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Abstract  

Colorectal cancer (CRC) is the second commonest cause of UK cancer-

related deaths and the fourth commonest cause of global cancer-related 

deaths, with a rising incidence in non-Western countries. Research has 

demonstrated a CRC-associated microbiome, and the potential for 

microbiome testing to improve CRC screening accuracy. Currently the 

majority of studies analyse the microbiome from whole stool, transported and 

stored refrigerated/frozen; this limits study size and restricts research to 

Western countries with cold-chain facilities. 

 

This thesis investigated the potential to use guaiac faecal occult blood test 

(gFOBT) cards or faecal immunochemical test (FIT) samples to collect faeces 

for 16S ribosomal ribonucleic acid (16SrRNA) analysis. Screening potential 

was assessed by analysing the microbiome of gFOBT samples collected 

routinely by the NHS Bowel Cancer Screening Programme (NHSBCSP). The 

microbiome of non-Western countries was investigated by analysing gFOBT 

samples collected from healthy volunteers and CRC patients in Argentina, 

Chile, India and Vietnam. 

 

The microbiome was successfully analysed from processed NHSBCSP 

gFOBT samples stored for prolonged periods at room temperature and FIT 

samples for which NHSBCSP conditions were simulated. CRC-associated 

taxa demonstrated minimal temporal variation, but Escherichia-Shigella 

demonstrated marked variation, negating its potential as a screening 

biomarker. Microbiome-based models improved screening accuracy; 

combining gFOBT and microbiome results produced areas under the receiver 

operating characteristic curve of 0.855 (95% confidence interval (CI): 0.832-

0.877) for the detection of CRC and 0.868 (95% CI: 0.848-0.886) for the 

detection of CRC/adenoma. The microbiome of gFOBT samples stored and 

transported from abroad at ambient temperature was stable. The combined 

non-Western CRC-associated microbiome contained CRC-associated 

bacteria described in Western populations, suggesting that certain taxa may 

be universally associated with CRC. 

 

The results confirm that gFOBT is suitable for conducting large-scale national 

and global microbiome research. Clinical application is demonstrated with the 
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development of novel microbiome-based CRC screening models with 

improved accuracy. 
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Summary of Chapters  

Chapter 1 introduces the microbiome and current understanding of its role in 

health and disease. Evidence for the CRC-associated microbiome is reviewed 

and the potential clinical implications of this field of research are discussed. How 

the microbiome is studied and limitations of existing approaches are outlined. 

This chapter identifies that there is an urgent need to conduct standardised, large-

scale microbiome studies in populations of interest, including non-Western 

populations. 

 

Chapter 2 proposes harnessing the infrastructure of the NHSBCSP to conduct 

large-scale microbiome research, by analysing the microbiome directly from 

processed bowel cancer screening samples. This chapter demonstrates the 

feasibility of this method using NHSBCSP gFOBT samples and the potential to 

perform microbiome analysis directly from FIT, which the NHSBCSP is currently 

adopting. 

 

Chapter 3 applies this method to the analysis of 1283 NHSBCSP gFOBT 

samples, exploring differences in the microbiome between different clinical 

groups. Random Forest models which use microbiome data are shown to 

improve the accuracy of screening. 

 

Chapter 4 investigates whether microbiome analysis performed using gFOBT 

samples could be applied to non-Western countries (Argentina, Chile, India and 

Vietnam); this is confirmed. Differences in the microbiome between countries are 

demonstrated. CRC-associated bacteria traditionally described in Western 

populations are found to also be enriched in CRC patients from these four non-

Western countries. 

 

Chapter 5 discusses the implications of this work and plans for future 

development. 
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Chapter 1   

Introduction  

This chapter introduces the colorectal microbiome, its contribution to health and 

the evidence for an association between an altered microbiome and CRC. 

Current methods of investigating the microbiome are described, including their 

limitations. The chapter concludes by outlining the major challenges facing the 

field of CRC microbiome research, which will be addressed by the work of this 

thesis. 

 

1.1 The colorectal microbiome in health and disease  

1.1.1 The microbiome as an ecosystem  

The point at which the colorectal microbiome is first established is currently 

unclear; some studies suggest it may be established in utero, although critics 

believe the findings may be secondary to contamination (1). The microbiome of 

neonates is influenced by the method of delivery (2-4) and feeding (3-8). This 

initially simplistic microbiome gradually increases in taxonomic and metabolic 

complexity until a stable diverse óadult-likeô state is reached at approximately 

three years of age (5, 7). The developed microbiome represents a microbial 

ecosystem containing bacteria, archaea, viruses, fungi and parasites. Although 

often studied in isolation, it lies in continuity with the rest of the gastrointestinal 

tract; associations have been found with both the oral and gastric microbiomes 

(9-11). The components of the colorectal microbiome will now be discussed in 

turn. 

 

1.1.1.1 Bacteria  

The adult microbiome contains 1013 bacteria, comprising approximately 150 

different species and 200,000 common bacterial genes which encode a minimum 

of 6000 different functions (12-14). Approximately half of the bacterial species 

and genes identified in an individualôs microbiome are present in half of all 

individuals (14). 

 

It had previously been hypothesised that all microbiomes could be categorised 

into three distinct óenterotypesô, defined by the relative abundance of Bacteroides, 

Prevotella, and Ruminococcus (15), however this hypothesis is no longer 
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believed to be correct (16). Instead a diet-dependent continuum of the inversely 

associated Prevotella and Bacteroides has been described; microbiomes are 

either Prevotella or Bacteroides predominant, with the relative abundance of the 

remaining taxa demonstrating high inter-individual variability (16). Functional 

activity demonstrates less inter-individual variation and functional potential the 

least (10, 17, 18). 

 

Within an individual microbiome, only a small number of species are highly 

abundant (15). Low-abundant species often make an important functional 

contribution, they may increase in abundance in response to insults to the 

microbiome and have been associated with CRC (15, 19). 

 

Opportunistic pathogens have been detected within the microbiomes of healthy 

individuals but high risk pathogens have not (20). 

 

1.1.1.2 Archaea, viruses and fungi  

Non-bacterial members of the microbiome are less well characterised due to their 

relatively low abundance, the incompleteness of reference databases and the 

fact that primers and pipelines have been optimised for bacterial detection (21). 

The majority of faecal DNA is bacterial; 4-17% is viral, 0.8% archaeal, 0.5% other 

eukaryotic organisms, 0.14% human and 0.01% fungal (15, 22, 23). 

 

Archaea constitute one of the three domains of the tree of life; they have certain 

features in common with bacteria and certain in common with eukaryotes (24). 

Archaea have been identified in 50-95% of microbiomes (25, 26); the most 

frequently detected species is Methanobrevibacter (21, 26). 

 

Fungal and viral (including phage) sequences have been detected with 100% 

prevalence (22, 26, 27).The virome and mycobiome show high inter-individual 

variability (22, 27). Unlike the mycobiome, the virome is temporally stable (27) 

and correlates with the bacterial microbiome (22, 23). Importantly the virome can 

serve as a reservoir for antibiotic resistance genes (23). 
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1.1.1.3 Parasites  

Colorectal parasites (helminths and protozoa) have not been well characterised, 

as the majority of microbiome research is conducted in Western countries where 

parasite prevalence is believed to be low. This may be a misconception; one 

study found a prevalence of faecal parasites in Danish healthy controls of 50% 

(28). Parasites have co-existed with the microbiome during the course of 

evolution and it is therefore important to investigate this relationship. 

 

Associations between certain parasites and bacterial diversity or taxonomic 

composition have been described in both Western and non-Western cohorts (28-

33) and investigated mechanistically (34, 35). Confounding factors include 

changes to the microbiome secondary to parasite-induced gastrointestinal 

symptoms, past exposure or anti-helmintic treatments rather than the parasites 

per se and co-existence of more than one type of parasite (36, 37). 

 

1.1.2 The physiological role of the colorectal microbiome  

The microbiome makes an important physiological contribution, to the extent that 

humans are considered óholobiontsô, with the microbiome termed a óforgotten 

organô which performs the following metabolic roles (38, 39): 

 

¶ Synthesis of vitamin K and B group vitamins (40). 

 

¶ Further metabolism of the material received from the small intestine, 

increasing host energy availability (41). 

 

¶ Metabolism of carbohydrates to short chain fatty acids (SCFAs); the most 

abundant are acetate, propionate and butyrate. SCFAs are a source of 

energy for colonocytes. SCFAs have been shown to have anti-proliferative 

and immunomodulatory properties (influencing both innate and adaptive 

immune responses) (42-45), to play a role in glucose homeostasis and 

cardiovascular health (40, 46) and to influence microglia development in 

mouse models (44, 47). 

 

¶ Metabolism of bile acids to secondary bile acids, some of which are 

cytotoxic and some of which act as hormones. The microbiome 

deconjugates bile acids, enabling their return to the enterohepatic 

circulation (40, 48). 
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¶ Metabolism of drugs, affecting toxicity and efficacy (49-51). 

 

¶ Metabolism of mucus and promotion of mucin secretion (52). 

 

The microbiome influences the development of the immune system and the 

anatomical development and physiological function of the colon (53-56). It 

reduces the likelihood of colonisation by potentially pathogenic bacteria through 

the occupation of niches, competition for nutrients and bactericidal activity (57). 

 

The microbiome is largely confined to the colonic lumen by the mucus barrier, 

production of antimicrobial peptides, secretion of IgA and activity of mucosal 

immune cells (54), although bacteria have been identified in colonic crypts of both 

patients with CRC and healthy volunteers (58, 59). 

 

1.2 Colorectal cancer and the microbiome  

There is growing evidence of an association between CRC and an altered 

(dysbiotic) microbiome. Many of the proposed CRC-associated bacteria are 

Gram-negative anaerobes typically found in the oral microbiome. They are 

capable of forming biofilms and produce virulence factors which, in mechanistic 

studies, have been shown to modulate CRC tumourigenesis. However, whether 

the CRC-associated microbiome contributes to tumour initiation and/or 

progression in man or is merely secondary to changes in the colonic environment, 

has not been determined; prospective longitudinal studies are required to answer 

this question. Current understanding of the CRC-associated microbiome will now 

be reviewed. 

 

1.2.1 Epidemiological evidence  

Epidemiological research indicates an association between increased CRC risk 

and microbiome-related factors including: high meat and animal fat consumption 

(60); obesity (61), alcohol consumption (62), antibiotic exposure (63-66) 

(confirmed in a mouse model) (67); appendectomy (68); poor dentition (69); 

certain Toll-like receptor (TLR) single nucleotide polymorphisms (SNPs) (70, 71); 

and antecedent bacteraemia with certain CRC-associated species (Bacteroides 

fragilis, Streptococcus gallolyticus, Fusobacterium nucleatum, 

Peptostreptococcus species, Clostridium septicum, Clostridium perfringens, or 
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Gemella morbillorum) (72, 73). Decreased CRC and adenoma risk has been 

associated with yogurt consumption in men (74) and whole grain fibre 

consumption (75). 

 

The age-standardised incidence of small intestinal adenocarcinoma is low 

(2.8/100,000 in the UK in 2016), compared with CRC (69.3/100,000) (76). The 

small intestine contains fewer, different and less diverse bacteria and their 

associated metabolites compared to the colon (77, 78). 

 

1.2.2 Dysbiosis  

Dysbiosis denotes a perturbation of the microbiome from the healthy state. 

Dysbiosis has been described in both patients with colorectal adenomas and 

patients with CRC. Dysbiosis can be detected in faecal and mucosal (tumour or 

normal mucosa) samples (79-91), although differences according to sample type 

have been observed (86, 92, 93). Within patients, the microbiome of tumour-

mucosa differs from adjacent normal mucosa (a relative dysbiosis), and these 

differences become more marked as distance between the two mucosal samples 

is increased (86, 94-98). 

 

The dysbiotic microbiome contains the same number of bacteria as in a healthy 

system, but the taxonomic composition and metabolic profile is different (96, 99, 

100). There is a relative depletion of SCFA-producing bacteria and an enrichment 

of bile salt-metabolising and mucin-degrading bacteria (101-110), a lower 

concentration of butyrate (111, 112) and increased faecal pH (113). Virulence 

genes are overexpressed (94, 114), bacteria form distinct microbe-microbe and 

microbe-host co-occurrence networks (94, 108, 115-117) and there is an 

enrichment of óoral pathogenô and óoral biofilm-associatedô bacteria (11, 98, 114, 

118-121). The route by which óoralô bacteria reach the colon (intra-luminal or 

haematogenous) has not been confirmed, but research suggests that these 

bacteria do not merely transit through the colon but survive and proliferate (10, 

11). 

 

Many of these óoralô bacteria have the ability to form biofilms. Biofilms denote 

polymicrobial consortia enclosed within an extracellular polymer matrix, adherent 

to a solid surface (122). Biofilms provide a survival advantage by concentrating 

nutrients and confer protection against host defence mechanisms and antibiotics 

(both exogenous and endogenous) (123, 124). Biofilms have been identified in 
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approximately 50% of sporadic CRC, 40-65% of sporadic adenoma (percentage 

varying with type), 70% of FAP (Familial adenomatous polyposis) colectomy 

specimens and 10-20% of healthy controls (125-127). Biofilms overlie not only 

tumours, but also distant normal mucosa and the normal mucosa of FAP post-

operative ileal pouches and ano-rectal stumps (125, 127). An association with 

right-sided lesions was demonstrated in two of four studies (125-128) and one 

case report which identified biofilms within colonic crypts of a right-sided CRC 

(129); no association with tumour stage has been found as yet (128). It is 

hypothesised that biofilms cause E-cadherin disruption of the underlying mucosa, 

with subsequent increased mucosal permeability, bacterial invasion, 

inflammation, and epithelial proliferation (125). Biofilms have been associated 

with an upregulation of tissue polyamine metabolites (130). Transfer of biofilm 

homogenates from both healthy controls and patients with CRC has been shown 

to induce tumourigenesis in a mouse model (131). 

 

The evidence for differences in the microbiome between patients with adenoma 

or CRC and controls is compelling, but the concept of a single adenoma/CRC-

associated microbiome is unlikely. Differences in the microbiome have been 

found within patients with adenoma/CRC according to the following tumour 

characteristics: location (92, 93, 132-134), type (135), grade (107, 133), stage 

(120, 136, 137), size (133), mutational and molecular profile (138-142) and 

associated systemic inflammation (143). Furthermore, both tumourigenesis and 

the microbiome are dynamic; the dysbiotic signature profiled by a single sample 

may be merely transient (120). 

 

The aforementioned studies have been unable to distinguish causation from 

association. Prospective and interventional studies in man are required to 

investigate a causative role of the microbiome in tumourigenesis; already one has 

shown an association between microbiome signatures and risk of adenoma 

development (144). Meanwhile, mechanistic studies allow potential causation to 

be explored. 

 

1.2.3 Mechani stic studies  

Work using CRC cell lines has shown that components of the microbiome signal 

via TLR4 (expression of which is interestingly reduced by aspirin), to induce 

epithelial-mesenchymal transition (EMT), cellular migration (145), proliferation 

(146) and chemokine secretion (147). Non-toxigenic Bacteroides fragilis, a 
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bacterium which is typically depleted in CRC, has been shown to have the 

opposite effect (148). 

 

In mouse models, tumourigenesis is reduced under germ-free conditions (146), 

antibiotic administration (149-155), targeted depletion of oncomicrobes (156), 

high-fibre dietary intervention (157) and knock-out of certain components of the 

immune signalling cascade (152, 158, 159). Conversely, tumourigenesis is 

increased with depletion or loss of function of myeloid cells (160, 161) and 

defective barrier function with subsequent increased bacterial invasion (162). 

Transfer of the microbiome from tumour-bearing mice or CRC patients increases 

tumourigenesis in recipient mice (150, 163) in some, but not all, cases (164). 

Interestingly, dysbiosis has been observed in a genetic CRC mouse model prior 

to the development of microscopically detectable polyposis; this suggests a host-

induced change in the microbiome which occurs extremely early during 

tumourigenesis, although the cause of this change has not been elucidated and 

requires confirmation in man (165). 

 

1.2.4 Candidate bacteria of interest  

CRC-associated bacteria identified by associative and mechanistic studies show 

a degree of variability across studies and cohorts, likely due to genuine biological 

but also technical differences (97, 166). The more consistently identified bacteria, 

Fusobacterium nucleatum (F. nucleatum), Enterotoxigenic Bacteroides fragilis 

(ETBF) and pks+ Escherichia coli (E. coli), became the focus of extensive 

investigation and have been proposed as putative óoncomicrobesô. They are 

discussed below. The association between CRC and Streptococcus gallolyticus 

(formally Streptococcus bovis) has been recognised since the 1970s and will also 

be described. 

 

However the current focus on only a small number of bacteria requires revision; 

a recent meta-analysis of faecal metagenomes revealed F. nucleatum, 

Bacteroides fragilis, Porphyromonas asaccharolytica, Parvimonas micra, 

Prevotella intermedia, Alistipes finegoldii, and Thermanaerovibrio 

acidaminovorans to be consistently enriched in CRC compared with controls and 

62 bacteria to be depleted (166). 
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1.2.4.1 Fusobacterium nucleatum  

Fusobacterium nucleatum (F. nucleatum) is a Gram-negative anaerobic rod-

shaped bacterium found within the oral and colorectal microbiome (167). Within 

the oral microbiome it exists as an opportunistic pathogen; it facilitates oral biofilm 

formation and is implicated in periodontitis and gingivitis (168, 169). It has also 

been associated with infections including appendicitis, osteomyelitis, chorio-

amnionitis, pericarditis and brain abscess, Inflammatory Bowel Disease (IBD) 

and pre-term and still-birth (167) and has been identified in oesophageal and 

gastric tumours (170). 

 

F. nucleatum is both more prevalent and more abundant in adenoma tissue 

(particularly adenomas with high grade dysplasia (HGD)) and CRC tissue 

compared with adjacent normal mucosa, and in the stool and normal rectal 

mucosa of patients with adenoma or CRC compared with healthy controls (81, 

88, 89, 171-184), although amounts of tissue and stool F. nucleatum are not 

correlated (175). Tissue prevalence ranges from 15-50% of CRC (170, 185), 25-

45% of adenomas (171, 186), 30% of lesion-adjacent normal mucosa (187) and 

20% of normal mucosa of healthy controls (126). The detection of F. nucleatum 

has a sensitivity and specificity for CRC of 0.81 (95% CI: 0.64ï0.91) and 0.77 

(95% CI: 0.59ï0.89) in meta-analysis of faecal and mucosal studies combined 

and in faecal studies alone a sensitivity and specificity of 0.68 (95% CI: 0.64-0.72) 

and 0.78 (95% CI: 0.75-0.81) (188, 189). 

 

A high abundance of F. nucleatum has been shown to associate consistently with 

CIMP-high, MSI-high and hMLH1 methylation and in some studies has been 

found to associate with greater tumour size, poor differentiation, high stage, 

certain mutations (cytosine to thymine, CHD7/8, AMER1, ATM, KRAS and TGF-

ɓ pathway mutations), TP53 wild type and diets with a high propensity to induce 

inflammation (134, 138, 142, 172, 174, 180, 186, 190-195). Most, but not all (186, 

196), studies have found an association with serrated lesions and right-sided 

lesions (126, 193). No association has been found with BRAF mutations, gender 

or age (187, 196). 

 

The source of F. nucleatum is believed to be the oral microbiome; identical strains 

can be identified in saliva and CRC tissue (197) although they may exhibit a 

degree of genetic divergence (117). F. nucleatum is more abundant within saliva 

and CRC tissue compared with faeces (198). Two small pilot studies found no 

difference in the abundance of F. nucleatum in saliva samples from CRC patients 
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compared with controls(198, 199).and neither did a prospective case-control 

study (200). F. nucleatum has the ability to co-aggregate with bacteria (117) and 

be bactericidal to others (certain probiotic strains), suggesting that it influences 

the surrounding microbiome (201). F. nucleatum forms biofilms both within the 

mouth and in the colon, particularly overlying tumours where óbloomsô of F. 

nucleatum have been observed (128). 

 

F. nucleatum binds by the Fap2 surface protein to D-galactose-ɓ(1ï3)-N-acetyl-

D-galactosamine (Gal-Gal-NAc) which is overexpressed by the epithelial cells of 

adenomas, CRC and CRC metastases (plus other adenocarcinomas) (202, 203). 

F. nucleatum is able to invade and survive within the mucosa (173, 204), epithelial 

cells (172, 204, 205) and macrophages (206); interestingly mucosal invasion 

appears to be independent of the presence of F. nucleatum in biofilms (126). 

Adenoma and CRC have reduced mucin (Muc2) and tight junction proteins which 

may facilitate bacterial invasion (158). 

 

Given the invasive nature of F. nucleatum, it is unsurprising that inflammatory 

pathways (including COX-2 and NF-kɓ) are up-regulated (171). Interestingly F. 

nucleatum has been shown to be positively associated with tumour-infiltrating 

lymphocytes (TILs) and an intratumoural periglandular lymphocytic reaction in 

non-MSI-high tumours but negatively associated with these factors in MSI-high 

tumours (185); another study showed an association with CD68+ macrophages 

in MSI-high tumours (207). Other studies have found an inverse association 

between high abundance of F. nucleatum and CD3 or CD4 T cell density (190, 

208). The potential for immune cell subversion has been shown with both 

macrophages (206, 209), T cells and NK cells (210, 211). Inflammation or 

subversion of the anti-tumour immune response may initiate or potentiate 

tumourigenesis. 

 

F. nucleatum also has the potential to affect tumourigenesis more directly. 

Mechanistic studies have shown that F. nucleatum increases ɓ-catenin signalling 

through two pathways: the TLR4/p-PAK1 cascade (152) or through binding of the 

molecule Fusobacterium adhesin A (FadA) to E-cadherin/Annexin A1, with 

subsequent NF-kɓ, Myc and Cyclin D1 expression (212, 213). Of note, levels of 

FadA are increased in CRC tissue compared with adjacent normal tissue and 

tissue from patients with adenomas or healthy controls (212). F. nucleatum has 

been shown to promote proliferation, invasion and production of inflammatory 

cytokines by CRC cell lines; pathways such as E-cadherin signalling and miR21-
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release of MAPK signalling have been implicated (214, 215). Treatment of 

Fusobacterium-positive (but not negative) patient-derived xenografts (PDXs) with 

metronidazole (to which F. nucleatum is sensitive) reduces the rate of tumour 

growth (204). 

 

F. nucleatum has been detected in a proportion of CRC metastases (liver and 

lymph node) in addition to a lower proportion of non-metastatic colorectal lymph 

nodes (126, 173, 204). Fusobacterium is viable within liver metastases and 

shows >99.9% average nucleotide identity with isolates from the primary CRC. 

Liver metastases from F. nucleatum-negative primary CRC have not been found 

to contain F. nucleatum. The bacteria which co-occur with F. nucleatum in CRC 

are also present within CRC liver metastases (204). 

 

There is conflicting evidence for an association between F. nucleatum and CRC 

recurrence or survival. Some studies have not found an association (185, 186, 

190, 193, 204, 216). Others have shown high levels of F. nucleatum are 

associated with poor prognosis (175, 179, 191, 215, 217-221), which may be 

stage-dependent (174, 181), and recurrence (219). A potential mechanism 

through which F. nucleatum may mediate resistance to 5-Fluorouracil (5-FU) or 

oxaliplatin has been proposed: F. nucleatum reduces apoptosis of CRC cells 

treated with chemotherapy via TLR4 and MYD88 signalling, which causes a 

reduction in miR-18a and miR-4802 and an increase in autophagy pathways 

(219). An alternative mechanism has also been proposed: upregulation of BIRC3 

with subsequent inhibition of apoptosis (221). 

 

1.2.4.2 Enterotoxigenic Bacteroides  fragilis  

Like F. nucleatum, Bacteroides fragilis is a Gram-negative anaerobic rod-shaped 

bacterium; strains of Bacteroides fragilis which are capable of producing the toxin 

fragilysin (Bacteroides fragilis toxin (BFT)) are termed Enterotoxigenic 

Bacteroides fragilis (ETBF) (222, 223). 

 

BFT detection is via quantitative polymerase chain reaction (qPCR) (224) or 

potentially enzyme-linked immunosorbent assay (ELISA) (225). The BFT toxin is 

detected in a higher percentage of CRC tissue (usually concordant with adjacent 

normal mucosa) compared to controls (89% versus 67%) (226) and a higher 

percentage of stool from CRC patients (27-38%) compared to controls (10-12%) 

(227, 228). One study has found higher levels of BFT in the normal adjacent 
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mucosa of adenoma patients compared with controls (and also CRC patients) 

(229). 

 

BFT increases the permeability of tight junctions which causes epithelial cells to 

round, become vacuolated and separate from adjacent cells and the basement 

membrane (230-233). This enables bacterial invasion (234) which triggers an 

acute (235) and then persistent IL-17-dependent colitis with subsequent epithelial 

proliferation (233, 236-239). The mucus barrier plays an important role in limiting 

access of BFT to the epithelium; again, it should be noted that adenoma and CRC 

have reduced Muc2 (158, 240). 

 

BFT inhibits apoptosis of epithelial cells (241) and induces them to secrete IL8 

(via NF-kɓ and MAPK signalling) which leads to neutrophil chemotaxis and 

activation (242-244). BFT also causes nuclear translocation of ɓ-catenin (via E-

cadherin cleavage) leading to c-Myc upregulation and increased proliferation 

(245-248). A mouse model has shown that tumourigenesis is affected by the 

duration of ETBF colonisation (249). 

 

1.2.4.3 Escherichia coli  

Escherichia coli (E. coli) is a Gram-negative rod-shaped bacterium which is a 

facultative anaerobe. E. coli are capable of producing several toxins which are 

either genotoxic or cyclomodulating (250). Enzymes required for the synthesis of 

the genotoxin colibactin are encoded by a mobile genetic element the polyketide 

synthases (pks) pathogenicity island; E. coli which possess the pks island are 

termed pks+ E. coli (251). Other virulence factors include UPEC-pathogenicity 

islands, bacteriocin production, mucosal attachment, and invasion. E. coli with 

such pathogenic properties are increased in CRC (67%) and IBD (40%) tissue 

and faeces compared with control (20%) (250, 252-260). Evidence as to whether 

E. coli from patients are more capable of biofilm formation than E. coli from 

controls is conflicting (261, 262). 

 

Colibactin induces DNA alkylation and double strand breaks (263-265). Xenograft 

studies have shown that this causes cellular senescence, subsequent growth 

factor release and increased tumour proliferation; senescence markers are 

increased in human CRC biopsies containing pks+ E. coli (266). Attaching and 

effacing E. coli (AEEC) may attach to the epithelium and cause downregulation 
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of the mismatch repair (MMR) proteins MSH2 and MLH1; they are detected in 

20% of CRC tissues (267, 268) and associate with increased Ki67 expression 

(257). Mice transfected with pks+ E. coli or adherent pks+ E. coli have been 

shown to develop significantly more tumours than controls (253, 257). 

 

CRC-associated bacteria may exhibit synergy. Both pks+ E. coli and ETBF are 

enriched in the tissue of FAP patients; a mouse model demonstrates that co-

colonisation increases tumourigenesis compared with mono-colonisation, 

hypothesising that ETBF reduces mucus depth to enable attachment of pks+ E. 

coli (127). 

 

1.2.4.4 Streptococcus gallolyticus  

Streptococcus gallolyticus (S. gallolyticus) (formally Streptococcus bovis) is a 

Gram-positive coccus which is a facultative anaerobe. An association between 

S. gallolyticus and CRC was first described in 1977 when a high prevalence of S. 

gallolyticus-associated endocarditis was observed in patients with CRC (269). 

Faecal carriage of S. gallolyticus is higher in patients with CRC or large 

adenomas than controls (269, 270). S. gallolyticus has been detected in 30-70% 

of CRC tissues, significantly more than controls, and at higher abundance than 

adjacent normal mucosa (271, 272). Serum levels of anti-S. gallolyticus antibody 

are increased in patients with adenoma and CRC compared with controls (273) 

and can be detected prior to diagnosis (mean 3.4 years) (274). This suggests that 

S. gallolyticus is an early coloniser of tumours. Mice which are predisposed to 

developing CRC are more likely to become colonised with S. gallolyticus than 

normal mice, suggesting that the tumour microenvironment may offer a selective 

advantage to certain bacteria such as S. gallolyticus (275). Early cell line and 

mouse model research suggest that S. gallolyticus may augment tumourigenesis 

through inflammation and ɓ-catenin signalling (271, 276). 

 

1.2.5 The possibility of a CRC -associated v irome/mycobiome  

The association of CRC with an altered virome or mycobiome has been less 

extensively investigated but is garnering interest; results so far are contradictory. 

One study found no difference in viral abundance between CRC and adjacent 

normal tissue (173), whereas other studies have identified viruses including 

Epstein-Barr virus (EBV) (although with conflicting results), Human 

Papillomavirus (HPV), BK virus (BKV), Herpes simplex virus (HSV), 

Cytomegalovirus (CMV) and bacteriophages within CRC tissue and faeces (184, 
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277-281). One study has shown that the CRC-associated virome associates with 

oral bacteria and certain viruses associate with reduced survival (282). Professor 

zur Hausen, who won the Nobel Prize for the discovery of HPVôs aetiological role 

in cervical cancer, cites epidemiological evidence of an association between CRC 

and dairy/beef consumption and hypothesises that a bovine virus may play a role 

in CRC development (283-287). 

 

Differences in the mycobiome between patients with adenoma or CRC and 

controls have been identified in some (288, 289) but not all (290) studies, and 

potential mechanisms by which fungi may affect tumourigenesis have been 

proposed (291, 292). The protozoa Cryptosporidium has been detected with 

increased prevalence in CRC patients compared with controls in Western (293) 

and non-Western cohorts (294), as has Blastocystis in non-Western cohorts (295, 

296). 

 

1.2.6 Potential clinical implications  

If the microbiome plays a role in the initiation or progression of CRC, then it 

presents an opportunity to improve our understanding of the disease and develop 

novel therapies. Methods to modify the microbiome include dietary modifications 

(297), probiotics (298-303), prebiotics, synbiotics (a combination of probiotics and 

prebiotics) (304), engineered bacteria (305), antibiotics (151), phage (306, 307), 

predatory bacteria, faecal microbiome transplant (FMT) (308-312) or vaccine 

(313). 

 

If the microbiome is merely passively associated with CRC, it has the potential to 

be used as a diagnostic/screening biomarker, as a prognostic marker and or as 

an indicator of likely response to existing therapies. Research has shown that the 

microbiome predicts efficacy of anti-PD1 immunotherapy and that this phenotype 

can be transferred via FMT to mouse models (314-316). The microbiome has 

also been shown to influence the efficacy of 5-FU (317), to have the potential to 

inactivate gemcitabine (318) and to influence chemotherapy side-effects (319-

321). Research suggests that modifying the microbiome could reduce 

complications of surgery (322). 

 

Therefore, whether causative or associative, the microbiome offers great promise 

to improve management of CRC. 
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1.3 How the colorectal m icrobiome  is studied  

Given the increasing appreciation of an association between the microbiome and 

CRC, it is useful to outline the types of study, samples and techniques on which 

this evidence is based and to describe their limitations. 

 

1.3.1 Types of study  

1.3.1.1 Studies  in man  

The majority of studies conducted in man have been cross-sectional in design, 

and have shown a difference in the microbiome of cases compared with controls. 

Causation cannot be determined by this type of study; prospective, longitudinal 

studies are required to demonstrate that perturbations of the microbiome precede 

the development of disease. Randomised controlled trials (RCTs) have and are 

being conducted to investigate the effect of microbiome-based interventions on 

certain diseases. 

 

1.3.1.2 Animal models  

Causation can be explored mechanistically using animal models. Germ-free, 

Altered Schaedler's Flora (ASF) and Specific-Pathogen-free (SPF) mice have 

been used to investigate the microbiome, through the introduction or abrogation 

of specific bacteria or the transplantation of whole microbiomes (323). However, 

differences between human and murine anatomy, physiology, life span, diet, 

behaviour and environment mean that mouse models may not accurately reflect 

conditions in man (324-328). 

 

1.3.1.3 In vitro  models  

The most simplistic in vitro microbiome research assesses the effect of specific 

bacteria or their associated molecules on cell lines. More complex in vitro models 

include ógut simulatorsô (329, 330) and ógut on a chipô microfluidic devices (331-

334), which model colonic conditions on a large and small-scale respectively, and 

organoids (335-337). 

  



16 

1.3.2 Types of sample  

1.3.2.1 Colonic samples  

There are three types of colonic sample: mucosal, luminal and faecal. Mucosal 

samples are collected by biopsy, swab or balloon device and luminal samples by 

endoscopic aspirates. 

 

Mucosal samples capture the microbiome which is in direct contact with the outer 

mucus layer, biofilms, bacteria within crypts and invasive bacteria. The outer 

mucus layer provides a source of nutrients and attachment sites for bacteria; it 

sits above a barrier of dense, layered mucus which bacteria do not usually 

penetrate (338). The advantage of mucosal samples is that the mucosal 

microbiome is believed to be less transient than the luminal or faecal microbiome, 

it is in proximity to the mucosa, it is lesion or colorectal location-specific, and it is 

sampled in situ, which avoids exposure to ambient conditions. Disadvantages are 

that collection is invasive and usually occurs post-bowel preparation, which 

changes the microbiome, samples are of lower biomass than faecal or luminal 

samples, and mucosal samples may be contaminated with faecal material during 

sample collection (339, 340). The corollary applies for the 

advantages/disadvantages of faecal samples. Luminal samples combine the 

advantages of in situ sample collection and high biomass with the disadvantages 

of invasive sample collection usually post-bowel preparation. 

 

The mucosal, luminal and faecal microbiomes have been shown to differ in 

diversity and composition (340-348). The mucosal microbiome has been found 

to contain more asaccharolytic bacteria which digest mucus, and more 

aerotolerant bacteria, able to withstand oxygen diffusion from the underlying 

mucosa (346). However, these findings must be interpreted with caution, as 

differences in how samples were collected (whether pre/post bowel preparation, 

the method used to collect and store samples and duration of exposure to 

ambient oxygen) could underlie some of the reported differences (349, 350). 

 

Differences in the mucosal microbiome along the length of the colon have been 

described (342, 347, 351, 352), although these findings may be confounded by 

micro-heterogeneity (significant differences in the microbiome have been 

described in biopsies taken 1cm apart (353)). The luminal microbiome appears 

to show less regional variation; the faecal microbiome is most similar to the distal 

luminal microbiome (347). 



17 

1.3.2.2 Extra -colonic  samples  

The metabolic profile associated with the microbiome can be analysed from 

breath (354), urine (355, 356) and blood (357, 358). 

 

1.3.3  Methods of analysis  

1.3.3.1 16SrRNA sequencing  

Bacterial taxonomy was traditionally culture-dependent, based on morphology 

and nutritional requirements (359). Study of the microbiome was limited; 

approximately 60% of the faecal microbiome is uncultivable (360, 361). A pivotal 

point came with the discovery that the bacterial 16S ribosomal ribonucleic acid 

(16SrRNA) gene could be used to infer bacterial phylogeny and taxonomy as it 

is universally present amongst bacteria and has a slow rate of evolutionary 

change (359, 362-364). 16SrRNA contains nine hypervariable (V) regions, the 

sequences of which differ between taxa. Conserved regions, the sequences of 

which are mostly conserved between taxa, flank the V regions (365). Primers 

which are specific to a pair of conserved regions allow amplification of the interim 

V region. The amplicons are sequenced, usually by Next Generation Sequencing 

(NGS), and the sequences are then compared to a reference database to infer 

the bacteria within a sample. 

 

16SrRNA sequencing is a relatively inexpensive and high-throughput method of 

microbiome analysis. However, it has limited sensitivity: sequencing a single V 

region has discriminatory power only to genus (not species or strain), with V2 or 

V4 having the lowest error rates for genus assignment (366). Results can be 

affected by choice of primer, choice of V region(s), amplicon length and depth of 

sequencing (367-373). 16SrRNA sequencing does not provide information about 

bacterial function, although it is possible to crudely infer function from taxonomic 

information using the software package PICRUSt (Phylogenetic Investigation of 

Communities by Reconstruction of Unobserved States) (374). 

 

1.3.3.2 Metagenomic sequencing  

Metagenomic sequencing uses a shotgun sequencing approach to sequence all 

DNA (human, bacterial, viral and fungal) within a sample. Sequences are aligned 

to reference databases to determine the genes present within a sample. The 

taxonomic composition and functional potential of the microbiome can be derived. 
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However, horizontal gene transfer and sub-speciation confound the assignment 

of taxonomy and the presence of DNA does not necessarily signify the presence 

of viable organisms. 

 

Fewer samples can be sequenced per lane with metagenomic sequencing 

compared to 16SrRNA sequencing, making the technique more expensive. 

However, existing low coverage whole genome sequencing data derived from 

formalin fixed paraffin embedded (FFPE) material can be mined for bacterial 

metagenomic data using the software package PathSeq (375). In contrast, few 

studies have reported successful 16SrRNA sequencing using DNA extracted 

from FFPE tissue (137, 376, 377). Analysis of metagenomic data is 

computationally intense, although analysis pipelines are continually being 

improved (378, 379). 

 

1.3.3.3 Sequencing biases  

Both 16SrRNA and metagenomic analysis are subject to biases inherent to 

sequencing, including sequencing errors and clustering by run (380). Both 

methods assign reads to reference databases; the stringency of the assignment 

and choice of database can affect the results (15, 370). The databases are 

continually expanding as new computational techniques are developed and as 

new organisms are discovered (381, 382). It is hoped that the emerging technique 

of long read sequencing will improve sensitivity and accuracy, although this will 

not be applicable to FFPE samples (383, 384). 

 

1.3.3.4 Analysis of sequencing  data 

As the microbiome represents an ecosystem, many of the methods of microbiome 

data analysis derive from ecology. Bacteria phylogenetic taxa comprise phylum, 

class, order, family, genus and species. Bacterial diversity can be described by 

two measures: alpha and beta diversity. Alpha diversity describes the diversity 

within a sample. Beta diversity describes differences in diversity between 

samples. Different alpha and beta diversity metrics take account of 

presence/absence (species richness) and/or relative abundance (species 

evenness) (385). Some beta diversity metrics also take phylogeny into 

consideration; the most commonly used is UniFrac (386). UniFrac can be 

calculated as unweighted UniFrac (based only on the presence/absence of taxa) 

or weighted UniFrac (which weights taxa according to their relative abundance) 

(387). Beta diversity can be displayed as a Principal Co-ordinate Analysis (PCA) 
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plot ï the more similar the bacterial community of two samples, the closer 

together they are. 

 

Network modelling can be used to determine groups of bacteria which co-occur 

and those which have an inverse relationship (388). Bacteria which are 

significantly enriched or depleted in cases compared with controls can be 

determined using the software package LEfSe (Linear discriminant analysis 

Effect Size) (389). 

 

More sophisticated methods of analysis are continually being developed. 

 

1.3.3.5 Metatranscriptomics, metaproteomics and m etabolomics  

Although functional potential can be inferred from metagenomic and 16SrRNA 

data, metatranscriptomic, metaproteomic and metabolomic analysis determine 

active microbiome function. This is illustrated by a comparison of metagenomic 

and metatranscriptomic faecal microbiome data which showed that 20% of 

transcripts had relative abundances an order of magnitude different to that 

predicted by DNA abundance (10). A further advantage of these techniques is 

that information about host transcripts, proteins and metabolites is also captured. 

All three methods can be performed using mucosal, luminal or faecal samples; 

metabolomics can also be performed on faecal, urine or breath volatile organic 

compounds (VOCs) (390-392). 

 

1.3.3.6 Targeted analysis of specific bacteria  

The aforementioned techniques give insight into the structure and function of the 

bacterial microbiome in its entirety. As these sequencing and spectrometry-based 

techniques are relatively expensive and time consuming, they are often used to 

generate hypotheses as to which bacteria differ between cases and controls. 

Simpler and cheaper techniques, including qPCR (204), oligonucleotide-based 

microarrays (393) and fluorescent in situ hybridisation (FISH) (127) can then be 

used to quantify and visualise specific bacteria of interest. There are no reports 

in the microbiome literature of immunohistochemistry (IHC) being used to detect 

specific bacteria of interest, although it has been shown to be possible (394). 
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1.4 Limitations of existing microbiome research  

The field of microbiome research is young, so understandably there has so far 

been limited translation of research findings to clinical practice. The microbiome 

is also an inherently complex ecosystem complicated by horizontal gene transfer, 

redundancy and rapid evolutionary timescales. However, there are also a number 

of limitations to the current methods of conducting microbiome research which 

need to be urgently addressed. 

 

1.4.1 The need for standardisation  

One reason why many microbiome studies are generating conflicting or 

irreproducible results is that microbiome analysis is extremely sensitive to 

technical aspects of study design. Factors which can affect microbiome results 

are outlined in Table 1 (395-401). 

Table 1. Factors which can affect microbiome results.  

Sample processing  

 

Laboratory 

processing  

 

Bioinforma tic analysis  

 

Biological factors 

Colonic location 

Sample type 

Homogenisation 

Number of replicates 

Collection media 

Transport conditions 

Storage temperature 

Storage duration 

Extraction method 

Choice of 16SrRNA V 

region 

Choice of DNA 

polymerase 

Choice of PCR primer 

Amplicon length 

Number of rounds of 

PCR 

Sequencing depth 

Sequencing run 

variation 

Bioinformatic pipeline 

used 

Choice of reference 

database 

Choice of alpha and 

beta diversity metrics 

Choice of statistical 

analysis method 

 

There is therefore a need for consistency within and between studies in order to 

reduce variability in results and permit meaningful meta-analysis. The 

International Human Microbiome Standards project and the Microbiome Quality 

Control project aim to investigate which variables might be large enough to 
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overwhelm biological variability, and to create openly-available protocols, a 

positive reference standard and potentially an External Quality Assessment 

scheme (399, 402). The Earth Microbiome Project, which is focused on 

investigating all microbial habitats not just human, has open-access standardised 

protocols for sample collection, processing and analysis which have been 

adopted by many microbiome research groups (403-406). 

 

1.4.2 The need to conduct large -scale studies in representative 

populations  

Many microbiome studies to date have sampled small numbers of participants 

due to expense and logistical (recruitment and sample collection) constraints. 

Small studies are inadequately powered to detect subtle differences between 

cases and controls, especially in light of high inter-individual and temporal 

variation in the microbiome. Recently published power calculations estimate that 

for faecal microbiome studies to detect a difference with an odds ratio of 3.5, 100ï

400 cases would be needed; for an odds ratio of 1.5, 1000ï3000 cases would be 

required (407). In order to increase sample size, studies often pool results from 

separate cohorts, yet technical and biological differences between cohorts 

introduce bias. This is true also of microbiome research consortia (408-411). 

 

It is, therefore, important to conduct large-scale microbiome research using a 

single cohort and consistent methodology. The British Gut Project (412) and the 

American Gut Project (413) represent two such studies, based on a citizen-

science, crowd-funded model whereby interested members of the public pay a 

donation to submit samples for microbiome analysis. However, limitations include 

participation bias, variability in sample collection, self-reported clinical metadata 

and bacterial blooms. 

 

1.4.3 The need to conduct longitudinal studies  

In order to confirm a causative role of the microbiome in CRC development, 

prospective longitudinal case-control studies with repeated sampling or biobanks 

are required. Existing longitudinal studies such as the Nursesô Health Study are 

starting to collect microbiome samples and new studies are being established 

(414). To do so successfully, a stable method of microbiome collection and 

transport is required that will be acceptable to study participants, in addition to 

the timely collection of accurate clinical follow-up data. 
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1.4.4 The need to conduct microbiome research in non -Western 

countries  

The majority of microbiome research to date has been conducted in Western 

countries, largely due to expense. There is a need to expand microbiome 

research to non-Western countries, in order to investigate differences between 

the Western and non-Western microbiome in health and to determine whether 

the disease-microbiome associations identified in Western cohorts are universal 

or geography-specific. It is important to investigate the microbiome of people 

living in non-Western countries now, as the incidence of Western disease 

(including CRC) is increasing rapidly as these countries adopt a Western lifestyle; 

there exists a critical window in which to analyse the non-Western microbiome in 

its native state, before it is potentially changed irreversibly by Westernisation. 

 

1.5 Chapter Summary  

¶ The microbiome is a complex microbial ecosystem with bacterial, 

archaeal, viral, fungal and parasitic components. 

 

¶ The microbiome contributes to host development, metabolism, physiology 

and immunology. Perturbations of the microbiome are associated with 

disease. 

 

¶ A dysbiotic microbiome is associated with CRC. Candidate oncomicrobes 

include F. nucleatum, ETBF, pks+ E. coli and S. gallolyticus. 

 

¶ Potential clinical implications of the CRC-associated microbiome include it 

acting as a novel diagnostic/screening marker, as a prognostic marker or 

as a potentially modifiable predictor of drug response and toxicity. If the 

CRC-associated microbiome is found to play a role in tumour initiation or 

progression, this would change current understanding of CRC and its 

management. 

 

¶ The microbiome is a relatively new field of research which arose 

secondary to the advent of NGS. 

 

¶ The microbiome is studied using in vitro techniques, animal models and 

human association studies. Types of sample include mucosal, luminal, 

faecal and extra-colonic. Types of analysis include 16SrRNA sequencing, 
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metagenomic sequencing, metatranscriptomics, metaproteomics 

metabolomics, FISH and qPCR. 

 

¶ A lack of standardised, large-scale, longitudinal microbiome research 

studies limits progress and needs to be addressed. There is also an urgent 

need to conduct microbiome research in non-Western populations. 

 

 

1.6 Aims and objectives  

The aim of this PhD is to address current limitations to the clinical translation of 

CRC microbiome research by developing a method to conduct a large-scale, 

single-methodology microbiome study in the UK; to use this study to assess the 

utility of a microbiome-based CRC screening model; and to assess whether the 

same methodology could be used to conduct CRC microbiome research in non-

Western populations. 

 

Objectives: 

¶ To develop and assess a method to perform microbiome analysis directly 

from faeces on processed NHSBCSP samples. 

 

¶ To use this methodology to conduct a large-scale microbiome study in 

order to identify CRC/adenoma-associated taxa and to determine whether 

microbiome analysis improves the accuracy of CRC screening. 

 

¶ To assess whether the same methodology can be applied to cohorts from 

Argentina, Chile, India and Vietnam and whether the CRC-associated 

bacteria identified in Western cohorts are also identified within these 

cohorts. 
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Chapter 2   

Investigating the potential to use NHSBCSP samples for 

microbiome analysis  

2.1 Introduction  

This chapter describes the development of a method to conduct large-scale 

single-methodology microbiome research through harnessing the existing 

infrastructure of the NHSBCSP. The method involves analysing the microbiome 

directly from processed bowel cancer screening samples; traditionally these were 

gFOBT, however the NHSBCSP is currently transitioning to FIT. The rationale for 

this choice of methodology will first be outlined, followed by laboratory aspects of 

the study design. 

 

2.1.1  Collection and storage of faecal samples  

Within the microbiome literature there is no consensus as to the optimum method 

of faecal sample collection and storage. The gold standard is considered to be 

fresh stool which undergoes either immediate DNA extraction or immediate 

freezing at -80°C. However this is rarely practical: precluding studies where 

participants collect faecal samples at home, studies conducted in institutions 

without -80°C freezing facilities and studies conducted in remote locations where 

cold-chain transport would be required. Alternative methods of sample collection 

and storage have therefore been proposed with the aim of limiting both DNA 

degradation and bacterial overgrowth, relative to the gold standard. When 

choosing a method to perform microbiome research, the following points require 

consideration (Table 2): 
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Table 2. Factors related to method of faecal sample colle ction.  

Item to consider  Possible  options  

Type of stool specimen Whole stool sample 

Stool subsample (+/- prior homogenisation) 

Replicate subsamples 

Collection at a single or multiple time points 

Media/device for sample 

collection and storage 

Ethanol 

RNAlater 

FIT device 

Card: gFOBT or Flinders Technology Associates 

(FTA) 

OMNIgene.GUT 

Storage conditions Ambient temperature 

4°C 

-20°C 

-80°C  

What will be measured Bacterial DNA 

Human DNA 

RNA 

Metabolites 

Proteins 

Bacterial culture 

Participant acceptability  

Cost  

 

Each of these items will now be discussed, and the implications of using 

NHSBCSP samples will be outlined. 
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2.1.1.1 Type of stool specimen  

There is no consensus as to the optimum type of stool sample for microbiome 

research. Many studies ask participants to collect whole stool samples, yet this 

is surplus to the requirements of most DNA extraction kits, which limit the amount 

of stool/sample to ~250mg (equivalent to 2ml). A potential advantage of collecting 

whole stool samples is that they can be homogenised; however this is not 

performed by all research groups and if performed, is usually done so manually 

which may not be entirely effective. Some devices (FIT device, card, 

OMNIgene.GUT) collect subsamples of stool in the absence of prior 

homogenisation. There has been limited investigation of the impact of these 

different methodologies. Two studies reported that sampling from stool affords 

good reproducibility of taxa at abundance greater than 1% but not lower 

abundance taxa (395, 415), although another study, which used qPCR rather 

than 16SrRNA, reported marked variability in the relative abundance of taxa 

between subsamples, including differences between the inner and outer part of 

the stool (416), and a third study showed that reproducibility of subsamples varied 

by individual (417). 

 

Most studies perform analysis on a single sample collected at a single timepoint. 

However the microbiome exhibits dynamic temporal variation in response to 

changes in environmental conditions such as diet (20, 417-419). Different taxa 

are affected to differing degrees (for example Fusobacteria has been reported to 

exhibit high temporal variation); calculating an average from multiple timepoint 

samples is therefore recommended (407). 

 

2.1.1.1.1 Implications  of using NHSBCSP samples  

NHSBCSP gFOBT instructions ask participants to collect two subsamples from 

three separate stools and to record the dates of collection. Stool is not 

homogenised prior to sampling. For the current study, it was decided to combine 

three of the six subsamples (one from each of the three stools) and to leave the 

remaining three subsamples available for subsequent analysis or to be used as 

extraction replicates; the implications of this approach will be evaluated in this 

chapter. Temporal variability of the CRC-associated microbiome will also be 

evaluated. 

 

The NHSBCSP is currently transitioning to FIT. FIT instructions ask participants 

to scrape the tip of the device across the surface of a stool. This subsamples a 
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single stool; the biomass collected is significantly less than that collected by 

gFOBT. 

 

2.1.1.2 Media /device for stool  collection and storage  

A number of different media/devices for stool collection and storage have been 

proposed for use in microbiome research: ethanol (which in theory would allow 

metabolomic analysis), ethylenediaminetetraacetic acid (EDTA), RNAlater (which 

in theory would allow metatranscriptomic analysis), card (gFOBT or FTA), FIT, 

and OMNIgene.GUT. Technical studies of these devices evaluate three key 

metrics: accuracy, reproducibility and stability. Accuracy denotes how similar the 

microbiome result is to that of the gold standard (stool at -80°C); reproducibility 

denotes how similar technical replicates are to one another; stability denotes the 

degree to which the microbiome changes after storage over time. 

 

In most 16SrRNA studies, the collection method has not been shown to 

significantly affect alpha or beta diversity metrics, with subject being the greatest 

source of variation (396, 420, 421). Regarding relative abundance of taxa, 

gFOBT, OMNIgene.GUT and FIT have variously emerged as optimum methods 

of sample collection/storage. These will be outlined below, after a review of the 

commonly used alternative, frozen stool samples. 

 

2.1.1.2.1 Frozen stool  

The gold standard for comparison in technical microbiome studies is either whole 

stool stored immediately at -80°C or mock bacterial communities (395). Although 

gFOBT, OMNIgene.GUT and FIT have been proposed as sample 

collection/storage devices for microbiome research, the majority of microbiome 

studies still use frozen stool samples. It is therefore important to evaluate the 

impact of freezing stool on microbiome results. 

 

The microbiome of stool stored at -80°C is considered to be stable long term 

(confirmed in one study to be stable at six months) (422) and a mock microbiome 

community stored at -20°C has been shown to be stable at four weeks (423). 

However, freezing has also been shown to increase the Firmicutes:Bacteroidetes 

ratio (424) and to cause a change in 20% of genes compared to immediate DNA 

extraction (425). Five cycles of freeze-thawing, storage for longer than three days 

in domestic frost-free freezers (which may be encountered by studies which ask 
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participants to freeze their samples at home), and delays greater than one hour 

between defrosting and DNA extraction have been shown to affect results (416, 

426). No benefit has been shown for snap-freezing (427). 

 

Often freezing of stool is not immediate, particularly in the case of studies 

whereby participants collect samples at home. Several studies have reported that 

the microbiome of stool stored at room temperature for 24 hours is stable (422, 

426, 428), whereas others contest this, detecting differences after as little as 30 

minutes storage at room temperature (416) which increase gradually over time 

(with an average change of bacterial community composition of 3% at 12 hours 

and 9% at 24 hours) (429). The American Gut Project shipped stool samples at 

ambient temperature in the absence of preservative; bacteria blooms of the class 

gammaproteobacteria were observed. These were sufficient to obscure some 

biological effects and had to be computationally subtracted from the analysis 

(430). Stool samples stored for 14 days at room temperature have markedly 

altered taxonomic composition and it has been observed that some develop 

visible fungal growth (426, 431). 

 

2.1.1.2.2 gFOBT 

In most technical comparison studies, the gFOBT card has shown high 

reproducibility, stability and acceptable accuracy (432). Stool collected on gFOBT 

and stored, undeveloped, at room temperature for four days showed high stability 

with a marked fold change of only 1-3 Operational Taxonomic Units (OTUs) 

(which are broadly equivalent to taxa) compared to an equivalent change in 20-

37 OTUs for whole stool (396, 421); stability was also shown after gFOBT storage 

for seven days at room temperature (433). The Leeds group has demonstrated 

similar microbiome profiles of fresh whole stool and replicate gFOBT samples 

and stability of the microbiome from stool on developed gFOBT cards stored at 

room temperature for up to three years (434) and beyond to five years 

(unpublished data). 

 

Correlation for OTUs between undeveloped and developed gFOBT has been 

shown to be high, indicating that application of the hydrogen peroxide-based 

developer solution does not alter the microbiome result (396). 
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FTA cards, which are similar to gFOBT but contain a nucleic acid stabiliser, have 

also been shown to afford high accuracy after storage at room temperature for 

24 hours (420) and high stability up to eight weeks despite marked fluctuations in 

temperature (4-40°C) (435). Similarly gFOBT had high stability, reproducibility 

and acceptable accuracy in a technical microbiome study conducted in 

Bangladesh, indicating the potential for gFOBT to be used to conduct microbiome 

research in non-Western populations (436). 

 

2.1.1.2.3 OMNIgene.GUT 

OMNIgene.GUT is a commercial microbiome collection device. Stool is scraped 

into the cap of the device, the lid is sealed and the device (containing media and 

a ball-bearing) is shaken to homogenise the stool. The manufacturer guarantees 

sample stability at ambient temperature for up to 60 days. 

 

Technical studies have shown that OMNIgene.GUT yields high quality extracted 

DNA and RNA, and has high accuracy and stability (437-440). Some differences 

in taxa relative abundance between OMNIgene.GUT and stool immediately 

stored at -80°C have been recorded (438, 440). OMNIgene.GUT has been shown 

to afford high stability for up to eight weeks despite marked fluctuations in 

temperature (4-40°C) (435). 

 

2.1.1.2.4 FIT 

FIT has been shown to afford high reproducibility, stability and acceptable 

accuracy (432), although had poor stability in a technical study conducted in 

Bangladesh, suggesting that it may be less appropriate for studies conducted in 

non-Western populations (436). Importantly it should be noted that different FIT 

devices are available, and both studies only tested one type of FIT device, 

although this happened to be the device which will be used by the NHSBCSP 

(variously referenced as OC-Sensor, OC-Auto or Polymedco). 

 

One study tested the OC-Sensor FIT device, comparing the microbiome of 

devices immediately stored at different temperatures (-86°C, -20°C, 4°C, 20°C, 

30°C) and devices stored at 4°C for two days followed by 20°C for two days (441). 

It should be noted that these conditions do not reflect the conditions that 

screening samples would be exposed to. The authors reported difficulty 

extracting sufficient DNA from FIT, and resorted to lyophilisation of the samples. 
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The authors reported a decrease in alpha diversity and Gram-negative bacteria 

over time, but acknowledged that they did not assess this in non-FIT samples 

and did not collect replicates. One study showed that microbiome analysis could 

be performed from FIT and gFOBT after 10 years storage at -80°C, however 

whole stool samples were not available for comparison, which prevents 

assessment of stability, accuracy and reproducibility (442). 

 

One study has importantly confirmed that cross-sample contamination does not 

occur during automated processing of FIT and that processed (perforated) FIT 

samples can be stored frozen without sample evaporation (443). 

 

2.1.1.2.5 Implications of using NHSBCSP samples  

The aforementioned studies suggest that gFOBT and FIT may be suitable 

methods of collecting and storing stool samples at ambient temperature for 

microbiome analysis. However, the majority of these technical studies were 

conducted using stool samples from small numbers of healthy volunteers. 

Stability, reproducibility and accuracy ideally need to be assessed using stool 

from the population of interest (i.e. patients with adenoma and CRC) as the 

relative abundance of taxa, metabolite and enzyme profiles will differ from that of 

healthy volunteers, which may give rise to different results. For example one 

study demonstrated that stool samples from healthy volunteers were more stable 

over time than samples from Irritable Bowel Syndrome (IBS) patients (422) and 

another showed differences in accuracy between meconium and stool stored on 

gFOBT (433). 

 

There is a need to perform the assessment using the make of device that will be 

used by the NHSBCSP and conditions that the device will be exposed to. For 

NHSBCSP samples these include: 
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¶ Sample collection at home 

 

¶ Sample transport to the Screening Hub at ambient temperature 

 

¶ Sample processing: 

o gFOBT: application of hydrogen peroxide-based developer solution 

o FIT: piercing of the foil cap by machine and aspiration of an aliquot 

of the buffer 

 

¶ Storage by the Screening Hub: 

o gFOBT: samples are stored together in large batches at room 

temperature 

o FIT: the Screening Hub has not finalised storage conditions of FIT 

 

¶ Transport to a laboratory 

 

¶ Storage by a laboratory 

 

It is not possible to perform comparison of the microbiome analysed from 

NHSBCSP samples with immediately frozen stool samples as it is vital that 

routine screening is not disrupted. Stability of the microbiome on gFOBT stored 

at room temperature will be assessed by comparing extraction replicates after 

storage for different lengths of time. 

 

2.1.1.3 What will be measured  

Most technical microbiome studies have performed 16SrRNA analysis; few 

studies have assessed other methods of microbiome analysis. For metabolomic 

analysis, 95% ethanol has been shown to afford optimal accuracy followed by 

FTA card and OMNIgene.GUT (420). Another study also demonstrated high 

accuracy and stability after four days storage at room temperature for 95% 

ethanol and gFOBT but not OC-Sensor FIT (444). 

 

It is also possible to analyse human DNA from faecal samples; mutation detection 

could potentially be used to improve screening (it forms part of the Cologuard test 

(445)). Several studies have assessed this using different storage buffers but to 

the authorôs knowledge this has not been assessed using gFOBT, FIT or 

OMNIgene.GUT (437, 446, 447). 
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2.1.1.3.1 Implications of using NHSBCSP samples  

The current study will perform 16SrRNA analysis, however only three of the six 

subsamples will be processed, leaving the remaining available for other methods 

of analysis (such as metabolomics). 

 

The current study only has ethical approval to analyse bacterial DNA. However, 

as samples are link-anonymised, the option of targeted mutation-specific analysis 

of human DNA may be acceptable to a research ethics committee (REC); this is 

an area for future work. 

 

2.1.1.4 Participant acceptability  

Participant acceptability is an important consideration as it can affect study 

uptake and consequently the degree of selection bias. In one study, sample 

collection at home was shown to be more acceptable to the majority of 

participants than sample collection in clinic (448). Study participants using an 

OMNIgene.GUT device have reported good acceptability (449). 

 

2.1.1.4.1 Implications of NHSBCSP samples  

NHSBCSP uptake with gFOBT has been reported as 35-60% (450); this may in 

part be related to the method of sample collection but also reluctance to 

participate in the screening programme. Pilot work anticipates that uptake will 

improve with the introduction of FIT (451), which is considered to be ñeasier to 

completeò and ñless disgustingò (452). Indeed this has proven to be the case in 

Scotland where screening uptake has improved from 56% to 64% (453). 

 

2.1.1.5 Cost  

Costs include those of the kit, transport and storage. OMNIgene.GUT currently 

cost £11/kit (but it may be possible to reduce this cost if ordering in bulk). Creating 

bespoke collection kits with instructions and packaging approved by the postal 

service is expensive. 
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2.1.1.5.1 Implications of using NHSBCSP samples  

Microbiome analysis from processed NHSBCSP samples negates the cost of 

collection device and the cost of delivery to and collection from participants. The 

following costs apply: link-anonymisation of samples and data extraction by the 

Screening Hub and transport of samples from the Screening Hub to the 

microbiome laboratory. Transport can be performed in batches by courier at 

ambient temperature, as gFOBT are exempt from the infectious substances 

category of the World Health Organisation óGuidance on regulations for the 

transport of infectious substances 2019ï 2020ô (454). For the current study, 

gFOBT were stored at room temperature, therefore storage costs were minimal. 

 

2.1.2 Considerations for laboratory processing  

The rationale for assessing whether microbiome analysis can be performed 

directly from the faeces of processed NHSBCSP samples has been presented 

and informs the work of this chapter. Several laboratory processing factors also 

require consideration as follows: 

 

2.1.2.1 Choice of laboratory methodologies  

As outlined in the Introduction, choice of laboratory methodologies can influence 

microbiome results; a standardised method for DNA extraction, PCR and library 

preparation and sequencing underpinned this work. 

 

Many different DNA extraction kits, optimised for bacterial DNA extraction, are 

available. Many contain a buffer to prevent DNA degradation by enzymes present 

in stool and to remove PCR inhibitors. A mechanical lysis (bead-beating) step is 

required to achieve lysis of all bacteria, particularly Gram-positive bacteria which 

have a thick cell wall. 

 

Choice of DNA extraction method has been shown to affect the amount and purity 

of extracted DNA and the relative abundance of taxa (395, 423, 438). A 

standardised methodology, optimised from the laboratoryôs existing protocol, will 

be used throughout the thesis. 
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Choice of library preparation method (including choice of V region and primers) 

can affect microbiome results. The Earth Microbiome Project (EMP) 16SrRNA 

microbiome methodology will be used throughout the thesis (403-406). This is an 

open-access, straightforward protocol which other groups will be able to follow 

should they wish to replicate the studies. 

 

Microbiome results have been shown to be affected by sequencing run (380). Up 

to 1500 samples will be processed on each Illumina HiSeq run to reduce the need 

to process samples from the same study on different runs. 

 

The work will be conducted under routine laboratory conditions; negative controls 

will therefore be used to test for possible contamination. 

 

2.1.2.2 The potential for high -throughput sample processing  

In order to conduct large-scale microbiome research using NHSBCSP samples, 

high-throughput processing is an important consideration. The rate limiting step 

in sample processing is DNA extraction; this process can be automated using a 

robot. An experiment to compare results generated by manual and automated 

DNA extraction has been performed, although sequencing results are not 

available at this point. 

 

2.2 Aims  

¶ To determine whether the microbiome can be successfully analysed from 

processed NHSBCSP gFOBT samples. 

 

¶ To assess whether the microbiome is stable if NHSBCSP gFOBT samples 

are stored at room temperature. 

 

¶ To assess temporal variation of the microbiome of screening participants. 

 

¶ To determine whether the microbiome can be successfully analysed from 

the FIT devices which the NHSBCSP will use, after simulation of the 

conditions that the FIT samples will be exposed to. 

 

¶ To determine whether the DNA extraction process can be up-scaled. 
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2.3 Methods  

2.3.1 NHSBCSP gFOBT samples  

2.3.1.1 Collaborators  

This study was conducted in collaboration with the team at the NHSBCSP 

Southern Hub, located in Guildford. This is the largest NHSBCSP Hub, serving a 

population of 14.5 million. The Hub provided link-anonymised processed gFOBT 

(Immunostics Inc., USA) samples and matched clinical data. 

 

2.3.1.2 Ethical approval  

To prevent disruption to screening, ethical approval was sought to collect and 

analyse link-anonymised samples and matched clinical data without consent (on 

the proviso that only bacterial DNA, and not human DNA, would be analysed). 

The following ethical approvals and subsequent amendments were granted 

(Table 3): 
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Table 3. Detai ls of ethical approvals.  

Committee  Ethical approval reference  

North East-Tyne & Wear South 

Research Ethics Committee (REC) 

IRAS project ID: 188007 

REC reference: 16/NE/0210 

Bowel Cancer Screening Programme 

Research Committee 

BCSPID_160 

Office for Data Release (ODR) ODR1617_126 

ODR1617_126/A1 

Amendments  

Original protocol:  The collection and analysis of 400 gFOBT blood-negative 

cards, 600 gFOBT blood-positive cards and matched link-anonymised clinical 

data (limited to age, gender and greatest risk for the current screening 

episode). 

Amendment 1:  The continued collection and analysis of all gFOBT cards with 

a clear positive result until the time when the NHSBCSP stops issuing gFOBT 

cards. 

Amendment 2:  The collection and analysis of more detailed link-anonymised 

clinical data (pathological data and the greatest risk for preceding screening 

episodes). 

Amendment 3:  The collection and analysis of 9000 FIT samples. 

 

2.3.1.3 Usual processing of samples by the Southern Hub  

In order not to interfere with the screening process, the samples comprised 

gFOBT cards which had been processed routinely by the team at the Southern 

Hub; these cards would otherwise have been disposed of. A brief summary of 

what happens to gFOBT samples is given below. 

 

The NHSBCSP posts gFOBT cards to adults aged 60-74 biennially. There are 

three flaps on the front. A participant applies faeces from a single stool to the two 

squares beneath the first flap, seals the flap and records the date. This is 

repeated for the second and third flaps. The completed card is posted back to the 

Screening Hub (Figure 1). 
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Figure 1. Application of stool to gFOBT cards by screening participants . 

Photograph illustrating how a screening participant would receive a gFOBT card. 

One of the three flaps has been opened to reveal two squares beneath. 

 

At the Screening Hub, a strip is removed from the back of the card and a hydrogen 

peroxide-based developer solution (Immunostics Inc., USA) is applied to the 

reverse of the six squares. If blood is present, blue discolouration occurs. If no 

colour change is detected, the result is deemed ónormal/negativeô and screening 

is complete. If a blue colour change occurs in five or six squares, the result is 

deemed óabnormal/positiveô and colonoscopy is offered. If a blue colour change 

occurs in one to four squares, the result is deemed óunclearô and up to two further 

gFOBT cards are dispatched (Figure 2). 
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Figure 2. The collection of ópositiveô and ónegativeô gFOBT samples. This 

diagram indicates ónormal/negativeô and óabnormal/positiveô gFOBT samples 

(marked with red stars). Diagram adapted from NHS Cancer Screening 

Programmeôs ñGuidance for public health and commissionersò(455). 

 

2.3.1.4 Sample collection  

Sample collection began in October 2016. Samples were link-anonymised and 

stored collectively at room temperature before being placed in plastic boxes for 

storage and transport. Prior to June 2018, samples were sealed in individual 

plastic bags; this was subsequently deemed unnecessary (as cards were stored 

collectively prior to being placed into individual bags). Boxes of samples were 

then transported at room temperature to the University of Leeds where they were 

stored at room temperature prior to processing. 

 

2.3.1.5 Sample preparation  

2.3.1.5.1 gFOBT dissection  

From each gFOBT three squares of faecally-loaded card, one from beneath each 

of the three flaps, were dissected and processed as a single combined sample 

(Figure 3). The rationale was that the three remaining squares could be used for 

alternative analysis or as technical replicates. 
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Figure 3. gFOBT dissection.  The left-hand image is a gFOBT card viewed from 

the front. One of the three flaps is lifted to reveal two squares. The right-hand 

image show the reverse side of a gFOBT card, after the strip has been removed. 

Six squares, two underlying each of the three flaps, are visible. One square from 

beneath each of the three flaps was dissected; these were processed as a single 

combined sample. 

 

Time between stool collection and DNA extraction (during which samples were 

stored at room temperature) is displayed in Figure 4. The wide range reflects 

variation in time between stool collection and receipt by the team at the Southern 

Hub, time until gFOBT cards were anonymised and labelled by the team at the 

Southern Hub (dependent upon staff availability and the demands of routine 

screening), time until gFOBT cards were sent to the Leeds laboratory (samples 

were sent as batches to reduce courier costs), and time until DNA extraction 

(dependent upon release of clinical metadata so that samples corresponding to 

a diagnosis could be processed and manual DNA extraction being constrained to 

24 gFOBT/day). gFOBT cards were stored at room temperature throughout the 

different phases of storage. Differences in time until DNA extraction were shown 

not to affect microbiome results (see section 2.4.4 and 3.5.3). 
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Figure 4. Time between stool collection and DNA extraction for NHSBCSP 
samples.  

 

2.3.1.5.2 Extraction replicates  

Extraction replicates were created to determine whether the choice of which three 

squares to extract altered the microbiome result. Three squares (one from 

beneath each window) were dissected and combined to make a single sample 

and the alternate three squares were dissected and combined to make a replicate 

sample (n=51). 

 

An additional set of extraction replicates was prepared to determine whether 

prolonged storage of samples at room temperature altered the microbiome result. 

Three squares (one from beneath each window) were dissected and combined 

to make a single sample and, after a period of time (6-23 months) the alternate 

three squares were dissected and combined to make a replicate sample (n=26) 

(Figure 5). The replicates extracted after ~200 days reflect the median length of 

time until DNA extraction for all the NHSBCSP samples (Figure 4); the replicates 

extracted after ~ 700 days reflect the maximum length of time until DNA extraction 

for all the NHSBCSP samples (Figure 4). 
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Figure 5. Time between DNA extractions for replicate sample pairs.  Each 

bar represents the second member of a replicate pair. The y axis indicates the 

time between DNA extractions of each replicate pair. Two time points were 

chosen to reflect the median and maximum length of time until DNA extraction 

for all the NHSBCSP samples. 

 

2.3.1.5.3 Assessing  temporal  variation  of  the microbiome  

A set of samples was used to assess the temporal variation of the microbiome of 

screening participants, with particular focus on: the temporal variability of CRC-

associated bacteria; whether stool samples collected on different days would 

produce similar results; and whether a single stool sample (as FIT will be) would 

produce similar results to the existing gFOBT samples derived from a 

combination of three stool samples. NHSBCSP gFOBT samples with visibly large 

amounts of faecal material/square were selected and dissected in the following 

ways (Figure 6): 
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Figure 6. Dissection of Temporal samples . Labelled squares were dissected. 

Top left: Temporal 1-6 samples. Top right: Temporal 1.2.3.combined samples. 

Bottom left: Temporal N1-3 samples (3 squares had previously been extracted ï 

indicated by hash). Bottom right: Temporal P1-3 samples. 

 

Details of the temporal samples are described in Table 4 and Figure 7. 

Table 4. Temporal sample characteristi cs.  

Type of sample  Number of 

gFOBT cards  

Temporal period  over which stools 

were collected  

Temporal 1-6 6 blood-positive 3 consecutive days 

Temporal 

1.2.3.combined 

24 blood-positive 

2 blood-negative  

3 consecutive days 

Temporal N1-3 5 blood-negative  3 consecutive days apart from one 

sample where the stools were 

collected over days 1, 3 and 4. 

Temporal P1-3 8 blood-positive Variety of days (see Figure 7) 
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Figure 7. Day of stool collec tion for Temporal P 1 -3 samples.  Each gFOBT 

sample is represented by three bars; each bar represents a subsample (two 

gFOBT squares) derived from a single stool. The y axis indicates the relative day 

of each stool collection. 

 

2.3.1.5.4 FIT experiment  

In order to assess whether microbiome analysis could be performed on the FIT 

devices which the NHSBCSP will be using (OC-Sensor FIT (Mast Group Ltd)), 

the supplier was approached and generously provided blank devices. Two 

healthy volunteers (A and B) provided two stool samples on two separate days. 

The healthy volunteers were aged 31 and 63 and had no history of antibiotic use 

within the previous five years or of colonoscopy. Stool was manually 

homogenised using a spatula. Triplicate samples were made using FIT stored at 

different temperatures; gFOBT stored at room temperature; and stool 

immediately stored at -80°C (Figure 8). 

 

In order to assess whether the FIT solution has an immediate effect on the 

microbiome, replicates from one sample from each of the volunteers underwent 

DNA extraction after one day of storage. 

 

In an attempt to recreate the conditions that NHSBCSP FIT samples will be 

exposed to, a set of FIT replicates from all four samples were stored for three 

days at room temperature; this simulated postage of FIT devices to the Screening 

Hub. Processing of the FIT was then simulated by piercing the foil of the devices 

with a sterile pipette tip and squeezing liquid into the chamber. The FIT were then 

sealed with parafilm and stored upright for five days at either room temperature, 
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4°C or -80°C to simulate transfer from the Screening Hub to the laboratory in 

Leeds. Samples underwent DNA extraction either on day eight (the soonest 

timepoint that DNA extraction of NHSBCSP FIT samples could be expected to 

occur) or after eight weeks storage (Figure 8). The results of samples extracted 

on day one and day eight will be presented; samples extracted after eight weeks 

have been processed but the results are not yet available. 

 

 

Figure 8. Processing of óFIT experiment ô samples.  This diagram illustrates 

production, storage and extraction of óFIT experimentô samples. RT = room 

temperature. 

 

2.3.2 DNA extraction  

2.3.2.1 Modifying the laboratoryôs existing DNA extraction protocol  

The laboratoryôs existing bacterial DNA extraction protocol (434) had been 

developed from the protocol of Yu and Morrison (456). It was based on the 

protocol of the QIAamp DNA Stool Mini Kit (Qiagen, Germany) and had been 

optimised to enable DNA extraction from low biomass stool samples as follows 

(Table 5): 
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Table 5. Modifications to the laboratoryôs existing DNA extraction protocol. 

Modification to the QIAamp DNA 

Stool Mini Kit protocol  

Rationale  

Omission of InhibitEX tablets 

(designed to remove PCR inhibitors 

present in stool). 

PCR was successful when InhibitEX 

tablets were omitted; they were 

deemed unnecessary. 

Addition of a bead-beating pathogen 

lysis step using pathogen lysis tubes 

(Qiagen, Germany) and mechanical 

shaking. 

To ensure mechanical lysis of 

bacterial cell walls (including Gram-

positive bacteria). 

Addition of an ammonium acetate 

precipitation step. 

To precipitate impurities. 

Addition of a propan-2-ol 

precipitation step. 

To precipitate the DNA. 

Addition of a 70% ethanol wash step. To remove salts from the DNA pellet. 

 

The laboratoryôs existing DNA extraction protocol was further modified to optimise 

it for high-throughput processing of NHSBCSP gFOBT samples as follows: 

 

¶ The existing protocol had been used to extract DNA from mock gFOBT 

samples (prepared by volunteers from the laboratory); DNA was extracted 

from two squares on each card (combined to make a single sample). It 

was noted that the amount of stool on NHSBCSP samples (prepared by 

screening participants) was very variable and was often less than the mock 

samples. The protocol was modified so that DNA was extracted from three 

squares. The microbiome result therefore represents a composite of three 

separate stool samples and leaves three squares intact to be used as 

replicates or for future studies. 

 

¶ Using the existing protocol, twelve gFOBT samples could be extracted per 

day. The limiting step was that each square was initially processed 

separately, combined at the pathogen lysis step, then divided into two for 

the propan-2-ol precipitation step, before recombining the DNA for 

subsequent purification and elution. The protocol was modified by 

adjusting the volumes of the reagents at these steps to enable each 

sample to be processed as a single entity, without division and 
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recombination. This modification enabled DNA to be extracted from twice 

as many gFOBT samples per day and reduced the likelihood of error. A 

system was devised whereby two researchers, working in parallel, could 

extract DNA from forty-eight gFOBT samples per day. This up-scaling was 

necessary in order to meet the sample size of the NHSBCSP study 

(Chapter 3). 

 

2.3.2.2 The modified DNA extraction protocol  

The modified DNA extraction protocol is now described. Originally the QIAamp 

DNA Stool Mini Kit (Qiagen, Germany) was used, however this kit was 

discontinued in August 2018. Subsequently the QIAamp DNA Mini Kit (Qiagen, 

Germany) was used; this contains the same buffers apart from Buffer ASL 

(Qiagen, Germany) which was purchased separately. To avoid confusion, only 

the QIAamp DNA Mini Kit is referenced. 

 

The first part of the process (until the point when DNA is extracted) was 

undertaken within a biohazard fume-hood as a health and safety precaution. In 

order to reduce batch effects, batches of samples contained a mixture of different 

sample types (i.e. both blood-positive and blood-negative gFOBT samples). 

 

For each gFOBT sample, one square from beneath each of the three flaps on the 

front of the card was dissected using a sterile scalpel (Swann-Morton, UK). The 

three dissected squares were placed into a single collective microcentrifuge tube 

(Eppendorf AG, Germany). This step was either completed the day before or on 

the day of DNA extraction. 

 

In order to remove faeces from the card, 800µl of Buffer ASL (Qiagen, Germany) 

was added to each microcentrifuge tube and these were incubated at 23°C on a 

óThermomixer Comfortô (Eppendorf UK) at 850 revolutions per minute (rpm) for 1 

hour (note, there is no relative centrifugal force (RCF) equivalent as the 

Thermomixer is not a centrifuge). Samples were briefly centrifuged (Hettich Mikro 

200, DJB Labcare) and the supernatant transferred to pathogen lysis tubes (S) 

(Qiagen, Germany). Bacterial cell lysis was achieved by placing the samples on 

a shaker (Vibrax VXR, IKA, UK) at a motor setting of 1800-2200 for 10 minutes 

followed by incubation at 95°C on the Thermomixer at 850rpm for 15 minutes. 
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To precipitate impurities, samples were centrifuged at 14000rpm (18625g) for 

one minute and the supernatant transferred to a microcentrifuge tube containing 

173µl of 10M ammonium acetate (made in-house). Samples were vortexed 

(Vortex Genie 2, Scientific Industries, USA) and placed on ice for five minutes 

before being centrifuged at 14000rpm (18625g) for five minutes. To achieve DNA 

precipitation, the supernatant was transferred to a microcentrifuge tube 

containing 725µl of propan-2-ol (Fisher Scientific, UK), vortexed and placed on 

ice for 30 minutes. 

 

To remove salts, samples were centrifuged at 14000rpm (18625g) for ten 

minutes, supernatant was discarded and 1ml of 70% ethanol (Sigma-Aldrich, 

USA) was added to the DNA pellet. Samples were centrifuged at 14000rpm 

(18625g) for five minutes, the supernatant was discarded and 500µl 70% ethanol 

was added. Samples were centrifuged at 14000rpm (18625g) for three minutes, 

the supernatant was discarded and the samples were left with lids open for ten 

minutes to allow residual ethanol to evaporate. 

 

200µl tris-EDTA (Fisher Scientific, USA) was added to re-suspend the DNA 

pellet. After ten minutes, samples were vortexed and added to microcentrifuge 

tubes containing 200µl of Buffer AL from the QIAamp DNA Mini Kit (Qiagen, 

Germany). 15µl of Proteinase K from the QIAamp DNA Mini Kit was added, the 

samples were vortexed and incubated at 70°C on the Thermomixer at 650rpm for 

ten minutes. 

 

The QIAamp DNA Mini Kit protocol was then followed, with centrifuge speeds of 

14000rpm (18625g). To elute the DNA, 100µl of ultraviolet (UV) irradiated 

molecular biology grade water (Fisher Scientific, USA) was added to samples for 

five minutes before centrifuging at 14000rpm (18625g) for one minute. 

 

2.3.2.3 Modifications for DNA extraction from FIT  

The following modifications applied for DNA extraction from FIT: 

FIT were vortexed for one minute. The probe was removed from the device and 

liquid squeezed into a sterile microcentrifuge tube. Samples were centrifuged at 

14000rpm (18625g) for ten minutes. Supernatant was discarded and 800µl of 

Buffer ASL (Qiagen, Germany) was added to the pellet and vortexed to mix. 
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Samples were then processed according to the protocol; as FIT are lower 

biomass samples, elution was with 50µl rather than 100µl of water. 

 

2.3.2.4 Modifications for DNA extraction from whole stool samples  

The following modifications applied for DNA extraction from 200mg stool 

samples: 

The volume of Buffer ASL (Qiagen, Germany) was increased to 1800µl in 

accordance with the manufacturerôs recommendation (due to increased biomass 

relative to gFOBT or FIT). At the lysis step, 1000µl of liquid was transferred to the 

pathogen lysis tube (S) (Qiagen, Germany). Samples were then processed 

according to the protocol; elution was with 50µl rather than 100 µl of water, in 

order to be consistent with the óFIT experimentô FIT samples. 

 

2.3.2.5 Automated DNA extraction  

The QIAcube HT instrument (Qiagen, Germany) has the capacity to perform 

automated DNA extraction of 96 samples, with a hands-on set-up time of 

approximately two hours and a run time of approximately two hours; in contrast 

manual extraction is limited to 24 samples and takes approximately seven hours 

hands-on laboratory work. Automated DNA extraction has the potential to save 

time and reduce the likelihood of error; elution is into a 96 well plate, which saves 

time at the subsequent library preparation step. 

 

Initial sample preparation was as previously described (i.e. dissection of gFOBT 

samples; precipitation of a faecal pellet from FIT samples). Samples were 

transferred to a 96-well plate. The DNeasy 96 PowerSoil Pro QIAcube HT Kit 

(Qiagen, Germany) was used according to the manufacturerôs instructions. 

Sample lysis was performed using PowerBead Pro Plates (Qiagen, Germany) on 

a TissueLyserII (Qiagen, Germany). Elution volume was 80µl. 

 

2.3.2.6 Quantification and storage of extracted DNA 

Manually extracted DNA was quantified using a NanoDrop-1000 

spectrophotometer (Thermo Fisher Scientific Incorporated, UK). Originally DNA 

was stored in the cold room at 4ÁC (following the laboratoryôs original DNA 

extraction and storage protocol). This was later reviewed and a decision made to 
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store extracted DNA at -20°C from July 2018, as there is some evidence that 

DNA, eluted in water, shows greater long-term stability at -20°C (457). 

 

DNA extracted using the QIAcube HT instrument was quantified using the Quant-

iT ódsDNA Assay Kit, broad rangeô (Invitrogen, Thermo Fisher Scientific, USA) as 

this is compatible with samples in a 96 well plate. 198µl master-mix (comprising 

197µl Quant-iT Buffer and 1µl Quant-iT dsDNA BR reagent) was added to the 

wells of an opaque 96 well plate (Costar, Life Sciences, USA). 2µl of extracted 

DNA was added. Fluorescence was read using a microplate fluorometer 

(Fluoroskan Ascent, Thermo Fisher Scientific, USA) and a standard curve, 

constructed using the kitôs DNA standards, was used to calculate DNA 

concentration. 

 

2.3.3 PCR amplification and library preparation  

2.3.3.1 Changing from the laboratoryôs existing PCR amplification and 

library preparation methodology to the Earth Microbiome P roject 

(EMP) protocol  

The laboratoryôs original protocol for PCR amplification and library preparation for 

microbiome analysis was devised óin-houseô using a combination of NEBNext kits 

(New England BioLabs, France), as a standardised protocol did not exist at that 

time. This protocol was followed until February 2018, when the EMP 16S Illumina 

Amplicon methodology was explored (403). The EMP protocol is open-access 

and is being used by an increasing number of microbiome studies in an effort to 

achieve standardisation (enabling cross-study validation, comparison and meta-

analysis). An additional advantage is that the EMP protocol comprises a single 

PCR amplification (as the Illumina adapter is contained within the 16S V4 

primers), whereas the laboratoryôs original protocol comprised three 

thermocycler-based reactions and two bead-based purification steps. The EMP 

protocol is therefore significantly cheaper, quicker and reduces the likelihood of 

error. 

 

After confirming that microbiome analysis could be successfully performed on 

NHSBCSP gFOBT samples using the EMP methodology, a decision was made 

to convert to the EMP protocol and re-process the existing samples (as sample 

preparation has a considerable effect on microbiome results). Comparison 

between the two methods was not performed as the profound effect of differences 
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in methodology on microbiome results is well-documented (as outlined in 

section 1.4.1) and the óin-houseô methodology was not used by other groups, such 

that a comparison would be of no benefit. 

 

2.3.3.2 Minor  modifications  to  the EMP PCR amplification  and library  

preparation  protocol  

The EMP 16S Illumina Amplicon protocol comprises the following steps (403): 

¶ Dilution of extracted DNA 

 

¶ PCR amplification of the V4 region of the 16SrRNA gene 

 

¶ Visualisation of the PCR amplicons by gel electrophoresis 

 

¶ Quantification of the PCR amplicons 

 

¶ Pooling of 240ng of each PCR amplicon 

 

¶ Purification of the pools 

 

¶ Quantification of the pools 

 

¶ Pooling prior to NGS 

 

This protocol was followed using a 96-well Thermocycler (C1000 Touch, Bio-Rad, 

UK) with the following minor modifications (Table 6): 
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Table 6. Modifications  to  the EMP 16S Illumina  Amplicon  protocol . 

EMP protocol  Modification  Rationale  

Starting amount of DNA 

not specified (only a 

volume of 1µl). 

For each sample, 3µl of 

extracted DNA was 

diluted to 20ng/µl with 

UV irradiated molecular 

grade water. 1µl (20ng) 

was used per PCR 

reaction. 

This was the starting 

amount used in the 

existing laboratory 

protocol. It represents 

an optimal amount; 

PCR can fail if there is 

too little DNA or too 

high a concentration of 

inhibitors. 

Samples are amplified in 

triplicate (3x25µl 

reaction volumes) and 

subsequently pooled. 

Samples are amplified 

singly (1x25µl reaction 

volume). 

Amplicons from a single 

reaction are of sufficient 

concentration for 

subsequent processing: 

this saves time and 

money and reduces the 

likelihood of error. 

0.5µl of 10µM Reverse 

primer is required per 

PCR reaction. 

1µl of 5µM Reverse 

primer was used per 

PCR reaction. 

This reduces pipetting 

error. 

Amplicons are 

visualised by gel 

electrophoresis. The 

existing laboratory 

protocol required three 

separate gels to 

visualise a 96 well plate. 

A 96-well gel 

electrophoresis tank 

(Alpha Laboratories, 

UK) was obtained. 

This saves time and 

money, and reduces the 

likelihood of error. 

Amplicons are quantified 

using the Quant-iT 

PicoGreen dsDNA 

Assay Kit (Invitrogen, 

Thermo Fisher 

Scientific, USA). 

Amplicons are 

quantified using the 

Quant-iT ódsDNA Assay 

Kit, broad rangeô 

(Invitrogen, Thermo 

Fisher Scientific, USA). 

Equivalent 

methodology; the 

Quant-iT ódsDNA Assay 

Kit, broad rangeô was 

already available in the 

laboratory. 
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EMP protocol  Modification  Rationale  

Amplicon pools are 

purified using UltraClean 

PCR Clean-Up Kit 

(MoBio, Qiagen, 

Germany). 

Amplicon pools are 

purified using MinElute 

PCR Purification kit 

(Qiagen, Germany) and 

eluted with 2x10µl 

Buffer EB (Qiagen, 

Germany). 

Equivalent 

methodology; the 

MinElute PCR 

Purification kit was 

already available in the 

laboratory. The double-

elution step ensures 

sufficient volume for 

subsequent 

quantification and 

pooling. 

Amplicon pools are 

quantified using a 

NanoDrop-1000 

spectrophotometer 

(Thermo Fisher 

Scientific Incorporated, 

UK). 

Amplicon pools are 

quantified using a 2200 

TapeStation (Agilent 

Technologies, USA). 

The TapeStation 

quantifies the DNA 

concentration more 

accurately and allows 

visual inspection of the 

pool (for identification of 

adaptor peaks). 

 

 

The EMP 16S Illumina Amplicon protocol provides details of 960 unique V4 

16SrRNA Forward primers. An additional 575 unique Forward primers were 

designed by Dr Wood, using the following criteria (inferred from the existing EMP 

primers) (Table 7): 
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Table 7. Criteria used to design additional V4 16SrRNA Forward primers.  

EMP primers  Inferred cri teria for 

primer design  

Rationale  

The maximum number 

of consecutive matching 

bases/primer was three. 

Maximum of three 

consecutive matching 

bases. 

Too many consecutive 

matching bases may 

cause slippage during 

PCR amplification or 

errors during NGS. 

The GC content of the 

EMP primers was 

normally distributed. 

No criteria set. GC-rich regions have 

higher melting points 

than AT-rich regions 

leading to increased 

specificity of binding. 

The EMP primers were 

twelve bases long; none 

of the primers had more 

than seven identically 

positioned bases 

compared to any of the 

other primers. 

Maximum of seven 

identically positioned 

bases to be shared by 

any of the primers in the 

set. 

The fewer the number of 

identically positioned 

bases shared by 

primers, the less likely 

that an error at PCR or 

NGS will be interpreted 

as a different primer. 

The EMP primers had a 

normal distribution of 

óoffset baseô scores per 

primer. 

No criteria set. The offset base score is 

determined by 

calculating the number 

of identically positioned 

bases shared between 

primers if the first base 

of one primer was 

omitted or repeated 

(due to PCR errors). 

 

Primers were re-suspended with molecular grade water to the concentrations 

specified by the EMP protocol and stored at -20°C. 
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2.3.4 Controls  

Potential contamination was assessed at each stage of laboratory processing 

using the following controls (Table 8): 

Table 8. DNA extraction and PCR amplification controls.  

DNA extraction  

Control   

Negative no template  

Negative  blank gFOBT card 

Negative  blank FIT  

Negative UV irradiated molecular biology grade water (Fisher Scientific, 

USA) 

PCR amplification  

Control   

Positive  20ng E. coli strain B DNA (Sigma-Aldrich, USA) 

Negative  Microbial DNA-free water (Qiagen) 

 

2.3.5 Pooling and sequencing of libraries  

An equal amount of each library was used to create a single pool for sequencing. 

The laboratoryôs original protocol used the Illumina MiSeq. This limited the 

maximum number of samples per sequencing run to 400 and a run-to-run 

discrepancy in microbiome results was observed. A decision was therefore made 

to instead use the Illumina HiSeq; this enables 1500 samples to be sequenced 

per run, mitigating the risk of run-to-run variation. In order to assess the impact 

of run-run variability of the Illumina HiSeq on microbiome results, a subset of 

libraries (n=145) were sequenced on two separate Illumina HiSeq runs. This was 

to determine whether results from one sequencing run could be compared with 

results from an alternative sequencing run. 

 

Sequencing was performed by the Sequencing Facility at the University of Leeds. 

The sequencing team followed the methods described by the EMP protocol and 

used the HiSeq 3000/4000 paired end cluster kit (Illumina Inc. USA) and the 

HiSeq 3000/4000 SBS kit (300 cycles) (Illumina Inc. USA) with a ten base pair 

index, according to the manufacturerôs protocol. The initial sequencing run failed 
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(only 5% of reads passed quality filters) due to inadequate PhiX. PhiX is spiked 

into the sequencing reaction to increase nucleotide diversity so that the location 

of clusters can be accurately identified. The run was successfully repeated using 

20% PhiX (67% of reads passed quality filters) and a subsequent run was 

performed using 50% PhiX (76% of reads passed quality filters). A total of 1518 

samples were sequenced on the first NGS run and 996 samples were sequenced 

on the second NGS run. 

 

2.3.6 Bioinformatic and statistical analysis  

Reads were stripped of adaptor sequences using cutadapt (458). Quality plots 

were examined and a decision was made to truncate the final five base pairs of 

reads owing to low quality; this was performed using the DADA2 (459) package 

within QIIME2 (version 2019.4) (460). Reads were filtered, de-noised, merged as 

pairs and representative sequences were chosen using the DADA2 package 

within QIIME2. Samples with fewer than 10,000 reads were removed from 

subsequent analysis. 

 

Shannon index (461) alpha diversity was calculated and significance was 

assessed by the Kruskal-Wallis test (462) in QIIME2. Bray-Curtis beta diversity 

(463) was performed and plotted as principal co-ordinate analysis (PCA) plots 

(464) in QIIME2. The significance of differences in beta diversity between groups 

was assessed by PERMANOVA analysis (465) performed using the Adonis 

package (466) within QIIME2 with 9999 iterations. Taxa which differed 

significantly according to metadata groups were identified using MaAsLin2 

(Multivariate Association with Linear Models) (467). 

 

Taxa were assigned to the representative sequences by the QIIME2 feature 

classifier (468), using the BLAST+ algorithm (469), aligning sequences against 

the SILVA version 132 99% similarity database (470-472). Taxa which differed 

significantly between groups were identified using LEfSe (Linear discriminant 

analysis Effect Size)(389). PCA plots and taxonomy bar plots generated in 

QIIME2 were re-plotted using R (version 3.5.0). 

 

Bland-Altman plots (473, 474) were generated in R (version 3.5.0) using the 

package blandr (475); histograms of differences were checked visually to confirm 

a normal distribution. 
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2.4 Results  

2.4.1 Summary of sample processing and sequencing  

The majority of samples were successfully sequenced on the first attempt. The 

following samples were processed on the first sequencing run (Figure 9): 

 

 

Figure 9. Workflow of  samples processed on the first sequencing run . 

 

Two samples failed library preparation due to an inadequate concentration of 

PCR amplicons. The extracted DNA from these samples underwent successful 

repeat PCR amplification, library preparation and sequencing on NGS run 2, 

indicating that the fault was technical. 

 

Five samples had fewer than 10,000 reads and were deemed to have failed 

sequencing. The extracted DNA from these samples underwent successful 

repeat PCR amplification, library preparation and sequencing on NGS run 2, 

indicating that the fault was technical. 

 

The following samples were processed on the second sequencing run (Figure 

10): 
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Figure 10. Workflow of samples processed o n the second sequencing run.  

 

The extraction-negative controls and PCR-negative controls had insufficient 

concentration of PCR amplicons to sequence. One sample had a low 

concentration of PCR amplicon (13ng/µl) prior to the first NGS run. As there was 

concern that it might fail sequencing, the extracted DNA was re-processed. 

However the sample was successfully sequenced on NGS run 1; the 

concentration of PCR amplicon remained ~ 13ng/µl on repeated library 

preparation, therefore the sample was not re-sequenced. Two samples had fewer 

than 10,000 reads and were deemed to have failed sequencing. An attempt will 

be made to sequence these samples on a subsequent NGS run. 

 

2.4.1.1 NHSBCSP gFOBT  samples  

The number of reads/sample is displayed in Figure 11 Four samples had fewer 

than 10,000 reads and were removed from subsequent analysis. With these 

samples removed, the range of read counts/sample was 13,000-223,000 with a 

median of 80,000. 
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Figure 11. Number of reads/sample for the NHSBCSP samples.  The number 

of reads (features) is plotted on the x axis; the y axis indicates the number of 

samples. 

 

2.4.1.2 Samples which were sequenced  on two sequencing runs  

The cumulative number of reads/sample is displayed in Figure 12 and number of 

reads/sample for each NGS run in Figure 13. The cumulative range of read 

counts/sample was 26,000-155,000 with a median of 92,000. 

 

 

Figure 12. Cumulative n umber of reads/sample for samples which were 

sequenced on two sequencing runs.  The number of reads (features) is plotted 

on the x axis; the y axis indicates the number of samples. 
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Figure 13. Number of reads/sample/NGS run for samples which were 

sequenced on two sequencing runs.  The number of reads (features) is plotted 

on the x axis; the y axis indicates the number of samples. 

 

2.4.1.3 Extraction replicate s amples  

The number of reads/sample is displayed in Figure 14. The range of read 

counts/sample was 17,000-188,000 with a median of 78,000. 

 

 

Figure 14. Number of reads/sample for the extraction replicate sa mples.  The 

number of reads (features) is plotted on the x axis; the y axis indicates the number 

of samples. 
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2.4.1.4 Temporal replicates  

The number of reads/sample is displayed in Figure 15. Two of the ótemporal 

1.2.3.combinedô samples had fewer than 10,000 reads and were removed from 

subsequent analysis. With these samples removed, the range of read 

counts/sample was: 

¶ 69,000-176,000 (median 114,000) for ótemporal 1.2.3.4.5.6ô samples 

¶ 59,000-192,000 (median 123,000) for ótemporal 1.2.3.combinedô samples 

¶ 62,000-162,000 (median 129,000) for ótemporal N 1-3ô samples 

¶ 24,000-153,000 (median 125,000) for ótemporal P 1-3ô samples' 

 

 
 

 

Figure 15. Number of reads/sample for the temporal  samples.  The number 

of reads (features) is plotted on the x axis; the y axis indicates the number of 

samples. óTemporal combinationô = óTemporal 1.2.3.combinedô samples. 
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2.4.1.5 óFIT experiment ô samples  

The number of reads/sample is displayed in Figure 16. The range of read 

counts/sample was 26,000-284,000 with a median of 147,000. 

 

 

Figure 16. Number of reads/sample for the óFIT experiment ô samples.  The 

number of reads (features) is plotted on the x axis; the y axis indicates the number 

of samples. 

 

2.4.2 Controls  

The concentration of DNA extracted from the extraction-negative controls is 

detailed in Table 9; it was less than 4ng/µl and of poor quality (Figure 17). For 

comparison the median extracted DNA concentration of all samples was 45ng/µl; 

some samples had extracted DNA concentrations as low as the extraction-

negative controls, however unlike the extraction-negative controls, these samples 

were successfully amplified by V4 16SrRNA PCR. This suggests that a proportion 

of the DNA as measured by the NanoDrop-1000 spectrophotometer (Thermo 

Fisher Scientific Incorporated, UK) in the extraction-negative controls may be 

non-bacterial. Blank media from FIT devices has undergone DNA extraction and 

will be sequenced on the subsequent NGS run. 
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Table 9. Concentration of DNA extracted from the extraction -negative 
controls.  

Type of sample  
Extracted DNA concentration (ng/µl)  

Minimum  Maximum  

No template (n=2) 3.4 3.7 

Water (n=2) 0.3 0.4 

Blank gFOBT card (n=3) 0 2.3 

 

 

Figure 17. Comparison of typical NanoDrop -1000 spectrophotometer traces 

of an extraction -negative control and a sample.  The upper trace is derived 

from DNA extracted from an extraction-negative control; the lower trace is derived 

from DNA extracted from a NHSBCSP gFOBT sample. 

 

The concentration of PCR amplicons of the extraction-negative controls and PCR 

negative and positive controls is detailed in Table 10 and Figure 18. The 

maximum PCR amplicon concentration of the negative controls was 5.6 ng/µl. 

For comparison the minimum concentration of PCR amplicon that was pooled for 

sequencing was 13.4ng/µl and the median of each plate of PCR amplicons 

ranged from 29-53ng/µl. 
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Table 10. Concentration of PCR amplicons from extraction and PCR 
controls.  

Type of sample  

PCR amplicon  concentration 

(ng/µl)  

Min imum  Maximum  

No template extraction control (n=2) 3.6 4 

Water extraction control (n=2) 3.4 4 

Blank gFOBT card extraction control (n=3) 3.2 4.7 

Water PCR control (n=24) 1.1 5.6 

E. coli PCR control (n=24) 36.5 72.7 

 

 

Figure 18. Gel electrophoresis image of PCR amplicons . There is an absence 

of bands corresponding to wells containing the extraction-negative controls and 

PCR-negative controls compared with visible bands for samples. (Note: the first 

two bands of the third row from the top are faint due to pipetting error). 
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2.4.3 Sequencing run -sequenci ng run variability  

2.4.3.1 Sequencing metrics  

Table 11 details the sequencing data for samples (libraries) which were 

sequenced on both sequencing runs. Samples on NGS run 2 had on average a 

higher number of reads than their equivalent samples sequenced on NGS run 1. 

This may have been caused by differences between the total number of samples 

per run (1518 for NGS run 1 and 996 for NGS run 2) and/or differences between 

the amount of PhiX per run (20% for NGS run 1 and 50% for NGS run 2). Read 

numbers per sample demonstrated correlation between sequencing runs, with 

the majority of samples maintaining their relative position (Figure 19), however 

as correlation indicates association only, a Bland-Altman plot was generated to 

assess agreement (Figure 20). This confirms a negative bias in the number of 

reads/sample measured by NGS run 1 compared with NGS run 2 (mean ~35,000 

less) and demonstrates that the range of differences is wide (-15,000 to -55,000) 

i.e. agreement is poor. 

 

Table 11. Number of reads/sample for samples  (libraries)  which were 

sequenced on two sequencing runs.  Figures are rounded to the nearest 1000. 

Number of reads/sample  

 Run 1 Run 2 

Minimum  26,000 40,000 

Maximum  106,000 155,000 

Median  77,000 112,000 
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Figure 19. Scatter -plot showing the  number of reads/sample for samples  
(libraries) which were sequenced on two sequencing runs.  
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Figure 20. Bland -Altman plot of the number of reads/sample for samples  

(libraries)  which were sequenced on two sequencing runs.  The x axis shows 

the mean of the number of reads/sample across both NGS runs. The y axis shows 

the difference in the number of reads/sample across both NGS runs. The purple 

band represents the mean difference (i.e. bias) (plus 95% CI) in the number of 

reads/sample between NGS run 1 and NGS run 2. The green and red bands 

represent the upper and lower 95% limits of agreement plus 95% CI. The upper 

and lower limits of agreement are calculated as mean difference +/-1.96 Standard 

Deviations (SD); they are expected to contain 95% of the differences measured 

between both methods. 

 

2.4.3.2  Alpha diversity  

No significant difference in Shannon diversity index was detected between runs 

(Kruskal-Wallis p = 0.24) (Figure 21). 
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Figure 21. Boxplots of Shannon diversity  index  for samples  (libraries) 
which were sequenced on two sequencing runs.  

 

2.4.3.3 Beta diversity  

Pairs of equivalent samples processed on either NGS run 1 or NGS run 2 

clustered together on a PCA plot of Bray-Curtis distances, suggesting that 

sequencing run causes relatively little change to the microbiome community as 

measured by Bray-Curtis distance (Figure 22). No significant difference in Bray-

Curtis distances was detected between runs (PERMANOVA: R2 = 0.002, p = 

0.91). 
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Figure 22. PCA of Bray -Curtis  distances for sample s (libraries) sequenced 

on separate N GS runs.  Points on the graph are coloured according to gFOBT 

sample. 

 

2.4.3.4 Taxonomy  

The taxonomic composition of sample pairs was very similar but not identical 

(Figure 23). The relative abundances of CRC-associated bacteria (identified by 

the Random Forest models described in Chapter 3) were compared for pairs of 

samples sequenced on NGS run 1 and NGS run 2 (Figure 24). Association 

(Figure 25) and agreement (Figure 26) between pairs of measurements was high. 
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Figure 23. Taxonomy bar charts for sample s (libraries) sequenced on 

separate NGS runs.  Each pair of adjacent bars represents a sample sequenced 

on NGS run 1 (left-hand bar) or NGS run 2 (right-hand bar). Colours denote the 

relative abundance of taxa (genus level); there are too many to include a legend. 
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Figure 24. The relative abundance of  CRC-associated taxa for sample s 

(libraries)  sequenced on separate NGS runs.  Each pair of adjacent bars 

represents a sample sequenced on NGS run 1 (left-hand bar, red) or NGS run 2 

(right-hand bar, blue). 
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Figure 25. Scatter -plot s of  CRC-associated taxa for  sample s (libraries) 

sequenced on separate NGS runs.  Log relative abundance is plotted on the x 

(NGS run 1) and y (NGS run 2) axes respectively. As it is not possible to log 

relative abundance values equal to 0, these correspond to the smallest value on 

each axis (i.e. the bottom left-hand corner of each graph). Points with identical x 

and y values are overlaid and represented by a single point. 

 

The Bland-Altman plots (Figure 26) indicate an absence of bias for all but 

Gemella (which is small); variation between relative abundances recorded by the 

two NGS runs is minimal. 
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Figure 26. Bland -Altman plot s of the relative abundance s of CRC-
associated taxa between  sample s (libraries ) sequenced on separate NGS 

runs.  The x axis shows the mean of the relative abundance of CRC-associated 

taxa across both NGS runs. The y axis shows the difference in the relative 

abundance of CRC-associated taxa across both NGS runs. The purple band 

represents the mean difference (i.e. bias) (plus 95% CI) in the relative abundance 

of CRC-associated taxa between NGS run 1 and NGS run 2. The green and red 

bands represent the upper and lower 95% limits of agreement plus 95% CI. The 

upper and lower limits of agreement are calculated as mean difference +/- 1.96 

SD; they are expected to contain 95% of the differences measured between both 

methods. 

 

During analysis of the Temporal Replicate samples (described in section 2.4.5), 

it was observed that the relative abundance of Escherichia-Shigella displayed 

marked variation between certain replicates. Whether the relative abundance of 

Escherichia-Shigella varies between sequencing run was therefore investigated. 

This was not found to be the case (Figure 27 and Figure 28). 
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Figure 27. The relative abundance of Escherichia -Shigella  for sample s 

(libraries) sequenced on separate NGS runs.  Each pair of adjacent bars 

represents a sample sequenced on NGS run 1 (left-hand bar, red) or NGS run 2 

(right-hand bar, blue). 

 

 

Figure 28. Scatter -plot of the relative abundance of  Escherichia -Shigella  for  

sample s (libraries) sequenced on  separate NGS runs.  Log relative 

abundance is plotted on the x (NGS run 1) and y (NGS run 2) axes respectively. 

As it is not possible to log relative abundance values equal to 0, these correspond 

to the smallest value on each axis (i.e. the bottom left-hand corner of the graph). 

Points with identical x and y values are overlaid and represented by a single point. 

 

The Bland-Altman plot (Figure 29) indicates a small bias but minimal variation in 

relative abundance measured by the two NGS runs. 
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Figure 29. Bland -Altman plot  of the relative abundance of Escherichia -

Shigella  for  sample s (libraries) sequenced on separate NGS runs.  The x axis 

shows the mean of the relative abundance of Escherichia-Shigella across both 

NGS runs. The y axis shows the difference in the relative abundance of 

Escherichia-Shigella across both NGS runs. The purple band represents the 

mean difference (i.e. bias) (plus 95% CI) in the relative abundance of Escherichia-

Shigella between NGS run 1 and NGS run 2. The green and red bands represent 

the upper and lower 95% limits of agreement plus 95% CI. The upper and lower 

limits of agreement are calculated as mean difference +/- 1.96 SD; they are 

expected to contain 95% of the differences measured between both methods. 

 

2.4.4 Extraction replicates  

Same-day extraction replicates were created to determine whether the choice of 

which three squares to extract altered the microbiome result. These were denoted 

with the suffix A or B. An additional set of extraction replicates was prepared to 

determine whether prolonged storage of samples at room temperature altered 

the microbiome result. These samples were denoted with the suffix óoriginalô or 

órepeatô. 

 

2.4.4.1 Discovery of outliers  

Upon initial data analysis, two outliers were identified on the PCA of Bray-Curtis 

distances (Figure 30). These outliers were samples 1763P.A/B and 398N.A/B. 

Figure 30 demonstrates that each member of the two pairs clusters with a 

member of the alternate pair. Given the high inter-individual variation in the 

microbiome relative to intra-individual variation, this indicated probable sample 

labelling error. 
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Figure 30. PCA of Bray -Curtis  distances  for extraction r eplicates . Points on 

the graph are coloured according to sample. Points corresponding to replicates 

of samples 1763P and 398N are enlarged for ease of identification. 

 

In order to determine whether the error occurred at the time of DNA extraction or 

during subsequent laboratory processing, the original extracted DNA was re-

processed and underwent sequencing on NGS run 2. Figure 31 demonstrates 

the taxonomic composition of the four samples. It indicates that each member of 

the two pairs is more similar to a member of the alternate pair than its partner, 

suggesting that the error occurred at the time of DNA extraction. These samples 

were removed from subsequent analysis. The need to pay particular attention to 

sample labelling was re-iterated; automated DNA extraction would minimise this 

risk. 
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Figure 31. Taxonomy bar chart of samples 1763P.A/B and 398N.A/B.  Colours 

denote the relative abundance of taxa (genus level); there are too many to include 

a legend. 

 

2.4.4.2 Beta diversity  

PCA of Bray-Curtis distances demonstrated that the majority of replicate pairs 

clustered closely together, indicating high similarity in microbiome community 

structure (Figure 32). Interestingly, a minority of replicate pairs were separated to 

a greater degree than most on the PCA plot; however, this did not occur more 

frequently for replicate pairs whereby replicates were extracted after a period of 

storage at ambient temperature, compared with replicate pairs whereby 

replicates were extracted at the same time. This is confirmed by Figure 33, which 

demonstrates a similar range of Bray-Curtis distances within pairs of samples 

whereby replicates were extracted after a period of storage at ambient 

temperature, compared with replicate pairs whereby replicates were extracted at 

the same time. This suggests that variability in the microbiome between replicate 

pairs is not due to prolonged storage at ambient temperature, but is due to other 

sources of variation common to both groups e.g. stool subsampling or other 

sources of technical variation. For both groups, Bray-Curtis distances within pairs 

of samples were markedly smaller than Bray-Curtis distances between unrelated 

samples, indicating that intra-individual microbiome community structure was 

preserved. 
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Figure 32. PCA of Bray -Curtis  distances  for extraction replicates.  Points on 

the graph are coloured according to gFOBT sample. Upper plot: all samples. 

Middle plot: samples whereby replicates were extracted at the same time. Lower 

plot: samples whereby replicates were extracted after a period of storage at 

ambient temperature (triangles represent the replicates which were extracted 

after a period of storage.) 

 

 

Figure 33. Box plots of Bray -Curtis  distances for extraction replicates.  The 

two left-hand boxplots depict the range of Bray-Curtis distances within pairs of 

replicates whereby samples were extracted at the same time (AB) or after a 

period of storage at ambient temperature (R). The two right-hand boxplots depict 

the range of Bray-Curtis distances between all of the samples within each group 

respectively. 
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2.4.4.3 Taxonomy  

The taxonomic composition of sample pairs was very similar (Figure 34). 

    

Figure 34. Taxonomy bar charts for extraction replicates . Each pair of 

adjacent bars represents a pair of extraction replicates. Colours denote the 

relative abundance of taxa (genus level); there are too many to include a legend. 

 

LEfSe analysis was performed to determine whether the relative abundance of 

any taxa differed significantly between samples within each group. No taxa were 

significantly different between the two groups of replicates extracted at the same 

time. One taxon (prevotellaceaeNK3B31 group) was found to be significantly 

enriched in the group of replicates extracted after a period of storage at ambient 

temperature compared with the group containing the original samples (Figure 

35). 
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Figure 35. LEfSe plot and cladogram of samples whereby replicates were 

extracted after a period of storage at ambient temperature.  LEfSe plot 

indicates the taxon which is significantly enriched in the group of replicates 

extracted after a period of storage at ambient temperature (R) compared with the 

group containing the original samples. The cladogram indicates the phylogenetic 

relationship between taxa. Working outwards, the five rings denote phylum, class, 

order, family, and genus. Taxa are represented by circles. Circle diameter is 

proportional to abundance. The red circle indicates the taxon which is significantly 

enriched in the group of replicates extracted after a period of storage at ambient 

temperature. 

 

Figure 36 demonstrates that the majority of samples in both groups of extraction 

replicates contain a low relative abundance of prevotellaceaeNK3B31 group; the 

relative abundance of prevotellaceaeNK3B31 group is not consistently higher in 

the group of replicates extracted after a period of storage at ambient temperature 

compared with the group of replicates extracted at the same time; and within the 

group of replicates extracted after a period of storage at ambient temperature, a 

single replicate pair has a high relative abundance of prevotellaceaeNK3B31 

group. 
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Figure 36. The relative abundance of Prevotellaceae. NK3B31 group  for 

extraction replicate samples.  Each pair of adjacent bars represents a pair of 

extraction replicates. The upper plot (A/B) = extraction replicates whereby 

replicates were extracted at the same time; the lower plot (R/r_orig) = extraction 

replicates whereby replicates were extracted after a period of storage at ambient 

temperature. Red = original sample. 

 

There is good association and agreement, with an absence of bias, between the 

relative abundance of prevotellaceaeNK3B31 group for extraction replicate pairs 

(Figure 37 and Figure 38). This, taken together with the fact that only a single 

taxon was identified as being significantly different, suggests that the LEfSe result 

is secondary to chance rather than a consistent biological effect of prolonged 

storage at ambient temperature. 
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Figure 37. Scatter -plot of  Prevotellaceae.NK3B31  group for extraction 

replicate samples.  Log relative abundance is plotted on the x (original sample) 

and y (replicate) axes respectively. As it is not possible to log relative abundance 

values equal to 0, these correspond to the smallest value on each axis (i.e. the 

bottom left-hand corner of the graph). Points with identical x and y values are 

overlaid and represented by a single point. Red (A) = extraction replicates 

whereby replicates were extracted at the same time. Blue (R) = extraction 

replicates whereby replicates were extracted after a period of storage at ambient 

temperature. 

 

 

Figure 38. Bland -Altman plots of Prevotellaceae.NK3B3 1 group  for 

extraction replicate samples.  The left-hand plot (A vs B) shows extraction 

replicates whereby replicates were extracted at the same time. The right-hand 

plot (R vs R.orig) shows extraction replicates whereby replicates were extracted 

after a period of storage at ambient temperature. The x axis shows the mean 

relative abundance of Prevotellaceae.NK3B31 group across replicates. The y 

axis shows the difference in relative abundance of Prevotellaceae.NK3B31 group 

across replicates. The purple band represents the mean difference (i.e. bias) 

(plus 95% CI) in relative abundance of Prevotellaceae.NK3B31 group across 

replicates. The green and red bands represent the upper and lower 95% limits of 

agreement plus 95% CI. The upper and lower limits of agreement are calculated 

as mean difference +/- 1.96 SD; they are expected to contain 95% of the 

differences measured between replicates. 
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The relative abundances of CRC-associated bacteria were compared between 

replicate pairs (Figure 39 and Figure 40). There is good association between 

replicate measurements. 
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Figure 39. The relative abundance s of CRC-associated taxa for extraction 

replicate sample s. Each pair of adjacent bars represents a pair of extraction 

replicates. For each taxon, the upper plot (A/B) = extraction replicates whereby 

replicates were extracted at the same time; the lower plot (R/r_orig) = extraction 

replicates whereby replicates were extracted after a period of storage at ambient 

temperature. Red = original sample. e = x 10^. 

 

 

Figure 40. Scatter -plots of  CRC-associated taxa  for extraction replicate 

samples.  Log relative abundance is plotted on the x (original sample) and y 

(replicate) axes respectively. As it is not possible to log relative abundance values 

equal to 0, these correspond to the smallest value on each axis (i.e. the bottom 

left-hand corner of each graph). Points with identical x and y values are overlaid 

and represented by a single point. Red = extraction replicates whereby replicates 

were extracted at the same time. Blue = extraction replicates whereby replicates 

were extracted after a period of storage at ambient temperature. 

 

The Bland-Altman plots (Figure 41) indicate an absence of bias between replicate 

measurements; variation in relative abundances between replicates is minimal, 

and similar between extraction replicates extracted at the same time or after a 

period of storage at ambient temperature. 
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Figure 41. Bland -Altman plot s of CRC-associated taxa for extraction 

replicate samples.  The upper plots (A vs B) show extraction replicates whereby 

replicates were extracted at the same time. The lower plots (R vs R.orig) show 

extraction replicates whereby replicates were extracted after a period of storage 

at ambient temperature. The x axis shows the mean relative abundance of CRC-

associated taxa across replicates. The y axis shows the difference in relative 

abundance of CRC-associated taxa across replicates. The purple band 

represents the mean difference (i.e. bias) (plus 95% CI) in relative abundance of 

CRC-associated taxa across replicates. The green and red bands represent the 

upper and lower 95% limits of agreement plus 95% CI. The upper and lower limits 

of agreement are calculated as mean difference +/- 1.96 SD; they are expected 

to contain 95% of the differences measured between replicates. e = x 10^. 
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There is a degree of variation of the relative abundance of Escherichia-Shigella 

between replicates but no bias (Figure 42-Figure 44); variation is not higher in 

the group of replicates extracted after a period of storage at ambient temperature 

compared with the group of replicates extracted at the same time, which suggests 

that variation in the relative abundance of Escherichia-Shigella is not related to 

differences in duration of storage. 

 

 

Figure 42. The relative abundance of Escherichia -Shigella  for extraction 

replicate samples.  Each pair of adjacent bars represents a pair of extraction 

replicates. The upper plot (A/B) = extraction replicates whereby replicates were 

extracted at the same time; the lower plot (R/r_orig) = extraction replicates 

whereby replicates were extracted after a period of storage at ambient 

temperature. Red = original sample. 
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Figure 43. Scatter -plot of  Escherichia -Shigella  for extraction rep licate 

sample s. Log relative abundance is plotted on the x (original sample) and y 

(replicate) axes respectively. As it is not possible to log relative abundance values 

equal to 0, these correspond to the smallest value on each axis (i.e. the bottom 

left-hand corner of the graph). Points with identical x and y values are overlaid 

and represented by a single point. Red = extraction replicates whereby replicates 

were extracted at the same time. Blue = extraction replicates whereby replicates 

were extracted after a period of storage at ambient temperature. 

 

 

Figure 44. Bland -Altman plots of Escherichia -Shigella  for extraction 

replicate samples.  The left-hand plot (A vs B) shows extraction replicates 

whereby replicates were extracted at the same time. The right-hand plot (R vs 

R.orig) shows extraction replicates whereby replicates were extracted after a 

period of storage at ambient temperature. The x axis shows the mean relative 

abundance of Escherichia-Shigella across replicates. The y axis shows the 

difference in relative abundance of Escherichia-Shigella across replicates. The 

purple band represents the mean difference (i.e. bias) (plus 95% CI) in relative 

abundance of Escherichia-Shigella across replicates. The green and red bands 

represent the upper and lower 95% limits of agreement plus 95% CI. The upper 

and lower limits of agreement are calculated as mean difference +/- 1.96 SD; they 

are expected to contain 95% of the differences measured between replicates. 
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2.4.5 Assessing temporal var iation of gFOBT samples  

2.4.5.1 Temporal 1-6 samples  

Each óTemporal 1-6ô sample was derived from one of the six squares of a gFOBT 

card; this represents subsamples of three stools collected over three consecutive 

days. 

 

The PCA of Bray-Curtis distances (Figure 45) and taxonomy bar chart (Figure 

47) demonstrated that the majority of extraction replicates derived from a single 

gFOBT card were highly similar to one another. For each gFOBT card, the Bray-

Curtis distances between the first subsample (arbitrarily taken as a reference) 

and each of the five remaining subsamples were lower than the mean of the Bray-

Curtis distances between the reference subsample and subsamples derived from 

the remaining óTemporal 1-6ô gFOBT cards (Figure 46). Bray-Curtis distances 

between the first and second subsample (derived from the same stool) were 

often, but not always, smaller than Bray-Curtis distances between subsamples 

derived from stool samples collected on consecutive days. 

 

However, a degree of variability for some samples was apparent. The sample 

which is furthest from its counterparts on the PCA plot is 2146P-6; the taxonomy 

bar plot demonstrates that it contains a higher relative abundance of Escherichia-

Shigella than its replicate counterparts. This was shown to be the case for several 

of the samples (Figure 47 and Figure 48). The difference between the maximum 

and minimum relative abundance of each taxa (at genus level) was calculated 

across the six samples derived from each gFOBT card. The greatest difference 

was in the relative abundance of Escherichia-Shigella (Table 12). 
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Figure 45. PCA of Bray -Curtis distances  for Temporal 1 -6 samples.  Points 

on the graph are coloured according to gFOBT sample. 

 

 

Figure 46. Bar  chart  of Bray -Curtis distances  for Temporal 1 -6 samples.  

Seven bars correspond to each gFOBT card. For each, the first six bars (coloured 

according to the key) show the Bray-Curtis distances between each of the six 

subsamples and the first subsample. The seventh (brown) bar labelled óOtherô 

shows the mean of the Bray-Curtis distances between the first subsample of that 

gFOBT card and subsamples derived from the remaining óTemporal 1-6ô gFOBT 

cards. 
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Figure 47. Taxonomy bar chart for Temporal 1 -6 samples.  Each bar 

represents a subsample derived from a single gFOBT square. Colours denote 

the relative abundance of taxa (genus level); there are too many to include a 

legend. Escherichia-Shigella is white for ease of identification. 

 

 

Figure 48. The relative abundance of Escherichia -Shigella  for Temporal 1 -6 

samples.  Each bar represents a subsample derived from a single gFOBT square. 
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Table 12. The greatest difference in relative abundance of taxa (at genus 
level) across the six samples derived from each gFO BT card  for Temporal 
1-6 samples . 

gFOBT card  

Greatest difference in 

relative abundance of 

taxa (at genus level) 

across the six 

subsamples  

Taxa 

3009P 0.52 Escherichia.Shigella 

2146P 0.31 Bacteroides 

2226P 0.28 Bacteroides 

2368P 0.23 Escherichia.Shigella 

2234P 0.13 Lachnospiraceae 

3447P 0.07 Faecalibacterium 

 

CRC-associated bacteria showed relatively less variability between replicate 

samples (Figure 49); especially when the scale of the y axis is taken into 

consideration. This suggests a degree of subsample and temporal (over three 

consecutive days) consistency between CRC-associated taxa. 
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Figure 49. The relative abundance of CRC -associated taxa for Temporal 1 -

6 samples.  Each bar represents a subsample derived from a single gFOBT 

square. e = x 10^. 
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2.4.5.2  Temporal 1.2.3  combined  samples  

Each óTemporal 1.2.3.combinedô sample was derived from one of the six squares 

of a gFOBT card (samples 1.2.3), representing subsamples of three stools 

collected over three consecutive days, or a combined sample (of the three 

alternate squares). The two samples with fewer than 10,000 reads were removed 

from analysis. 

 

The PCA of Bray-Curtis distances (Figure 50) and taxonomy bar chart (Figure 

52) demonstrated that most extraction replicates were most similar to one 

another, but that a few of the samples showed a high degree of separation from 

the parent cluster. For each gFOBT card, the Bray-Curtis distances between the 

combined subsample (arbitrarily taken as a reference) and each of the remaining 

subsamples were lower than the mean of the Bray-Curtis distances between the 

reference subsample and subsamples derived from the remaining óTemporal 

1.2.3 combinedô cards (although in three cases the Bray-Curtis distances were 

similar) (Figure 51). This suggests that in most cases, a single subsample has a 

similar overall microbiome community to a combined subsample derived from 

stool collected over three consecutive days. 

 

 

Figure 50. PCA of Bray -Curtis distances  for Temporal 1.2.3.combined 

samples.  Points on the graph are coloured according to gFOBT sample. The 

ócombinedô subsamples are indicated by a triangle. 
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Figure 51. Bar chart of Bray -Curtis distances for Temporal 1.2.3.combined 

samples.  Five bars correspond to each gFOBT card (the names are not included 

due to limited space). For each, the first four bars (coloured according to the key) 

show the Bray-Curtis distances between each of the three subsamples and the 

combined (combo) subsample. The fifth (light green) bar labelled óOtherô shows 

the mean of the Bray-Curtis distances between the combined subsample of that 

gFOBT card and subsamples derived from the remaining óTemporal 

1.2.3.combinedô gFOBT cards. 
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Figure 52. Taxonomy bar chart for Temporal 1.2.3.combined samples.  Each 

gFOBT sample is represented by four bars, corresponding (from left to right) to 

subsample 1 (from a single gFOBT square), 2 (from a single gFOBT square), 3 

(from a single gFOBT square) and ócombinedô (a combination of three gFOBT 

squares). Colours denote the relative abundance of taxa (genus level); there are 

too many to include a legend. Escherichia-Shigella is white for ease of 

identification. 

 

Figure 52 and Figure 53 demonstrate a high degree of variability of Escherichia-

Shigella relative abundance for some replicates. The difference between the 

maximum and minimum relative abundance of each taxa (at genus level) was 

calculated across the four samples derived from each gFOBT card. The greatest 

difference was in the relative abundance of Escherichia-Shigella (Table 13). 
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Figure 53. The relative abundance of Escherichia -Shigella  for Temporal 

1.2.3.combined samples.  Each gFOBT sample is represented by four bars, 

corresponding (from left to right) to subsample 1 (from a single gFOBT square), 

2 (from a single gFOBT square), 3 (from a single gFOBT square) and ócombinedô 

(a combination of three gFOBT squares). 

 

Table 13. The greatest difference in relative abundance of taxa (at genus 
level)  across the four samples derived from each gFOBT card  for Temporal 
1.2.3.combined samples.  

gFOBT 

card  

Greatest difference in relative 

abundance of taxa (at genus level) 

across the four  subsamples  

Taxa 

2293P 0.79 Escherichia.Shigella 

2308P 0.61 Escherichia.Shigella 

2302P 0.56 Bacteroides 

2351P 0.55 Prevotella.9 

2358P 0.40 Prevotella.9 

2357P 0.27 Escherichia.Shigella 

2349P 0.25 Bacteroides 

3388P 0.24 Prevotella.9 

3314P 0.24 Bacteroides 

2334P 0.24 Bacteroides 

2363P 0.24 Bacteroides 
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gFOBT 

card  

Greatest difference in relative 

abundance of taxa (at genus level) 

across the four subsamples  

Taxa 

3336P 0.20 Faecalibacterium 

2384P 0.19 Alistipes 

3318P 0.19 Rikenellaceae.RC9. 

gut.group 

2387P 0.17 Bacteroidales.S24.7.

group.D_5 

uncultured bacterium 

3310P 0.15 Prevotella.9 

2395P 0.11 Prevotella.9 

2374P 0.11 Bacteroides 

2328P 0.10 Alistipes 

2379P 0.10 Prevotella.9 

2288P 0.10 Prevotella.9 

2355P 0.09 Bacteroides 

2364P 0.09 Ruminococcaceae.D

_5__uncultured 

3351P 0.09 Prevotella.9 

429N 0.06 Bacteroides 

430N 0.05 Bacteroides 

 

 

CRC-associated bacteria demonstrated relatively less variability between 

replicate samples (Figure 54); especially when the scale of the y axis is taken into 

consideration. This suggests that a single subsample (as will be obtained with 

FIT) may give similar relative abundances of these CRC-associated taxa 

compared with a combined sample (derived from three separate stools, as is 

currently obtained with gFOBT). 
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Figure 54. The relative abundance of CRC -associated taxa for Temporal 

1.2.3.combined samples.  Each gFOBT sample is represented by four bars, 

corresponding (from left to right) to subsample 1 (from a single gFOBT square), 

2 (from a single gFOBT square), 3 (from a single gFOBT square) and ócombinedô 

(a combination of three gFOBT squares). 
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2.4.5.3 Temporal N 1 -3 samples  

Each óTemporal N1-3ô sample was derived from one of the six squares of a 

gFOBT card; this represents subsamples of three stools collected over three 

consecutive days (except for one gFOBT card where the stools were collected 

on days 1, 3 and 4). 

 

The PCA of Bray-Curtis distances (Figure 55) and taxonomy bar chart (Figure 

57) demonstrated that two of the sets of extraction replicates showed a high 

degree of intra-gFOBT similarity, but three of the sets contained samples that 

were very different from their counterparts (on the PCA red=408N, purple=427N, 

orange=428N). This is confirmed by Figure 56 which shows that for sample 408N, 

the Bray-Curtis distance between the first subsample (arbitrarily taken as a 

reference) and the third subsample, exceeds the mean of the Bray-Curtis 

distances between the reference subsample and subsamples derived from the 

remaining óTemporal N1-3ô cards. Such a large difference in Bray-Curtis 

distances between subsamples was not observed in the óTemporal 1-6 samplesô 

(Figure 46). 

 

These samples demonstrated a high degree of variability in the relative 

abundance of Escherichia-Shigella (Figure 58) The difference between the 

maximum and minimum relative abundance of each taxa (at genus level) was 

calculated across the three samples derived from each gFOBT card. The greatest 

difference was in the relative abundance of Escherichia-Shigella (Table 14). 

  



105 
 

 

 Figure 55. PCA of Bray -Curtis  distances  for Temporal N 1 -3 samples.  Points 

on the graph are coloured according to gFOBT sample. 

 

 

Figure 56. Bar chart of Bray -Curtis distances for Temporal N 1 -3 samples.  

Four bars correspond to each gFOBT card. For each, the first three bars 

(coloured according to the key) show the Bray-Curtis distances between each of 

the subsamples and the first subsample. The fourth (pink) bar labelled óOtherô 

shows the mean of the Bray-Curtis distances between the first subsample of that 

gFOBT card and subsamples derived from all other óTemporal N 1-3ô gFOBT 

cards. 
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Figure 57. Taxonomy bar chart for Temporal N 1 -3 samples.  Each gFOBT 

sample is represented by three bars; each bar represents a subsample derived 

from a single gFOBT square. Colours denote the relative abundance of taxa 

(genus level); there are too many to include a legend. Escherichia-Shigella is 

white for ease of identification. 

 

 

Figure 58. The relative abundance of Escherichia -Shigella  for Temporal N 

1-3 samples.  Each gFOBT sample is represented by three bars; each bar 

represents a subsample derived from a single gFOBT square. 
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Table 14. The greatest difference in relative abundance of taxa (at genus 
level) across the  three  samples derived from each gFOBT card  for Temporal 
N 1-3 samples . 

gFOBT card  

Greatest difference in 

relative abundance of 

taxa (at genus level) 

across the three  

subsamples  

Taxa 

408N 0.88 Escherichia.Shigella 

428N 0.43 Escherichia.Shigella 

427N 0.34 Escherichia.Shigella 

413N 0.09 Faecalibacterium 

425N 0.08 Faecalibacterium 

 

CRC-associated bacteria demonstrated relatively less variability between 

replicate samples (Figure 59); especially when the scale of the y axis is taken into 

consideration. This suggests that the relative abundances of these CRC-

associated taxa are relatively consistent between subsamples from three stools 

collected over three consecutive days. 
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Figure 59. The relative abundance of CRC -associated taxa for Temporal N 

1-3 samples.  Each gFOBT sample is represented by three bars; each bar 

represents a subsample derived from a single gFOBT square. e = x 10^. 
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2.4.5.4 Temporal P 1 -3 samples  

Each óTemporal P1-3ô sample was derived from two squares of a gFOBT card, 

representing subsamples of three stool samples, collected over a range of days 

(maximum 12). 

 

The PCA and bar plot of Bray-Curtis distances (Figure 60 and Figure 61) and 

taxonomy bar chart (Figure 62) demonstrated that the majority of extraction 

replicates were similar to one another. One sample showed a high degree of 

variability of Escherichia-Shigella relative abundance (2397P) (Figure 62 and 

Figure 63); the three stools were collected on consecutive days for this sample. 

The difference between the maximum and minimum relative abundance of each 

taxa (at genus level) was calculated across the three samples derived from each 

gFOBT card. The greatest difference was in the relative abundance of 

Escherichia-Shigella (Table 15). 

 

 

Figure 60. PCA of Bray -Curtis  distances  for Temporal P 1 -3 samples.  Points 

on the graph are coloured according to gFOBT sample. 
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Figure 61. Bar chart of Bray -Curtis distances for Temporal P 1 -3 samples.  

Four bars correspond to each gFOBT card. For each, the first three bars 

(coloured according to the key) show the Bray-Curtis distances between each of 

the subsamples and the first subsample. The fourth (pink) bar labelled óOtherô 

shows the mean of the Bray-Curtis distances between the first subsample of that 

gFOBT card and subsamples derived from all other óP 1-3ô gFOBT cards. 
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Figure 62. Taxonomy bar chart for Temporal P 1 -3 samples.  Each gFOBT 

sample is represented by three bars; each bar represents a subsample derived 

from two gFOBT squares. Colours denote the relative abundance of taxa (genus 

level); there are too many to include a legend. Escherichia-Shigella is white for 

ease of identification. 

 

 

Figure 63. The relative abundance of Escherichia -Shigella  for Temporal P 

1-3 samples.  Each gFOBT sample is represented by three bars; each bar 

represents a subsample derived from two gFOBT squares. 
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Table 15. The greatest difference in relative abundance of taxa (at genus 
level) across the three samples derived from each gFOBT card  for Temporal 
P 1-3 samples . 

gFOBT 

card  

Greatest difference in 

relative abundance of 

taxa (at genus level) 

across the three 

subsamples  

Taxa 

2397P 0.39 Escherichia.Shigella 

2362P 0.37 Bacteroides 

2377P 0.17 Bacteroidales.S24.7.group               

(genus not specified) 

2222P 0.12 Rikenellaceae.RC9.gut.group 

2220P 0.11 Haemophilus 

2219P 0.10 Bacteroides 

2309P 0.08 Bacteroides 

2225P 0.08 Bacteroides 

 

CRC-associated bacteria demonstrated relatively less variability between 

replicate samples (Figure 64); especially when the scale of the y axis is taken into 

consideration. This suggests that the relative abundances of these CRC-

associated taxa are relatively consistent between subsamples from three stools 

collected over a range of days. 
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Figure 64. The relative abundance of CRC -associated taxa for Temporal P 

1-3 samples.  Each gFOBT sample is represented by three bars; each bar 

represents a subsample derived from two gFOBT squares. 
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2.4.6 FIT experiment  

2.4.6.1 All samples  

The PCA of Bray-Curtis distances (Figure 65) demonstrated that samples cluster 

by participant and stool sample of origin. PERMANOVA analysis of the variables: 

óstool sample of originô (i.e. A1, A2, B1 or B2), óextraction dayô and ósample 

type/temperature of storageô, confirmed that óstool sampleô contributes to the 

largest amount of variation in Bray-Curtis distance (Table 16). óType of sampleô 

and óextraction dayô contributed significant but small amounts to variation in Bray-

Curtis distance; variation due to óextraction dayô is illustrated in Figure 66. 

 

Figure 65. PCA of Bray -Curtis  distances  of all of the samples processed as 

part of the FIT experiment . Points on the graph are coloured according to the 

legend. Stool samples A1 and A2 derive from participant A. Stool samples B1 

and B2 derive from participant B. 
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Figure 66. PCA of Bray -Curtis  distances  for samples ext racted on day 1 and 
day 8 of the FIT experiment , which were der ived from the same stool (A2 or  

B1). Points are coloured according to the day that DNA extraction was performed. 

Points derived from stool A2 are on the left of the plot; points derived from stool 

B1 are on the right of the plot. 

 

Table 16. Results of PERMANOVA analysis of óFIT experiment ô samples.  Df 

= degrees of freedom. Type of sample includes: gFOBT, stool, FIT stored at room 

temperature, FIT stored at 4°C, FIT stored at -80°C. Stool sample of origin 

denotes stool samples A1, A2, B1 or B2. NA = not applicable. Significant p values 

are shaded grey. Values are recorded to two decimal places. 

 Df Sums  of 

squares  

F.Model  R2 Pr(>F) 

Type of 

sample  

4 0.35 6.47 0.02 2 x 10-4 

DNA 

extraction 

day 

1 0.05 3.96 3.49 x 10-3 4.14 x 10-2 

Stool 

sample  of 

origin  

3 13.74 338.02 0.89 1 x 10-4 

Residuals  93 1.26 NA 0.08 NA 

Total  101 15.40 NA 1.00 NA 
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Boxplots indicated that Bray-Curtis distances were smaller for samples derived 

from a single stool sample or participant than Bray-Curtis distances between 

samples derived from different stool samples or participants (Figure 67). This is 

confirmed in Figure 68, which shows the Bray-Curtis distances between one of 

the stool samples stored at -80°C (arbitrarily taken as a reference) and the 

remaining samples. Bray-Curtis distances between the reference and replicate 

stool samples stored at -80°C appear slightly lower than between the reference 

and FIT or gFOBT samples; however there is no distinction in Bray-Curtis 

distances between the reference and FIT or the reference and gFOBT samples, 

nor is there a trend in Bray-Curtis distances between the reference and FIT 

samples stored under different conditions or extracted on different days. 

 

 

Figure 67. Box plots of Bray -Curtis  distances for FIT -experiment samples.  

The two left-hand boxplots depict the range of Bray-Curtis distances within all 

samples extracted on the same day and between samples extracted on different 

days respectively. The third and fourth boxplots depict the range of Bray-Curtis 

distances within all samples derived from a single stool sample and between all 

samples derived from different stool samples respectively. The two right-hand 

boxplots depict the range of Bray-Curtis distances within all samples derived from 

a single participant and between all samples derived from the two different 

participants respectively. 
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Figure 68. Bar chart of Bray -Curtis distances for samples sequenced as part 

of the FIT experiment . The four plots show data corresponding to stool sample 

A, A2, B and B2 (from top to bottom, respectively). Within each plot, each bar 

shows the Bray-Curtis distances between that sample and the reference sample 

(one of the stool samples stored at -80°C and extracted on day 8, triplicate 

number 3). The far right-hand bar shows the mean of the Bray-Curtis distances 

between the reference sample and samples derived from the other participant. 

Each bar is labelled as follows: extraction day (if not labelled, this was day 8); 

sample type (where CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 

respectively); storage temperature; triplicate number. 

 

Taxonomy bar charts (Figure 69) indicated a greater difference in taxonomic 

composition between participants A and B than between stool samples derived 

from the same participant. There was a degree of variation of taxonomic 

composition across all of the samples, however a trend associated with a certain 

sample type or extraction day was not apparent. 
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Figure 69. Taxonomy bar charts of all the samples sequenced as part of the 

FIT experiment . Each bar represents a sample. Colours denote the relative 

abundance of taxa (genus level); there are too many to include a legend. Samples 

derived from participant A (stool samples A and A2) are displayed in the upper 

chart; samples derived from participant B (stool samples B and B2) are displayed 

in the lower chart. Each bar is labelled as follows: stool from which the sample 

was derived; extraction day; sample type (where CARD.DEV.DAY0/1/3 = gFOBT 

developed on day 0/1/3 respectively); storage temperature; triplicate number. 

 

CRC-associated bacteria showed a degree of variability between samples 

(Figure 70 to Figure 75); however the scale of the y axis should be taken into 

consideration. Some of the variability occurred between triplicates of a single 

sample type, suggesting variation secondary to subsampling or chance rather 

than sample type itself. There did not appear to be a trend associated with sample 
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type. This suggests that all sample types are appropriate for the analysis of these 

CRC-associated taxa. However, this should be confirmed using patient samples, 

where the relative abundances of such taxa are expected to be higher. 

Escherichia-Shigella demonstrated minimal variation in relative abundance 

between samples (note the y axis) (Figure 76). 
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Figure 70. The relative abundance of Peptostreptococcus  of all the samples 

sequenced as part of the FIT experiment . Each bar represents a sample. 

Samples derived from participant A (stool samples A and A2) are displayed in the 

upper chart; samples derived from participant B (stool samples B and B2) are 

displayed in the lower chart. Each bar is labelled as follows: stool which the 

sample was derived from; extraction day; sample type (where 

CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 respectively); storage 

temperature; triplicate number. e = x 10^. 
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Figure 71. The relative abundance of Fusobacterium  of all the samples 

sequenced as part of the FIT experiment . Each bar represents a sample. 

Samples derived from participant A (stool samples A and A2) are displayed in the 

upper chart; samples derived from participant B (stool samples B and B2) are 

displayed in the lower chart. Each bar is labelled as follows: stool which the 

sample was derived from; extraction day; sample type (where 

CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 respectively); storage 

temperature; triplicate number. e = x 10^. 

 



126 
 

 

Figure 72. The relative abun dance of Parvimonas  of all the samples 

sequenced as part of the FIT experiment . Each bar represents a sample. 

Samples derived from participant A (stool samples A and A2) are displayed in the 

upper chart; samples derived from participant B (stool samples B and B2) are 

displayed in the lower chart. Each bar is labelled as follows: stool which the 

sample was derived from; extraction day; sample type (where 

CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 respectively); storage 

temperature; triplicate number. e = x 10^. 
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Figure 73. The relative abundance of Faecalibacterium  of all the samples 

sequenced as part of the FIT experiment . Each bar represents a sample. 

Samples derived from participant A (stool samples A and A2) are displayed in the 

upper chart; samples derived from participant B (stool samples B and B2) are 

displayed in the lower chart. Each bar is labelled as follows: stool which the 

sample was derived from; extraction day; sample type (where 

CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 respectively); storage 

temperature; triplicate number. 
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Figure 74. The relative abundance of Gemella  of all the samples sequenced 

as part of the FIT-experiment . Each bar represents a sample. Samples derived 

from participant A (stool samples A and A2) are displayed in the upper chart; 

samples derived from participant B (stool samples B and B2) are displayed in the 

lower chart. Each bar is labelled as follows: stool which the sample was derived 

from; extraction day; sample type (where CARD.DEV.DAY0/1/3 = gFOBT 

developed on day 0/1/3 respectively); storage temperature; triplicate number. e 

= x 10^. 
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Figure 75. The relative abundance of Odoribacter  of all the samples 

sequenced a s part of the FIT experiment . Each bar represents a sample. 

Samples derived from participant A (stool samples A and A2) are displayed in the 

upper chart; samples derived from participant B (stool samples B and B2) are 

displayed in the lower chart. Each bar is labelled as follows: stool which the 

sample was derived from; extraction day; sample type (where 

CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 respectively); storage 

temperature; triplicate number. 
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Figure 76. The rel ative abundance of Escherichia -Shigella  of all the samples 

sequenced as part of the FIT experiment . Each bar represents a sample. 

Samples derived from participant A (stool samples A and A2) are displayed in the 

upper chart; samples derived from participant B (stool samples B and B2) are 

displayed in the lower chart. Each bar is labelled as follows: stool which the 

sample was derived from; extraction day; sample type (where 

CARD.DEV.DAY0/1/3 = gFOBT developed on day 0/1/3 respectively); storage 

temperature; triplicate number. 

 

2.4.6.2 Samples extracted on day 1  

For samples extracted on day 1, no significant difference in Shannon diversity 

index was detected between sample types (gFOBT, stool, FIT stored at room 

temperature, FIT stored at 4°C, FIT stored at -80°C) (Kruskal-Wallis p = 0.8) 

(Figure 77). 
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Figure 77. Boxplots of Shannon diversity for óFIT experiment ô samples 
which were extracted on day 1.  

 

PCA of Bray-Curtis distances (Figure 78) demonstrated that points cluster by 

participant rather than sample type. Taxonomy bar chart (Figure 79) confirmed 

that the taxonomic composition of samples derived from the same participant is 

similar, with no apparent trend due to sample type. 
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Figure 78. PCA of Bray -Curtis  distances  for samples extracted on day 1 of 

the FIT experiment . In the upper graph, points are coloured according to the 

stool the samples were derived from. In the lower graph, points are coloured 

according to sample type and storage temperature. 
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Figure 79. Taxonomy bar chart for samples extracted on Day 1 of the FIT 

experiment . Each bar represents a sample. Colours denote the relative 

abundance of taxa (genus level); there are too many to include a legend. Samples 

derived from stool sample A2 are on the left-hand side of the chart; samples 

derived from stool sample B are on the right-hand side. Each bar is labelled as 

follows: stool which the sample was derived from; sample type (where 

CARD.DEV.DAY0/1 = gFOBT developed on day 0/1 respectively); storage 

temperature; triplicate number. 

 

2.4.6.3 Samples extracted on d ay 8 

For samples extracted on day 8, no significant difference in Shannon diversity 

index was detected between sample types (gFOBT, stool, FIT stored at room 

temperature, FIT stored at 4°C, FIT stored at -80°C) (Kruskal-Wallis p = 0.92) 

(Figure 80). 
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Figure 80. Boxplots of Shannon diversity for óFIT experiment ô samples 
which were extracted on day 8.  

 

PCA of Bray-Curtis distances (Figure 81) demonstrated that points cluster by 

participant and for each participant they cluster by stool sample of origin rather 

than sample type. Taxonomy bar chart (Figure 82) confirmed that the taxonomic 

composition of samples derived from the same participant is similar, with no 

apparent trend due to sample type. 
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Figure 81. PCA of Bray -Curtis  distances  for samples extracted on day 8 of 

the FIT experiment . In the upper graph, points are coloured according to the 

participant the samples were derived from. In the middle graph, points are 

coloured according to the stool the samples were derived from. In the lower 

graph, points are coloured according to sample type and storage temperature. 

 

 

Figure 82. Taxonomy bar chart of samples extracted on day 8 of the FIT 

experiment . Each bar represents a sample. Colours denote the relative 

abundance of taxa (genus level); there are too many to include a legend. Samples 

derived from participant A (stool samples A and A2) are on the left-hand side of 

the chart; samples derived from participant B (stool samples B and B2) are on 

the right-hand side. Each bar is labelled as follows: stool which the sample was 

derived from; sample type (where CARD.DEV.DAY0/3 = gFOBT developed on 

day 0/3 respectively); storage temperature; triplicate number. 
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2.5 Discussion  

2.5.1 Microbiome analysis of NHSBCS P samples  

This is the first study to assess the feasibility of performing microbiome analysis 

using samples collected routinely by a national CRC screening programme. To 

date, the majority of microbiome research has been performed using whole stool 

samples either frozen by study participants at home or expedited to the laboratory 

for immediate DNA extraction or freezing. This methodology limits sample size, 

introduces technical variation and potential bias and precludes research in 

remote locations or locations without access to freezing facilities. 

 

Previous technical microbiome studies demonstrated that the microbiome can be 

analysed from the faeces of gFOBT samples with high reproducibility, stability 

and acceptable accuracy (396, 421, 432-434). However, adoption of this method 

of sample collection by the microbiome research community has been limited; the 

author is aware of only one study which used gFOBT, however the gFOBT were 

stored refrigerated/frozen and transported using cold-chain transport, obviating 

many of the advantages associated with gFOBT as a method of sample collection 

(85, 476). One study demonstrated that the microbiome can be analysed from 

the faeces of OC-Sensor FIT with high reproducibility, stability and acceptable 

accuracy (432). 

 

These technical microbiome studies were performed using samples prepared by 

laboratory staff using stool from small numbers of healthy volunteers. This is not 

reflective of the conditions that NHSBCSP samples are exposed to (i.e. collection 

by participants, storage within their homes and transportation to the Screening 

Hub at ambient temperature via the post). This study sought to assess whether 

microbiome analysis could be performed from NHSBCSP samples (processed 

gFOBT samples and the FIT device that has been adopted by the NHSBCSP, 

exposed to simulated NHSBCSP conditions). 

 

2.5.1.1 It is possible to perform microbiome analysis from  NHSBCSP 

gFOBT samples  

The vast majority of NHSBCSP gFOBT samples underwent successful library 

preparation and NGS at the first attempt. Of the first batch of NHSBCSP gFOBT 

samples, two failed library preparation (0.1%), five failed NGS with fewer than 
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10,000 reads (0.3%) and 1435 were successfully sequenced (99.5%). The 

samples which failed library preparation or sequencing were successfully 

sequenced on the second NGS run. This indicates that DNA extracted from 

processed NHSBCSP gFOBT samples is of sufficient quality and concentration 

for subsequent library preparation and sequencing, despite the marked variation 

which was observed in the amount of stool per sample. 

 

A recent meta-analysis of studies performed using 16SrRNA analysis of faecal 

samples and a meta-analysis of studies which used the EMP methodology both 

set a sequencing depth of fewer than 5000 reads as a study exclusion criterion; 

this indicates that the number of reads generated by the NHSBCSP samples is 

comparable with existing studies and sufficiently high for robust analysis (404, 

477). 

 

2.5.1.2 Minimal bacterial contamination is  introduced during laboratory 

processing  

Laboratory processing was not performed under sterile conditions. Although this 

is also the case for the majority of microbiome research, it was important to 

assess the amount of contamination introduced during laboratory processing. 

Assessment of contamination has not been routinely performed in microbiome 

studies; a review of 265 microbiome publications discovered that only 30% 

reported use of a negative control and 10% use of a positive control (478). The 

issue of contamination potentially impacting microbiome results has only recently 

started to gain recognition (479); it is thought to be a particular problem for low 

biomass samples (such as tissue). Although lists of contaminant taxa have been 

published (480-482) there is no consensus as to how to account for these findings 

during analysis (as removal of contaminant taxa or taxa below a minimum relative 

abundance may inadvertently remove taxa which are genuinely present within 

the sample, particularly as many contaminant taxa are present within faeces). 

 

In the current study, some of the extraction controls had similar amounts of 

extracted DNA to some NHSBCSP gFOBT samples as measured by the 

NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific Incorporated, UK). 

However, none of the extraction controls generated PCR amplicons of high 

enough concentration for sequencing. This indicates either that the 

concentrations recorded by the NanoDrop-1000 spectrophotometer (Thermo 

Fisher Scientific Incorporated, UK) were inaccurate or the DNA was non-



139 
 

bacterial. Similarly none of the PCR water controls generated PCR amplicons of 

sufficient concentration for sequencing. 

 

These results indicate that minimal contamination is introduced during laboratory 

processing. However, one limitation is that possible contamination which may 

have occurred prior to laboratory processing could not be assessed. To do this, 

replicate blank gFOBT cards would have to have been issued to participants to 

be stored alongside the gFOBT samples during collection in the participantsô 

homes, storage at the Screening Hub and transit to the processing laboratory. 

This was not possible as it would disrupt routine screening and was not covered 

by the studyôs ethics. 

 

In future work, assessment of contamination will be even more rigorously 

assessed, in light of recent guidance and given that FIT samples are of lower 

biomass than gFOBT (483). The guidance recommends random allocation of 

samples to positions on plate layouts to reduce the impact of bias and 

contamination on results; this was already performed during the current study. 

The guidance also recommends including extraction controls in every extraction 

batch (which would become more cost-effective if automated extraction of larger 

batches is adopted); use of a diverse ómock communityô microbial positive 

extraction control; sequencing of controls with bioinformatic modelling to identify 

potential contamination; and validating findings using alternative methodologies 

(qPCR will be performed on the NHSBCSP samples). Given that laboratory 

contamination has been shown to exhibit temporal and technician-specific 

variation, in future work, contamination will be continually assessed at each DNA 

extraction and PCR/library preparation batch (484). Well-to-well contamination 

has been reported with automated DNA extraction (485) ï this will therefore be 

formally assessed with the QIAcube HT instrument. 

 

2.5.1.3 The choice of which three  squares  of a gFOBT sample  to process 

has minimal effect  on microbiome results  

From each gFOBT three squares of faecally-loaded card, one from beneath each 

of the three flaps, were dissected and processed as a single combined sample. 

The rationale was that the three remaining squares could be used for alternative 

analysis or technical replicates. This methodology differs from the existing 

microbiome technical studies, the majority of which applied a single homogenised 

stool to gFOBT and did not specify the number of squares which were extracted. 
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It was therefore important to assess whether the microbiome result would differ 

significantly between pairs of composite samples extracted on the same day. The 

existing literature suggested that variability between subsample replicates may 

be apparent, particularly for lower abundance taxa (395, 415-417). 

 

In general replicates were separated by low Bray-Curtis distances. LEfSe did not 

identify taxa which differed significantly between a group comprising one member 

from each replicate pair and another group containing the second member from 

each replicate pair. Within pairs, replicates demonstrated good agreement for the 

relative abundance of CRC-associated taxa and Escherichia-Shigella. These 

findings will be confirmed by running the replicate pairs through the Random 

Forest model (described in Chapter 3) once it is validated, to determine whether 

there is any effect on sample classification. 

 

2.5.1.4 The microbiome of processed NHSBCSP gFOBT samples is stable 

when samples are stored at room temperature for a prolonged 

time  

Processed NHSBCSP gFOBT samples are stored for variable lengths of time at 

ambient temperature, both at the Screening Hub (prior to link-anonymisation and 

transport to the processing laboratory) and within the processing laboratory prior 

to DNA extraction. Due to the constraints of staff availability within a busy 

screening programme and the logistics of transporting such a large number of 

samples, it was not possible to standardise the time between sample collection 

and DNA extraction, reflected in a wide range (55-570 days, median 202 days). 

 

Storage at -20°C or -80°C would require considerable freezer space and 

potentially introduce technical bias; it was therefore not considered. Our 

laboratory had previously demonstrated stability of the microbiome extracted 

from processed gFOBT stored for up to three years at room temperature, 

although this study was performed using samples prepared by laboratory staff 

using stool from small numbers of healthy volunteers (434). The majority of 

existing microbiome technical studies assessed the stability of the microbiome on 

gFOBT samples after storage for 4-7 days at ambient temperature (396, 421, 

433). It was therefore important to assess the effect of prolonged storage at room 

temperature on the microbiome extracted from processed NHSBCSP gFOBT 

cards. 



141 
 

Three squares of faecally-loaded card, one from beneath each of the three flaps, 

were dissected and processed as a single combined sample; the alternate three 

squares were extracted after prolonged storage reflective of either the median or 

maximum length of storage experienced by the NHSBCSP samples. A limitation 

of this approach is that the extraction replicates were not true replicates (made 

from a single homogenised stool); instead they represent subsample replicates 

extracted after prolonged storage. This means that any variability in the 

microbiome between replicates could be due to a combination of biological 

variation (subsample) and technical variation (storage duration). It was not 

possible to ask participants to create replicate gFOBT samples as this would 

interfere with routine screening and was not covered by the studyôs ethics; 

furthermore, to comprehensively overcome the risk of subsampling bias, this 

would require participants to homogenise stool prior to loading the gFOBT cards. 

It was not possible to divide the squares of faecally-loaded card to create 

replicates, as for the majority of NHSBCSP samples there would have been 

inadequate biomass; furthermore, heterogeneity within a square could not be 

excluded. 

 

It was not possible to compare results with gFOBT cards which were extracted 

immediately as the minimum time between sample collection and DNA extraction 

for the NHSBCSP samples was 55 days; a change in microbiome stability which 

occurred prior to this point could therefore not be excluded. This was however 

appropriate for the assessment of temporal stability within the design of the 

current study. 

 

The microbiome results of samples extracted after a prolonged period of storage 

were no more different from their replicate partners than pairs of samples 

extracted on the same day; Bray-Curtis distances between replicates were low 

and agreement was high for the relative abundance of CRC-associated taxa and 

Escherichia-Shigella. LEfSe identified one taxon (prevotellaceaeNK3B31 group) 

which was significantly enriched in the group comprising samples extracted after 

a prolonged period of storage. However, review of the relative abundances of 

prevotellaceaeNK3B31 group for individual samples indicated that there was no 

consistent increase in prevotellaceaeNK3B31 group in the samples extracted 

after a prolonged period of storage and that the LEfSe result was likely influenced 

by a single replicate pair. A literature search revealed only a few microbiome 

studies, none of which were CRC-specific, which mentioned 
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prevotellaceaeNK3B31 group; none described an association with microbiome 

temporal stability or bacterial overgrowth. 

 

These findings, together with the fact that time until DNA extraction was not 

shown to affect variation in Bray-Curtis distances (presented in section 3.5.3), 

suggest that the microbiome is stable when extracted from NHSBCSP gFOBT 

samples stored for prolonged periods at ambient temperature, compared with a 

baseline of replicate samples stored for a minimum of 55 days prior to DNA 

extraction. This will be confirmed by running the replicate samples through the 

Random Forest model (described in Chapter 3) once it is validated, to determine 

whether there is any effect on sample classification. Future work will also 

investigate the underlying mechanism, by attempting to culture gFOBT samples 

in order to determine whether bacteria on gFOBT are viable or not. 

 

2.5.1.5 The microbiome of NHSBCSP gFOBT samples demonstrates 

relative temporal stability , although marked intra -participant 

variability is noted for the taxon  Escherichia -Shigella  

The majority of research of the CRC-associated microbiome has been conducted 

using samples collected at a single timepoint. The health-associated microbiome 

has been shown to exhibit temporal variation in response to changes in 

environmental conditions (20, 417-419); the extent to which the CRC-associated 

microbiome demonstrates temporal variation had not been investigated. It was 

important to determine whether temporal variation would affect the predictive 

accuracy of a microbiome-based screening model. 

 

Four different types of replicates were created to assess subsample and temporal 

variation of the microbiome of NHSBCSP participants. Overall, the microbiome 

results of samples derived from a single gFOBT card were more similar to one 

another than the microbiome results of different screening participants, which 

confirms the high degree of inter-individual variation of the faecal microbiome 

described in the literature. However some subsamples did show a greater degree 

of difference between their microbiome community structure and that of their 

respective replicates; this was not associated with type of temporal replicate or 

type of subsample, suggesting differences arose randomly perhaps due to 

temporal variation, subsampling, contamination or chance. The fact that the 

microbiome of individual subsample squares was similar to the combined sample 

derived from three squares (the methodology used in Chapter 3) suggests that 
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FIT (which collects a low biomass sample from a single stool) may give similar 

microbiome results to gFOBT samples (which collect higher biomass subsamples 

from three separate stools); however this will need to be confirmed in future work 

by comparing the microbiome results of FIT and gFOBT NHSBCSP samples. 

 

There was minimal variation in the relative abundances of CRC-associated 

bacteria between replicates, suggesting subsample and at least short-term 

temporal stability of these taxa. To assess the effect on sample classification, 

these replicates will be run through the Random Forest model (described in 

Chapter 3) once it is validated. 

 

These NHSBCSP gFOBT samples represent a relatively unique resource to 

assess short-term stability of the CRC-associated microbiome. It would be 

interesting to investigate the longer-term stability of the CRC-associated 

microbiome. Future work could compare the microbiome of NHSBCSP samples 

collected over consecutive screening rounds, derived from the same individuals. 

However, this may only allow assessment of blood-negative or colonoscopy-

normal samples, as participants with adenoma or CRC would receive treatment; 

such treatment has been shown to alter the microbiome in the short-term, but 

long-term effects have not been assessed (486, 487). Prospective longitudinal 

cohort studies or biobanks with repeated sampling would be an alternative 

method to investigate the long-term stability of the CRC-associated microbiome, 

but they are resource-intensive. Assessing the long-term stability in CRC patients 

that have already received a diagnosis is not possible, due to the limited time 

between diagnosis and treatment and the effect of bowel-preparation on the 

microbiome. 

 

The extremely high intra-participant variability in the relative abundance of 

Escherichia-Shigella was an unexpected finding, and one which could not have 

been identified using single-timepoint sampling, as employed by the majority of 

microbiome studies. The relative abundance of Escherichia-Shigella varied 

between subsamples derived from stool collected on the same day, which 

suggests either heterogeneity of Escherichia-Shigella within a faecal sample or a 

change in relative abundance due to a technical reason (e.g. overgrowth, 

contamination or sequencing error). None of the aforementioned studies which 

investigated faecal subsampling specifically mentioned variability of the relative 

abundance of Escherichia-Shigella (395, 415-417). However, a study which 

performed FISH on faecal cores reported focal areas of concentrated taxa, which 
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could potentially account for the current studyôs findings (488). Alternative 

explanations include contamination; Escherichia has been cited in studies as a 

laboratory contaminant (480); or errors in detection: compared with culture based 

methods, 16SrRNA NGS has been shown to have a high positive predictive value 

but low negative predictive value for the detection of Escherichia-Shigella (489). 

To exclude possible contamination post-DNA extraction or detection error, the 

relative abundance of Escherichia-Shigella in these samples will be confirmed by 

qPCR. 

 

The relative abundance of Escherichia-Shigella also varied between subsamples 

derived from stools collected on separate days. It is impossible to determine 

whether this reflects true temporal differences in the relative abundance of 

Escherichia-Shigella or differences due to subsampling. Temporal variability in 

the relative abundance of E. coli has been described by a study which performed 

metagenomic analysis of stool samples collected over a period of 3 years from a 

patient who had Crohnôs disease (490). The relative abundance ranged from 

0.1% to 42.6% and it was noted that high abundance of E. coli did not necessarily 

correlate with inflammatory levels. Importantly the paper did not describe how the 

stool samples were collected and processed (whether homogenised or sub-

sampled), which could potentially contribute to or account for the studyôs findings. 

The authors compared their results with the mean relative abundance of E. coli 

(0.008) detected in faecal samples of healthy volunteers by the Human 

Microbiome Project. However, on inspection of the supplementary information for 

the Human Microbiome Project, the maximum relative abundance recorded for 

E. coli was high (0.96), and was the highest relative abundance recorded of all 

the faecal taxa (491). The methods paper which describes the Human 

Microbiome Project protocol indicates that stool subsamples (Ḑ2 ml) were 

processed, with no mention of prior homogenisation (492). 

 

A paper which assessed temporal variability of the faecal microbiome in two 

individuals over hundreds of daily time points provided the raw data in the 

supplementary materials, from which it was possible to calculate the relative 

abundance of taxa (493). The microbiome was analysed from stool which was 

swabbed from used toilet paper or faecal stabs, indicating subsampling (418). 

The range of relative abundance of Escherichia recorded for each individual was 

wide (0-0.29 and 0-0.44) whereas that of Shigella was narrow (0-0.0006 and 0-

0.0009) (493). This is illustrated in Figure 83. The relative abundance of 

Escherichia and Shigella mirror one another, likely due to a limitation of the 
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discriminative ability of the OTUs. Importantly, variability between consecutive 

days is high: the maximum relative abundance of Escherichia of 0.29 in the 

female participant is preceded and succeeded by relative abundances of 0.05; 

the maximum relative abundance of Escherichia of 0.44 in the male participant is 

preceded and succeeded by relative abundances of 0.02 and 0.06 respectively. 
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