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Abstract

Across the field of microbiome research, the ways in which bacteria influence

the host in health and disease are well known. However, knowledge of the

involvement of other kingdoms is still relatively poor and methods to isolate,

identify and quantify them efficiently are needed. Nevertheless, the low abun-

dance in which these microorganisms are estimated makes their study even

harder.

Sample handling and DNA extraction methods are common factors that in-

troduce variability to sample processing workflows. In this thesis these factors

were examined using mucus isolated from mice colonic tissue. We tested three

DNA extraction methods and compared their performance in terms of DNA

quantity and quality, number of bacterial copies and microbial composition.

We found significant differences between the kits tested which were attributed

to different lysis and purification methods. Our results highlighted the impor-

tance of introducing controls to account for contaminants. We quantitatively

compared two sample storage solutions: PBS and RNAlater. Samples stored

in RNAlater yielded significantly more DNA and bacterial copies than those

stored in PBS, making RNAlater a good alternative to conserve samples.

These findings were corroborated during the study of bacterial and fungal

communities in colorectal cancer. We analysed the differences in microbial

communities between carcinoma and adjacent tissue using 16S rRNA gene and

ITS1 region sequencing along with qPCR. We identified a large proportion of

off-targets and contaminants, which hampered the detection and identification

of fungi. Additionally, the observed bacterial and fungal communities were

driven by the different DNA extraction methods used. We were unable to
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detect differences between carcinoma and adjacent tissue. However, trends in

our bacterial communities were observed, such as the increase of Fusobacteria

in tumour samples, as previously reported.

The results of this thesis highlighted the importance of establishing stan-

dard methods for characterising microbial kingdoms in samples susceptible to

host contamination.
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Chapter 1

Introduction

1.1 Human gut microbiota

The human gastrointestinal tract (GIT) is a complex environment which is

inhabited by a diverse and dynamic community of microorganisms; predom-

inately composed of bacteria along with Archaea, Eukaryotes and viruses

(Gouba et al., 2013; Lima et al., 2019; Parfrey et al., 2014). The collec-

tion of these microorganisms is referred as the gut microbiota, while the term

microbiome describes the genomes from all these microbes. The relationship

between the host and the microbiota is in general considered to be commensal,

but single members can be pathobionts (Kamada et al., 2013). The host pro-

vides the infrastructure and living conditions for the gut microbiota, whereas

microbial communities allow the host to access nutrients, provide vitamins, of-

fer colonisation resistance and help to develop the host immune system among

other interactions (Buffie et al., 2015; Hooper et al., 2012; Qin et al., 2010;

Rowland et al., 2018).

The acquisition of microbes takes place at birth, mainly from maternal

sources (Ferretti et al., 2018). This early microbiota rapidly evolves within

the first three years of life, increasing in diversity until the microbial composi-
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1.1. Human gut microbiota

tion resembles an adult microbiome (Bäckhed et al., 2015; Ferretti et al., 2018;

Koenig et al., 2011). The microbial colonization seems to be continuous along

the GIT. Microbes from the mouth are transmitted constantly to the gut, mak-

ing the oral cavity a potential source of microbial colonization for the intestinal

environment, although the digestive machinery will limit transmission of mi-

crobes (Schmidt et al., 2019). Different physical, chemical and environmental

conditions displayed along the GIT segregate the microbial composition and

its function. In this way, different anatomical sites present different microbial

composition (Hillman et al., 2017).

1.1.1 Colon and the mucus system

The large intestinal microbiota accounts for the majority of the microbial cells

(around 1013 cells) in the human body (Schmidt et al., 2019; Sender et al.,

2016). In this organ two main functions of the digestive system occur: the

absorption of water and electrolytes through osmosis, and the breakdown of

the remaining indigestible material by the microbiota through bacterial fer-

mentation. These occur along the whole colon, which is divided in four sec-

tions: ascending, transverse, descending and sigmoid colon (Figure 1.1A).

The intestinal wall is comprised by four different layers: mucosa, submucosa,

muscularis and serosa (Figure 1.1B).
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1.1. Human gut microbiota

Figure 1.1. Schematic diagram of the different parts of the large intestine. (A) Simplistic

representation of colon sections differentiated by colors: ascending (blue), transverse (red), descending

(green) and sigmoid (yellow). (B) Layers of the colon. The wall of the colon is made up of the mucosa

(innermost layer), submucosa, muscularis and serosa (outermost layer).

The mucosa is the outermost layer of the intestine and is therefore in direct

contact with the luminal content (Figure 1.1B). For this reason, this region

is key to ensure both protection from the gut microbiota and communication

with the host epithelial cells. To ensure the maintenance of gut steady state,

the host immune system has evolved to a state of tolerance towards certain

commensal microorganisms (immunotolerance); while at the same time, the

contact between the host cells and microbes is limited. The intestinal ep-

ithelium is covered with a thick mucus gel; a physical protective separation

which provides a first defence layer against luminal microorganisms (Johans-

son, 2014). The colon has a two-layered mucus system. The inner layer is

dense, stratified and depleted of microorganisms. It is later converted into the

outer layer that is loose and colonised by commensal bacteria (M. E. Johansson

et al., 2011) (Figure 1.2). In a healthy state, commensal microbes colonise
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1.1. Human gut microbiota

the outer mucus layer, contributing to its maintenance, while the inner layer

is resistant to microbial penetration due to its high density.

Figure 1.2. Structure of the two-layered mucus system in the large intestine. Schematic

diagram of the mucus layers. The outer mucus layer is in contact with the luminal content and colonised

by bacteria, while the inner layer is devoid of microbes. The intestinal epithelium is composed of a

single layer of cells.

Both layers are mainly made up of mucin 2 (MUC2), but 21 different

mucins have been identified (Hansson, 2020); these are the building blocks of

mucus, as well as the attachment sites and substrates for intestinal microbes.

A mucin is a heavily glycosylated protein. The variety of mucins provides

different conditions for the residing microorganisms, in this way, the host is

indirectly selecting them. Equally the microbiota has the potential to shape

the mucus layer properties as part of the colonization process and to sustain

the microbial growth (Engevik et al., 2019; Jakobsson et al., 2015; H. Wu

et al., 2020). In short, the gut microbiota can be involved in the mucus layer

synthesis, maturation, regulation, composition and degradation.
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1.2. Microbial dysbiosis

1.2 Microbial dysbiosis

The gastrointestinal microbial composition is shaped by host-specific and envi-

ronmental factors; in brief, these include lifestyle, host genetics, the surrounded

microbial community and microbiome-intrinsic factors (Schmidt et al., 2018).

Although the host and its microbiota maintain a mutualistic relationship,

enabling intestinal homeostasis (Hooper & MacPherson, 2010), the microbiome

composition can change due to both host and environmental factors which

could lead to dysbiosis. Dysbiosis is the condition of having an imbalanced

microbiota. This state has been associated with various diseases, including in-

flammatory bowel disease (IBD), colorectal carcinoma (CRC) and Parkinson’s

disease (Bedarf et al., 2017; Brennan & Garrett, 2016; Pittayanon et al., 2020).

Although different diseases will show different dysbiotic signatures, dysbiosis

is characterized by a reduction in bacterial diversity and the loss of bene-

ficial bacteria such as butyrate-producing bacteria and Bacteroides strains.

Finally, dysbiosis in diseases has been also associated with impaired epithelial

barrier, bacterial translocation and local inflammation (Okumura & Takeda,

2017; Zeng et al., 2017).

1.2.1 Inflammatory bowel disease

IBD is the relapsing and chronic inflammation of the GIT, the etiology of

which remains to be elucidated. The most accepted hypothesis suggests that

it is triggered by environmental factors in a genetically prone host (Guan,

2019). This disease features mucus discontinuity and overall mucosal dam-

age in inflamed areas. Bowel inflammation results from an altered interaction

between the intestinal immune system and the microbiota, where the inflam-

5
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mation is associated with a reduction in mucus thickness and an increased

mucosal colonisation by bacteria (Figure 1.3) (Johansson, 2014; Van Der

Post et al., 2019; Walker, Sanderson, et al., 2011). This leads to a distinct

dysbiotic signature of the mucosal microbiome (Kleessen et al., 2002; Li et al.,

2014).

Figure 1.3. Differences in the inner and outer mucus layers lining the colon epithelium in

healthy and IBD states. Schematic diagram of the colon mucus layers in healthy and IBD patients.

The gut microbiota colonises the outer mucus layer in healthy state, while the inner layer is resistant

to microbial penetration. The thickness of mucus layers is reduced in IBD patients, allowing luminal

microbes to gain access to the intestinal epithelium and inducing a strong inflammatory response by

the host immune system.

Crohn’s disease (CD) and Ulcerative colitis (UC) are the main two sub-

types of this condition. CD involves mucosal and muscle inflammation of any

part along the GIT which appears as a patchy pattern. This differs from UC

which displays a continuous ascending mucosal inflammation from the rectum

and all the way along to the large intestine (Farmer et al., 1975) (Figure

1.4). Amongst their inflammation patterns, they also have pathological and

clinical distinctive differences. However, in some patients it is not possible to

distinguish between both disease subsets (Odze, 2015).
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1.2. Microbial dysbiosis

Figure 1.4. Overview of Ulcerative colitis and Crohn’s disease inflammatory pattern

along the colon. Schematic diagram of the affected areas in the colon during Ulcerative colitis and

Crohn’s disease. UC begins in the rectum and extends to the entire colon, while CD usually involves

the beginning of the colon and can affect any other part in a patchy pattern.

IBD has been associated with an overall decrease in the gut bacterial diver-

sity which corresponds to a decrease in the ecosystem stability (Pittayanon et

al., 2020). It also displays a decrease of commensal bacteria such as butyrate-

producing bacteria. This bacterial group is considered to have a ‘protective’

role and modulate the inflammatory response in the ecosystem (Aden et al.,

2019; J. Chen & Vitetta, 2020; Ferrer-Picón et al., 2020; Magnusson et al.,

2019). The IBD microbiota is further characterized by an increase in Es-

cherichia coli abundance compared to healthy individuals, and often adherent-

invasive Escherichia coli (AIEC) strains can be detected, known to induce

inflammation (Palmela et al., 2018). Microbial composition is additionally

different between the UC and CD subtypes compared to control patients (Pit-

tayanon et al., 2020). Mucosa-associated microbiota also differs from inflamed

and non-inflamed segments of the colon in patients with UC and CD (Ryan

et al., 2020).
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Ulcerative colitis

UC is characterised by the systemic inflammation of the colon and rectum,

which increases in a proximal to distal gradient pattern from the anal verge.

This inflammation damages the large intestine wall; however, it is limited to the

mucosal layer. Other endoscopic features of UC include redness of the mucosa

(erythema), loss of vascular pattern, superficial ulcers, erosion and bleeding

around the inflamed area. While histological examination reveals changes in

the mucosal architecture such as cryptitis, crypts distortion or pseudopolyp

formation (DeRoche et al., 2014; Negreanu et al., 2019). These changes in

the architecture of the mucosa are the result of chronic inflammation of the

colon wall: cryptitis refers to inflammation of the colonic crypts that could

lead to distortion of the crypts themselves. Finally, pseudopolyps are formed

as a result of the healing process.

In terms of taxonomic composition, UC patients show decreased abundance

of Roseburia, Lactobacillus and Faecalibacterium genera among other commen-

sal bacteria with an anti-inflammatory impact. While other genera such as

Bifidobacterium, Fusobacterium and Campylobacter are found in higher abun-

dances (Pittayanon et al., 2020). The differences reported between controls

and UC patients vary across studies, but most of them show a reduced bacte-

rial diversity alongside an increase in potentially pro-inflammatory taxa.

Crohn’s disease

In CD inflamed patches are scattered all along the GIT. In contrast to UC, CD

inflammation damages all the layers of the mucosa (transmural inflammation).

Deep inflamed patches create a cobblestone appearance that is presented lon-
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gitudinally. Other endoscopic and histological evidences include ulcers, stric-

tures, granulomas, crypt abscesses and fistulas.

During CD, pro-inflammatory AIEC correlate with disease location and ac-

tivity (Palmela et al., 2018). Besides this, Actinomyces and Veillonella genera

are increased in patients with CD, while Faecalibacterium prausnitzii is found

decreased in several studies (Pittayanon et al., 2020). Similar to UC stud-

ies, the differences reported between CD patients and controls are inconsistent

across studies (Pittayanon et al., 2020).

1.2.2 Colorectal cancer

Colorectal cancer (CRC) involves the development of malignant neoplasm in

the colon, rectum and appendix. Most of the cases start with a polyp, that

grows from adenoma to carcinoma over time. Its progression ends up orig-

inating metastatic tumors. Firstly, it is originated in the internal colorectal

walls and progresses through the mucosa, submucosa and muscularis layers.

The event of long-standing IBD can lead to the development of CRC, known

as colitis-associated colorectal cancer (CAC) (Jess et al., 2012). As with IBD,

CRC aetiology is unknown although several factors have been associated with

its development such as age, genetics, diet and smoking (Harmon et al., 2017;

Keum & Giovannucci, 2019; Law et al., 2019; Tsoi et al., 2009).

In the early stages, the appearance of neoplasms is often correlated to

local inflammation, that contributes to tumour development and progression

(Long et al., 2017). CRC displays aberrant mucus characteristics including

altered and atypical mucin expression (Myerscough et al., 2001; Velcich et al.,

2002; Xiao et al., 2013). In cancer, intestinal epithelial cells are surrounded

by mucus, basolateral and apical secretion instead of only apical expression
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(Verhulst et al., 2012). This atypical mucin expression reduces the efficacy of

anti-cancer drugs and facilitates the attachment and colonization of luminal

microbes (Coleman et al., 2018; Li et al., 2019).

Several bacteria have been identified and correlated with the microenvi-

ronments formed around tumours (Dejea et al., 2014). The microbiota profile

evolves during cancer development, with significant distinct profiles between

adenoma and carcinoma stage (Feng et al., 2015; Lu et al., 2016; Luan et al.,

2015). Bacteria such as Fusobacterium nucleatum, Bacteroides fragilis and

AIEC are found in higher abundance in CRC tissues. They can secrete pro-

inflammatory toxins and alter host intestinal permeability (Denizot et al., 2012;

Ellermann et al., 2015; Flanagan et al., 2014; Sears & Pardoll, 2011). Some of

these bacteria have also been associated with other inflammatory conditions

as IBD or appendicitis (Pittayanon et al., 2020; Strauss et al., 2011; Swidsin-

ski et al., 2012). Overall, the gut microbiota is involved in CRC pathogenesis

by modulating host’s immune response, promoting tumour growth through

inflammation (Coker et al., 2019; Li et al., 2019; Long et al., 2017; Wong &

Yu, 2019). Different models have been proposed to understand how the micro-

biota could promote a chronic mucosal immune response and ultimately lead

to CRC (Figure 1.5) (Van Raay & Allen-Vercoe, 2017).
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Figure 1.5. Proposed routes for microbial involvement in CRC. In normal state, the inner

mucus layer is intact. In the alpha-bug hypothesis, an alpha microbe (red) alters the microbiota

composition and disrupt the mucosal barrier integrity, through the secretion of molecules. In the

driver-passenger hypothesis, a driver microbe (red) disrupts the mucus layer and create a metabolic

environment favouring other bacterial species (passengers, yellow). These passengers compete with

the alpha-bug microbe and drive a pro-tumour host response. In the biofilm hypothesis, certain

bacteria form biofilms and alter host’s metabolism. In the microbiota adaptation hypothesis, the

microbiota composition changes due to external factors (e.g. diet and drugs) and produce pro-tumour

metabolites. In the bystander effect hypothesis, bacteria produce certain metabolites which promote

tumourigenesis. Design taken and adapted from (Van Raay & Allen-Vercoe, 2017).

For example, Fusobacterium spp. are proposed as passenger bacteria in

CRC. They are found to be enriched in CRC patients. The metabolic signature

in a tumour microenvironment benefits their growth, and they are positively

associated with more advanced tumour stage (Amitay et al., 2017; Garza et

al., 2020).

Finally, bacterial involvement in CRC includes the expression of tumour-

associated factors, the recruitment of tumour-associated cells and the suppres-

sion of the local immune system (Dejea et al., 2018; Wong & Yu, 2019).
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1.3 Prevalent microbial kingdoms in the human gut

The GIT is mainly colonised by bacteria, but it also harbours Archaea, Eu-

karyotes and viruses whose contribution to host’s health is typically overlooked

(Andersen et al., 2013; Horz, 2015; Kapitan et al., 2019). These build a com-

plex microbial community with interdependencies that can influence the host’s

immune system and health. In recent years, the role of these different micro-

bial ‘kingdoms’ to understand the human gut microbiota dynamics through

different stages of life in health and disease.

1.3.1 Archaea

Archaea have gained much attention in the recent years due to their ubiquity,

deep phylogenies and often extremophile lifestyle. However, the presence of

this domain and its role in the GIT microbiota (archaeome) is often overlooked.

The archaeome represents a small fraction of the human microbiome, and there

are no known pathogenic archaeon that could motivate the investigation of

this group (Gill & Brinkman, 2011). Due to this limited research attention,

there are no standardise detection protocols and the already published methods

show low reproducibility (Adams et al., 2015). Results vary across studies

depending on the DNA isolation protocol, selection of primers and sequencing

processing pipeline (Koskinen et al., 2017). Additionally, these microbes are

usually difficult to cultivate, further complicating their study (Bang & Schmitz,

2018).

Archaeal diversity differs biogeographically along the human body and

within the colon (Koskinen et al., 2017). They colonise the human GIT in

the first months of life, although their presence and abundance are incon-
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sistent and vary among individuals (Rao et al., 2021). Archaeal estimated

abundance in the human gut microbiota varies from 0.1% to 20% (Eckburg

et al., 2005; Kim et al., 2020). The phylum Euryarchaeota dominates the GIT,

specially the Methanobrevibacter genus (Hoffmann et al., 2013). The presence

of methanogens has been positively associated with high carbohydrates diets.

Due to its unique methanogenic metabolism, Methanobrevibacter smithii is a

keystone species in the gut microbiome, enabling fermentation of carbon diox-

ide and fermentative dihydrogen into methane (Camara et al., 2021). This

metabolic process enhances the efficiency of bacterial short chain fatty acid

fermentation. However, non-methanogenic halophilic and ammonia oxidizing

archaea can also be detected in the gut, but this seems to depend on the host

diet and geographical location (Kim et al., 2020; Nkamga et al., 2017).

In relation with other kingdoms, Methanobrevibacter genus is often posi-

tively associated with Prevotella, Candida and Saccharomyces genera (Hoff-

mann et al., 2013). Nitrosophaera -an ammonia-oxidizing archaeon- is neg-

atively associated with Candida and Saccharomyces fungi. Both associa-

tions, from Methanobrevibacter and Nitrosophaera, seem mutually exclusive

and hints on how diet is an important driving factor of the archeaome compo-

sition (Hoffmann et al., 2013).

1.3.2 Fungi

During the last two decades fungal research has moved from studying fungal

pathogens in the GIT to their role as a part of the normal gut microbiota

(termed mycobiota, or mycobiome). However, some challenges still have to be

addressed when studying the gut mycobiome. For instance, fungal abundance

is estimated to be around 0.1% of the gut microbiome, hindering its cultivation
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and DNA isolation from a dense pool of host and bacterial DNA (Qin et al.,

2010). Besides this, there is still a lot of missing taxonomic information in

fungal databases and fungal detection varies strongly between DNA extraction

methods and primer choice (Frau et al., 2019).

Fungi contributes to the early gut colonisation and host immune system

development (Iliev & Leonardi, 2017; van Tilburg Bernardes et al., 2020).

Although fungal dynamics are not predictable during the maturation of the

microbiota, some fungi such as Candida spp. shape the assembly of bacterial

communities during the first weeks of life by inhibiting the growth of some

early bacterial colonizers such as Klebsiella and Escherichia genera (Rao et

al., 2021). Among fungi, Candida and Saccharomyces genera are normally

predominant in the gut, and their dominance is considered a signature of a

healthy mycobiome (Hallen-Adams & Suhr, 2017). As the microbiome matu-

rates, fungal diversity and absolute abundance decreases while those of bacteria

increase. This plateau is kept over time but is reversed in elderly (Rao et al.,

2021; Strati et al., 2016). This negative correlation suggests cross-kingdom

competition between both kingdoms despite other positive associations be-

tween specific taxa. Finally, as happens with the most dominant genera from

Archaea, Candida genus has been positively correlated with Prevotella and

negatively with Bacteroides genera (Hoffmann et al., 2013).

In relation with microbiome-associated diseases, the fungal microbiota

seems altered in IBD patients. Specifically, fungi are favoured at the expense

of bacterial diversity during CD (Moyes & Naglik, 2012; Sokol et al., 2017).

For CRC patients, the mycobiome composition differs at early and late stages

of the disease. Fungal diversity is decreased in adenoma biopsies compared

with control biopsy samples; however, diversity seems to increase in late-stage
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CRC. Despite the diversity loss during CRC onset, the appearance of oppor-

tunistic pathogens, such as Candida and Phoma genera, has been reported

in patients with adenoma, early and late CRC stages. Overall, It seems that

disease stage is closely related to changes in the mycobiome (Gao et al., 2017;

Luan et al., 2015).

1.3.3 Other Eukaryotes

Besides fungi, other micro-eukaryotes can be found in the human gut micro-

biota. These are commonly considered parasites that belong to Protozoa and

Helminth groups. Most studies researching these are focused on the micro-

eukaryotic potential to modulate the host immune response as part of their

parasitic activity. Their participation in the gut communities as commensals

remains controversial (Newbold et al., 2017; Rook, 2012).

A few studies have looked into their diversity and stability in the gut micro-

biota. They are found in low abundances and low diversity in newborns with

high variability between subjects, as happens with Archaea (Wampach et al.,

2017). Their colonisation does not seem stable during the microbiota matu-

ration, but they are present and temporarily stable in adults GIT (Scanlan

& Marchesi, 2008). Some protozoans are associated with increased bacterial

diversity, and overall protozoans seem to have a bigger impact in the bacterial

communities than helminths (Audebert et al., 2016). A recurrent protozoan

in the human gut is Blastocystis spp., the successful colonization of which

has been associated with both a healthy gut microbiome and gastrointestinal

disorders (Audebert et al., 2016; Rossen et al., 2015; Scanlan et al., 2014;

Toychiev et al., 2021). Microbial GIT communities dominated by Ruminococ-

cus and Prevotella seem more prone to contain Blastocystis, while Bacteroides
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dominant communities are negatively associated with the presence of this pro-

tozoan (Andersen et al., 2015). Finally, different Blastocystis subtypes has

been positively and negatively associated with UC in several studies (Rossen

et al., 2015; Toychiev et al., 2021; Z. Wu et al., 2014). For those subtypes

found in high prevalence in UC patients, the combination of anti-parasitic and

anti-inflammatory therapy achieved better mucosal healing than regular anti-

inflammatory therapy (Tai et al., 2011; Toychiev et al., 2021). This highlights

their involvement and negative impact as parasites in some diseases. For CRC,

Blastocystis spp. have been proposed as opportunistic pathogens and associ-

ated with carcinogenesis (Chandramathi et al., 2010; Toychiev et al., 2018).

1.3.4 Viruses

Finally, the colon also harbours bacteriophages and small proportion of eu-

karyotic viruses (virobiota or virome) which can be associated with prokaryotes

(prokaryotic virobiota), host cells and other eukaryotes (eukaryotic virobiota).

Viral abundance is directly related to the environment and microbial colo-

nization; thus, the main viral colonizers are DNA bacteriophages (Hoyles et

al., 2014). Their association with commensal members and role in the host

immune system is becoming steadily more recognised beyond their inherent

infectious properties. However, due to small genome sizes (relative to bacte-

ria and micro-eukaryotes), lack of universally conserved genomic region and

their high genetic and morphologic variability makes it difficul to study this

group (Reyes et al., 2012). In this way, large viruses and RNA viral genomes

tend to be often overlooked in most experimental workflows (Conceição-Neto

et al., 2015). Being such a highly heterogeneous group, their study requires the

development of complex techniques to separate them from microbes and host
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cells (Conceição-Neto et al., 2015). Despite the above-mentioned impediments,

recent studies have shown the relation of the virome with the commensal bac-

terial microbiota and its association with host health.

The interactions between the commensal microbiota and virobiota can be

beneficial and detrimental for the host health. For example, commensal bac-

teria can confer limited protection against viral infections by stimulating a

host immune response, or can enable viral evasion of the host immune system

(Kernbauer et al., 2014; Robinson et al., 2014; Wilks et al., 2015). Further, the

virobiota indirectly serves to control the abundance of microbial populations,

in particular bacteriophages that keep their target bacteria repressed.

Overall, the virobiota has the potential to enhance the intestinal immune

response (Gogokhia et al., 2019). In microbiome-associated diseases such as

IBD, the enteric virome composition is significantly different in diseased pa-

tients compared to healthy controls (Norman et al., 2015; Pérez-Brocal et al.,

2015). Some bacteriophages have been also associated with the unbalance of

the gut microbiota during IBD. The increased abundance of Caudovirales has

been correlated with decreased bacterial diversity in CD patients (Norman et

al., 2015). Viral families such as Hepadnaviridae and Hepeviridae are found

enriched in UC and CD patients. The proteins associated to these viruses can

indirectly impact host’s transcription activity and alter the host immune re-

sponse (Ungaro et al., 2019). Thus, the presence of specific eukaryotic viruses

can trigger and promote local inflammation during IBD onset and progression.

Eukaryotic viral infections are also proposed as a risk factor of CRC (Chen et

al., 2019; Emlet et al., 2020). The virobiota can promote CRC pathogenesis

through the integration and expression of oncogenic viral proteins among other

mechanisms (Emlet et al., 2020; Khoury et al., 2013).
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1.4 Sequencing-based community exploration

Just around 30% of the taxa recovered from human faecal samples, using

metagenomic and 16S sequencing, corresponds to species cultivated in the

laboratory (Qin et al., 2010; Walker, Ince, et al., 2011). Sequencing-based

methods allow to identify the uncultivable fraction of the human microbiome,

despite the recent efforts to improve cultivation strategies (Lewis et al., 2021).

For this reason, sequencing-based approaches are a popular choice to study

microbial compositions, for example in diseases associated to microbiome vari-

ation.

Current sequencing strategies include amplicon sequencing and shotgun

metagenomics. Briefly, amplicon sequencing involves the PCR amplification

and sequencing of marker genes, whilst shotgun metagenomics aims to capture

all the genomic information contained on the sample. During shotgun metage-

nomics, instead of sequencing a specific marker gene, long DNA fragments

from the sample are fragmented and sent for sequencing. Following this, se-

quenced fragments are assembled forming genes and ultimately genomes. Both

approaches require the extraction of DNA from the sample.

Amplicon sequencing relies on the ribosomal RNA (rRNA) gene, encoded

in DNA. This gene has a slow evolutionary rate and is ubiquitous across the

three domains of life. Thus, the 16S rRNA (Bacteria and Archaea) and 18S

rRNA (Eukaryotes) marker genes allows to distinguish between closely related

taxa. Amplicon sequencing can also be used in other genomic regions to obtain

significant taxonomic information about specific kingdoms, for example the

internal transcribed spacer (ITS ). This region corresponds to the spacer DNA

located between different rRNA genes. Primers specific for ITS are often used
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to identify and analyse fungal diversity.

The likelihood of an amplicon depicting an accurate representation of a mi-

crobial community is dependant on the amplified gene region and the primers

choice when exploring microbial communities. Shotgun metagenomics over-

comes PCR amplification bias, and allows a more precise delineation of the

community taxonomic composition through the reconstruction of gene se-

quences. In summary, both approaches use taxonomic composition to quantify

the relative contribution of different microbial taxa to the host health, and ex-

plore the association of microbial taxa with co-varying factors.

1.4.1 Amplicon sequencing pipelines

In amplicon sequencing, amplicons of the target genes are sequenced via 2nd or

3rd generation sequencers. To process the raw sequencing reads, bioinformatic

pipelines have been developed that can semi-automatically quality control and

cluster sequences, to estimate the phylogenetic diversity and abundance of

microbes in a given sample. Amplicon sequencing pipelines are used to pro-

cess the data from the sequenced 16S, 18S, ITS amplicons, although they can

be used with other marker genes. The standard workflow of these amplicon

processing pipelines includes demultiplexing, quality filtering, sequences clus-

tering and taxonomic assignment (Estaki et al., 2020; Hildebrand et al., 2014;

Schloss et al., 2009) These will be detailed in the following on the workflow of

the LotuS pipeline.

First the sequences are quality filtered based on the sequence length, GC

content, repeated nucleotides and quality of the base calls. Raw sequences

are assigned to the sample they originated from, in a step known as demulti-

plexing. The resulted sequences can be clustered into operational taxonomic

19



1.4. Sequencing-based community exploration

units (OTUs). OTUs are clusters of reads that share 97% of similarity (Edgar,

2013). Instead of OTUs, reads can also be corrected for amplification and se-

quencing errors forming amplicon sequence variants (ASVs) (Callahan et al.,

2016). Chimeric sequences are removed (Edgar et al., 2011). Following this,

OTUs or ASVs are compared to a reference database for taxonomic assign-

ment, using mappers such as lambda, Blast and vsearch (Altschul et al., 1990;

Hauswedell et al., 2014; Rognes et al., 2016). Finally, a feature abundance

matrix is created for different taxonomic levels.

Some 16S amplicon processing workflows include correcting bioinformati-

cally for 16S copy number variations, as bacterial cells can contain more than

one 16S copy (Louca et al., 2018). However, these copy variations are also

found within the same species, complicating the data analysis

1.4.2 Quantitative microbiome profiling

After processing the sequenced data, microbiome datasets are often converted

to relative abundance values or normalised prior to analysis. Total read counts

cannot inform on the absolute abundance of microbes, as the total number of

reads depends on the fixed capacity of the sequencing instrument. For this rea-

son, ecological data needs to be treated as compositional data. Although we

can detect microbiome variations using relative abundance values. Composi-

tional data from taxonomic information can lead to false positive associations

(Hawinkel et al., 2019; Vandeputte et al., 2017). For example, any shift in

relative abundance is important for studying interaction networks based on

co-occurrence, however, the co-occurrence patterns are highly susceptible to

the microbial load (Figure 1.6). This applies to any differential abundance

analysis when microbial abundances from sequencing data are reported in a
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relative manner. To avoid such false positive associations, it is important to

consider the total microbial load along with the relative microbiome profiling

(RMP). This allows the absolute microbial quantification, known as quantita-

tive microbiome profiling (QMP), which increases the specificity and resolution

of sequencing-based analysis (Props et al., 2017; Satinsky et al., 2013; Stämm-

ler et al., 2016).

Figure 1.6. Relative versus quantitative microbiome profiling (A) Schematic illustrating how

two communities with different microbial loads can have the same relative abundance profile but distinct

absolute abundances. (B) Schematic illustrating how relative abundance data can mask community

dynamics. Adapted from (Rao et al., 2021).
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Techniques for absolute quantification: Real-time polymerase chain

reaction

Several techniques are available to quantify the community members absolute

abundances. These can be separated in two groups: cell-based and molecular-

based techniques. The most popular techniques within these groups are flow

cytometry and qPCR respectively.

Real-time polymerase chain reaction, or quantitative polymerase chain re-

action (qPCR), is a variant of a PCR to amplify and quantify simultaneously

the PCR reaction product. This technique allows the relative and absolute

quantification of a gene of interest. The amplified DNA can be detected by

adding non-specific fluorescent dyes that intercalates with double stranded

DNA, or using specific DNA probes that contains fluorescent labels. Both ap-

proaches rely on the detection of the resulting fluorescent signal. This signal

is later compared to the signal produced by a negative and positive control.

In microbial ecology, this technique is widely used to measure the number

of copies of a gene of interest (absolute quantification). It requires a standard

curve, which is constructed using dilutions of a sample of known concentration

called standard. In this way, the amount of the sample target template is

inferred by a known template quantity (Bonk et al., 2018).
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Compared to flow cytometry, qPCR is cheaper, easier to perform and over-

all more accessible; while flow cytometry is laborious to prepare and requires

specialized equipment and substantial technical expertise. However, qPCR re-

sults are susceptible to biases during DNA extraction and PCR amplification,

steps that are not included in the flow cytometry workflow. Additionally, flow

cytometry has a reduced less intra-sample variability and higher sensitivity

than qPCR (Jian et al., 2021). Despite all these differences, both techniques

generate comparable quantitative microbiome profiles (Jian et al., 2021; Rao

et al., 2021; Vandeputte et al., 2017).
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1.5 General objective

For this thesis, we aim to explore the microbial composition of the human

gut using a broad and precise approach, enabling us to understand better

the pathogenesis of gastrointestinal diseases associated with microbial mucosal

colonic shifts. For this purpose, we plan to study the microbial intestinal

mucus using a polykingdom approach which includes bacteria, fungi, archaea,

protists, metazoan and viruses. Besides this, we plan to collect colonic tissue

of different regions of the colon instead of faecal samples to obtain an accurate

depiction of the colonic microbial communities. Lastly, we want to explore

different variables from the experimental design and samples metadata that

could potentially impact microbial distribution.

The microbial community members of the colon are identified using the

amplicon sequencing technique instead of shotgun metagenomics to avoid the

sequencing of host cells. In addition to amplicon sequencing, we use the qPCR

technique to quantify the community members absolute abundances.

Finally, we expect to develop an experimental and analytical pipeline that

allows a better understanding of the microbial dynamics occurring on the hu-

man colon. Therefore, we expect to obtain a distinct and more diverse micro-

bial profile after accounting for different microbial kingdoms and confounders,

and using a QMP approach in opposition to RMP.
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Chapter 2

Methods for quantifying and

sequencing polykingdom

mucosal communities

2.1 Introduction

The gut mucosal-associated microbiome in IBD is severely understudied, with

the majority of studies assessing the luminal microbiota composition using

faecal samples. This is a shortcoming as it will poorly represent the mucosa-

associated microorganisms in the GIT (Gevers et al., 2014; Pittayanon et al.,

2020). In addition to this, most of the studies are focused on bacteria and

tend to overlook the association of different kingdoms including fungi, archaea,

protists, metazoan and viruses (polykingdom) with the gut microbiota, and

ultimately within IBD pathogenesis.

In this project, we aim to study the microbial composition of the intestinal

mucus in IBD using a polykingdom approach; specifically, we plan to col-
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lect and analyse human mucosal biopsies along different regions of the colon,

with samples collected from IBD patients and healthy control individuals. To

address this, firstly, the intestinal mucus needs to be isolated from the gut sam-

ples to reduce host cell contamination. A washing procedure was adapted and

used for this purpose on colonic tissue from mice. Laboratory optimisations

will be based on murine samples and the optimised methods will be used to

process the human samples. Once the mucus is isolated, amplicon sequencing

and qPCR will be used in parallel to enable a QMP approach. The amplifi-

cation of 16S, 18S and ITS1 marker genes will allow for the identification of

prokaryotic, eukaryotic and fungal microbiome, respectively.

It is important to note that the above workflow could potentially bring

about some issues; the DNA extraction method used to isolate the genetic

material could affect the way in which the different microbial kingdoms are

represented, bringing about biases in observation. Additionally, from the time

the sample is collected to the point of DNA extraction, the microbial compo-

sition could change and differ from the samples original state. These issues

highlight the importance of evaluating the ways in which different DNA ex-

traction protocols and storage solutions can impact microbial representation,

which are summarised in the following objectives:

Objective 1. Test and compare three different DNA extraction kits in

terms of DNA quantity, DNA quality, number of 16S copies and biasing mi-

crobial composition.

Objective 2. Test phosphate-buffered saline (PBS) and RNAlater storage

solutions to preserve cells integrity prior to the washing procedure and their

impact on downstream analysis steps.
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2.2 Materials and Methods

2.2.1 Sample collection and preparation of mucus samples

Colon samples were obtained from 3 to 4 week old C57/B6J mice (Disease

Model Unit at the University of East Anglia, UK). These were stored in ster-

ile PBS or RNAlater (Invitrogen) stabilization and storage solution. A piece

of tissue (up to 10 mg) was collected from the proximal colon and stored

in pre-weighted tubes. The number of samples collected from the colon was

determined by the number of different DNA extraction protocols to test. Sam-

ples were kept on ice and processed after collection. The pieces of tissue were

subjected to three washes to release the microbes from the mucus (washing

procedure adapted from Li et al., 2003). These were performed by transferring

the gut samples into a 15 mL conical tube containing 12 mL of saline solution

with 0.1% Tween 80 (4 mL per piece of tissue). Then the sample was shaken

for 1 minute and transferred into a new tube. Once finished, the pieces of tis-

sue were removed and the three washes were pooled together and centrifuged

at 11.200 g for 30 minutes at 4°C. The supernatant was discarded and the

pellet containing the microbial cells was resuspended in 1.8 mL of sterile PBS

(600 µL per each DNA extraction protocol) for further processing. Samples

were prepared in duplicates.

2.2.2 Microbial DNA Extraction

Three different DNA extraction kits were used in duplicates to extract micro-

bial DNA from the mucus samples.

FastDNA™ SPIN Kit for Soil (MP Biomedicals). The protocol was

followed according the manufacturer’s standard protocol with some modifica-
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tions (FastDNA™ SPIN Kit for Soil detailed protocol) (Figure 2.1).

Figure 2.1. Diagram of FastDNA™ SPIN Kit for Soil detailed protocol. Workflow from

FastDNA™ SPIN Kit for Soil manual (MP Biomedicals).
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Once the MT buffer was added in step 1, the sample was incubated for

40 minutes at 4 °C. The homogenization in the Fastprep instrument (MP

Biomedicals) during step 2 lasted 40 seconds and was repeated three times,

with 1 minute of resting between each bead-beating repetition. After this step,

the sample was centrifuged at 14,000 g for 10 minutes. In step 4, 800 µL of

supernatant were removed and discard. Step 6 was repeated. Step 8 was also

repeated using an elution volume of 50 µL.

QIAamp® PowerFecal® Pro DNA Kit (Qiagen). The protocol was

followed according the manufacturer’s standard protocol with modifications.

The sample was homogenised using a Vortex Adapter at maximum speed for

10 minutes. In the step 16, 50 µL of Solution C6 was added.

Maxwell® RSC PureFood GMO and Authentication Kit

(Promega). The protocol was followed according the manufacturer’s stan-

dard protocol without modifications (Purifying DNA on the Maxwell® Instru-

ments).

2.2.3 Evaluation of DNA quality and yield

DNA quality was determined spectrophotometrically using NanoDropTM ND-

2000 (NanoDrop Technologies). Purity and intactness were assessed with the

260/280 and 260/230 absorbance ratios. DNA yield was measured fluoromet-

rically using Qubit® Fluorometer 3.0 with the High Sensitivity dsDNA kit

(Invitrogen) according to the manufacturer’s protocol. The DNA concentra-

tion obtained was normalised using the tissue weight of each sample.
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2.2.4 Quantitative microbiome profiling

Quantitative PCR assessment of microbial loads

Samples were diluted to the lowest DNA concentration observed among the

samples and used as a template for qPCR amplification of the V6 hypervariable

region of the 16S rRNA (1048F: GTGSTGCAYGGYYGTCGTCA, 1194R:

ACGTCRTCCMCNCCTTCCTC). Each reaction contained 3 µL of SYBR®

Select Master Mix (Applied Biosystems), 1.5 µL of template DNA and two

times 0.2 µL primer solution (10nM), and 1.6 µL PCR grade water, in a total

reaction volume of 6.5 µL. The amplification was performed in a ViiA7 qPCR

detection system (Applied Biosystems). The amplification program comprised

of 2 stages; an initial denaturation step at 95 °C for 180 s, followed by 40

two-step cycles at 95 °C for 15 s and at 60 °C for 60 s. At the end of the run, a

melting curve analysis was performed. Cycle threshold value was determined

using the ViiA7 qPCR detection system software (v 1.2) (Thermo Fisher Sci-

entific). A calibration curve was run with each sample set. This reference

curve was generated by using serial dilutions from a stock of known 16S copies

concentration. All reactions were run in duplicates.

Library preparation

For the first PCR, the 16S rRNA V4 amplicons were amplified using 0.4 µL

of each primer (515F: GTGYCAGCMGCCGCGGTAA, 806R: GGACTAC-

NVGGGTWTCTAAT) (Caporaso et al., 2011; Walters et al., 2016), 5 µL

equimolar amounts of DNA as a template, 12.5 µL of GoTaq® G2 Green Mas-

ter master mix (Promega) and 6.7 µL of PCR grade water. This makes a total

reaction volume of 25 µL. The program used included 95 °C for 5 minutes, 30
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cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s followed by a final

extension at 72 °C for 5 minutes.

The following part was performed by Dave Baker (Quadram Institute Bio-

science).

Following the first PCR and clean-up a second PCR master mix was made

up using 4 ul kapa2G buffer, 0.4 µl dNTP’s, 0.08 µl Polymerase, and 6.52 µl

PCR grade water (contained in the Kap2G Robust PCR kit) per sample and

added to each well to be used in a 96-well plate. 2 µl of each P7 and P5 of

Nextera XT Index Kit v2 index primers (Illumina Catalogue No. FC-131-2001

to 2004) were added to each well. Finally, the 5 µl of the clean specific PCR

mix was added and mixed. The PCR was run using 95 °C for 5 minutes, 10

cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s followed by a final 72C

for 5 minutes. Following the PCR reaction, the libraries were quantified using

the Quant-iT dsDNA Assay Kit, high sensitivity kit (Catalogue No. 10164582)

and run on a FLUOstar Optima plate reader. Libraries were pooled following

quantification in equal quantities. The final pool was cleaned using 0.7X SPRI

using KAPA Pure Beads. The final pool was quantified on a Qubit 3.0 instru-

ment and run on a High Sensitivity D1000 ScreenTape (Agilent Catalogue No.

5067-5579) using the Agilent Tapestation 4200 to calculate the final library

pool molarity.

The pool was run at a final concentration of 8pM on an Illumina MiSeq

instrument using MiSeq® Reagent Kit v3 (600 cycle) (Illumina Catalogue

FC-102-3003) following the Illumina recommended denaturation and loading

recommendations which included a 20% PhiX spike in (PhiX Control v3 Il-

lumina Catalogue FC-110-3001). The raw data was analysed locally on the

MiSeq using MiSeq reporter.
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Processing of sequencing reads

The LotuS pipeline (v 1.65) (Hildebrand et al., 2014) was used to process the

V4 16S rRNA amplicon sequences. The steps include demultiplexing, quality-

filtering, clustering of quality-filtered reads with uparse (Edgar, 2013) at 97%

identity. Chimeric OTUs were filtered out with uchime2 (Edgar et al., 2011).

For taxonomic annotation, OTU seed sequences were aligned to the reference

database SILVA (v 123) and the LotuS LCA algorithm using lambda aligner

(Hauswedell et al., 2014; Quast et al., 2013).

The command for LotuS utilised the following parameters:

-s sdm miSeq.txt -xtalk 1 -keepUnclassified 1 -p miSeq -keepTmpFiles 0

-id 0.97 -simBasedTaxo lambda -refDB SLV -amplicon type SSU -tax group

bacteria -derepMin 8:1,4:2,3:3 -saveDemultiplex 0 -CL unoise -thr 12 -exe 0

2.2.5 Statistical analysis

Statistical analyses were performed using R (v 3.6.1). After processing the

sequencing reads with LotuS, we obtained a 16S OTU abundance table, con-

taining the OTU frequencies for each sample, and taxa abundance tables for

different taxonomic levels. Samples from the 16S OTU abundance tables were

rarefied 200,000 reads per sample with R-package rtk (v 0.2.6.1) (Saary et

al., 2017). The smallest number of sequences per sample observed was used

to choose this rarefaction depth, rarefactions were repeated 10 times. Rar-

efactions were used to calculate the mean Shannon’s diversity index and taxa

richness estimate (chao1) of each sample from 16S OTU frequencies. To obtain

QMP profiles, taxa abundance tables were normalised by the number of 16S

copies for each sample, as estimated using qPCR. Shapiro-Wilk test of nor-
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mality was used to assess whether the data are normally distributed. Multiple

pairwise comparisons could not be performed between the DNA extraction

methods due to the limited number of sequenced samples.
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2.3 Results

2.3.1 Effect of DNA extraction method on DNA quantity and quality

We obtained colon samples from 2 different healthy mice both 3 – 4 weeks

old and isolated the microbes from the mucus. These samples were pooled

together and split across the different DNA extraction methods and storage

treatments (n = 19). DNA from mucus samples was extracted using three

different extraction methods (Table 2.1). Extraction analysis is presented in

terms of quality and quantity.

Table 2.1. Summary of DNA extraction methods.

Extraction method Abbreviation Lysis method Purification method
Elution volume

(µL)

FastDNA™ SPIN Kit for Soil MP Mechanical - Matrix beating (homogenizer) Spin silica column 100
Maxwell® RSC PureFood GMO and Authentication Kit PR Chemical - Lysis buffer Magnetic beads 100

QIAamp® PowerFecal® Pro DNA Kit QI
Mechanical - Bead beating (vortex)

Spin silica column 50
Chemical - Lysis buffer

DNA Quantity

DNA quantity was characterised by fluorometry using Qubit high sensitivity

dsDNA. This assay is highly selective for double-stranded DNA over RNA

unlike the absorbance 260/280 ratio.

Overall, there was no significant difference between the three DNA extrac-

tion methods on the concentration of DNA obtained (Figure 2.2A). Although

PR seems to yield the highest amount of DNA per tissue weight, and MP had

the extracts with the lowest concentrations of DNA.
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Figure 2.2. (A) Differences in DNA amount per mg of tissue between DNA extraction

methods (mean ± SEM). Error bars represent standard error of the mean. Not significant differences

in DNA amount per mg of tissue between DNA extraction methods. One-way ANOVA, P > 0.05. (B)

Differences in DNA amount per mg of tissue between PBS and RNAlater buffers (mean

± SEM). Error bars represent standard error of the mean. Significant differences in DNA amount

per mg of tissue between storage solutions. Kruskal-Wallis test, *** P < 0.001.

The samples conserved on the RNAlater buffer yielded a significantly

higher amount of DNA per mg of tissue than samples in PBS (Kruskal-Wallis:

X2(1) = 11.38, P = 7E-04) (Figure 2.2B). RNAlater buffer-treated samples

yielded approximately six times more DNA than PBS. All extracts among the

three DNA extraction kits yield higher amount of DNA when RNAlater was

used (Figure 2.3). PR extraction method obtained the highest amount of

DNA from extracts treated with RNAlater, followed by QI and MP methods.

At the same time, PR also had the highest standard deviation among the three

kits when using RNAlater. While QI method yielded higher concentration of

DNA than the other kits when PBS was used. However, QI also had the

highest standard deviation among the three kits when using PBS.
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Figure 2.3. Amount of DNA per tissue weight among the three DNA extraction methods

and storage solutions (mean ± SD). Error bars represent the standard deviation. Different DNA

extraction methods are differentiated by the border colour: MP, red, PR, blue, QI, green. Storage

buffers are differentiated by the fill colour: phosphate-buffered saline, white and RNAlater, grey.

Finally, PR was the DNA extraction method with the highest DNA con-

centration, followed by QI. The latter kit yielded the highest DNA concentra-

tion with samples stored in PBS; however, this tendency changes when using

RNAlater.

DNA Quality

DNA quality is measured by DNA purity and DNA intactness, which indicate

the level of contaminants and suitability for PCR amplification and sequencing.

DNA purity and integrity was assessed using the absorbance 260/280 ratio

across the three methods (Figure 2.4).
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Figure 2.4. (A) Scatter plot DNA extract quality (A260/A280 nm vs. A260/A230 nm).

The used DNA extraction methods are indicated by colour: FastDNA™ SPIN Kit for Soil (n = 7 ex-

tracts), red, Maxwell® RSC PureFood GMO and Authentication Kit (n = 7 extracts), blue, QIAamp®

PowerFecal® Pro DNA Kit (n = 5 extracts), green. Dotted lines indicate the upper and lower limits

of accepted absorbance ratios. Grey area delimits the accepted range for both ratios. (B) Differences

in A260/A280 ratios between DNA extraction methods (mean ± SEM). Error bars represent

standard error. Grey area delimits the accepted range (1.8 - 2.0). Significant differences in absorbance

260/280 ratios between PR and MP methods. Tukey’s HSD test, *P < 0.05. (C) Differences in

A260/A230 ratios between DNA extraction methods (mean ± SEM). Error bars represent

standard error. Samples out of the accepted range (accepted range corresponds to 1.8 – 2.2). Sig-

nificance of differences in absorbance 260/230 ratios among different DNA extraction methods was

tested using a One-way ANOVA, ***P < 0.001. Significant differences in absorbance 260/230 ratios

between PR and MP methods. Tukey’s HSD test, ***P < 0.001. Significant differences in absorbance

260/230 ratios between MP and QI methods. Tukey’s HSD test, *P < 0.05. Significant differences in

absorbance 260/230 ratios between PR and QI methods. Tukey’s HSD test, ***P < 0.001.
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Overall, PR and QI extraction methods mean (± SEM) A260/A280 ratios

are within or near the accepted range of 1.8 to 2.0 (Figure 2.4B), where PR

method (± SEM) had the highest proportion of extracts with accepted ratios

(4/7) (Figure 2.4A). Although QI mean ratio was near the accepted range,

only 1 out of 5 extracts has an accepted ratio. MP extraction method had

the lowest mean (± SEM) A260/A280 ratio among the three methods (1.62 ±

0.23), out of the accepted range; most of MP extracts had A260/A280 ratios

below 1.8 (4/7).

There was no significant difference between extraction methods in the ab-

sorbance 260/280 ratios obtained (ANOVA: F = 3.387; d.f. = 2, 16; P =

0.0594). However, PR method A260/A280 ratios were significantly greater than

MP method ratios (Tukey: P = 0.0479) (Figure 2.4B). Maxwell® RSC

PureFood GMO and Authentication Kit seems to yield the highest purity and

integrity DNA among the three kits.

UV absorbance 260/230 ratio was used as secondary measure to evaluate

DNA extracts purity, this ratio indicates the presence of any residual carryover

(non-proteic contamination). All extracts among the three different extraction

methods had A260/A230 ratios below the accepted range of 1.8 to 2.2 (Figure

2.4A). PR extraction method produced the highest A260/A230 ratios (1.43 ±

0.20), significantly higher than QI (0.59 ± 0.39) (Tukey: P = 5.88E-05) and

MP methods (0.13 ± 0.13) (Tukey: P = 1E-07) (Figure 2.4C). While MP

extractions produced the lowest A260/A230 ratios, significantly lower than QI

extraction ratios (Tukey: P = 0.015). Finally, there was a significant differ-

ence in absorbance 260/230 ratios between different DNA extraction methods

(ANOVA: F = 51.11; d.f. = 2, 16; P = 1.13E-07).

The use of RNAlater or PBS did not affect the quality of DNA extracts
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(Kruskal-Wallis: P > 0.05). The extracts were also loaded into a gel to assess

their DNA integrity; however, they could not be visualised due to their low

DNA concentration as the samples had a low microbial biomass.

2.3.2 Effect of DNA extraction method and storage buffer on prokary-

otic absolute abundance

Mucus samples yielded an average of 500 16S gene copies per miligram of

tissue, and the maximum number of copies was an average of 1271 16S gene

copies, when using the PR extraction method combined with RNAlater sample

storage (Figure 2.5). While QI and MP yielded an average of 540 and 520 16S

gene copies. When mucus samples were treated with PBS, the QI extraction

method had the highest number of 16S copies (131 copies), followed by MP

(98 copies) and PR (79 copies).

Figure 2.5. Box plot representation of 16S rRNA gene copies per mg of tissue distribution

across the three DNA extraction methods and storage solutions. The box ranges from the

first to the third quartile of the distribution. The line across the box indicates the median. Different

DNA extraction methods are differentiated by the border colour: MP, red, PR, blue, QI, green. Storage

buffers are differentiated by the fill colour: phosphate-buffered saline, white and RNAlater, grey.
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There was no significant difference in the number of 16S copies among the

three DNA extraction methods (Kruskal-Wallis: P> 0.05) (Figure 2.6A), and

it seems that PR extraction method yielded higher counts of 16S on RNAlater -

treated samples than the other extraction kits. However, this cannot be tested

due to the limited number of samples.

Figure 2.6. (A) Differences in 16S copies per mg of tissue between DNA extraction

methods (mean ± SEM). Error bars represent standard error of the mean. Not significant differences

in DNA amount per mg of tissue between DNA extraction methods. Kruskal-Wallis test, P> 0.05.

(B) Differences in DNA per mg of tissue between PBS and RNAlater buffers (mean ±
SEM). Error bars represent standard error of the mean. Significant differences in DNA amount per

mg of tissue between storage solutions. Kruskal-Wallis test, *** P< 0.001.

The mucus samples stored with RNAlater solution had a significantly

higher number of 16S gene copies than the samples under PBS treatment

(Kruskal-Wallis: X2(1) = 7.5, P= 6E-03) (Figure 2.6B).

Overall, samples treated with RNAlater buffer yielded higher concentration

of DNA and higher number of 16S copies than samples stored with phosphate-

buffered saline solution.
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2.3.3 Effect of DNA extraction method on microbial composition

We sent a mucus extract from each DNA extraction method for amplicon

sequencing. These extracts were derived from the same sample pool to ensure

an equal comparison. Mucus microbiota diversity was higher in the MP extract

(3.76), followed by the QI (3.59) and PR DNA extractions (3.08). Similarly,

the MP extract showed higher richness estimate (159.5) than the extracts from

QI (155.3) and PR (120.0).

The murine intestinal tract is dominated by two main bacterial phyla: Bac-

teroidetes and Firmicutes. Both phyla were abundant in the samples (Figure

2.7); their combined relative proportion was 68.9% in the extract from MP,

93.0% in the extract from PR and 90.2% in the extract from QI. The extract

obtained from QI had the highest Bacteroidetes relative abundance (21.2%),

followed by PR (19.5%) and MP (10.9%). While the extract from PR had the

highest Firmicutes relative abundance (73.5%), followed by QI (68.9%) and

MP (58.0%). QI also had the highest abundance of Actinobacteriota (5.0%).

Figure 2.7. Relative versus quantitative microbiome profiling at phylum level. Composi-

tion plots of the top 4 phyla among the three samples, with all other phyla pooled into ‘Other’. (A)

Phylum-level mucus relative microbiome composition among different DNA extraction

methods. Relative microbiota profiles obtained using standard microbiome sequencing methods. (B)

Phylum-level mucus quantitative microbiome composition among different DNA extrac-

tion methods. Absolute microbiota profiles obtained using the relative microbial abundance along

with prokaryotic cell counts.
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The Firmicutes phylum was mostly represented by bacteria of the family

Lachnospiraceae, contributing from 31.9% to 44.5% of the total taxonomic

composition. This taxon is compromised by anaerobic bacteria that can fer-

ment complex polysaccharides to a wide range of products including butyrate,

acetate and ethanol. Thus, this family is commonly found in high abundance

in the gut microbiota of mice and humans (Wang et al., 2019).

As expected from previous work on mice gut microbiota, prevalent gen-

era such as Lactobacillus, Bacteroides, Blautia, Bifidobacterium, Enterorhab-

dus, Roseburia and Marvinbryantia were present on the mucus DNA extracts

(Wang et al., 2019), where Lactobacillus, Bacteroides, Blautia, Bifidobacterium

and Enterorhabdus were some of the most abundant genera among the samples

(Figure 2.8).

Figure 2.8. Relative versus quantitative microbiome profiling at genus level. Composition

plots of the top 16 known genera among the three samples, with all other genera pooled into ‘Other’.

Taxonomies of the genera were coloured according to phylum: Firmicutes, green, Bacteroidota, yellow,

Proteobacteria, lavender, Actinobacteriota, red. (A) Genus-level mucus relative microbiome

composition among different DNA extraction methods. Relative microbiota profiles obtained

using standard microbiome sequencing methods. (B) Genus-level mucus quantitative micro-

biome composition among different DNA extraction methods. Absolute microbiota profiles

obtained using the relative microbial abundance along with prokaryotic cell counts.
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Burkholderia/Caballeronia/Paraburkholderia genera stand out among the

three DNA extraction methods. These genera are only present in the MP

DNA extract in high abundance (Figure 2.8B), and constitutes most of the

Proteobacteria phyla found in the MP extract (72.5%). The dominance of this

group in the Proteobacteria phyla explains the high difference in the abundance

of Proteobacteria between different DNA extraction kits (Figure 2.7).
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2.4 Discussion

In order to assess the optimal approach for bacterial DNA extraction from

mucus samples, we evaluated three DNA extraction methods in terms of the

DNA quantity and quality, bacterial absolute abundance (estimated via num-

ber of 16S copies), and microbial composition. To identify and quantify the

bacteria recovered in each method, we used primers for the 16S rRNA gene

for the qPCR and amplicons sequencing. Additionally, we tested two different

storage solutions during this process to decide on the best treatment to keep

cells integrity.

We compared the DNA concentrations yielded under control (PBS) and

RNAlater treatments among the different DNA extraction methods. QI was

the DNA extraction method with the highest DNA concentration in control

conditions, followed closely by PR. RNAlater treatment increased the overall

amount of DNA extracted and altered the kit’s performance. After RNAlater

treatment, PR was the method that achieved the highest DNA concentration,

but it also had the highest standard deviation. When a treatment results in

an increase in the mean, an increase in the standard deviation (Treatment

effect*N(m,s) = N(m*Treatment effect, s*Treatment effect)) is also expected.

However, the increase observed in the standard deviation of PR did not occur

with the other extraction methods. Therefore, we could hypothesise that the

presence of RNAlater residues from the samples pre-treatment could have a

negative impact on the performance of PR. This negative effect would explain

PR inconsistent results.
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RNAlater has a high concentration of salt. Salt is used in DNA extraction

methods for DNA neutralisation and further DNA precipitation. The use of

salt also helps to remove proteic carryovers. However, it is necessary to remove

any excess salt to prevent the salt from co-precipitating with the DNA or even

causing DNA denaturation, after the DNA extraction. Any salt excess from

the RNAlater treatment could be a challenge for the purification step of the

extraction methods tested.

Overall, the RNAlater pre-treatment increases the amount of DNA yielded

by all the kits. In theory, this might be due to RNAlater functioning to

preserve the integrity of the cells, preventing them from bursting during sample

handling. However, how this conserving buffer interferes with the performance

of each extraction method could not be tested due to the limited number of

samples. The impact of RNAlater residues on each kit could explain why PR

performance was inconsistent compared to the other kits after RNAlater pre-

treatment. Finally, despite the higher standard deviation from PR, it seems

that the kit from Promega yields the highest amount of DNA after RNAlater

pre-treatment, considering the elution volumes used in each kit.

Results in 260/230 absorbance ratios are similar to 260/280 absorbance

ratios, where PR obtained the best results in terms of DNA quality. This kit

offers an automated extraction, employing magnetic particles to isolate and

move the sample around different solutions during the DNA extraction process.

It seems that the automation of this process could have a positive impact on

the sample’s quality. In contrast, MP has the lowest ratios, whilst also being

the method that requires the most user involvement. During MP workflow,

the sample is transferred multiple times to different tubes. Additionally, the

user has the task of mixing the sample with the binding matrix, this binding
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matrix serves to isolate the DNA. These differences made MP a more manual

extraction method compared to the two other kits evaluated, where magnetic

beads or a silica-column are used instead, to facilitate the sample handling.

Despite the above mentioned, none of the samples had absorbance 260/280

and 260/230 ratios within the acceptable absorbance range (grey box in Figure

2.4A). These samples had a low microbial biomass which could potentially

explain why their absorbance ratios are so low, as contaminant or residue from

the extraction process or the samples themselves could affect the quality of

the DNA extracts. Lastly, it would be useful to compare the DNA quality

from those samples pre-treated with RNAlater and PBS. However, the limited

number of samples did not allow for this analysis.

When looking at the number of 16S copies, this value might be an indicator

of the number of prokaryotic cells. PR obtained the largest number of prokary-

otic cells , followed by QI and MP. However, some bacteria and archaea can

have more than one copy in their genomes, which biases the estimation of cell

counts. This heterogeneity can also bias the results when comparing different

methods to extract DNA as each protocol would benefit specific prokaryotic

groups. We find the same challenge when comparing the microbial composi-

tions using the 16S counts. Multiple tools are available to predict the number

of 16S gene copies based on the sample’s microbial composition and correct

for this bias. But no consensus exists on the procedure to be followed.

Again, RNAlater pre-treatment appears to have a positive effect on the

samples; the number of 16S copies obtained increases after RNAlater pre-

treatment in all of the kits. However, QI did not experience the same increase

in 16S copies as the other kits after the treatment. We propose that the QI

purification method was insufficient to cope with the residues left from the
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RNAlater pre-treatment. The results obtained with and without RNAlater

pre-treatment correlate with the DNA concentrations as expected. Finally,

the obtained DNA quantities and number of 16S copies among the kits could

be a result of the difference in DNA quality observed between the different

extraction kits. Good quality DNA will be easier to detect and use in down-

stream applications.

Samples extracted with each kit were sent for sequencing to test their suit-

ability for amplicon sequencing, despite being considered low microbial biomass

samples. In addition, these results help to assess the differences between DNA

extraction methods. The phyla and genus relative abundances were adjusted

to obtain their absolute abundances using the microbial loads from qPCR re-

sults. MP had higher OTU diversity and richness, followed by QI and PR.

Unlike the other DNA extraction kits (PR and QI ), MP includes a lysis ma-

trix which is made of particles of different shapes, sizes and materials . This

lysis matrix could help to lyse a wider range of cell walls. The low microbial

diversity found in PR DNA extraction could be explained by its low micro-

bial load (around 5 times lower than the other DNA extracts). This sample

was randomly selected for sequencing, which coincidentally happened to be

the sample with the lowest number of 16S copies per mg of tissue from all the

samples extracted with PR. Overall, the richness estimates reported among the

DNA extracts correlate with other richness estimates from mouse microbiota

studies using faecal samples (Hildebrand et al., 2013; Wang et al., 2019).

All the extracts were dominated by Firmicutes and Bacteroidota phyla

as was expected from literature (Wang et al., 2019). However, MP showed

a very high proportion of Proteobacteria, even higher than the Bacteroidota

fraction and this is unexpected in a normal mice GIT. These Proteobacte-
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ria were mostly of genera Burkholderia/Caballeronia/Paraburkholderia in MP

kit. Species from all these three genera have been reported in humans (Ger-

rits et al., 2005; Vandamme et al., 2013). Burkholderia genus is known to

include several animal pathogenic species, whereas species from Caballeronia

and Paraburkholderia are not associated with human infections. Burkholderia

has been also identified as an inherent contaminant in the FastDNA™ SPIN

Kit for Soil (MP) extraction kit (Salter et al., 2014). Therefore, the pres-

ence of these high abundance genera only in the MP extract appears to be

contamination from the DNA extraction kit itself.

Other studies have reported that within the Firmicutes phylum the great-

est variability can be found when different DNA extraction methods are used

(Abusleme et al., 2014; Momozawa et al., 2011). This is because Firmicutes

and Actinobacteria species are considered difficult to lyse bacteria (Abusleme

et al., 2014). Although PR has a higher relative abundance of Firmicutes

among the three kits, QI could also recover other hard-to-lyse taxa as Acti-

nobacteria in higher abundance than the other kits. This DNA extraction kit

combines enzymatic lysis along with bead beating in its lysis step. Therefore,

it seems that the double lysis step from QI is more efficient than the other

kits against these bacteria. However, the notable difference in microbial loads

between samples makes it difficult to conclusively answer this hypothesis.

In summary, MP yielded the lowest amount of DNA, with the lowest quality

and the lowest number of prokaryotic cells. It also appears that the kit used,

contained contaminants, in sufficient abundance to compete with the true taxa

in the sample. Taking these observations into consideration MP appears to be

a poor choice when extracting DNA from samples with low microbial biomass,

as seen with our mucus samples. This was not the case for PR and QI, PR
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extracted the highest quantity and quality of DNA, and also recovered the

highest number of prokaryotic cells. Its performance was comparable to QI.

Both DNA extraction kits showed similar taxonomic profiles and good bacterial

recovery rates, making them good choices for extracting DNA from mucus

samples.
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2.5 Conclusion

We wanted to study different microbial kingdoms in human biopsies from IBD

and healthy control samples. However, this aimed required the development

of a protocol that would allow the efficient isolation of microbes from the

host tissue. Furthermore, this method had to be reliable in isolating different

microbial kingdoms, despite their specific characteristics.

We developed and evaluated different approaches in a murine model, using

mice colonic samples. Once we were able to successfully isolate the microbes

from the mucosa, we had to decide on a DNA extraction method. The experi-

ments and analyses carried out to decide which method best suits our type of

sample and objectives, were described in this thesis.

We tested three different DNA extraction kits: FastDNA™ SPIN Kit for

Soil (MP Biomedicals), QIAamp® PowerFecal® Pro DNA Kit (Qiagen) and

Maxwell® RSC PureFood GMO and Authentication Kit (Promega). To eval-

uate their performance, we compared them in terms of DNA quantity and

quality, bacterial copy number and microbial composition. Besides this, we

wanted to work with fresh samples, to avoid any microbial loss during the

freeze and thaw cycle. For this reason, we also compared the DNA quantity

and bacterial copy number yielded by two storage solutions. These storage

solutions were PBS and RNAlater.

Our results showed that RNAlater pre-treatment increased the bacterial

yielded compared with PBS in every scenario tested. We also observed that

Maxwell® RSC PureFood GMO and Authentication Kit was the best kit in

terms of DNA quality and quantity and number of copies. However, the se-

quencing results showed that QIAamp® PowerFecal® Pro DNA Kit (Qiagen)
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extracted DNA from a wider range of microorganisms, these included difficult-

to-lyse bacteria. We explained this outcome due to the double lysis step,

mechanical and enzymatic, that Qiagen’s kit includes and it is absent in the

other extraction methods.

Although FastDNA™ SPIN Kit for Soil includes a mechanical lysis, its

microbial composition was outcompeted by the presence of contaminants. The

presence of contaminants can be easily reduced by reducing sample processing.

Similarly, there will be less microbial loss the less the sample is processed. This

was observed in our analysis; the kit with the best performance used a robot to

process the sample in the fewest steps, while the kit that gave the worst results

included the highest number of steps with the greatest user involvement among

the kits tested. It is important to remember that these results are specific to

the type of sample used. We worked with low biomass samples, but other type

of samples could benefit from all the steps included in FastDNA™ SPIN Kit

for Soil.

Finally, our results indicate that Maxwell® RSC PureFood GMO and Au-

thentication Kit and QIAamp® PowerFecal® Pro DNA Kit are good options

for studying mucus isolate bacteria. These DNA extraction kits together with

an RNAlater pre-treatment, guaranteed the best results when isolating and

identifying bacteria in samples dominated by host DNA. However, this analy-

sis will have to be repeated for each microbial kingdom to reach a conclusion

about which approach will best represent a polykingdom community.
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Chapter 3

Bacterial and fungal microbiota

analysis in colorectal cancer

3.1 Introduction

The pathogenesis of CRC has been associated with the gut microbiota (Lu

et al., 2016; Wong & Yu, 2019). The microbiota composition of CRC patients

changes during disease progression, with different bacterial profiles between

adenoma and cancer stage (Feng et al., 2015). Different pathways have been

proposed to explain bacterial involvement in disease development (Van Raay

& Allen-Vercoe, 2017). These models have been explored and are supported by

findings evolving around bacteria. Colon tissue from CRC patients is charac-

terised by a reduced bacterial diversity compared to healthy tissue. In addition,

bacterial species such as Fusobacterium nucleatum, Bacteroides fragilis and Es-

cherichia coli are found in high abundance in the microbial profiles of these

patients. However, other microbial kingdoms are interrelated and constitute

the human gut microbiota, albeit to a lesser extent. One of these overlooked
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kingdoms is constituted by fungi, where little data is currently available in its

involvement in CRC onset and progression.

The 80% of sporadic CRC cases originate from the appearance of adeno-

mas (Fischer et al., 2019). Initial studies of the mycobiome in patients with

adenoma indicated that as with bacterial diversity, fungal diversity is reduced

in adenomas when compared to adjacent tissue (Coker et al., 2019; Luan et

al., 2015). Changes in the mycobiome are closely related to adenoma size and

progression. However, fungal diversity appears to increase at later tumour

stages (Gao et al., 2017). Similarly, patients with CRC show a distinct myco-

biome profile at early and late stages of the disease. All these findings suggest

that in tumour tissue the fungal community is different than in the adjacent

non-tumour tissue, as shown in adenomas. This fungal composition would

also be expected to be related to the bacterial composition given the reported

interplay between both groups in health and dysbiosis (Sam et al., 2017; van

Tilburg Bernardes et al., 2020). Based on these hypotheses, we defined the

following objectives:

Objective 1. To characterize the bacterial quantitative microbiome profile

of clinical cases of CRC using colonic resected tissue.

Objective 2. To characterize the fungal quantitative microbiome profile

of clinical cases of CRC using the same samples as in Objective 1.

Objective 3. To compare the bacterial and fungal communities between

tumour tissue (on-tumour) and tissue adjacent to the tumour (off-tumour).

To carry out the objectives described above, qPCR and amplicon sequenc-

ing were performed on resected tissue samples from CRC patients. These

samples were extracted from different regions of the colon, always in pairs in

order to compare on-tumour and off-tumour sites. The same primers were
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used for both qPCR and amplicon sequencing. These were primers for the

V4 region of the 16S rRNA gene, used to detect and identify bacteria, and

primers for ITS1, which is specific for fungi. The results obtained from qPCR

and amplicon sequencing were integrated together to obtain the quantitative

microbiome profiles specific to each primer pair.
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3.2 Materials and Methods

3.2.1 Microbial DNA extraction

Two different DNA extraction kits were employed to extract DNA in triplicates

from colonic resected tissue from colorectal cancer patients. The samples from

the first ten donors were processed with QIAamp® DNA Mini (Qiagen), while

the Monarch® Genomic DNA Purification (New England Biosciences) kit was

used with the samples from the three other donors. All the DNA extracts

from each sample were pooled together. This was conducted in the lab of Dr

Natalie Juge by Dr Dimitra Lamprinaki.

3.2.2 Evaluation of DNA yield

DNA concentration was measured fluorometrically with the High Sensitivity

dsDNA kit (Invitrogen) on Qubit® Fluorometer 3.0 according to the manu-

facturer’s guidance.

3.2.3 Quantitative microbiome profiling

Quantitative PCR assessment of microbial loads

The number of 16S rRNA gene copies in each sample was determined via qPCR

using primers for V4 hypervariable region of the 16S rRNA gene (515F: GT-

GYCAGCMGCCGCGGTAA, 806R: GGACTACNVGGGTWTCTAAT) (Ca-

poraso et al., 2011; Walters et al., 2016). For each reaction was used 3 µL

of SYBR® Select Master Mix (Applied Biosystems), 2 µL of template DNA

and two times 0.2 µL primer solution (10nM), and 1.1 µL PCR grade water, in

a total reaction volume of 6.5 µL. The amplification program comprised of 2
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stages; an initial denaturation step at 95 °C for 180 s, followed by 40 three-step

cycles at 95 °C for 30 s, 55 °C for 30 s and at 72 °C for 30 s. A calibration

curve was run with each sample set which consists of serial dilutions from a

stock of known 16S copies concentration.

Primer for the ITS1 region were used to assess the proportion of fungal

genetic material among the samples (ITS1F: CTTGGTCATTTAGAGGAAG-

TAA, ITS2: GCTGCGTTCTTCATCGATGC) (Gardes & Bruns, 1993; White

et al., 1990). Reactions contained 3 µL of SYBR® Select Master Mix (Applied

Biosystems), 1.5 µL of template DNA and two times 0.15 µL primer solution

(10nM), and 1.7 µL PCR grade water, in a total reaction volume of 6.5 µL.

qPCR conditions were as follows: an initial denaturation step at 95°C for 180

s, followed by 40 two-step cycles at 95°C for 15 s and at 60°C for 60 s.

All reactions for 16S V4 and ITS1 regions were run in duplicates. The

qPCR reactions were performed in a ViiA7 Real-time PCR detection system

(Applied Biosystems). Cycle threshold value was determined using the ViiA7

Real-time PCR detection system software (v 1.2) (Thermo Fisher Scientific).

The DNA concentration from each sample was used to normalize their 16S

rRNA gene copies.

Library preparation

The library preparation was executed as described in 2.2.4 Library preparation

including primers for ITS1. Different amounts of ITS1 and 16S amplicons

(2:1) were pooled to compensate the expected differences in starting material

between fungal and bacterial DNA. Two reactions with sterile water were

included per primer pair as negative controls for the sequencing process. This

process was repeated with the same conditions for those samples with the

57



3.2. Materials and Methods

lowest number of reads for both 16S and ITS1.

Processing of sequenced data

The LotuS pipeline (v 2.01) (Hildebrand et al., 2014) was used to process

the V4 16S rRNA and ITS1 region amplicon sequences. The steps include

demultiplexing, quality-filtering, clustering of the reads and taxonomic classi-

fication. 16S amplicons were clustered using Dada2 (Callahan et al., 2016),

while uparse at 97% identity was used for ITS1 amplicons (Edgar, 2013). Host

contamination was detected and removed by aligning the reads to the human

reference genome GRCh38.p13 using minimap2 (H. Li, 2018). Chimeric OTUs

were filtered out with uchime2 (Edgar et al., 2011). Reads were aligned to

their respective databases and the LotuS LCA algorithm using lambda aligner

against reference database SILVA (v 138) for 16S rRNA and UNITE (v 8.0)

for ITS1.

The commands for LotuS utilised the following parameters:

For 16S: -s sdm miSeq.txt -keepUnclassified 1 -p miSeq-keepTmpFiles 1

-id 0.97 -doBlast usearch -redoTaxOnly 0 -simBasedTaxo lambda -refDB

SLV -amplicon type SSU -tax group bacteria -saveDemultiplex 2 -offtargetDB

hg38.masked.fa -CL dada2 -buildPhylo 1 -thr 12 -exe 0

For ITS1: -s sdm miSeq.txt -keepUnclassified 1 -p miSeq-keepTmpFiles 1

-id 0.97 -doBlast usearch -redoTaxOnly 0 -refDB UNITE -amplicon type ITS

-tax group fungi -saveDemultiplex 2 -offtargetDB hg38.masked.fa -buildPhylo 1

-CL 3 -thr 12 -exe 0
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3.2.4 Contamination removal

The R package decontam was used to identify contaminants (Davis et al.,

2018). Contaminants were detected based on their increased prevalence in neg-

ative controls using the methods isContaminant (prev) and isNotcontaminant,

with default arguments. All contaminants found with the different methods

were removed and new abundance matrices were produced for further analysis.

3.2.5 Statistical analysis

Statistical analysis was conducted using R (v 3.6.1). Sample depth from 16S

samples was rarefied 10 times to 3,505 reads per sample with R-package rtk (v

0.2.6.1) (Saary et al., 2017), using the smallest number of sequences per sam-

ple observed. While sample depth from ITS1 samples was rarefied 10 times to

202 reads per sample, leaving 4 samples with lower total read numbers out.

Rarefactions were used to calculate the mean Shannon’s diversity index and

taxa richness estimate (chao1) of each sample from 16S ASV and ITS1 OTU

frequencies with the R-package vegan (Dixon, 2003). Counts for 16S taxa were

normalised by the number of 16S copies per ng of DNA for each sample. Signifi-

cance between paired groups of samples was performed with a Wilcoxon signed

rank test. Significance between non-paired groups of samples was tested with

a Kruskal–Wallis test. To calculate compositional differences, the permuta-

tional multivariate analysis of variance (PERMANOVA) was performed using

the adonis2 function included in the R-package vegan. Bray-Curtis distances

and 999 permutations were used for this test. Multiple testing correction was

carried out using the Benjamini–Hochberg false discovery rate (Benjamini &

Hochberg, 1995).
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3.3 Results

To study the differences in microbial composition between on-tumour and off-

tumour sites in CRC clinical samples, 13 CRC cases were studied, making a

total of 26 samples. These samples were provided by the Norfolk and Norwich

University Hospitals (Norwich, UK), and came from middle-aged subjects (40-

65) of different sex, ages and at different stages of colorectal cancer. The bacte-

rial load among samples was determined by qPCR and described as 16S copies

per ng of DNA. These results were used for the 16S rRNA gene sequencing

analysis to obtain absolute taxonomic abundances relative to total input DNA.

Additionally, fungal loads were also assessed via qPCR to include them in the

ITS1 region sequencing analysis. Overall, there was no significant difference

in bacterial loads between on-tumour and off-tumour sites (Kruskal-Wallis:

X2(1) = 0.23, P = 0.62) (Figure 3.1A), though the median was slightly in-

creased in on-tumour sites (median: 13,370 copies on-tumour, 12,165 copies

off-tumour). There were not enough samples to compare the bacterial loads at

different locations along the colon or with tumour staging. Fungal DNA was

reliably detected in only few samples (n = 4); however, fungal presence was

inconsistent across samples showing high standard deviation between techni-

cal replicates (Figure 3.1C). The low consistency across ITS1 Ct values is

noticeable when compared to 16S technical replicates (Figure 3.1B). For this

reason, fungal qPCR results were not further included in the analysis.

60



3.3. Results

Figure 3.1. Bacterial and fungal loads across CRC samples. (A) Violin plot showing

no significant differences in prokaryotic loads between off-tumour and on-tumour sites.

Bacterial loads depicted as log10 scaled 16S rRNA copies per nanogram of DNA in each sample. (B)

Scatter plot showing the correlation between technical replicates from the quantitative

amplification of the 16S V4 rRNA region in the samples. We detected a high Pearson’s

correlation coefficient (r = 0.99) between the technical replicates (blue outlined dots). Negative control

included for reference (black dot) which demarcates the area out of range in grey. (C) Scatter plot

showing the correlation between technical replicates from the quantitative amplification

of the ITS1 region in the samples. Low Pearson’s correlation coefficient (r = -0.256) was detected

between each sample technical replicates (orange outlined dots). Negative control included for reference

(black dot) which demarcates the area out of range in grey

After sequencing the samples, those with the lowest number of reads were

sent for re-sequencing, in order to have the necessary reads to rarefy the sam-

ples and further analysis. Sequencing of 16S rRNA V4 region returned a total

of 1,181,582 reads (mean: 11,889 reads in the first run, 200,443 reads in the
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second run), while sequencing of ITS1 region resulted in 164,533 reads (mean:

1,614 reads in the first run, 22,159 reads in the second run). Sequencing con-

taminant reads were detected by comparing the prevalence of ASVs/OTUs

across samples and negative controls. Number of contaminant reads varied

between samples (Figure 3.2).

Figure 3.2. Compositional plot showing the proportion of sequencing contaminant versus

non-contaminant reads across samples. (A) Proportion of 16S contaminants in the first (A1)

and second (A2) sequencing run. (B) Proportion of ITS1 contaminants in the first (B1) and second

(B2) sequencing run.

After the identification and removal of contaminants, a total of 836,090 16S

rRNA and 32,166 ITS1 region sequence reads were assigned to 1,907 ASVs and

17 OTUs, respectively. To estimate the alpha diversity between off-tumour and

on-tumour sites, samples were rarefied to 3,505 reads for 16S amplicons and

202 reads for ITS1. The Shannon diversity index for bacteria did not differ
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significantly either between paired samples (Wilcoxon: V = 28, P = 0.24)

or samples site (Kruskal-Wallis: X2(1) = 0.55 , P = 0.45) (Figure 3.3A).

Likewise, no significant differences were found in bacterial richness between

pairs (Wilcoxon: V = 48, P = 0.89) or sites (Kruskal-Wallis: X2(1) = 6.58 x

10−4, P = 0.97) (Figure 3.3B).

Figure 3.3. Paired box plot of alpha bacterial diversity in off-tumour and on-tumour

sites. Paired samples collected from different disease states at adjacent sites in the colon: off-tumour

and on-tumour. Different locations are differentiated by the border colour: blue for off-tumour and red

for on-tumour site. Paired samples are linked (grey line). (A) Shannon’s index from 16S rRNA

amplicons. (B) Observed ASV richness from 16S rRNA reads. The box ranges from the first

to the third quartile of the distribution. The line across the box indicates the median.

In contrast, fungal Shannon diversity index differed significantly between

off-tumour and on-tumour regions (Kruskal-Wallis: X2(1) = 6.61, P =

0.01) (Figure 3.4A), although it did not differ significantly between pairs

(Wilcoxon: V = 37, P = 0.09). For fungal richness, there was not significant

differences between sites (Kruskal-Wallis: X2(1) = 2.40, P = 0.12) or pairs

(Wilcoxon: V = 33, P = 0.21) (Figure 3.4B). Overall, fungal diversity and

richness seem to decrease in on-tumour site when compared with off-tumour.
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Figure 3.4. Paired box plot of alpha fungal diversity in off-tumour and on-tumour sites.

Paired samples collected from different disease states at adjacent sites in the colon: off-tumour and

on-tumour. Different locations are differentiated by the border colour: blue for off-tumour and red

for on-tumour site. (A) Shannon’s index from ITS1 region amplicons. Significant difference in

diversity between off-tumour and on-tumour sites. Kruskal-Wallis test, *P < 0.05. (B) Observed

ASV richness from 16S rRNA reads. Boxplots center lines represent the median, and the edges

represent first and third quartiles.

In terms of bacterial composition, Firmicutes and Bacteroidetes were the

dominant bacterial phyla among majority of the samples in both groups off-

tumour and on-tumour sites (Figure 3.5). They accounted for 87.16% of

the total number of sequences, whereas the phyla with the next highest rela-

tive abundance - Proteobacteria, Fusobacteriota, Campylobacterota and Acti-

nobacteriota – harboured 12.5% of sequences. Overall, the human gut mi-

crobiome profiles are in agreement with other studies where Firmicutes and

Bacteroidetes represent the 90% of the human gut microbiota (Arumugam et

al., 2011).
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Figure 3.5. Relative versus quantitative bacterial microbiome profiling at phylum level.

Composition plots of the top 6 most abundant phyla among the samples, with all other phyla pooled

into ‘Other’. (A) Phylum-level relative microbiome composition. (B) Phylum-level quanti-

tative microbiome composition. Absolute microbiota profiles were obtained by multiplying relative

microbial abundance with the 16S-qPCR based bacterial loads.

No phyla differed significantly between off-tumour and on-tumour sites

when using the RMP approach (Kruskal-Wallis: P > 0.05, q > 0.1) (Figure

3.6A). However, the outcomes of this comparative analysis changed using the

QMP approach (Figure 3.6B). Although no significant differences between

sites could be detected, some trends are more pronounced including bacterial

loads (Kruskal-WallisP > 0.05, q > 0.1). For example, Campylobacterota and

Fusobacteriota phyla were enriched in the tumour site, while in other phyla

such as Actinobacteriota, Firmicutes or Bacteriodota, the difference observed

between on-tumour and off-tumour sites was decreased. Similarly, in the QMP

approach we could also not detect significant differences using lower taxonomic

levels between sites (Kruskal-WallisP > 0.05, q > 0.1).
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Figure 3.6. Boxplot showing the differences in bacterial abundances between off-tumour

and on-tumour sites of the top 6 most abundant phyla among samples. Off-tumour and on-

tumour sites are differentiated by colour: blue for off-tumour and red for on-tumour. (A) Differences

in bacterial relative abundances at phylum-level. Red star (*) indicates no significant differences

after multiple testing correction (Kruskal-Wallis test, * P < 0.05, q > 0.1). (B) Differences in

bacterial absolute abundances at phylum-level. Abundances were normalized by the number

of 16S rRNA copies of each sample and log10-transformed (log10(x+1)). Red star (*) indicates no

significant differences after multiple testing correction (Kruskal-Wallis test, * P < 0.05, q > 0.1). The

box ranges from the first to the third quartile of the distribution. The line across the box indicates the

median.

The Firmicutes/Bacteroidetes ratio is considered an important marker

for gut health versus intestinal dysbiosis. When looking at the Firmi-

cutes/Bacteriodota ratio of CRC cases, it did not significantly differ between
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off-tumour and on-tumour sites, although it seems to decrease in on-tumour

site (Kruskal-Wallis: X2(1) = 0.016, P = 0.89) (Figure 3.7).

Figure 3.7. Firmicutes/Bacteroidota ratio boxplot showing no significant difference be-

tween off-tumour and on-tumour sites.

The bacterial composition of the samples was ordinated using a principal

coordinates analysis (PCoA) to compare Bray-Curtis dissimilarities among

samples (Figure 3.8). The PCoA did not show any clear group neither using

the relative composition (Figure 3.8A) nor the absolute composition (Figure

3.8B). The four samples observed to the left of the graph in the relative

composition PCoA corresponded to the samples that were sequenced a second

time (Figure 3.8A). There was no differentiation between off-tumour or on-

tumour sites. However, some variables from the available metadata explained

some of the samples distances variation. These were the DNA extraction

method and the samples tumour stage. The DNA extraction method explained

5.8% of the variance of the samples relative composition (PERMANOVA: P

= 0.030, R2 = 0.058) and 6.8% of the absolute composition (PERMANOVA:
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P = 0.003, R2 = 0.068). While, the samples tumour stage explained 13% of

the variance of the absolute composition (PERMANOVA: P = 0.043, R2 =

0.135).

Figure 3.8. OTUs-level bacterial microbiome community variation, represented by princi-

pal coordinates analysis (Bray-Curtis dissimilarity PCoA) Points correspond to samples from

the 13 CRC cases (n = 26). Samples were coloured according whether they are from off-tumour (blue)

or on-tumour (red) sites. Shapes of the points indicate the DNA extraction method used: circle for

Monarch Genomic DNA Purification from New England Biosciences, and triangle for QIAamp DNA

Mini from Qiagen. Paired samples are linked. (A) PCoA using relative microbiome profiles.

The first PCoA component explained 19.9% and second component explained 11.5% of the total vari-

ance among the samples. (B) PCoA using quantitative microbiome profiles. The first PCoA

component explained 13.9% of the total variance among the samples, while second component explained

13.5%.

Moving on to fungal composition, the relative microbial profile varied

greatly between samples at all taxonomic levels, using matrices with con-

taminant taxa already removed (Figure 3.9). There was no dominant fun-

gal species identified in the samples, although the Malasseziaceae family was

present in most of them.
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Figure 3.9. Composition plots of fungal relative abundances at phylum (A) and family

(B) levels. Relative microbiota profiles obtained using standard microbiome sequencing methods.

When looking at the differences between sites at family-level, there was

no significant differences between off-tumour and on-tumour sites (Kruskal-

Wallis: P > 0.05, q > 0.1) (Figure 3.10). Overall, the relative abundance

and presence of the families between sites was too low to reach any conclusive

results. As with bacteria, there were no significant differences in abundance in

lower taxonomic levels between sites (Kruskal-Wallis: P > 0.05, q > 0.1).
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Figure 3.10. Boxplot showing no differences in fungal abundances between off-tumour

and on-tumour sites at family-level among samples. Off-tumour and on-tumour sites are

differentiated by colour: blue for off-tumour and red for on-tumour. The box ranges from the first to

the third quartile of the distribution. The line across the box indicates the median.

Finally, an ordination was performed on the relative sample composition

using a PCoA. This showed no clear cluster nor systematic compositional dif-

ferences between on-tumour and off-tumour sites (Figure 3.11). Whether the

sample belonged to off-tumour or on-tumour sites did not contribute signifi-

cantly to the distribution of samples; however, the DNA extraction kit biased

sample composition significantly (PERMANOVA: P = 0.048, R2 = 0.082).

This could be traced to single taxa, e.g. samples extracted with the QIAamp

DNA Mini kit from Qiagen had significantly higher abundance of Ascomycota

phylum compared to those DNA samples extracted with the Monarch Ge-

nomic DNA Purification from New England Biosciences (Kruskal-Wallis: ** P

< 0.01, q = 0.021).
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Figure 3.11. OTUs-level fungal microbiome community variation, represented by princi-

pal coordinates analysis (Bray-Curtis dissimilarity PCoA) Points correspond to samples from

the 13 CRC cases (n = 26). Samples were coloured according whether they are from off-tumour (blue)

or on-tumour (red) sites. Shapes of the points vary according the DNA extraction method used: circle

for Monarch Genomic DNA Purification from New England Biosciences, and triangle for QIAamp DNA

Mini from Qiagen. Data ellipses around the two clusters in black corresponding to samples extracted

with different DNA extraction methods.
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3.4 Discussion

We used 13 CRC clinical cases to study the microbial composition between

off-tumour and on-tumour sites. These cases included subjects of different

sex, age and at different stages of cancer. The focus of this project was to

explore the differences between the two sites in a paired study. While at the

same time, to consider other microbial kingdoms, specifically fungi. For this

purpose, samples were sequenced using the well-known primer pairs for the V4

region of the 16S rRNA gene and primers for the fungal-specific internal tran-

scribed spacer 1 (ITS1). In addition to this, the 16S and ITS1 copy numbers

(microbial load) were estimated via qPCR, using the same primers used for

sequencing. These results were integrated into the microbiome analysis which

allowed quantitative microbiome profiling of the CRC cases.

Starting with fungi, we first calculated the fungal load of the samples. Most

of the Ct values obtained from the CRC samples when performing qPCR were

outside the limits set by the negative control. Thus, we concluded that either

there are no fungi in those samples which Ct value exceeds the negative control

or not enough fungi to be detected with the primers used in qPCR. Further-

more, the difference between technical replicates was higher than 0.5 Ct in

most cases, indicating that the results are not reliable due to lack in consistent

replication. This scenario can occur when in fact the fungal concentration is

very low or non-existent. But it could also be due to other technical difficulties

or related to the nature of the samples.

The primer pair used for ITS1 has previously been used successfully to de-

tect and identify fungi in culture, environmental and faecal samples (Bokulich

2013, Heather 2015, Hoarau 2016, Walters 2016). In all these samples a high
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proportion of bacterial or fungal genomic material is expected. However, the

samples used in this study were human tissue resected from different locations

of the colon during colectomies. Thus, we would expect that the DNA ex-

tracted from these samples would contain a high percentage of mainly human

DNA, a small fraction of bacterial and an even smaller fraction of fungal DNA,

if at all. The proportion of fungal DNA is estimated to correspond to 0.1%

of the total human gut microbiome (Qin et al., 2010). This situation could

lead to a competitive amplification between the highly available human or even

bacterial DNA, compared to the low proportion of fungal DNA. In such a sce-

nario, non-specific amplification of non-fungal DNA can happen (off-targets),

despite the use of fungi-specific primers, or no amplification at all (Bedarf et

al., 2021). Finally, one study might suggest otherwise, in this study they used

the primers ITS1F and ITS2 to successfully identify fungi in human biopsies

with the Illumina HiSeq 2000 sequencing platform (Luan et al., 2015). To

improve the fungus phylum coverage, they included four ITS-forward primers

containing the same length as ITS1F and starting from the ITS1F 5’ end adja-

cent nucleotide during the library preparation. Perhaps the addition of these

primers during qPCR would allow us to quantify a wider range of fungi.

The results obtained from qPCR indicate the possibility of obtaining a large

proportion of host contamination. In this situation, we tried to compensate

for the low abundance of fungi twice. The first time, during sequencing; using

a higher amount of DNA during library preparation after ITS1 amplification.

The second time was during amplicon data processing by removing off-target

amplicons matching to the human genome with minimap2. During raw read

processing, 226 OTUs were removed as these were identified as host DNA.

Finally, a total of 164 ,533 reads assigned to 55 OTUs were obtained after initial
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quality filtering of DNA reads, but only 32,166 reads (17 OTUs) remained

after removing contaminants. The large proportion of contaminants shows

how susceptible the samples are to contamination, possibly due to the low

fungal biomass present in the samples (Salter et al., 2014); indeed, the qPCR

results indicate that fungal DNA was too low abundant in our DNA extracts

to be reliably detected (Figure 3.1C).

Looking at the relative fungal composition at phylum and family levels

(Figure 3.9), the sample profiles suggest that there is no minimum threshold

of reads necessary to characterize the fungal composition among samples. Ad-

ditionally, the low relative abundance of different fungi and their inconsistent

occurrence among our samples suggests that fungi are probably absent or ex-

tremely rare in these biopsies. Basidiomycota was the dominant phylum in the

majority of samples (Figure 3.9A). This phylum has found enriched in CRC

patients (Anandakumar et al., 2019). However, the fungal profiles from other

studies also include a fraction of Ascomycota. This phylum was only present in

a few of our samples, possibly due to the low amount of fungal cells. From the

observed fungi at family level, Malasseziaceae, Sporidiobolaceae, Erysiphaceae,

Filobasidiaceae, Saccharomycetaceae and Pleosporaceae were previously iden-

tified in colonic biopsies and faecal samples (Coker et al., 2019; Hoarau et al.,

2016; Liguori et al., 2016; Luan et al., 2015; Sokol et al., 2017). Specifically,

Malasseziaceae and Erysiphaceae families were found to be enriched in CRC

patients (Coker et al., 2019). Only the Physalacriaceae family has not been

reported as part of the human mycobiome in other studies.

In addition to these results, the primers used seem to overestimate fungal

diversity and richness. We observed this trend by looking at the taxonomic

profiles of well-defined mock communities (Unpublished data). This is an
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important consideration given the low richness observed, although the decrease

in fungal diversity observed at on-tumour sites has already been reported in

similar studies in adenomas and at early tumour stage (Luan et al., 2015).

Other studies indicate that diversity may increase in late tumour stages (Gao et

al., 2017). The limited number of cases did not allow us to assess whether there

was any correlation between diversity or richness with the samples tumour

stage. Our dataset includes samples at different tumour stages, therefore it

would also have been expected to observe no difference in diversity between

sites.

On top of all these factors, the DNA extraction kits had an additional

impact on fungi detected in the biopsies (Figure 3.11). The phylum Ascomy-

cota was enriched in those samples extracted with the QIAamp DNA Mini kit

from Qiagen, and this could be due to extraction performance, or contami-

nation in these kits. Considering the large variability between samples, this

should be validated on a larger set of samples, as only 3 out of 26 samples

from this dataset were extracted with the kit from New England Biosciences.

Altogether, it seems that our CRC biopsies did not contain a high enough

concentration of fungal DNA to be efficiently detected via our ITS1 primers.

For the bacterial community, the bacterial load was estimated and cal-

culated as the number of 16S copies per nanogram of DNA. Unlike fungi,

there was very little variability between technical replicates, indicating that

the measurements are reliable and not the result of non-specific amplification

(Figure 3.1B). All samples had a higher bacterial load than the negative con-

trol. However, the difference in bacterial loads between samples was notable.

This might be due to the resolution offered by the standard curve, which is

determined and limited by its number of dilutions. Greater number of dilu-
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tions allow better delimitation of the standard curve, and finally the number

of copies. The lower the number of copies, the more inaccurate the standard

curve will be as the Ct values increases exponentially between each cycle. The

high difference in bacterial loads between samples could also be the result of

non-specific amplification of host DNA (Bedarf et al., 2021). The exact mass

of tissue used for DNA extraction was not known, otherwise a more accurate

parameter could have been obtained. Finally, no difference in bacterial load

was observed between off-tumour and on-tumour sites (Figure 3.1A).

After sequencing the samples, 434 ASVs were identified as off-targets (host

DNA) and around 70% of the sequences were detected as sequencing contam-

inants. More than 50% of all reads were contaminants in 12 of 26 samples

(Figure 3.2A). This shows how samples with low microbial biomass are more

affected by contaminant microbes and non-specific amplification, and therefore

the necessity to include appropriate negative controls during sample processing

(Bedarf et al., 2021; Salter et al., 2014). The number of off-targets identified

also highlights the possibility of getting non-specific amplification during 16S

copies quantification.

Regarding the bacterial diversity and richness of the CRC samples, no

significant difference was observed between on-tumour and off-tumour sites

(Figure 3.3). While several studies have reported a significant decrease in

diversity in CRC patients (Ai et al., 2019; Chen et al., 2012; Saffarian et

al., 2019). Furthermore, no difference was found in the composition of the

samples between the two sites at different taxonomic levels. Although some

trends can be observed between different phyla (Figure 3.6). We first used

relative microbiome profiles to explore differences between sites. And then we

obtained the quantitative microbiome profiles of the samples to validate these
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first results. As expected, the integration of the number of 16S copies affected

the outcomes of the differential abundance analysis. Some differences observed

in RMP were even more pronounced using the QMP approach. This was the

case with the Fusobacteria phylum, that seemed increased in abundance at on-

tumour sites (Figure 3.6B). Fusobacterium spp., specifically Fusobacterium

nucleatum, have been extensively studied in the context of CRC. They have

been found to be enriched in faeces and biopsies derived from CRC patients and

are considered opportunistic pathogens (Garza et al., 2020). Fusobacterium

has been recognised by its strong adhesive and invasive abilities conferred by

the membrane protein FadA, these adhesive and invasive abilities facilitate its

adherence to epithelial cells after mucosal barrier disruption (Rubinstein et al.,

2013). Once it is internalised by the host cells, it can suppress host immune

system and ultimately, promote tumour development (Brennan & Garrett,

2019).

The Campylobacterota phylum also seemed highly increased at on-tumour

sites after accounting for the 16S number of copies. Some Campylobacterota

ssp. have been found enriched in CRC tissue samples and proposed to pro-

mote intestinal inflammation (Mangifesta et al., 2018; Warren et al., 2013).

Experiments with mice have showed the capacity of Campylobacter to promote

CRC pathogenesis. Those mice colonised with human isolates of Campylobac-

ter jejuni developed more and larger tumours in comparison with uninfected

mice (He et al., 2019). The presence of Campylobacterota together with high

abundances of Fusobacteria is not accidental. Co-occurrence networks analysis

of CRC tissue showed the co-occurrence within individual tumours of Fusobac-

terium and Campylobacter species and their ability to form aggregates (Warren

et al., 2013). This ability to form aggregates could facilitate the invasion of
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the host cells as has been proven with other bacterial species (Edwards et al.,

2006).

Additionally, the ratio of Firmicutes/Bacteroidetes was used to compare

off-tumour and on-tumour sites. This ratio is considered to represent the state

of health and dysbiosis of the gut microbiota. Although this ratio is often

used as a marker in patients with obesity, a decrease in this ratio has also been

related to the presence of adenomas and neoplastic lesions (Lu et al., 2016;

Mori et al., 2018). In the clinical samples of this study there was no significant

difference in the Firmicutes/Bacteroidetes ratio between off-tumour and on-

tumour sites, or observable trend when compared the samples ratio with the

available metadata (Figure 3.7).

Finally, as happened with fungi, bacterial composition appears to be af-

fected by the DNA extraction method used. As showed in Chapter 2, the DNA

extraction method is an important source of bias when studying microbial com-

munities. Thus, using different DNA extraction methods for the same set of

samples can introduce great variability across the samples microbial profiles

and mask the effect of other important variables (Brooks et al., 2015). The

inclusion of new reads from the second sequencing run could also be another

source of bias that masks the distribution of the samples. This was indicated

by the relative composition PCoA where those samples re-sequenced look like

outliers (Figure 3.8).

In addition to the DNA extraction method, the tumour stage also drove the

bacterial distribution among the samples. Although we were unable to study

the taxonomic differences between tumour stages, due to the limited number

of samples, other studies indicate that there are indeed different microbial

profiles at different stages of the disease (Feng et al., 2015). Besides the tumour
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stage, other variables such as the sex, age or diet of the patients could act as

confounders. For example, it has been shown that there is a sexual dimorphism

in the human gut microbiota from puberty to menopause in women, where the

microbiota composition of menopausal women is closer to men, as opposed to

menstruating women (Zhang et al., 2021). Again, we were unable to measure

the variability in the microbial composition and abundance introduced by these

confounding factors, due to the limited number of samples.

Finally, we cannot discern if there is a difference between on-tumor and off-

tumor sites based on our results. Results from differential abundance analysis

suggest that certain bacteria may be enriched in tumour tissue. However, we

could not reach any statistical significance due to the limited number of clinical

cases and the high heterogeneity of our dataset. Regarding the relationship

between bacterial and fungal communities, we could not explore any pattern.
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3.5 Conclusion

In this chapter, we wanted to analyse the fungal and bacterial microbiota in

carcinomas (on-tumour) and compare it with adjacent tissue (off-tumour). For

this purpose, we obtained paired DNA samples from colonic tissue of colorectal

cancer patients.

Although fungi have been previously detected in human colonic biopsies,

we could not detect fungi in our samples, at least, quantitatively. Instead,

we were able to identify fungi using amplicon sequencing. However, the high

number of off-targets and contaminants detected in the sample casts doubt

on the actual existence of fungi in our colorectal samples. The presence of

off-targets and contaminants is also common in samples with low microbial

mass, which could also be the case with our samples. Previous studies and

the fungi identified in our samples, indicate that indeed there is fungi present

in our samples, but in too low of an abundance to be easily detected and

amplified. Finally, these results did not allow us to explore the relationship

between bacteria and fungi communities.

In contrast, we found no problems detecting and identifying bacteria in the

samples, despite the large proportion of contaminants and off-targets found.

Although there was no difference in the distribution of the samples or the

number of bacterial copies between carcinoma and adjacent tissue, we could

observe some trends in our data. Fusobacteriota and Campylobacterota appear

to be enriched in carcinoma samples compared to adjacent tissue. While no

difference was observed in the other phyla. These results are in agreement with

other studies, where Fusobacterium is reported as an opportunistic pathogen

which usually co-occurs with Campylobacter.
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In conclusion, it was not possible to characterise the fungal mycobiota

from these samples. Both bacterial amplicons and fungi contained a large

percentage of contaminants and off-targets. Although this was not a problem

when it came to exploring the bacterial microbiota, it was for fungi. Despite

this, we could observe how the DNA extraction method affected the sample

distribution in both kingdoms. This reinforce the need to keep consistency

when processing samples.
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This thesis aimed to develop an experimental and analytical pipeline that al-

lows a better understanding of the microbial dynamics occurring on the human

colon in health and disease.

Most of the literature uses fecal samples when studying the human gas-

trointestinal microbiota due to their easy access. However, they can include

microbes that do not end up colonizing the intestine introduced by the diet

(Schmidt et al., 2019). For this reason, we used colonic tissue, a more repre-

sentative sample of the microbes residing in the mucus. Additionally, tissue

samples allow us to observe differences in microbial composition between dif-

ferent parts of the colon (Hillman et al., 2017).

To preserve tissue samples and stop microbial growth during sample collec-

tion, we study the effect of different storage solutions. PBS is commonly used

for its isotonic and non-toxic features when working with tissue. However, it

does not prevent cell bursting when freezing the samples, which can alter the

microbial composition of the samples (Bahl et al., 2012). For this reason, we

study the effects of using RNAlater in DNA quality, quantity, and absolute

bacterial abundance. RNAlater minimizes the need to process tissue samples

immediately or freeze them. This storage solution is used to work with RNA

and preserves the integrity of the cells, preventing them from bursting during

sample handling (Choi et al., 2012). In our experiments, samples preserved in

RNAlater had higher DNA concentrations and bacterial absolute abundance.

Also, the storage solution did not affect DNA quality. However, we observed

some variability in DNA concentration and bacterial abundance among sam-

ples depending on the DNA extraction method. For this reason, it is necessary
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to watch out for the interaction between RNAlater and the DNA extraction

method.

Besides tissue preservation, the low abundance of microbes was another

issue we faced when working with tissue. The density of bacterial cells is much

higher in fecal samples than in intestinal tissue (Schmidt et al., 2019; Van-

deputte et al., 2017). Meanwhile, there is a higher proportion of human cells

in the tissue. The high ratio of human cells compared to bacteria in the tissue

makes it difficult to identify microbes in low abundance, thus compromising the

use of high-throughput sequencing technologies such as shotgun metagenomics.

Shotgun metagenomics would achieve precise sequencing resolution (down to

strain level) and insights into community functionality; however, it would also

sequence the large proportion of human genetic material, ‘masking’ those mi-

crobes in lesser abundance. Considering the aim of this thesis, we chose to use

amplicon sequencing. Although amplicon sequencing does not allow as much

sequencing resolution and functional information as shotgun metagenomics; it

allows sequencing to be targeted to a specific taxonomic group defined by the

marker gene used. In this way, we could study the human microbiome from a

polykingdom approach by using marker genes and reference databases specific

to each kingdom. The possibility of studying different microbial kingdoms was

relevant for the main aim of the thesis since most studies only focus on the role

of bacteria in gastrointestinal diseases. For detecting bacteria and fungi, we

used 16S and ITS1 marker genes along with the databases SILVA and UNITE.

In parallel, we used qPCR to quantify the abundance of each taxon and enable

a QMP approach.

In practice, we could not obtain consistent results with ITS1 primers from

neither sequencing nor qPCR, even though we tried different reaction condi-
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tions with ITS1 primers for qPCR and compensated for low fungal abundance

during sequencing. Recent studies confirm the presence of fungi in the intesti-

nal mucus and provide different options to identify and quantify fungi (Coker

et al., 2019; Luan et al., 2015; Rao et al., 2021). These options include us-

ing four different ITS-forward primers to improve fungus phylum coverage and

switching to a sequencing platform that generates a high number of reads, such

as HiSeq 2000.

Initially, we planned to detect other eukaryotes, but this could not be

optimized and implemented in the thesis due to time constraints. However, if

we were aiming to identify other eukaryotes beyond fungi, we would have used

18S as a eukaryotic marker gene which also amplifies human DNA. To prevent

the amplification of host genetic material, 18S primers can be used along with

blocking primers (Vestheim & Jarman, 2008). Blocking primers for 18S have

been used in other animals but never in humans. Given the growing attention

to the human microbiota and its role in diseases, it would have been very

innovative to include the detection of other eukaryotes using blocking primers

in the thesis.

Despite using amplicon sequencing, there was a high proportion of off-

targets from host contamination in the CRC tissue samples. We removed the

off-target reads during the analysis. However, most studies do not account

for this type of contamination inherent to the sample (Bedarf et al., 2021).

These off-targets lead to an overestimation of microbial diversity. Besides host

contamination, we also identified contamination from the sequencing process

and removed it. However, we still expect other contaminant reads from sam-

ple handling to be present in the samples. These contaminant reads could

be detected by including negative controls since samples reception, but most
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experimental designs do not have these controls (Glassing et al., 2016; Salter

et al., 2014).

Another important source of variability during sample processing is the

DNA extraction method (Hallmaier-Wacker et al., 2018). We tested three

different commercial kits for extracting DNA. Each kit offers a different com-

bination of cell lysis and DNA isolation. As we expected, each kit yielded

a different DNA concentration, DNA quality and 16S copies using the same

tissue sample. We also observed differences among kits in microbial composi-

tion. Finally, we found significant variability introduced by the DNA extrac-

tion method in the microbial composition of tissue samples from CRC clinical

cases. Overall, these results highlight the importance of selecting an appro-

priate DNA extraction method based on the working material and expected

outcome. And more importantly, these results show how the DNA extraction

method should not change throughout the study.

The last chapter of this thesis was an opportunity to understand the un-

derlying microbial dynamics in CRC and explore the effects of different con-

founders. For this chapter, we wanted to compare the differences in microbial

composition between carcinoma and adjacent tissue using paired samples and

including fungi. Although we did not find differences between carcinoma and

non-carcinogenic tissue, we observed previously reported trends such as the

increase in the abundance of Fusobacteria in on-tumour samples (Luan et al.,

2015), even after correcting by bacterial absolute abundance. Furthermore,

we explored the impact of confounding factors such as the DNA extraction

method, sample tumour stage, location, external contamination, subjects sex,

or age. The potential impact of these variables has become more relevant in

recent years (Feng et al., 2015; Schmidt et al., 2018; Zhang et al., 2021). We
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could not conclude to what extent our results were affected by tumour stage,

sex, age or sample location as in other studies. But we managed to explore

the microbial community associated to colorectal cancer in a novel way by

considering these often overlooked confounding factors.
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