and Fenollaria, the results of differential abundance testing on the paired 

samples revealed that Anaerostipes and Monoglobus were less abundant in the swabs (Table 

1).  

 

Like the unpaired samples, the paired samples did not statistically differ in diversity (week 4 

observed ASVs: H = 2.50, q = 0.11 & Shannon diversity: H = 0.14, q = 0.70; week 8 

observed ASVs: H = 0.85, q = 0.36 & Shannon diversity: H = 0.05, q = 0.82) (Figure 3C & 

Figure 3D; Table S7). The microbial compositions of the paired samples were most affected 

by the year of FMT (week 4: R2 = 0.08, p = 0.01; week 8: R2 = 0.16, p = 0.00), followed by 

sample type for week 4 only (week4: R2 = 0.06) (Table S8). Week 8 samples were more 

impacted by recipient age and sex (age: R2 = 0.06, p = 0.07; sex: R2 = 0.06, p = 0.03) than 

sample type (R2 = 0.05, p = 0.18), though this may have been influenced by the lower sample 

size at this time point (n = 22). PCoAs of the paired samples showed that samples from the 

same individuals clustered more closely on PC1 and PC3 than PC1 and PC2 for both time 

points (Figure S6). This may be explained by the stronger effect of year of FMT on the 

compositional variation between samples, which may have driven more of the differences 

seen on PC1 and PC2.  

 

We assessed the microbial similarity between pairwise sample compositions using two 

multivariate correlation tests—Mantel and Procrustes (Mantel 1967; Peres-Neto & Jackson 

2001). The Mantel test reported a significant correlation of 25% (p = 0.03) between the 
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composition of swab and stool samples, whereas week 8 samples were not significantly 

similar (p = 0.43) and had no correlation (r = -0.00) (Table S9). Similarly, Procrustes for 

week 4 showed a significant correlation between swab and stool (p = 0.04) but not for week 8 

(p = 0.56). However, week 8 swab and stool samples were more symmetrically correlated 

(96%) than week 4 samples (92%). These discrepancies are likely due to fewer samples at 

week 8 (n = 22) than week 4 (n = 36), although this cannot be confirmed from our tests.  

 

Table 1. Bacterial genera that were differentially abundant between swab and stool samples. 

Week 4 Week 8 

No. 

samples 

tested Bacterial genus W value 

Presence 

in swabs 

vs stool 

No. 

samples 

tested Bacterial genus W value 

Presence 

in swabs 

vs stool 

Unpaired samples 

n = 42 

 

Corynebacterium  153 ↑* 

n = 34 No differentially abundant taxa Bifidobacterium 152 ↓^ 

Mitsuokella  145 ↓ 

Paired samples 

n = 36 

Bifidobacterium  156 ↓ 

n = 22 No differentially abundant taxa 
Corynebacterium 149 ↑ 

Anaerostipes 142 ↓ 

Monoglobus 138 ↓ 

*Genus is increased in swabs, decreased in stool. ^Genus is decreased in swabs, increased in stool. 

  



Chapter 3 

90 

 

 

Figure 3. Swab and stool samples from faecal microbiota transplant recipients had 

comparable levels of diversity across both time points. Alpha diversity (i.e., within-sample 

diversity) is shown for unpaired samples as the observed of number amplicon sequence 

variants (ASVs) (A) and evenness of observed ASVs (Shannon diversity) (B). Similarly, the 

alpha diversity of paired samples is shown as the observed number of ASVs (C) and Shannon 

diversity (D). All samples were rarefied to 1,019 16S rRNA sequences. The diversities 

between sample types at each time point were not significant (Kruskal-Wallis, p > 0.05). 
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Diversity and composition of swab samples associated with FMT recipient outcome 

After assessing how the swab samples the gut microbiome compared to stool samples, we 

examined how they associated with recipient outcome which was measured as clinical and 

endoscopic remission at 8 weeks post-FMT. The swab dataset initially consisted of 386 swab 

samples collected from 25 individuals across all 8 weeks of the study. Due to the high 

missingness of some recipients' samples (Figure S4), we removed recipients who had less 

than 50% of samples across all 21 time points (i.e., less than 11 samples) from the dataset. 

This filtering step removed 6 individuals and 41 samples, resulting in a dataset of 345 

samples from 19 individuals. Microbiome diversity was significantly lower in the post-FMT 

swabs of individuals who achieved remission over those who did not (observed ASVs: H = 

38.38, q = 0.00 & Shannon diversity: H = 59.39, q = 0.00) (Figure 4A & Figure 4B; Table 

S10). This trend was found in the group of individuals who experienced remission regardless 

of whether they received donor FMT or autologous FMT (receiving their own stool), and 

across two-week time points from weeks 1 to 8 (Figure 4C & Figure 4D). The group of 

individuals who experienced remission did, however, have lower alpha diversity in their pre-

FMT stool samples than those who did not respond to FMT, though this difference was not 

significant (Figure S7).  

The association between microbial composition and FMT outcome was tested with an adonis 

model that incorporated all potential sources of microbial variation (year of FMT, recipient 

age and sex, and FMT type) and an interaction between FMT type and outcome (Table S11). 

All factors had a significant effect on composition; the year of FMT explained the most 

variation (R2 = 0.05, p = 0.00), followed by FMT type and recipient age (FMT type: R2 = 

0.03, p = 0.00; age: R2 = 0.03, p = 0.00), recipient sex (R2 = 0.02, p = 0.00). The 

multiplicative effect of FMT type and outcome had more of an effect on the composition than 

outcome alone (FMT type*outcome: R2 = 0.02, p = 0.00; FMT outcome: R2 = 0.01, p = 0.00). 

This association was stronger in the swabs than when tested in the weeks 4 and 8 post-FMT 

stool samples, which had no significant association with composition and FMT outcome or 

type (FMT type: R2 = 0.03, p = 0.14; FMT outcome: R2 = 0.03, p = 0.10; FMT 

type*outcome: R2 = 0.03, p = 0.13) (Table S12). However, the sample size of the stool 

samples was much smaller than the swab dataset which would have contributed to strength of 

this association. 
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Figure 4. The alpha diversity of dry swabs was decreased in faecal microbiota transplant 

(FMT) recipients who achieved remission. FMT outcome was defined by clinical and 

endoscopic remission at week 8 post-FMT. The alpha diversity of swabs is shown for 19 

recipients across 8 weeks (n = 345) post-FMT by (A) the observed number of amplicon 

sequence variants (ASVs) and (B) Shannon diversity, and in two-week intervals showing (C) 

the observed number of ASVs and (D) Shannon diversity. Significance testing between 

outcome groups was performed with Kruskal-Wallis tests. 
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Discussion 

Our study featured individuals with UC who self-collected dry swab and whole stool samples 

following FMT. Swabs were used as an alternative to whole stool samples which could be 

easily collected at home and feasibly track the microbiome response to FMT on a finer scale 

over time. Given that stool samples somewhat differ between other sample types such as 

rectal swabs and mucosal biopsies (Budding et al. 2014; Sun et al. 2021), we expected that 

dry swabs would likewise show some differences from stool. Indeed, we found that the swabs 

and stool samples had similar levels of diversity but different compositions.  

 

A limited number of studies have compared dry swabs to whole stool and have found them to 

be highly similar in composition and diversity (Costello, EK et al. 2009; Sinha et al. 2016; 

Bokulich et al. 2019). Several studies have shown that rectal swabs also do not differ in 

diversity from stool (Reyman et al. 2019; Short et al. 2021). Short et al. (2021) found that the 

composition of rectal and glove tip swabs differed from stool samples, whereas other studies 

did not share this finding (Bassis et al. 2017; Reyman et al. 2019). Several factors may lead to 

discrepancies between these studies and ours, such as methodologies and the types of cohorts 

sampled. For example, Reyman et al. (2019) found that clinical covariates explained more 

variation in the composition of samples than the sample type. However, their study featured 

samples collected from infants which would likely be differently impacted by host factors 

than the samples in our study. Thus, the varying effect sizes of clinical covariates between 

study cohorts likely play a role in the comparability of sample types, and future studies 

comparing sample types between different cohorts and health states are needed. 

 

A major concern when working with dry swabs is that, because they have lower biomass than 

whole stool samples, they will capture a lower, and potentially insufficient, number of 

microbial taxa. We found that the dry swabs in our study captured a comparable number of 

gut taxa to whole stool, and this has been similarly observed in rectal swabs (Budding et al. 

2014; Bassis et al. 2017; Reyman et al. 2019). Although the swabs had comparable alpha 

diversity to stool, some of the taxa in the swabs differed from those captured by stool. We 

hypothesised that this compositional difference could be due to a higher level of skin or 

mucosal taxa in the swabs. However, we did not detect taxa that are exclusively associated 

with the skin in our swab samples. Budding et al. (2014) also did not find evidence of 

contamination by skin taxa in the rectal swabs in their study. They hypothesised that the high 
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biomass of faeces in swabs likely overwhelms the detection of any skin taxa. We identified 

one bacterial genus, Corynebacterium, that was more abundant in the swabs and is known to 

colonise both the skin and mucosa (Oliveira et al. 2017). This genus has been previously 

identified in a study comparing rectal swabs to stool (Biehl et al. 2019). The authors 

speculated that its presence was likely due to contamination from the skin but also noted that 

another study found increased levels of Corynebacterium in mucosal biopsies (Ringel et al. 

2015). Thus, rectal and dry swabs may contain Corynebacterium spp. that are mucosal in 

origin, and further research is needed before categorising these bacteria as contaminants in 

the context of gut microbiome swabs. To answer this question, negative control swabs of skin 

from the participants and/or researchers would be invaluable to determine the source of the 

taxa. Additionally, whole-metagenome sequencing could enable functional analyses to 

distinguish skin and mucosal taxa.  

 

Other than Corynebacterium, we did not detect other aerobic, mucosal-associated bacteria at 

significant levels in the swabs in our study. Rectal swabs have been shown to represent more 

of the colonic mucosal microbiome than stool, though both look different to mucosal tissue 

samples (Araújo-Pérez et al. 2012; Biehl et al. 2019; Sun et al. 2021). We expected the dry 

swabs to sit somewhere in between rectal swab and stool sample types. An important 

consideration is that the samples in our study were collected from individuals with colonic 

inflammation, and this may have reduced the number of mucosal taxa that were present in the 

individuals. Individuals with UC have a thinner mucus layer in the colon that does not 

sufficiently support colonisation by commensal microbes, even in the case of some 

individuals in remission (Johansson et al. 2014; Bankole et al. 2021). Therefore, fewer 

mucosal bacteria may be present in the swabs of individuals with UC. An important future 

direction is to compare dry swabs from healthy individuals to swabs from individuals with 

intestinal inflammation to determine whether they are comprised of different levels of 

mucosal-associated taxa. 

 

It is also important to note that shotgun metagenomic sequencing would have given a finer 

taxonomic resolution over the 16S marker gene sequencing used in this study. Other studies 

have found shotgun sequencing to be more sensitive in detecting phyla (Campanaro et al. 

2018) and genera (Durazzi et al. 2021) than 16S sequencing, and the method enables more 

taxa to be identified at the species and strain levels (Quince et al. 2017). Additionally, 

shotgun sequencing has successfully been used to profile metagenomes in other swab types 
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with low microbial biomass such as rectal, vaginal, throat, and skin swabs (Ahannach et al. 

2021; Guo et al. 2021; Karpinets et al. 2022). This method could be used to uncover more 

mucosal taxa in swabs from FMT recipients and distinguish strains associated with skin over 

colonic ones. This method could also give greater insight into the functional potential of the 

post-transplant microbiome, and detect other microbial types such as fungi, protozoa, and 

viruses that may be transplanted or affected by FMT. 

 

After assessing the utility of swabs over whole stool samples, we examined if the swabs 

would be informative in associating with patient factors such as FMT success. Previous 

studies have compared the microbial diversity in stool samples from post-FMT individuals 

with UC and have typically found that the remission groups had higher alpha diversity in 

weeks 4 to 12 (Rossen et al. 2015; Paramsothy et al. 2017; Chen et al. 2020; Li et al. 2020), 

though others have not found any correlation between diversity and remission with stool 

sampling (Costello, SP et al. 2019; Haifer et al. 2022). Our study found the opposite; the 

swabs of the remission group had lower microbial diversity than the group who did not 

achieve remission. While this was surprising, it should be noted that the remission group had 

lower diversity even before receiving FMT, and this may have contributed to the trend seen 

in the post-FMT weeks. Nonetheless, it is possible that this lower diversity contributed to the 

success of FMT and/or engraftment of donor bacteria, but we cannot be conclusive as this 

study is limited by small sample numbers. It is also likely that microbial diversity is not the 

entire picture, and certain bacterial functions acquired through transplantation of those that 

enter remission may be more explanatory. For example, acquiring bacteria with the ability to 

synthesise short-chain fatty acids and secondary bile acids (Paramsothy et al. 2019). 

 

Few studies have examined the differences in beta diversity (composition) between remission 

and non-remission groups in post-FMT individuals with UC. One study found a difference in 

the composition of stool samples between these two groups (Moayyedi et al. 2017), whereas 

another did not (Li et al. 2020). The composition of swab samples in our study strongly 

associated with the type of FMT and outcome. In contrast, the stool samples did not show 

such an association, and this was likely affected by the much smaller sample size of the stool 

dataset, which were only collected in weeks 4 and 8 after FMT. Individuals with UC who 

have received FMT are typically assessed around weeks 4 and 8 post-procedure for clinical 

and endoscopic remission, with the recipient's stool microbiome also being sampled around 

these time points (Paramsothy et al. 2017; Costello, SP et al. 2019; Chen et al. 2020; Li et al. 
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2020). The use of self-collected swab samples allowed for more flexibility in our study to 

measure time points in between these weeks, including directly after receiving FMT, and this 

sample resolution facilitated a greater association with FMT covariates over the standard 

stool collection time points. 

 

In addition to providing novel insights into the comparability of swab and stool samples, our 

study highlights the importance of controlling for batch effects and contaminant profiles in 

microbiome research, regardless of biomass in the biological samples. In particular, batch 

effects can be differentially associated with sample types and time points, and these should be 

considered when designing any microbiome study. We collected negative controls in our 

study to account for contamination during the laboratory processes. Due to the lower biomass 

of swabs, we expected that contamination might affect these samples more than whole stool. 

Although some of our controls picked up a considerable number of taxa, it did not appear that 

the swabs were more affected by contamination than the stool samples. Nevertheless, the 

high presence of gut taxa in our controls demonstrates the necessity to account for 

contamination in environments where high biomass samples such as stool are processed. This 

consideration is crucial when processing lower biomass samples in the same environment, 

and because of the potential for cross-contamination between high biomass samples. Our 

diligence in accounting for contamination in our samples may also explain why our results 

differ from previous studies, as we have not seen such detailed decontamination methods in 

other publications of FMT in UC. 

 

Another batch effect in our study was the year the FMT was performed, and this covariate 

significantly impacted downstream analyses. The year of FMT can be considered a proxy for 

several time-variant factors such as the length of storage time of samples, different donors 

and recipients during different study years, and other stochastic sources of variation between 

the years. The older samples differed the most in diversity and composition from the samples 

from later years in the study. The effect of time spent in frozen storage has not been 

thoroughly investigated in faecal swabs in the literature, so we were unable to determine how 

much storage time had an impact on the samples over other sources of variation. Other 

studies have found that the time spent in transit from collection to storage can cause bacterial 

blooms in dry swabs (Amir et al. 2017a; McDonald et al. 2018), but this was not a factor in 

our study as the participants were given -20°C freezers to immediately store their samples.  
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While our study used the gold standard for specimen preservation, we acknowledge that this 

may be impractical in many cases. There are several other preservatives available to store 

samples at room temperature prior to freezing (e.g., OMNIgene GUT, RNAlater, and FTA), 

but these preservatives have been found to bias diversity results (Dominianni et al. 2014; 

Choo, Leong & Rogers 2015; Hale et al. 2015; Song et al. 2016; Vandeputte et al. 2017). 

Therefore, it is recommended when using one of these preservatives at room temperature, the 

type of preservative should remain consistent throughout an entire study (Nearing, Comeau & 

Langille 2021). Specifically in faecal swab samples, Marotz et al. (2021) found that 

preservation in 95% ethanol preservation was the next best alternative to freezing for this 

sample type.  

 

Our study included the self-collection of dry swabs by participants over the course of eight 

weeks. Participant adherence is a challenge in clinical research including microbiome studies, 

and flexible sampling options, such as dry swabs, have been developed to mitigate this issue 

(Debelius et al. 2016a). Even so, our swab dataset still suffered from the impacts of sample 

dropout, and we were unable to perform longitudinal regression on the swabs because of 

missing samples. The sample missingness was random; some days were entirely missing in 

some participants, whereas other samples were present but did not yield sufficient microbial 

DNA. Given that our starting sample size was small, any sample missingness made statistical 

analyses difficult. Our study demonstrates that the effects of missing samples should be 

considered when designing longitudinal microbiome studies, even when more feasible 

sample types are used. 

 

Conclusion 

In summary, dry faecal swabs are a convenient option for sampling the gut microbiome over 

whole stool in individuals with ulcerative colitis. While they differ in composition from 

whole stool, swabs capture an informative level of diversity of colonic bacterial species and 

can associate with patient factors. Future research is needed to assess how dry swabs differ 

between healthy individuals from those with a history of intestinal inflammation, and how 

contamination and other technical batch effects impact dry swabs over other sample types. 

Finally, a comparison of matched faecal, mucosal, and rectal swab samples to toilet paper 

swabs from individuals would be of great value in further evaluating the utility of each 

sample type.  
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Abstract 

The human microbiome is a dynamic ecosystem that plays an integral role in our systemic 

health. Yet, to date, much of the understanding of this interaction is based on static, cross-

sectional, or single-timepoint observations. Accounting for the microbiome's temporal 

variability offers promising opportunities to characterise its role in diseases and target it for 

therapies. Therefore, conducting longitudinal microbiome studies is becoming a major focus 

for clinical research. However, there are several problems unique to longitudinal research that 

must be considered to effectively design, conduct, and analyse such studies in clinical 

settings. Accounting for time-dependent sources of variation that can bias inferred 

associations and the effects of sample missingness are challenging to resolve with existing 

methods. Here, we discuss the criteria essential for conducting longitudinal microbiome 

studies in clinical and public health research starting from participant recruitment and sample 

collection through to statistical analysis. Our discussion also highlights areas where 

significant advancements are needed to gain higher resolution insights into the microbiome’s 

association with human health.  

 

Keywords 

human microbiome, microbiota, longitudinal, temporal, regression 

 

Appreciating temporal dynamics of the human microbiome 

Thanks to advances in high-throughput sequencing methods, our understanding of the human 

body now extends to the trillions of microbes, including bacteria, archaea, fungi, protozoa, 

viruses, and their genomic and metabolic products, that live on our skin and mucosal surfaces 

(e.g., gut, mouth, and lungs) (Sender, Fuchs & Milo 2016; Allaband et al. 2019). This 

ecosystem of microbes, collectively referred to as the 'human microbiome', performs several 

critical functions and has been linked to numerous health conditions (Berg et al. 2020). Like 

any ecosystem, the human microbiome is not static, but rather, a dynamic assemblage of 

microbial communities that are influenced by temporal variation (Stegen, Bottos & Jansson 

2018; Uhr, Dohnalová & Thaiss 2019; Berg et al. 2020). Some populations remain relatively 

stable despite changing conditions, i.e., 'core microbiota', whereas others are transient and 

dependent on internal, external, and random/stochastic factors (Stegen, Bottos & Jansson 

2018). Cross-sectional studies of the microbiome can allow us to draw links between 
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microbes and conditions, but these studies have a limited ability in determining causality due 

to the temporal dynamics of microbial communities.  

The temporal variability and complexity of the microbiome also makes it difficult to 

distinguish the effect of noise and confounders from any potential associations (Bharti & 

Grimm 2019; Wilkinson et al. 2021). These dynamics differ between individuals, meaning 

that the microbiome has a specific signature in each person that is distinguishable from 

others, even over time (Costello et al. 2009; Flores et al. 2014). Accounting for this 

variability with multiple sampling points in each individual can unmask trends associated 

with the microbiome at a level higher than the individual (e.g., Clooney et al. 2019). 

Studies with repeated measures in the same participants, or longitudinal studies, are therefore 

critically important to advance our understanding of how the microbiome influences human 

health (Box 1). However, this research is more resource-intensive than studies with cross-

sectional designs, and it is crucial for researchers to design and conduct longitudinal studies 

that can answer their questions in the most efficient and cost-effective manner. To do this, 

researchers need a solid grasp of the technical and statistical considerations that can confound 

or limit their analyses. In this review, we provide a guide for researchers intending to embark 

on a longitudinal high-throughput DNA sequencing (16S or shotgun) study of the 

microbiome from study design through to analysis by discussing the relevant issues and gaps 

in knowledge, and recommendations to overcome these. 
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Box 1. Longitudinal microbiome studies offer many benefits for clinical and public health 

research. 

1. The factors that cause community changes in healthy individuals can be 

established, which can then be accounted for when studying individuals with 

diseases or disorders (Cao et al. 2017; Uhr, Dohnalová & Thaiss 2019). 

2. Sampling individuals with relapsing-remitting conditions during periods of 

remission and again during flares can reveal a microbiome signature that 

precedes and predicts inflammation (Vázquez-Baeza et al. 2018). 

3. The microbiome's response to treatments, interventions, and lifestyle changes 

can be measured, including strain tracking in microbiota-based therapies (Kong 

et al. 2020). 

4. Long-term studies can reveal the microbiome's involvement in aging 

(Dominguez-Bello et al. 2019) and the development of diseases (e.g., the GEM 

Project), helping us answer the ultimate cause-or-effect question regarding the 

microbiome and human health. 

5. Characterising the ecological dynamics that make up an individual's microbiome 

over time can enable its prediction and control for beneficial purposes such as 

therapies, preventative interventions, and lifestyle changes that favour a healthy 

state (Stegen, Bottos & Jansson 2018).  
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Considerations when designing longitudinal studies of the microbiome 

The first generation of microbiome studies were mainly exploratory, aimed at describing the 

immensity of unknown data that exists within human-associated microbes (e.g., Eckburg et 

al. 2005). From these studies, we now appreciate the importance of microbes in human health 

and how the microbiome presents the potential to be utilised in multiple facets of medicine: 

prognostics (Shang & Liu 2018), diagnostics (Raes 2016), and even therapeutics (Jeon et al. 

2018). As such, study designs are shifting towards more hypothesis-driven research (Tripathi 

et al. 2018), including both observational and experimental/interventional designs (Thiese 

2014). Across these study designs, factors related to participants and sampling should be 

considered during the planning phase to minimise attrition and bias (Figure 1). 

Figure 1. Diagram of the main factors that influence longitudinal microbiome study design 

and analysis. Figure created with BioRender.com. 
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i. Sample size and sampling frequency 

Designing a longitudinal study requires researchers to consider (1) the sample size, including 

the cohort size and number of time points to be sampled, and (2) the amount of time between 

each sample. The minimum number of samples needed is normally determined by available 

funding and statistical power calculations. However, power calculations for microbiome 

studies are not straightforward and largely understudied (Debelius et al. 2016b; Silverman et 

al. 2018a). Longitudinal sampling adds a layer of complexity to an already-challenging 

exercise due to the increased parameter estimation for repeated measurements and 

correlations between non-independent measurements (Guo & Pandis 2015). The standards for 

calculating statistical power can be used (Debelius et al. 2016b), but it is recommended to 

supplement these with simulation studies (e.g., Fukuyama et al. 2017) and/or examining 

existing empirical data (e.g., Vázquez-Baeza et al. 2018 and Casals-Pascual et al. 2020). 

The sampling frequency will largely depend on the study design and questions. In 

experimental studies where the exposure is predicted to initially cause high variability in the 

microbiome (e.g., medication, faecal microbiota transplantation, and surgery), it is 

recommended to concentrate sampling around the time points when variation is predicted to 

be higher, and trying to capture equal variation between subsequent time points to conserve 

resources (Silverman et al. 2018a). In observational studies where the microbial dynamics are 

predicted to be relatively homogeneous within each participant, longer time between each 

sample collection is appropriate, thereby allowing resources to sample a larger cohort size. 

Prediction models can also assist in determining the number of time points needed if the 

volatility of the microbiome is unknown in a particular disease. For example, Vázquez-Baeza 

et al. (2018) used a Random Forest model and found that sampling fewer individuals with 

Crohn’s disease at more time points was more robust than sampling more individuals at fewer 

time points. While their model was applied to individuals with Crohn’s disease, this approach 

could be extended to other conditions and outcomes. However, this strategy requires 

knowledge of the microbiome dynamics which may be difficult to hypothesise if no prior 

similar study has been conducted. Thus, further research into statistically predicting the 

appropriate sample size and frequency in longitudinal microbiome studies is needed (Box 2). 
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ii. Participant recruitment, retention, and compliance 

Recruiting and retaining a study group over any period of time can be challenging. 

Individuals are less likely to participate in studies that have longer time commitments (Galea 

& Tracy 2007), and the length of study period has been identified as a key factor affecting 

retention rates (Chaudhari et al. 2020). Several strategies have been developed to target 

common barriers preventing participation and retention in clinical and epidemiological 

studies that are discussed elsewhere (Galea & Tracy 2007; Gul & Ali 2010; Abshire et al. 

2017; Chaudhari et al. 2020).  

When recruiting participants for longitudinal microbiome studies, researchers should be 

aware of selection biases that may occur (Debelius et al. 2016a). Factors such as geographical 

location, gender, income, and cultural beliefs can contribute to an individual's ability and 

Box 2. Opportunities for future research and development to improve longitudinal 

microbiome research. 

 

Study design 

• Expanding the accessibility of longitudinal microbiome studies to underrepresented 

demographics.  

• Benchmarking new, flexible sampling types and improving existing ones. 

 

Technical effects 

• Determining the effect of storage time on different sample types. 

• Determining the effect of contamination on temporal sampling. 

 

Statistical methods 

• Developing power calculations for repeated measures microbiome sampling. 

• Developing imputation methods for missing microbiome samples. 

• Consolidating the theoretical assumptions of missing data for microbiome research. 

• Computationally efficient models that include random slopes and intercepts, time-

varying covariates, and can handle missing data. 
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willingness to enter and remain in a particular study. These factors have contributed to the 

unequal representation of demographics in microbiome research (Nath et al. 2021; Abdill, 

Adamowicz & Blekhman 2022). For example, Carson, Little and Townsend (2019) 

emphasised that black American women are underrepresented in microbiome studies, even 

though they are disproportionately affected by chronic diseases. By using strategies such as 

open communication about the study purpose, sampling process, and data dissemination, as 

well as displaying diversity amongst their research team, they were able to recruit and retain 

an adequate proportion of black women in a longitudinal microbiome study with blood, stool, 

and saliva samples. (Carson, Little & Townsend 2019; Abdill, Adamowicz & Blekhman 

2022).  

Participant retention and compliance are particularly important in microbiome studies 

because it is very difficult to statistically compensate for missing or low-quality samples 

(discussed below). In the case of self-collected samples, sample quality can be improved by 

providing simple and clear instructions with visuals such as images and/or videos of how to 

collect samples and what constitutes a good sample versus a bad one (Debelius et al. 2016a; 

Carson, Little & Townsend 2019). Sampling invasiveness can also influence how likely a 

participant is willing to continue collection (i.e., the easier the sample is to collect, the more 

likely it is that participants will follow through) (Chaudhari et al. 2020). Thus, the sampling 

method should be less invasive where possible. As with recruitment strategies, regular 

contact with participants can also help overcome issues such as hesitation over sampling 

invasiveness that may normally lead to attrition (Carson, Little & Townsend 2019). 

 

iii. Sample type(s) 

A variety of sample types are now available to sample the microbiome of various body sites. 

These include less invasive and more flexible alternatives that can promote participant 

recruitment by supporting self-collection outside of the clinic (Allaband et al. 2019). 

Examples of less invasive alternatives include sampling the lung microbiome with breath 

condensate instead of lung brushings (Glendinning et al. 2017), sampling the oral 

microbiome with saliva instead of dental calculus (Zaura et al. 2021), and sampling the gut 

microbiome with rectal swabs (Budding et al. 2014; Reyman et al. 2019), glove tip swabs 

(Short et al. 2021), or whole stool instead of mucosal biopsies. Dry swabs of used toilet paper 

are an example of gut microbiome sampling that can be self-collected at home (Sinha et al. 
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2016; McDonald et al. 2018; Bokulich et al. 2019). Although, it should be noted that sample 

proxies do not yield the same microbial composition as the reference sample, and the study 

questions should be balanced against the potential invasiveness of sampling (Glendinning et 

al. 2017; Sun et al. 2021). If an alternative sample type is used, researchers need to ensure 

that adequate comparative analyses have been previously documented, or conduct these 

themselves with detailed diversity, composition, and differential abundance analyses to 

determine how representative the alternative sample is compared to the reference sample. 

Another drawback of flexible sampling types is that they are generally lower in biomass, 

which may hinder the ability to divide them for storage and analysis (e.g., biobanking, 

culturing, and various ‘-omics’) (Wilkinson et al. 2021). 

 

Data collection to account for sources of microbiome variation 

One of the primary goals of clinical and public health research is to determine if a treatment 

or exposure (e.g., medication, therapy, diet, lifestyle factor) affects an outcome of interest. In 

microbiome research, the outcome can be a change to the microbiome’s overall composition, 

diversity, or function, or to individual taxa. Occasionally, the microbiome may be used as an 

exposure or covariate as well such as to study how the microbiome affects the bioactivity of 

drugs (Haiser et al. 2013; Maier et al. 2018; Wilkinson et al. 2021). The relationship between 

the microbiome and an exposure/treatment can only be established when confounding 

sources of noise are accounted for in the study. Noise can originate from participant 

characteristics, technical effects, stochasticity, and other unknown factors. Participant and 

technical factors (i.e., covariates) in microbiome studies can vary in their effect sizes 

(Debelius et al. 2016b) and can vary over time in longitudinal studies (i.e., time-varying 

covariates) (Mirzayi et al. 2021), adding an additional layer of consideration for metadata 

collection. 

 

i. Participant sources of microbiome variation 

Determining which participant covariates to record in a microbiome study should be guided 

by expert knowledge of the area (e.g., standard demographic data, clinical biomarkers, and 

clinical phenotype classifications), as well as a literature search of similar studies and 

potential confounders (e.g., Vujkovic-Cvijin et al. 2020). In longitudinal microbiome studies, 

determining which time-varying covariates to consider is dependent on the duration of study 
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and research questions. For example, studying the gut microbiome over a short timespan to 

determine the effect of a probiotic does not require adjustments to age, but it would likely 

include records of weight or diet. There are also sampling factors to consider that can affect 

the quality and variability of the microbial DNA captured. For example, stool quality and 

moisture content can determine which microbes are likely to be present in a sample and is a 

significant contributor to inter-individual variation (Vandeputte et al. 2016; Vandeputte et al. 

2017). 

 

ii. Technical sources of microbiome variation 

Technical aspects of a microbiome study can cause variation that obscures the underlying 

biological signal (Allaband et al. 2019; Wang & LêCao 2020). Discussions of general 

technical biases are available and can provide valuable information to consider when 

planning longitudinal studies (Pollock et al. 2018; Allaband et al. 2019; Bharti & Grimm 

2019; Nearing, Comeau & Langille 2021). There are several time-dependent factors that can 

affect the microbial makeup of a sample: the time spent in storage, contamination, and 

stochasticity of laboratory processes (Figure 1) (Shaw et al. 2016; Weyrich et al. 2019; Wang 

& LêCao 2020). Typically, once a sample is collected, it is immediately preserved with a 

chemical fixative or, ideally, frozen and stored (Nearing, Comeau & Langille 2021). Short-

term storage in the manner of days or weeks does not appear to affect sample composition, 

but longer storage over months and years may have an effect (Lauber et al. 2010; Shaw et al. 

2016). Out of caution, researchers should take note of sample storage dates and test for their 

association with the data.  

The gold standard for microbiome research is to minimise contamination throughout the 

sample processing steps by using sterile equipment and practises (Eisenhofer et al. 2019; 

Hornung, Zwittink & Kuijper 2019). Microbial contamination (i.e., foreign microbial 

material that is introduced to a sample) can originate from many sources including the sample 

collection kit, reagents, environment of sampling, laboratory, and technicians (Hornung, 

Zwittink & Kuijper 2019; Jurasz, Pawłowski & Perlejewski 2021). In longitudinal studies, 

researchers risk attributing shifts in the microbiome to a change in time or clinical variable 

when they are instead caused by contamination (Salter et al. 2014; Weiss et al. 2014). 

Contamination is particularly important for low-biomass specimens, such as skin or placental 

swabs, tissue biopsies, blood, urine, and breath condensate (Weiss et al. 2014). However, the 
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effect of contamination on higher biomass samples such as whole stool should also be 

considered, especially when conducting more sensitive analyses of stool such as donor-to-

recipient strain tracking in faecal microbiota transplantation (Kong et al. 2020). Additionally, 

the magnitude of this effect is not known for lower biomass proxies for stool such as rectal 

and dry swabs. Controls—both negative and positive—should be taken during sample 

collection, extraction, and/or sequencing to allow identification of contamination from 

external sources and other samples (cross-contamination). As contaminants and the sources 

of contaminants can change over time (e.g., new researchers join the study, the laboratory 

location changes, or the reagents change), negative controls should be collected repeatedly 

throughout a study (Weyrich et al. 2019). The study protocol should remain as uniform as 

possible throughout, but any changes should be noted as covariates for later analyses 

(discussed below). 

Lastly, stochastic factors in the laboratory can influence the microbial output of a sample. 

Technicians, machinery, sequencing primers, and reagents do not behave identically for every 

extraction and sequencing batch, and this randomness of output combined with contamination 

leads to batch variation (Salter et al. 2014; McDonald et al. 2018; Oh & Li 2022). As this 

stochasticity may behave differently over time, samples should be processed as close together 

as possible and/or randomised during processing to reduce technical batch effects (Eisenhofer 

et al. 2019; Holmes 2019). Like other sources of known variation, batch numbers should also 

be recorded as covariates so the resulting variation can be accounted for in downstream 

analyses. 

 

Data cleaning 

Once sequencing data have been generated, an important first step is to ensure that the data 

are sufficiently quality tested to minimise the effects of technical variation before 

downstream analysis. This step can be achieved using tools specific for sequencing quality 

control (e.g., Trimmomatic and fastp), or built in R packages (e.g., phyloseq and DADA2) 

and standalone programs (e.g., QIIME2, MEGAN-CE, and MG-RAST) (McMurdie & 

Holmes 2013; Bolger, Lohse & Usadel 2014; Callahan et al. 2016; Huson et al. 2016; 

Keegan, Glass & Meyer 2016; Chen, S et al. 2018; Bolyen et al. 2019). Bioinformatic tools 

can also be optionally used to deal with microbial contamination. . Decontamination can be 

performed by the open-source program decontam, which identifies contaminants in biological 

samples based on their prevalence or frequency in negative control samples (Davis et al. 
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2018). This step can be performed on a per-batch basis if the samples were processed at 

different times over a considerable period. Other bioinformatic tools and methods exist to 

remove unwanted technical variation and are discussed in detail by Wang and LêCao (2020). 

Alternatively, technical covariates can be included in the statistical models discussed below, 

but the drawback to this approach is that it is restricted to known/observed covariates (Wang 

& LêCao 2020). 

Analysing longitudinal microbiome data 

Longitudinal models are more complex than standard models as they need to integrate the 

multi-level structure of the data (i.e., participants, time, and microbial taxa) and the repeated 

measurements between participants that are correlated. In clinical research, these models 

need to accept covariates to account for the technical and biological variation discussed 

previously and, ideally, handle missing data which commonly occurs in human studies. 

Microbiome data also have specific features that complicate the analysis—the data are sparse 

and compositional (Gloor et al. 2017; Mallick et al. 2021; Pan 2021), and statistical models 

for regression and prediction should be carefully selected (Silverman et al. 2018b). Models 

that accommodate these issues must be optimised to interpret microbiome data (e.g., 

microbial abundances), or else it will be computationally expensive and cumbersome to 

navigate results (Zhang & Yi 2020). Given the complexities of microbiome data, a limited 

number of open-source longitudinal models are currently available (Table 1). While we 

provide an overview of the notable statistical considerations, research teams should include 

expert biostatisticians and bioinformaticians to manage these issues and determine how best 

to design a study that is in agreement with available resources. 

 

i. Zero-inflated microbiome data 

Microbiome data are notoriously sparse; many taxa have very low abundances and few taxa 

have very high abundances (Kaul et al. 2017; Pan 2021). Across a group of participants, there 

will likely be many taxa that are present in only one or few individuals and absent in the 

remainder. Taxa can be missing because of technical reasons including insufficient sampling 

(e.g., low-quality sample or old/expired sample) or sequencing depth (false negatives), or 

because they are actually absent in an individual at a particular sampling time (true negatives) 

(Zhang & Yi 2020; Han et al. 2021).  
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Due to this missingness, abundance counts of taxa are over-populated with zeros (zero-

inflated) and form right-skewed data distributions. Two common methods to deal with zero-

inflation are to add a pseudo-count of one to replace zeros before an analysis (which is 

mathematically convenient but shifts the model away from being biologically 

meaningful/true), or to incorporate a zero-inflated probability distribution into the model 

(Chen & Li 2016; Zhang, Guo & Yi 2020; Han et al. 2021). Several available longitudinal 

methods incorporate the zero-inflated probability distribution (Chen & Li 2016; Zhang, Guo 

& Yi 2020; Han et al. 2021). However, Kaul et al. (2017) argue that these solutions are too 

simplistic as they do not account for the different types of zero counts that occur (i.e., true 

and false negatives are incorrectly grouped together). Their method, ANCOM-II, models 

three types of zero counts instead of using a single probability distribution. Another newer 

option is MaAsLin2, which has a default log-transformed linear model that shows a low false 

discovery rate while maintaining a higher level of sensitivity over other methods (Mallick et 

al. 2021). Given the variation in methods, it is sensible to try multiple methods to compare 

and collate results, and explore notable limitations of each method pertinent to each study. 

While zero-inflated modelling helps mitigate the effect of excess zeroes in a dataset, some 

taxa are present at levels too low to be included in modelling. Extremely rare taxa should be 

excluded from the analysis as they can skew results when included alongside more prevalent 

taxa. The exclusion of rare taxa can also reduce technical variation in the dataset while 

preserving diversity analyses (Cao, Q et al. 2021). Filtering rare taxa can be performed based 

on their prevalence and/or abundance, either prior to analysis (e.g., QIIME 2’s plugin ‘qiime 

feature-table filter-features’) or within a multivariate pipeline (e.g., MaAsLin2) (Bolyen et al. 

2019; Mallick et al. 2021). It is recommended to use at least 10% prevalence to exclude rare 

taxa (Cao, Q et al. 2021). However, depending on the dataset and research questions, a more 

stringent filter can be used. Another filtering option is PERFect, which incorporates a 

permutation test to determine rare taxa that are likely a result of technical noise (Smirnova, 

Huzurbazar & Jafari 2018) 

ii. Missing samples 

Missing microbiome data can arise at multiple levels in a study and cause missing taxa or the 

loss of entire samples. Data missingness in longitudinal studies can also arise from sample 

dropout caused by a lack of sampling at a particular time point or due to low-quality sampling 

that does not yield substantive data. Missing data is a common occurrence in all clinical 

research, and single or multiple imputation is normally used to replace missing values (Little 
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& Rubin 2020). Missing microbiome samples, however, are difficult to deal with because 

each sample is composed of several hundreds or thousands of taxa and imputation would 

require replacing all of these taxa counts (Gloor et al. 2017). It is also difficult to determine 

whether the assumptions for imputation are met. Imputation requires that missing data are 

missing-at-random, such that the observed values can be used to explain the missing values 

(Sterne et al. 2009). This assumption may not necessarily be true with missing microbial taxa 

(e.g., can the earlier or later measurements of an individual’s microbiome inform on how to 

impute the abundance and composition of their missing sample?). Further research is needed 

to understand microbial dynamics before imputation can be accepted as a robust approach. 

Unless the analysis is restricted to single values such as diversity metrics, we do not 

recommend imputing missing microbiome samples given the aforementioned biases, and 

because of the current lack of appropriate microbiome-specific analytical tools to do so. 

Thus, where sample dropout is an issue, the statistical model should handle missing values 

(Table 1). Although, if there are many missing samples and the sample size is small, most 

models will likely fail to converge. Therefore, it is important to minimise sample dropout 

through the above strategies during the experimental/observational design and data collection 

phases of the study. 

iii. Model parameters 

Statistical models more closely reflect the real world when they incorporate covariates, 

including those that change over time, and the model parameters reflect the dynamics of the 

data. Longitudinal models that implement covariates are most often fixed, random, or mixed 

(both fixed and random) effects models (Bell, Fairbrother & Jones 2019) (Table 1). Time-

varying covariates are modelled with random effects models and are therefore included in 

mixed effects models as well. These are the most common models available for longitudinal 

microbiome regression. When choosing other parameters such as the slopes and intercepts, 

these should reflect the known and/or hypothesised dynamics of the microbial communities 

being sampled. For example, if it is known that all participants start at the same level of 

diversity or abundance, then a fixed intercept can be chosen. Similarly for the slope, if the 

participants will have the same direction and rate of trajectory of their microbiome’s 

properties (e.g., abundance or diversity increase or decrease), then a fixed slope can be 

chosen. However, we argue that these scenarios are uncommon as most people have 

microbiomes that are unique to themselves, even over time, and may respond differently to 
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exposure/treatments (Gilbert et al. 2018). Therefore, the model that is most likely to reflect 

empirical data is the random slopes and random intercepts model.  

A study can also have exposures that impact time-varying confounders which can in turn 

impact the exposures measured at later times (e.g., altering the drug dosage throughout a 

study). Such mechanisms cause more complex mediation effects which are not properly 

handled by standard random effect models. These require special models such as G-

estimation (Robins, Hernán & Brumback 2000) which are currently not used in microbiome 

analysis.  

iv. Interpretation of results 

Lastly, a statistical model is useful insofar as its results are interpretable to the questions at 

hand. Researchers need to determine which microbial metrics they are interested in testing to 

inform which model(s) to choose. Most available models use differential abundance as the 

unit of measurement (Table 1), which can be tested at any taxonomic level the dataset has 

been classified to (e.g., phylum through to strain level). Though, caution should be taken 

when testing large, complex datasets at the lowest taxonomic levels (e.g., at the level of 

amplicon sequence variant (ASV) or operational taxonomic unit (OTU)) as mixed effects 

regression on such large matrices generally requires a large amount of computational memory 

unless it has been highly optimised for this process (Zhang & Yi 2020). Only one program, 

q2-longitudinal, allows the user to regress on diversity metrics with covariates over time 

(Bokulich et al. 2018), but it does not include an option for random slopes. New and 

improved programs are greatly needed to model realistic dynamics of the human microbiome 

as longitudinal research continues to increase. 

 

Concluding remarks 

Longitudinal research has the potential to uncover key aspects of the microbiome’s role in 

health and disease, but studies must be carefully planned and executed to minimise bias and 

difficulties with downstream analyses. Improvements to current statistical methods are 

needed to propel the field towards more robust hypothesis-driven research. As the scale of 

studies and volume of data increases, these methods need to be optimised for extensive 

datasets that include many informative covariates, including time-varying covariates, and can 

account for missing data at multiple levels of the microbiome samples. We also urge 
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researchers to make their analysis code publicly available on data repositories to allow for 

faster standardisation of methods across the field (e.g., Github, Bitbucket, or Zenodo). 
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Table 1. Open-source statistical programs available for longitudinal analysis of the human 

microbiome high-throughput sequencing data. 

Program 

name 

Model Unit(s) of 

measurement 

Advantages Assumptions and 

limitations 

MaAsLin 2 

(Mallick et 

al. 2021) 

Multivariable 

linear mixed 

effects 

models 

Differential 

abundances 

• Available as R package. 

• High stringency reduces 

likelihood of false positives. 

• Includes options for random 

slopes and intercepts. 

• Several normalisation 

methods available. 

• Several mixed effects models 

available. 

• Handles missing samples. 

• High stringency may 

reduce sensitivity. 

TPLMM 

(Han et al. 

2021) 

Two-part 

linear mixed 

model with 

shared 

random 

effects 

Differential 

abundances 

• Log-transformed 

normalisation for relative 

abundances. 

• Option for random intercepts. 

• Handles missing samples. 

• Code only available 

in manuscript. 

• Does not include 

random slopes. 

ZGIMM 

(Zhang, Guo 

& Yi 2020) 

Zero-inflated 

gaussian 

mixed 

models 

Differential 

abundances 

• Available as R package. 

• Runs with either proportional 

or count data. 

• Option for random intercepts. 

• Handles missing samples. 

• Does not include 

random slopes. 

Q2-

longitudinal 

(Bokulich et 

al. 2018) 

Linear mixed 

effects model 

Diversity 

metrics and 

temporal 

dynamics 

• Available in QIIME2. 

• Option for random intercepts. 

• Handles missing samples. 

• Requires rarefied 

input table which 

may lead to loss of 

information 

(McMurdie & 

Holmes 2014). 

• Does not include 

options for random 

slopes. 

ANCOM-II 

(Kaul et al. 

2017) 

Linear mixed 

effects model 

Differential 

abundances 

• Available as R code. 

• High stringency reduces 

likelihood of false positives. 

• Includes options for random 

slopes and intercepts. 

• Handles missing samples. 

• Preferable to run on 

count data. 
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• Centred-log ratio 

normalisation for relative 

abundances. 

 

ZIBR 

(Chen & Li 

2016) 

Two-part 

zero-inflated 

beta 

regression 

model with 

random 

effects 

Differential 

abundances 

• Available as R package. 

• Option for random intercepts. 

• Two-part model to account for 

presence/absence of taxa and 

non-zero abundances of taxa. 

 

• Cannot handle 

missing samples. 

• Input needs to be 

relative abundances, 

not count data. 

• Does not include 

random slopes, but 

model can be 

extended to include 

them. 
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Overview 

The prevalence of inflammatory bowel disease (IBD) is continuing to rise on a global scale, 

and there is an urgent need for effective therapies and treatments for the disease (Alatab et al. 

2020; Cai, Wang & Li 2021). The discovery of the gut microbiome and its link to intestinal 

diseases represented a major milestone for human health research, and the ability to study it 

through high-throughput sequencing methods has dramatically improved our understanding 

of IBD (Pittayanon et al. 2020). Through this research, we have gained valuable insights into 

the etiopathology of the disease, and, importantly, how it can be managed (Glassner, 

Abraham & Quigley 2020; Aldars-García, Chaparro & Gisbert 2021). However, the field of 

gut microbiome research is still relatively young—there are many knowledge gaps yet to be 

filled, and a continuing need for improvements to the existing methods, approaches, and tools 

(Proctor 2019). The goal of this thesis was to advance our understanding of IBD through 

knowledge gained from studying several facets of the gut microbiome. The body of work 

presented in this thesis can be summarised into three main themes: 

1. Improve our understanding of the relationship between the gut microbiome and IBD. 

2. Refine our ability to treat IBD through research of the gut microbiome. 

3. Gain insights and stimulate future research on IBD through an interdisciplinary 

approach to microbiome science. 

In this thesis discussion, I highlight how my research within each chapter relates to each of 

these themes. I also discuss the significance of my research to the field, the current 

limitations of available approaches, and the gaps to be addressed with future of research on 

the gut microbiome and IBD. 

 

Improving our understanding of the link between the gut microbiome and 

IBD 

Nonbacterial gut microbes help explain ‘dysbiosis’ in IBD 

The term ‘dysbiosis’ is commonly used to describe how the gut microbiomes of individuals 

with IBD differ in some way from unaffected, healthy individuals. It is an umbrella term to 

describe several patterns, such as microbiomes that are altered in diversity, composition, 

function, or specific taxa from a healthy state (Hooks & O'Malley 2017). While broad terms 

such as ‘dysbiosis’ can be convenient to describe complex phenomena, they can also be 
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misleading due to their generalised usage. It is for this reason that I refrained from using the 

term ‘dysbiosis’ throughout this thesis except when referring to its contextual association. 

Instead, I opted to explicitly describe how the IBD gut microbiome differs from a healthy 

one, which is an approach that I and other scientists believe is more beneficial for the field 

(Hooks & O'Malley 2017; Aldars-García, Chaparro & Gisbert 2021). In Chapter 1, I 

highlighted that ‘dysbiosis’ has become misleading in IBD research for the aforementioned 

reason. The example I gave is how most gut microbiome studies to date have only included 

bacteria but describe the entirety of the microbiome as being ‘dysbiotic’. Including 

nonbacterial gut microbes in more studies of IBD will therefore expand our knowledge of 

what ‘dysbiosis’ actually means for individuals with the disease.  

In Chapter 2, I supported the assertion that nonbacterial microbes are important in IBD by 

identifying intestinal eukaryotes in a large shotgun metagenomic dataset of individuals with 

the disease. This research showed that there are indeed differences in the distributions of 

fungal and protozoan species in IBD. Fungi have generally been described as having a 

pathogenic role in IBD (Sartor & Wu 2017; Sokol et al. 2017), though mouse models have 

identified a potentially therapeutic effect of Saccharomyces species (Sivignon et al. 2015; 

Wang, C et al. 2019). While this study did not ascertain the mechanistic involvement of fungi 

in the disease, it showed how IBD patients harbour a higher abundance and diversity of fungi 

with greater resolution than previous studies. This result can be used to justify more resource-

intensive studies that investigate the molecular involvement of fungi in the pathogenesis of 

IBD. For example, more studies with ex-vivo tissue samples are needed to examine the 

interactions between fungi, other microbial cells, and immune cells at the mucosa (e.g., Jain 

et al. 2021).  

It has been suggested that the relative abundance of fungi differs along the gastrointestinal 

tract (Sender, Fuchs & Milo 2016; Richard & Sokol 2019), wherein fungi have a higher 

abundance relative to bacteria in the stomach and duodenum than the colon. Investigating 

fungal interactions at non-colonic mucosal sites may therefore explain the anatomical 

differences seen in subtypes of CD. Sampling along the gastrointestinal tract would also be 

especially helpful in CD where inflammation can occur in regions other than the colon (e.g., 

ileitis, gastroduodenal CD, and jejunoileitis) such that stool samples may be less 

representative for patients with these phenotypes (Tang et al. 2020). An additional layer of 

critical information will be to add host genetics to these studies (Glassner, Abraham & 

Quigley 2020). Mutations for antifungal immune genes have been found in only some 
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individuals with IBD (Richard et al. 2015), and it will be meaningful to know if the 

distribution of fungi differs in individuals with these mutations. Lastly, using methods such 

as metatranscriptomics to capture the gene expression of fungal cells will allow us to 

determine their functional activity in the gut (Lavelle & Sokol 2018).  

These avenues for future research of fungi can likewise be applied to protozoa, where even 

less is currently known about how and where they colonise along the gastrointestinal tract, or 

the microbial cells they interact with (Garcia 2016; Chabé, Lokmer & Ségurel 2017; Deng et 

al. 2021). Common intestinal protozoa such as Blastocystis and Dientamoeba fragilis were 

historically known as pathogens as they were often identified in the faeces of individuals with 

gastroenteritis (Barratt et al. 2011; Coyle et al. 2011). However, Chapter 1 discussed the 

recent discoveries made by high-throughput sequencing studies that have found Blastocystis 

and D. fragilis in healthy, asymptomatic adults and children, and how their absence is 

associated with lower bacterial diversity (Nourrisson et al. 2014; Holtman et al. 2016; 

Jokelainen et al. 2017; Nieves-Ramírez et al. 2018; Brands et al. 2019; Dullaert-de Boer et al. 

2019; Tito et al. 2019). It has been asserted that these protozoa may in fact feed on intestinal 

pathogens, and the loss or absence of these genera leads to an overgrowth of their prey and a 

loss of bacterial diversity (Laforest-Lapointe & Arrieta 2018; Deng et al. 2021). In Chapter 

2, the high prevalence of protozoa, particularly Blastocystis spp. and D. fragilis, in healthy 

individuals and the notable absence of these species in the IBD cohort was one of the most 

dramatic results from this study. This result indicates that these species should no longer be 

overlooked in microbiome research given that there appears to be a strong link between their 

prevalence and health.  

Understanding why and how protozoa are absent in IBD can provide information on the 

mechanisms that underpin IBD. While recent hypotheses can explain the potential role for 

these microbes in a healthy state, they do not explain how protozoa, such as Blastocystis, are 

lost from the gut microbiome in the first place. One explanation is that the use of antibiotics 

in patients causes their depletion, both by direct depletion of Blastocystis and indirectly 

through depletion of bacteria they interact with, i.e., their absence is a consequence of the 

disease and its treatment (Nagata et al. 2012; Roberts et al. 2014; Cai, Wang & Li 2021). 

Similarly, antibiotic use during childhood is a risk factor for developing IBD (Shaw, 

Blanchard & Bernstein 2010; Kronman et al. 2012), so it is possible that a depletion in 

protozoa is a causal factor in the development of IBD. Looking at the distribution of intestinal 

protozoa across the world shows that there is a link between lifestyle factors and their 
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prevalence (Speich et al. 2016; Gizaw et al. 2018; Omarova et al. 2018). Individuals living in 

rural, non-industrialised regions have a markedly higher abundance and diversity of protozoa 

(El Safadi et al. 2014; Morton et al. 2015; Lokmer et al. 2019). These species are generally 

considered rare in the gut microbiomes of industrialised populations; even the levels seen in 

the healthy individuals in Chapter 2 are much lower than what is seen in individuals who 

live non-industrialised lifestyles (Lokmer et al. 2019). Interestingly, an industrialised lifestyle 

is also a risk factor for IBD (Barreiro-de Acosta et al. 2011; Ho et al. 2019). The incidence of 

IBD is considerably higher in ‘Western’ nations, and regions of Africa and Asia that are 

becoming more industrialised are associated with an increased incidence of IBD that outpaces 

a genetic explanation (Ng et al. 2018). With this lifestyle comes several factors that are linked 

to the loss of microbial diversity such as increased antibiotic use during childhood, increased 

hygiene practices, exposure to pollution, reduced diversity of food sources, and a decreased 

exposure to green spaces (López-Serrano et al. 2010; M'Koma 2013). The link between 

industrialisation and immune dysfunction has similarly been observed in other immune-

mediated conditions, including allergic rhinitis, atopic dermatitis, asthma, and type 1 diabetes 

(Kondrashova et al. 2005; Ege et al. 2011; Laatikainen et al. 2011). It has been posited that a 

lack of exposure to and colonisation by a diversity of microbes during childhood confers 

immune dysfunction and may thus prevent the development of immune-mediated conditions 

such as IBD (Bach 2018). Therefore, studying protozoa alongside bacteria, and their 

interactions with bacteria, in different populations and health conditions will give broader 

insights into the development of IBD and other immune-mediated conditions. Even if the loss 

of protozoa does not directly cause IBD, it may at least be an important warning sign (i.e., 

‘biomarker’) that can be used in newly emerging microbiome-based diagnostics to recognise 

those at higher risk for developing it. 

One critical area that was not explored in Chapter 2 is the distribution of intestinal viruses, 

particularly bacteriophages, in IBD and its subtypes. Chapter 1 discussed a handful of 

studies that have investigated the gut virome in paediatric and adult patients with IBD, 

showing mixed results so far. While incredibly small, viruses outnumber bacteria by up to 

10:1 in the gut, and they have the capacity to regulate microbial communities (Minot et al. 

2013; Mukhopadhya et al. 2019). Therefore, studying these tiny microbes offers an additional 

opportunity to describe the microbiome in IBD, and to understand the trans-kingdom 

interactions that may underpin the compositional changes seen in bacteria. There is also 

evidence to suggest that intestinal viruses contribute directly to inflammation (Adiliaghdam 



Thesis Discussion 

143 

 

et al. 2022), and it has been hypothesised that viral infection of the mucosa may be 

responsible for triggering IBD in susceptible individuals (Ungaro et al. 2019).  

Studying viruses through metagenomics remains challenging, and I personally decided 

against conducting this analysis for several reasons. Firstly, the primary studies in Chapter 2 

did not use appropriate methods to enrich viral DNA in their laboratory protocols, such as 

viral protein isolation (Kleiner, Hooper & Duerkop 2015), and it is unlikely that the standard 

methods used to enrich bacterial DNA would capture sufficient viral DNA (Dutilh et al. 

2017). Secondly, the study design was a cross-cohort comparison, which meant that the 

samples came from different labs. Previous research on the gut virome has shown that 

laboratory-specific effects, such as contamination, can overshadow biological effects, and 

this could have significantly confounded our results (Gregory et al. 2020; Jurasz, Pawłowski 

& Perlejewski 2021). The current research suggests that it is best to study the gut virome by 

specifically designing this intention into the study from the beginning, and not with a 

retrospective, observational design (Zhang, YZ, Shi & Holmes 2018). Lastly, viruses are 

more bioinformatically challenging to study than eukaryotes given they have no universal 

marker genes and are vastly under-described (Khan Mirzaei et al. 2021). While there were a 

small number of tools to help with analysis (see Chapter 1), there were no open-source, user-

friendly, and comprehensive end-to-end bioinformatic pipelines to identify and analyse viral 

DNA from raw sequencing data during the analysis phase of Chapter 2 (Mukhopadhya et al. 

2019), and I did not have the resources to develop and perform such an intensive analysis.  

Fortunately, more recent advancements in this space have led to available end-to-end 

pipelines such as VirSorter2 (Guo et al. 2021), VIBRANT (Kieft, Zhou & Anantharaman 

2020), and DeepVirFinder (Ren et al. 2020). Tools like these can identify viruses with greater 

sensitivity thanks to improved databases and machine learning algorithms that include 

reference-independent methods (Kieft, Zhou & Anantharaman 2020; Ren et al. 2020). For 

example, Clooney et al. (2019) created a reference-independent viral metagenomics pipeline 

that allowed them to identify more viruses in a dataset of individuals with IBD than had 

previously been published (Norman et al. 2015). They also grouped viral strains into higher 

taxonomic rankings using protein homology to overcome the high inter-individual variability 

of gut viromes. This step allowed them to see broader, cohort-level differences between the 

individuals with UC, CD, and without IBD and they found that healthy individuals had a core 

gut virome that was absent in individuals with CD. They were also able to show that both gut 

bacteria and viruses had parallel shifts in individuals with IBD. This interkingdom connection 



Thesis Discussion 

144 

 

provides a powerful tool for understanding the gut microbiome’s role in the pathophysiology 

of IBD. Understanding connections like these will only continue to expand given that the 

increasing interest in viromics suggests we are on the precipice of an explosion of clinical 

virome research (Khan Mirzaei et al. 2021).  

 

Longitudinal sampling can better define the gut microbiome in IBD 

The cohort comparison in Chapter 2 consisted of samples from two cross-sectional studies. 

These samples were collected from each participant at only a single timepoint, which was a 

notable limitation of this study. This is because cross-sectional sampling of the microbiome 

generally cannot delineate causal roles of microbes in IBD, only associations (Savitz & 

Wellenius 2022). The strength of an association can be stronger when a large, well-defined 

cohort is studied, but it is difficult to attribute mechanistic roles without observing the 

temporal distribution of the gut microbiome in association with the development of clinical 

symptoms (Brüssow 2016). It is for this reason that, in Chapter 4, I stressed the importance 

of capturing the dynamics of the microbiome with longitudinal sampling. Longitudinal 

research is a critical focus for future microbiome research in IBD, as well as more broadly for 

other microbiome-associated diseases and conditions. 

Resources, such as those discussed in Chapter 4, are invaluable in arming researchers with 

the necessary tools and knowledge to conduct these studies. Longitudinal research is 

generally more demanding and expensive than cross-sectional, and Chapter 4 provides 

considerations for researchers to carry out the most resource-efficient studies (Allaband et al. 

2019). This chapter was written beyond the scope of IBD and the gut microbiome, and 

instead discussed general principles for all clinical microbiome research. I took this approach 

because the considerations and available statistical methods broadly remain the same for all 

body sites, thereby widening the target audience to deliver this important message to more 

individuals in the field and adjacent fields. I also discussed limitations of the available 

statistical tools for longitudinal microbiome studies, such as determining statistical power, 

adequate sampling size and frequency, imputation for missing microbiome data, and 

regression methods that are optimised for larger datasets. Therefore, this chapter is a resource 

for statistical gaps in the field that can be addressed with future research, thereby leading to 

improvements in methods that can benefit our understanding of IBD too. 
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IBD research specifically can benefit from longitudinal microbiome sampling because it is a 

multifactorial disease with symptoms that change over time (Loddo & Romano 2015). As the 

microbiome itself is a temporally fluctuating ecosystem, its variability must be accounted for 

to determine correlation and causality with the disease itself (Stegen, Bottos & Jansson 2018; 

Uhr, Dohnalová & Thaiss 2019). Longitudinal studies have found that individuals with IBD 

have gut microbiomes that are more temporally unstable than unaffected individuals 

(Halfvarson et al. 2017; Clooney et al. 2021), and this instability can be further affected by 

medical interventions related to the disease. For example, Halfvarson et al. (2017) sampled 

individuals with CD and UC and healthy controls every three months over a 2-year period 

and found that the individuals with CD who had undergone surgery (ileocaecal resection) 

were more likely to have unstable gut microbiota. Moreover, Clooney et al. (2021) 

discovered that fluctuations in the gut microbiomes of CD and UC patients occurred as a 

result of changes to medication (corticosteroids) across the study period of 4-month sampling 

intervals. These changes were able to be observed because longitudinal sampling was 

conducted, and a cross-sectional study at a single time point likely would not show this. 

Whether a patient is experiencing a flare or is in remission is another important factor to 

consider when studying the microbiome in IBD because the level of inflammation along the 

gastrointestinal tract affects how and which microbes can colonise the region (Mirsepasi-

Lauridsen et al. 2018; Clooney et al. 2021; Jain et al. 2021). As the disease is a relapsing-

remitting condition, sampling across time can allow us to track the effects of disease activity 

on the microbiota. Flares can also affect other lifestyle factors of a patient—for example, 

flares can exacerbate stress and affect dietary choices (Vagianos et al. 2022)—which can in 

turn affect the microbial composition of the gut. Clooney et al. (2021) found that the largest 

microbiome variance occurred in patients who transitioned between active and inactive IBD. 

While these studies looked at bacteria, future studies could include eukaryotes to see, for 

example, if fungal abundance increases in response to inflammation. This relationship is 

better defined when the microbiome can be measured before disease transitions occur. 

Additionally, this study design can enable us to determine the directionality of the 

microbiome-disease relationship. Nishihara et al. (2021) sampled colonic mucosa in 

individuals with UC over five years and found that lower alpha diversity was a precursor to 

flares, suggesting that alpha diversity could be used as an indicator for risk of relapse. 

However, this study did not measure faecal calprotectin levels, an indicator of intestinal 

inflammation (Bjarnason 2017), and it would be interesting to know whether these levels 
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increased after bacterial diversity decreased or if the opposite occurred. If the former 

occurred, this may indicate that changes to bacterial diversity had a causal role in immune 

inflammation leading to flare. 

While these studies tracked participants who had already been diagnosed with IBD, 

longitudinal epidemiological studies of undiagnosed individuals are also needed to 

understand the earlier microbiological developments that eventuate in the disease. These 

studies will help us understand the microbial indicators of IBD risk (Agrawal et al. 2022), as 

well as understanding the causal mechanisms related to the microbiota that can be exploited 

in microbiota-based therapies (Stegen, Bottos & Jansson 2018; Uhr, Dohnalová & Thaiss 

2019). Epidemiological microbiome studies that span across many years are historically 

uncommon due to the resources required to undertake such studies, but are becoming 

increasingly popular as public interest in the microbiome has led to more funding from the 

public and private sectors, engagement from the public, and international collaborative efforts 

between medical collection points (Wilkinson et al. 2021). Largescale IBD studies are 

currently underway, such as the Crohn’s and Colitis Canada Study on the Genetic, 

Environmental and Microbial Interactions that cause IBD (GEM Project) that has 

longitudinally-collected samples, including stool, from individuals with CD and their first-

degree unaffected relatives across seven countries (GEM Project 2020). Some of these first-

degree relatives were diagnosed with CD within the study period, and their present-day 

samples can be compared to their pre-diagnosis samples to identify changes to their 

microbiota. Additionally, large citizen science projects that have collected gut microbiome 

samples from thousands of individuals (e.g., The American Gut Project, Human Microbiome 

Project, The Human Diets & Microbiome Initiative) may be able to retrospectively sample 

individuals who have been diagnosed with IBD since they donated samples to the initial 

projects (Turnbaugh et al. 2007; McDonald et al. 2018; Taylor et al. 2020). As most studies 

of the microbiome in IBD are conducted after the disease has developed, these longitudinal 

efforts are ideal to characterise the microbial factors involved in its manifestation. 

Longitudinal studies that span from childhood can also help determine which environmental 

triggers lead to the disease. It is beneficial to know when the critical exposure window occurs 

for factors that deplete the gut microbiome such as antibiotic use during childhood and a lack 

of exposure to microbially-rich environments contribute to the development of IBD (Ho et al. 

2019; Kellermayer & Zilbauer 2020). For example, what is the age and exposure to 

antibiotics that triggers the development of IBD? How can we safely supplement ourselves 
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and our microbially-depleted environments with more beneficial microbes (i.e., probiotics)? 

What other lifestyle choices can we encourage to maintain healthy microbiota and reduce the 

development of IBD? These questions are critical to answer as more countries are becoming 

industrialised and urbanised (M'Koma 2013). Additionally, the hygiene practices adopted 

during the COVID-19 pandemic may have lasting impacts on children who were born and 

developing during this time, and these questions need to be addressed so we are better able to 

handle, and hopefully reverse, the potential immune consequences of highly sanitised 

lifestyles (Burchill et al. 2021).  

Chapter 4 also had a strong focus on standardising technical aspects of longitudinal 

sampling in IBD research. Batch effects are a large source of variation in microbiome 

sampling, and it is important to account for these by trying to minimise them where possible 

and track them as covariates for downstream analyses (Wang, Y & LêCao 2020; Wilkinson et 

al. 2021). Longer study periods have an increased likelihood that technical aspects will 

change throughout the course of the study (e.g., reagents, sequencing protocol, sources of 

contamination), therefore increasing the need for standardising the technical efforts. Using 

flexible sampling types can also increase the accessibility of longitudinal studies by making it 

easier for participants to self-collect their samples (Debelius et al. 2016a). This is exemplified 

in Chapter 3, where dry swabs were implemented in place of whole stool. Of course, not all 

samples are created equal, and there will be variation in the efficiency and accuracy of how 

each sample type captures the gut microbiome. Therefore, a critical first step in using a 

sample type that is different from the reference sample is to conduct a comparative analysis.  

In Chapter 3, dry swabs were compared to their reference sample type, whole stool, to 

determine whether they are a valid proxy. Dry swabs have been previously used in several 

publications, including the large-scale citizen science project, the American Gut Project 

(McDonald et al. 2018). The use of this sample type in the literature dates to 2009 (Costello, 

EK et al. 2009), and two subsequent studies included comparisons to stool (Sinha et al. 2016; 

Bokulich et al. 2019). However, Chapter 3 was the first to conduct such a detailed 

comparison. Additionally, the study showed that dry swabs still maintain their utility in a 

real-world setting where participants collected their samples, instead of in an ideal laboratory 

setting. The chapter also provides a template for researchers wanting to benchmark new 

sample types, and these sample proxies do not necessarily need to be gut samples. 

Alternatives for sampling microbiota of other body sites are discussed in Chapter 4, where it 

is recommended to conduct a comparative analysis before undertaking an entire study with a 
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potentially low-quality sample type. Expanding and improving sampling methods is a crucial 

step towards making microbiome science accessible to more individuals, particularly in long-

term studies where participant attrition is a larger issue. 

 

Refining our ability to treat IBD 

The primary goal of studying the microbiome in IBD is to understand the microbial and 

immune mechanisms that lead to its development and persistence. This is so that we can 

understand how to prevent, treat, and one day find a cure for the disease. The strong links 

observed between the gut microbiome and IBD have led clinicians and researchers to 

understand the effects of existing therapeutics on the gut microbiome and to trial several 

microbiota-altering therapies (Graham, Subramanian & Xavier 2019; Knox et al. 2019; 

Plichta et al. 2019). My thesis provides several contributions to the advancements of these 

therapies for IBD. 

 

Studying nonbacterial gut microbes can improve the efficacy of therapies for 

IBD 

Therapies for IBD range from immunomodulators and immunosuppressants (e.g., 

aminosalicylates, corticosteroids, and antibody therapies) to therapies that work by altering 

the gut microbiota (Cai, Wang & Li 2021). All of these options have moderate success rates, 

and improvements to therapies are desperately needed. Chapter 1 and Chapter 2 

demonstrate the necessity to study all components of the gut microbiota to better understand 

IBD. This understanding goes beyond characterising the ‘IBD gut microbiome’ for 

prognostics and diagnostics and extends to improving therapies for IBD. While I discussed 

these advantages briefly in Chapter 1, I will expand on those ideas here.  

Firstly, nonbacterial microbes are an additional avenue to understand how existing treatments 

work, and why they are not be effective in every patient. The gut microbiome plays a role in 

the bioavailability of drugs which may be affected by the composition and diversity of 

nonbacterial microbes that are present upon administration (Weersma, Zhernakova & Fu 

2020; Zhang, F et al. 2020). Therefore, identifying which microbes are predictive of a better 

response will help target treatments to patients. Additionally, the interaction between drugs 

and the nonbacterial microbiome may provide insights into how and if a treatment will work. 
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For example, Jun et al. (2019) examined the effect of 5-aminosalicylic acid (5-ASA), an 

aminosalicylate first-line treatment for colonic IBD, on the fungal microbiome of the colonic 

mucosa in individuals with UC. The inflamed mucosa in the treatment-naïve group were 

enriched for fungi, such as Wickerhamomyces. Conversely, fungi were less diverse in patients 

who were treated with 5-ASA, and Wickerhamomyces was less abundant. This study suggests 

that there is a link between immune modulation and the distribution of mucosal fungi. How 

and why the distribution of fungi changes due to therapy remains to be answered. Fungi may 

respond to the therapy directly, changes in the immune system, or changes in other microbes, 

such as bacteria that are affected by 5-ASA as well. Furthermore, it is unclear whether a 

change to the distribution of fungi augments the effect of 5-ASA. Studies conducted in vivo 

may help uncover the chain of molecular events that take place in response to 5-ASA 

administration.  

Nonbacterial bacteria can also inform on much-needed refinements to microbiota-based 

therapies for IBD (Ungaro et al. 2019; Houshyar et al. 2021; Underhill & Braun 2022). Only 

two types of microbiota-based therapies are currently approved for clinical use in Australia: 

probiotics (Escherichia coli Nissle 1917) and faecal microbiota transplantation (FMT) 

(GESA 2018). The efficacy of these therapies sits at a moderate level, on par with other 

interventions for IBD (Costello, SP et al. 2017; Caldeira et al. 2020). There is currently little 

evidence to support the efficacy of probiotics in IBD, and given the difficulties in 

standardisation, they are generally not recommended to treat or prevent IBD unless the 

administration follows antibiotic treatment (Gulliver et al. 2022). A hypothesis for their lack 

of effectiveness is that probiotics interact with the luminal microbiota more than mucosal 

microbiota which are at the interface of inflammation (Jonkers & Stockbrügger 2003). 

Furthermore, probiotics rely on identifying key strains that deliver anti-inflammatory effects, 

which can be difficult given the polymicrobial nature of the disease. Unlike probiotics, FMT 

is a complex mixture of microbes and nutrients that proves difficult to describe (Gulliver et 

al. 2022). However, characterising the constitution of faeces that is most beneficial for 

recipients can lead to breakthroughs in identifying probiotic strains, and these two therapies 

are not mutually exclusive.  

Including nonbacterial microbes in studies of FMT can help us identify favourable and 

unfavourable taxa to transplant from donor to recipient. In Chapter 2, I identified eukaryotes 

in recipients of FMT to show that fungi and protozoa were present in these individuals before 

and after receiving FMT. While the sample size was small and it was difficult to discern 
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species-level trends, a main takeaway from this analysis was that some eukaryotes appeared 

to persist even after FMT. This finding warrants further investigation, to identify which taxa 

are recalcitrant to FMT, and to determine whether these resistant taxa assist or hinder 

transplant success. Another important observation was that Blastocystis sp. subtype 2 were 

present in an individual who achieved remission both pre- and post-FMT, as well as in a 

donor whose patient achieved remission. This finding, along with the other findings in 

Chapter 2, contributes to the reconsideration of Blastocystis as pathogens in the disease. A 

similar study has shown that Blastocystis were transferred to recipients of FMT for 

Clostridioides difficile with no adverse effects (Terveer et al. 2019). Nevertheless, strain-level 

analyses would be most beneficial to determine whether only specific Blastocystis strains are 

not pathogenic.  

Along with eukaryotes, the virome could be a ‘missing link’ to refine FMT (Plichta et al. 

2019; Ungaro et al. 2019). Viruses are generally regarded as unfavourable microorganisms 

for their associations with host diseases, but most of the viruses found in the human gut are 

bacteriophages that contribute to the distribution of intestinal bacteria and archaea (Carding, 

Davis & Hoyles 2017). Thus, certain bacteriophages may be beneficial to control pathogenic 

bacteria in individuals with IBD. I touched on this topic in Chapter 1 to raise awareness of 

how future FMT studies should investigate the viral composition of donor and patient 

samples. For brevity, the scope of this chapter was narrowed to discussing findings of the 

virome in IBD. However, insights can be gained from findings of FMT for C. difficile 

infections. In particular, one study filtered out small particles and bacteria from donor stool 

and used the remaining filtrate containing molecules such as DNA, metabolites, proteins, and 

viruses, rather than whole stool, to treat C. difficile infections in five patients (Ott et al. 2017). 

Donor-derived phages, particularly Lactococcus phages, were present in one of the recipients 

up to six weeks post-transfer of the filtrate. All five were cured as a result of receiving the 

filtrate and, while the sample size was small, suggests that bacteriophages could have been 

involved in resolving inflammation. While this study looked at patients of C. difficile 

infections, it would be beneficial to know if a similar phenomenon occurs in IBD patients. If 

phages alone can have therapeutic effects, it will be beneficial to select donors who have an 

abundance of favourable phages. This could act as a quasi-phage therapy until further 

advancements to treatments are made. Identifying the groups of phages that lead to better 

responses can also tell us more about which bacteria are the cause of inflammation in 

patients. While we are still a way off from this, the initial steps of characterising the 
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distribution of viruses in IBD and healthy individuals have begun (Norman et al. 2015; Pérez-

Brocal et al. 2015; Zuo et al. 2019). 

 

Longitudinal microbiome sampling is necessary in clinical trials for IBD 

Like the above study by Ott et al. (2017), several longitudinal studies of FMT have illustrated 

how a repeated measures study design is essential to elucidate the nonbacterial microbiome’s 

response to therapy in IBD (Rossen et al. 2015; Moayyedi et al. 2017; Paramsothy et al. 

2019; Chen, HT et al. 2020; Li et al. 2020). Experimental study designs for clinical trials can 

vary in sampling frequency and duration, depending on the study questions. Weekly or 

biweekly sampling is common to track general compositional trends in response to treatment. 

High resolution sampling has also been used to track the success of donor FMT engraftment 

in individuals with CD, including tracking donor-to-strain reception (Kong et al. 2020; 

Aggarwala et al. 2021). Longer term sampling can be used to track the duration of efficacy of 

treatment, for example how long it takes for recurrence of symptoms following FMT. There 

are also irregularly spaced sampling strategies to conserve resources while capturing the 

expected spike in variation following treatment (Silverman et al. 2018). This is exemplified 

in Chapter 3, where the first week post-FMT was sampled by the participants with daily dry 

stool swabs then twice weekly for the next seven weeks. The purpose of this study design 

was primarily to define two features of FMT: (1) to observe the foundational bacteria in the 

first week following FMT that contributed to remission observed in week 4, and (2) to 

observe the broader compositional and diversity changes that differed between the responder 

and non-responder groups. However, obtaining these results proved more difficult than 

expected. 

The swab dataset in Chapter 3 suffered from significant sample missingness that impacted 

the ability of available statistical methods to produce informative results. I explored several 

different regression models that were designed for microbiome data and could be used for 

repeated measures study designs (i.e., the subjects could be included as random effects). All 

of these either failed to converge or were not permissive due to study design limitations (e.g., 

ZIBR which did not allow missing samples) (Chen, EZ & Li 2016). This problem was 

additionally compounded by the overall lack of appropriate regression models for 

longitudinal microbiome data. For example, most available models do not have an option for 

both random slopes and intercepts (see Chapter 4), even though this option is expected to 
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reflect the dynamics of the post-FMT microbiome most accurately. The one model that 

allowed both random slopes and intercepts (ANCOM-II from Kaul et al. 2017) was 

computationally expensive and did not finish running, even on a high-performance 

computing cluster with over a TB of memory.  

It was from these limitations that Chapter 4 was conceived. This chapter was designed to 

encourage researchers who are planning to conduct longitudinal microbiome studies to 

consider the many technical and statistical aspects of the study design. The chapter was 

written in a manner that included accessible information on biostatistics for researchers and 

clinicians who may be unfamiliar with some of these technical aspects but could greatly 

benefit from awareness of them. Once published, this chapter is expected to contribute to the 

improvement in quality and standards for longitudinal microbiome studies, while also 

stimulating more research into improved statistical methods for microbiome research. 

In addition to the methodological recommendations in Chapter 4, there are also 

recommendations for longitudinal studies of FMT based off previous studies in the literature. 

Several placebo-controlled trials have grouped recipients into treatment type (e.g., placebo 

and donor FMT) for the microbiome analysis portion of the study (Paramsothy et al. 2017; 

Chen, HT et al. 2020; Li et al. 2020). This grouping was likely to establish the efficacy of 

donor FMT through observing whether the recipient microbiome more closely resembled the 

donor. Future publications of FMT need to group recipients by their response (remission 

versus no remission) as well to investigate whether there are microbiome differences between 

the responder and non-responder groups. This grouping can be performed regardless of FMT 

type, as factors that lead to remission in the placebo group are still important to consider and 

will improve our ability to isolate therapeutic microbes. This was the strategy that was 

implemented in Chapter 3, because I was interested in the microbial instigators of remission, 

regardless of the treatment type. I also took this approach because it increased the statistical 

power over splitting the already-small sample size into four sub-groups (i.e., donor FMT and 

remission, donor FMT and no remission, autologous FMT and remission, and autologous 

FMT, and no remission). Clinical trials of new therapies often have small sample sizes, so 

strategies such as this should be taken to increase statistical power where possible. The ability 

to compare the microbiome samples of recipients before and after receiving FMT allows us to 

answer important question about how the recipient microbiome changes as a result of FMT. 

Yet, less obvious but meaningful questions can also be addressed. Do the microbiomes of 

patients who achieve remission look different to non-responders even before receiving FMT? 
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Answering this question can help us understand if certain patients are more likely to be 

responsive to FMT. Other questions relate to the therapeutic potential of specific microbial 

strains. Do non-responders possess certain microbes that are resistant to FMT and prevent its 

mechanism of action? Conversely, which microbes can successfully engraft and restore the 

microbiome? 

 

Advancing IBD research through an interdisciplinary approach to 

microbiome science 

Synthesising knowledge from several fields through collaboration is one of the best ways to 

advance a research area (Smye & Frangi 2021). The field of IBD research and, importantly, 

people with IBD benefit the most when experts from several disciplines come together to 

conduct thorough and well-designed studies (Wilkinson et al. 2021). The work presented in 

this thesis is a result of fruitful collaborations with professionals from different research areas 

including gastroenterology and biostatistics, and I will herein discuss the merits of this 

experience, including some examples of how these complementary fields can learn from each 

other to support IBD research.  

 

Collaborating with clinicians 

Bridging the gap between basic and clinical (applied) microbiome research was a major 

priority of this thesis. Interpreting basic microbiological science through a clinical lens 

improves the likelihood of the research being incorporated into future translational research 

(Shankar 2017). There are several examples of this approach throughout the thesis. Firstly, 

Chapter 1 was written to be accessible to clinicians and was published in a clinical journal 

(Inflammatory Bowel Diseases). These insights of the nonbacterial microbiome now have a 

better chance to be implemented in a clinical context. Chapter 3 was developed in close 

collaboration with a team of gastroenterologists who were essential to the clinical 

interpretations of the results, while they also benefited from a technical investigation of the 

data. Lastly, Chapter 4 presented information from basic microbiology and biostatistics to be 

applied in health and medical research of the microbiome and is an important resource to help 

accelerate discoveries of the microbiome in IBD. 
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From my experience in producing this thesis, the practical experience of clinicians greatly 

improved the interpretation of the data and results in a physiological and patient-centred 

context. In IBD, being familiar with aspects such as patient symptoms, the effects of 

medications, and lifestyle factors common in patients can supplement microbiome insights. 

An example of these insights was apparent when I was interpreting the reasons for sample 

missingness in Chapter 3, particularly in samples that yielded very low amounts of microbial 

DNA. When discussing with the clinicians of the project, I was reminded that the patients 

recruited for this study had active UC, which meant that many of them had frequent loose, 

bloody stool. This stool quality could explain why sampling on some days was unsuccessful, 

as the presence of blood in stool could overwhelm any microbial DNA. Variable stool quality 

may also be one of the reasons for the higher temporal variability generally observed in IBD 

patients (Halfvarson et al. 2017), as stool quality is linked to gut microbiome composition in 

healthy individuals (Vandeputte et al. 2016). This temporal variability would also compound 

the difficulty of convergence of regression models, particularly because many of the models 

did not offer options for random slopes (see Chapter 4). To improve longitudinal sampling, 

studies should attach a questionnaire with every sample collection to record critical 

information that could affect sample quality such as the Bristol Stool Scale to classify the 

quality of stool, and to record whether there is blood present (Vandeputte et al. 2016). 

It is also important to incorporate clinical knowledge of the physiology and behaviour of 

flares in individuals with IBD. For example, in Chapter 2, the primary study of the IBD 

cohort did not record whether each individual was currently in an active or inactive state of 

disease at the time of sample collection (Imhann et al. 2019). This lack of metadata impacted 

my ability to conclude on the association between flare and the nonbacterial microbiome, and 

how the results of this study relate to other studies. While one might think that the 

consequences of flare on the microbiome would be substantial due to the elevated immune 

activity and changes to mucosa, recent longitudinal studies how not found a significant intra-

individual difference as a consequence of flare disease activity in either CD (Galazzo et al. 

2019; Strömbeck et al. 2020) or UC (Öhman et al. 2021). However, this sample size is still 

small to be conclusive and these studies also did not characterise the nonbacterial 

microbiome in response to flare. Additionally, an increase in disease activity affects patients 

in other ways such as diet or medication changes to manage flare, and increased levels of 

stress/anxiety/depression as a consequence of a flare (Carter, Lobo & Travis 2004; Mikocka-

Walus et al. 2007; Limdi 2018). Disease activity should therefore be an essential criterion 
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when recording participant information. Clinicians will be intimately familiar with these 

associated changes and this knowledge can help inform how covariates may interact with 

each other in a study.  

Health and medical science can also benefit from technical and theoretical insights from basic 

microbiology. The extensive impact of technical effects, including contamination, on the 

microbiome are crucial to acknowledge and account for in clinical studies (Allaband et al. 

2019). Many studies of the microbiome do not report controls such as negative and positive 

extraction and sequencing controls, such as all of the studies analysed in Chapter 2 

(Schirmer et al. 2016; Imhann et al. 2019; Kong et al. 2020). This was an important aspect to 

highlight in Chapter 4, but these requirements go beyond longitudinal sampling and extend 

to all study designs. There remains an implicit assumption that higher biomass sampling, 

such as gut microbiome sampling, does not require negative controls because the biomass of 

the sample will overwhelm any introduced DNA from external sources (Karstens et al. 2019). 

However, this simplistic assumption may bias results for several reasons. Firstly, this 

assumption does not account for cross-contamination that can occur between samples in 

sequencing wells that can in turn alter the diversity of neighbouring samples (Minich et al. 

2019). Secondly, higher biomass studies are not exclusively interested in the most abundant 

microbes, and this thesis included several examples of gut microbiome studies focussed on 

rarer microbes. For example, colonic mucosal taxa are found in much lower abundance than 

luminal taxa, but are of interest when investigating a sample type that may be presumed to 

capture more mucosal taxa such as dry or rectal swabs (Araújo-Pérez et al. 2012; Budding et 

al. 2014; Reyman et al. 2019). More broadly, gut microbiome studies of IBD with whole 

stool may still be interested in identifying mucosal taxa because they are situated at the 

interface of inflammation and interact directly with immune cells (Priya et al. 2022). Given 

the higher oxygen availability at the mucosa, mucosal species are generally anaerobes or 

facultative anaerobes, and several may be able to colonise the mucosa, rectum, and anus, such 

as Staphylococcus (Priya et al. 2022) and Corynebacterium identified in Chapter 3 and by 

Biehl et al. (2019). Therefore, it would be ideal to sample the skin of participants and 

technicians to account for the possibility of contamination of swabs or biopsies by skin taxa.  

Another example of rare microbes being of interest in IBD is through studying nonbacterial 

microbes. In Chapter 2, some of the identified fungi are also able to colonise the skin (Seed 

2014), and I was unable to discount the possibility of their presence being caused by 

contamination. None of the primary publications included negative controls in their published 
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datasets, which is a major issue when trying to make use of published data. Fortunately, more 

publications are adopting standards for research articles such as reporting controls thanks to 

published recommendations (Eisenhofer et al. 2019; Hornung, Zwittink & Kuijper 2019). 

Finally, the term ‘high biomass’ is not a static definition, and sample types can range in their 

abilities to capture biospecimen. For example, mucosal biopsies are higher biomass when 

compared to skin swabs, but much lower when compared to whole stool. Contamination may 

differently affect sample types and should always be a precautionary step during laboratory 

procedures. 

 

Insights from biostatisticians 

Robust scientific findings are built upon a foundation of well-designed studies, and these 

require a considered approach to statistical analysis. Due to the immense scale of microbiome 

data, the field is reliant on complex statistical models and methods to clean data and interpret 

results (Mallick et al. 2021). The mathematisation of fields, such as microbiome science, is 

increasingly common as the necessity and ability to obtain larger datasets continues to rise, 

and it is beneficial for all non-statistician researchers and clinicians to endeavour to 

understand and implement recommendations from statisticians. This approach only succeeds 

when thorough discussions are held between both types of experts. Statisticians need to 

understand the biological dynamics, biases, and assumptions that pertain to microbiome data, 

and microbiome scientists and clinicians need to understand the assumptions and limitations 

of statistical models for study design and analysis. 

Sitting at the junction between microbiology, gastroenterology, and biostatistics can be 

challenging, but it is worth persevering to stimulate innovations and improve outcomes for 

patients (Kivits, Ricci & Minary 2019). Chapter 4 was written while working closely with an 

epidemiological statistician to bring insights from public health statistics to the forefront of 

clinical microbiome research. The chapter emphasises statistical considerations that 

significantly impact longitudinal microbiome studies. One example is how I emphasised the 

impact of missing data, which may not be fully appreciated by clinicians who are accustomed 

to imputing single data values such as participant anthropometrics and demographics, and 

microbiome specialists who have not used regression methods for longitudinal microbiome 

data.  
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Another example is how time-varying covariates are important to consider in longitudinal 

research and incorporate into the available regression methods. This point exemplifies the 

advantages of working directly with statisticians, as they can examine which covariates to 

collect and how to collect them, and how these will impact the models used. This is essential 

as we strive to characterise more of the sources of variation in the microbiome. For example, 

Clooney et al. (2021) found that even after recording seemingly extensive metadata, 90% of 

the microbiome variance of individuals with IBD was due to stochasticity and unmeasured 

covariates. This unaccounted variance will ultimately affect the reliability of conclusions, and 

improved statistical methods are warranted to understand the temporal dynamics of the 

microbiome and covariate interactions. In summary, microbiome projects should include at 

least one statistician as a team member or consultant to mitigate the potential for sources of 

bias and to identify methodological constraints which can ultimately be framed as 

opportunities for future advancements. 

 

Conclusion 

The gut microbiome is a recently tapped resource to further our understanding of 

multifactorial immune-mediated diseases such as IBD. This thesis presents a multifaceted 

approach to studying the microbiome and how it can be used to assess and treat IBD. By 

spotlighting nonbacterial intestinal microbes, the work in this thesis gives a comprehensive 

description of the microbiome in IBD that has been neglected in previous studies. It is now 

clear that nonbacterial microbes hold insights into how IBD arises and how it can be treated, 

and the findings in this thesis may lead to future research on these topics. This thesis also 

provides a framework to improve multiple aspects of microbiome study design, including 

benchmarking microbiome samples for clinical trials and designing longitudinal microbiome 

studies. Through this interdisciplinary work, the field of clinical microbiome research will be 

aware of crucial technical and statistical considerations to properly conduct studies. 

Ultimately, the work contained in this thesis may inspire translational research leading to key 

medical advancements for individuals with IBD.  
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The following supplementary tables are contained in an electronic file at: 

https://doi.org/10.25909/20523318 

 

Table S1. Contaminants identified with Decontam with a prevalence score of 0.52 or greater. 

Table S2. Results of EukDetect for the 1000IBD and 500FG studies before rarefying. 

Table S3. Difference in EukDetect results for the 1000IBD and 500FG studies between pre- 

and post-rarefaction. 

Table S4. Results of EukDetect for the faecal microbiota transplant study data. 
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Figure S1. Negative control types did not show a distinct microbial signal. The composition 

of negative controls is shown with unweighted UniFrac distances displayed on PC1 and PC2 

in (A) and PC1 and PC3 in (B), and with relative abundances of genera in (C). 
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Table S1. Contaminants identified with Decontam with a prevalence score of 0.52 or greater. 

Located electronically at: https://doi.org/10.25909/20523030 

 

 

 

Figure S2. Prevalence of contaminant amplicon sequence variants (ASVs) with a Decontam 

score of 0.52 or greater in biological samples and negative control samples.  
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Table S2. Number of contaminants per bacterial phylum. 

Phylum Count Prop. (%) 

Firmicutes 1712 71.54 

Bacteroidota 375 15.67 

Actinobacteriota 128 5.35 

Proteobacteria 93 3.89 

Verrucomicrobiota 26 1.09 

Desulfobacterota 22 0.92 

Fusobacteriota 18 0.75 

Euryarchaeota 13 0.54 

Thermoplasmatota 4 0.17 

Cyanobacteria 1 0.04 

Synergistota 1 0.04 

Total 2,393 100 

 

 

Table S3. Results of decontamination by sample type. 

 Total 

taxa 

Contaminant 

taxa 

Proportion of 

contaminants (%) 

No. samples before 

decontamination 

No. samples after 

decontamination 

Swab 25,717 2,352 9.1 445  445  

Stool 16,355 2,110 12.9 154  153  
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Table S4. Beta diversity significance testing of technical and participant characteristics. 

Samples 

tested 

Test group No. per group Degrees 

of 

freedom 

Sum of 

squares 

Mean 

squares 

F model R2 Pr(>F) 

Swab samples 

n = 431 

Year of FMT 

2014 (n=84) 

2015 (n=277) 

2016 (n=70) 

2 

3.84 1.92 9.42 0.05 0.00 

Recipient age 

19-40 years 

(n=231) 

41-62 years 

(n=200) 

1 

1.83 1.83 8.96 0.02 0.00 

Recipient sex female (n=163) 

male (n=268) 
1 

1.50 1.50 7.35 0.02 0.00 

Residuals 369 75.29 0.20 NA 0.91 NA 

Total 373 82.46 NA NA 1.00 NA 

Stool samples 

n = 76 

Year of FMT 

2014 (n=14) 

2015 (n=50) 

2016 (n=12) 

2 

0.96 0.48 2.33 0.06 0.00 

Recipient age 
19-40 years (n=45) 

41-62 years (n=31) 
1 

0.27 0.27 1.32 0.02 0.08 

Recipient sex female (n=31) 

male (n=45) 
1 

0.32 0.32 1.55 0.02 0.03 

Residuals 67 13.80 0.21 NA 0.90 NA 

Total 71 15.35 NA NA 1.00 NA 

 

 

Table S5. Alpha diversity significance testing of technical and participant characteristics 

Covariate Diversity 

metric 

Test group Kruskal-Wallis 

Group 1 Group 2 H p-value q-value 

Swab samples 

FMT year 

Observed 

ASVs 

2014 (n=74) 

2015 

(n=242) 

41.78 

44.70 

0.00 

0.00 0.00 

2016 (n=58) 9.55 0.00 0.00 

2015 

(n=242) 
2016 (n=58) 1.09 0.30 0.30 

Shannon 

diversity 

2014 (n=74) 

2015 

(n=242) 

38.42 

41.15 

0.00 

0.00 0.00 

2016 (n=58) 6.43 0.01 0.02 

2015 

(n=242) 
2016 (n=58) 2.05 0.15 0.15 
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Recipient 

age 

Observed 

ASVs 

19-40 years 

(n=195) 

41-62 years  

(n=179) 
0.89 0.35 0.35 

Shannon 

diversity 

19-40 years 

(n=195) 

41-62 years  

(n=179) 
0.10 0.76 0.76 

Recipient 

sex 

Observed 

ASVs 

female 

(n=135) 

male 

(n=239) 
0.95 0.33 0.33 

Shannon 

diversity 

female 

(n=135) 

male 

(n=239) 
3.39 0.07 0.07 

Stool samples 

FMT year 

Observed 

ASVs 

2014 (n=14) 

2015 (n=46) 

14.08 

14.25 

0.00 

0.00 0.00 

2016 (n=12) 5.85 0.02 0.02 

2015 (n=46) 2016 (n=12) 0.23 0.63 0.63 

Shannon 

diversity 

2014 (n=14) 

2015 (n=46) 

13.95 

13.86 

0.00 

0.00 0.00 

2016 (n=12) 5.84 0.02 0.02 

2015 (n=46) 2016 (n=12) 0.59 0.44 0.44 

Recipient 

age 

Observed 

ASVs 

19-40 years 

(n=42) 

41-62 years  

(n=30) 
0.08 0.77 0.77 

Shannon 

diversity 

19-40 years 

(n=42) 

41-62 years  

(n=30) 
0.01 0.92 0.92 

Recipient 

sex 

Observed 

ASVs 
female (n=30) male (n=42) 2.69 0.10 0.10 

Shannon 

diversity 
female (n=30) male (n=42) 3.13 0.08 0.08 
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Figure S3. The year of FMT impacted the composition of stool samples, whereas the FMT 

recipient age and sex did not. Composition is shown with PCoA plots of unweighted UniFrac 

distances and samples are coloured by the year of FMT on (A) PC1 and PC2, and (B) PC1 

and PC3. Samples are coloured by FMT recipient sex on (C) PC1 annd PC2, and (D) PC1 

and PC3. PCoA plots were generated with unweighted UniFrac distances of samples rarefied 

to 1,019 16S rRNA sequences. 
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Table S6. Differentially abundant genera in swab samples across year of FMT. 

Located electronically at: https://doi.org/10.25909/20523045 

 

 

Table S7. Alpha diversity significance testing of sample type. 

Test 

category Test 

Week 4 Week 8 

Kruskal-Wallis No. per 

group 

Kruskal-Wallis No. per 

group H p-value q-value H p-value q-value 

Unpaired samples 

Sample 

type  

Observed 

ASVs 
1.55 0.21 0.21 

Stool 

(n=22)  

Swab 

(n=20)  

2.57 0.11 0.11 
Stool 

(n=18)  

Swab 

(n=16)  
Shannon 0.01 0.94 0.94 0.58 0.45 0.45 

Paired samples 

Sample 

type  

Observed 

ASVs 
2.50 0.11 0.11 

Stool 

(n=18)  

Swab 

(n=18)  

0.85 0.36 0.36 
Stool 

(n=11)  

Swab 

(n=11)  
Shannon 0.14 0.70 0.70 0.05 0.82 0.82 

 

 

 

Table S8. Adonis tests on unweighted UniFrac distances (rarefaction depth: 1,019 

sequences). 

Samples 

tested 

Test group No. per group Degrees 

of 

freedom 

Sum of 

squares 

Mean 

squares 

F model R2 Pr(>F) 

Unpaired samples - week 4 

n=42 

Year of FMT 2014 (n=8) 

2015 (n=26) 

2016 (n=8) 

2 0.68 0.34 1.54 0.07 0.01 

Sample type 

(swab or stool) 

stool (n=22)  

swab (n=20) 

1 0.49 0.49 2.19 0.05 0.00 

Recipient age 19-40 years (n=23) 

41-62 years (n=19) 

1 0.28 0.28 1.28 0.03 0.09 

Recipient sex female (n=17) 

male (n=25) 

1 0.30 0.30 1.35 0.03 0.08 

Residuals 36 8.00 0.22 NA 0.82 NA 

Total 41 9.75 NA NA 1.00 NA 
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Unpaired samples - week 8 

n=34 

Year of FMT 2014 (n=7) 

2015 (n=22) 

2016 (n=5) 

2 0.69 0.35 1.67 0.09 0.00 

Sample type 

(swab or stool) 

stool (n=18)  

swab (n=16) 

1 0.30 0.30 1.46 0.04 0.04 

Recipient age 19-40 years (n=18) 

41-62 years (n=16) 

1 0.28 0.28 1.34 0.04 0.08 

Recipient sex female (n=13) 

male (n=21) 

1 0.25 0.25 1.19 0.03 0.17 

Residuals 28 5.82 0.21 NA 0.79 NA 

Total 33 7.34 NA NA 1.00 NA 

Paired samples - week 4 

n=36 

Year of FMT 2014 (n=6) 

2015 (n=22) 

2016 (n=8) 

2 0.68 0.34 1.49 0.08 0.01 

Sample type 

(swab or stool) 

stool (n=18)  

swab (n=18) 

1 0.48 0.48 2.11 0.06 0.00 

Recipient age 19-40 years (n=20) 

41-62 years (n=16) 

1 0.31 0.31 1.35 0.04 0.08 

Recipient sex female (n=14) 

male (n=22) 

1 0.30 0.30 1.34 0.04 0.08 

Residuals 30 6.79 0.23 NA 0.79 NA 

Total 35 8.55 NA NA 1.00 NA 

Paired samples - week 8 

n=22 

Year of FMT 2014 (n=4) 

2015 (n=14) 

2016 (n=4) 

2 0.75 0.37 1.87 0.16 0.00 

Sample type 

(swab or stool) 

stool (n=11)  

swab (n=11) 

1 0.24 0.24 1.19 0.05 0.18 

Recipient age 19-40 years (n=12) 

41-62 years (n=10) 

1 0.28 0.28 1.39 0.06 0.07 

Recipient sex female (n=8) 

male (n=14) 

1 0.30 0.30 1.52 0.06 0.03 

Residuals 16 3.19 0.20 NA 0.67 NA 

Total 21 4.75 NA NA 1.00 NA 
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Figure S4. Swab sample collection across all time points and recipients in the study. Swabs 

were collected for each day of the first week after FMT administration and then two days in 

each week thereafter. The first number of each time point represents the week number and the 

decimal number indicates the day of each respective week. The two samples collected in 

week 2-8 were not collected on consecutive days. 
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Figure S5. The relative abundance of bacterial genera in paired swab and stool samples 

collected from individuals with ulcerative colitis post-faecal microbiota transplant (FMT). 

Sample were collected at two time points: week 4 (A) and week 8 (B). Stool samples are 

shown on the left for each FMT recipient, and swab samples are on the right. 
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Figure S6. Pairwise microbiome compositions of swab and stool samples from individuals 

with ulcerative colitis after receiving faecal microbiota transplants. Microbial sample 

compositions are shown with unweighted UniFrac distances at two time points and three PC 

axes, (A) PC1 and PC2 at week 4, (B) PC1 and PC3 at week 4, (C) PC1 and PC2 at week 8, 

and (D) PC1 and PC3 at week 8. Samples from the same individuals are connected with lines. 

Swab samples are coloured in blue and stool samples are coloured in black. All samples were 

rarefied to 1,019 16S rRNA sequences. 
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Table S9. Multivariate correlation tests on unweighted UniFrac distances (rarefaction depth: 

1,019 sequences) of paired swab and stool samples. 

Test Week Total samples Test statistic Significance 

Mantel 
4 36 r = 0.25 0.03 

8 22 r = -0.00 0.48 

Procrustes 

4 36 
Sum of squares = 0.15 

Symmetric correlation = 0.92 
0.03 

8 22 
Sum of squares = 0.08 

Symmetric correlation = 0.96 
0.56 

 

Table S10. Alpha significance tests of FMT recipient outcome. 

Sample type Test 

Kruskal-Wallis 
No. individuals per 

group 
No. samples per group 

H p-value 

Swab 

  

Observed 

ASVs 

38.38 0.00 

Remission (n=6)  

No remission (n=13) 

Remission (n=99)  

No remission (n=246) 

Shannon 59.39 0.00 
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Figure S7. The alpha diversity of gut microbiomes in individuals with ulcerative colitis who 

responded to faecal microbiota transplantation (FMT) (n = 5) was lower even before 

receiving FMT, compared to those who did not respond (n = 15). Stool samples in FMT 

recipients were collected immediately before receiving FMT. Response to FMT was 

measured as clinical and endoscopic remission at week 8 post-FMT. Significance testing was 

performed with Kruskal-Wallis tests. 
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Table S11. Adonis tests of unweighted UniFrac distances (rarefaction depth: 1,019 

sequences) of swab samples weeks 1-8 post-FMT from individuals with UC who received 

FMT. 

Sample 

tested 

 No. per group Degrees of 

freedom 

Sum of 

squares 

Mean 

squares 

F model R2 Pr(>F) 

n=345 

Year of FMT 

administration 

2014 (n=72) 

2015 (n=224) 

2016 (n=49) 

2 3.77 1.89 9.65 0.05 0.00 

Recipient age 19-40 years (n=161) 

41-62 years (n=184) 

1 2.09 2.09 10.67 0.03 0.00 

Recipient sex female (n=115) 

male (n=230) 

1 1.58 1.58 8.08 0.02 0.00 

FMT type (active 

or placebo) 

active (n=205)  

placebo (n=140) 

1 2.52 2.52 12.89 0.03 0.00 

FMT outcome 

(remission or no)  

remission (n=246)  

no remission (n=99) 

1 1.04 1.04 5.32 0.01 0.00 

FMT type*outcome NA 1 1.19 1.19 6.08 0.02 0.00 

Residuals 337 65.86 0.20 NA 0.84 NA 

Total 344 78.04 NA NA 1.00 NA 

Table S12. Adonis tests of unweighted UniFrac distances (rarefaction depth: 1,019 

sequences) of stool samples weeks 4 and 8 post-FMT from individuals with UC who received 

FMT. 

Sample 

tested 

 No. per group Degrees of 

freedom 

Sum of 

squares 

Mean 

squares 

F model R2 Pr(>F) 

n=345 

Year of FMT 

administration 

2014 (n=7) 

2015 (n=26) 

2016 (n=7) 

2 0.71 0.35 1.61 0.08 0.00 

Recipient age 19-40 years (n=23) 

41-62 years (n=17) 

1 0.26 0.26 1.21 0.03 0.15 

Recipient sex female (n=18) 

male (n=22) 

1 0.33 0.33 1.49 0.04 0.04 

FMT type (active 

or placebo) 

active (n=26)  

placebo (n=14) 

1 0.27 0.27 1.23 0.03 0.14 

FMT outcome 

(remission or no)  

remission (n=18)  

no remission (n=12) 

1 0.28 0.28 1.27 0.03 0.10 

FMT type*outcome NA 1 0.27 0.27 1.24 0.03 0.13 

Residuals 32 7.02 0.22 NA 0.77 NA 

Total 39 9.14 NA NA 1.00 NA 
 




