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1.0 Abstract DNA-based studies have revealed the composition of the gut microbiota is 

changed in colorectal cancer (CRC) and implicated in its development and progression. 

However, these analyses are influenced by dead and dormant cell DNA, potentially leading to 

the overestimation of certain species contribution to the disease. Furthermore, gene 

expression is a regulated process and can be microbe-specific for the same stimuli which is 

overlooked by DNA-based analysis of functional potential. Therefore, to overcome these 

limitations, metatranscriptomes and 16S rDNA of faecal microbiota from CRC patients (n=10) 

and non-CRC volunteers (n=10) were subject to high throughput sequencing to characterise 

active microbial taxonomy and metabolic functions. These analyses revealed microbial 

abundance and activity are not always comparable. We describe sub-populations in both 

cohorts of ‘hyper-active’ (at least an order of magnitude higher levels of transcript relative to 

gene abundance) and dormant species, including CRC-associated F. nucleatum and B. 

fragilis, and probiotic genera Lactobacillus and Bifidobacterium respectively. This suggests 

that the CRC niche regulates species-specific changes in gene expression independently of 

genomic abundance. Surprisingly, the dominant and mostly conserved activity of the 

microbiome in both cohorts was metabolism of reactive oxygen species (ROS), a hallmark of 

inflammation, arguing the microbial population is responsible for maintaining physiological 

levels of ROS in the gut. Yet, the observed dysregulation of certain bacterial ROS scavenging 

pathways during CRC suggests a potentially transient mechanism for the gradual 

accumulation of genetic lesions that lead to disease development over time in an otherwise 

healthy individual. Taxonomic analysis also uncovered diminished activity of butyrate-

producing bacteria and enhanced activity of clinically relevant ESKAPE, oral cavity and 

Enterobacteriaceae pathogens with no previous association to the malignancy. Functional 

analysis of expressed genomes uncovered a potential contribution of gut microbiota to known 

patient deficiencies for ferrous iron, carnitine, and folate, among others. This analysis also 

showed overexpression of multiple virulence factors, particularly genes related to host 

colonisation, biofilm formation, quorum sensing, genetic exchange, acid stress, and a highly 

expressed antibiotic (AB) resistome. In vitro investigation of bacterial acid and AB resistance 

determinants (particularly of ESKAPE members) in response to CRC-specific environmental 

pressures exposed mechanisms of possible long-term transcriptional memory. Microbes 

which likely faced previous oxidative, osmotic and/or acid stresses within the CRC gut 

increased expression of these determinants upon repeat exposure to a significant degree in 

comparison to the same species isolated from healthy individuals. This pioneering work 

uncovered the CRC-specific changes to active population composition and metabolic pathway 

expression. Crucially, from this we propose the mechanisms by which the human gut 

microbiota may protect against or drive CRC and reveal that exposure of the microbiota to 

CRC-specific pressures may condition them to adapt more readily to future stresses. 
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2.0 Introduction 

 

Colorectal cancer (CRC) is one of the most prevalent, environment-driven cancers 

worldwide with a distinct lack of early diagnostic markers, killing >2,400 people daily, with 

nearly 2 million new cases annually. CRC has a poorly understood, multifactorial aetiology 

with over 95% of cases developing in people with no genetic predisposition (1). However, CRC 

is a genetic disease; mutations in tumour suppressor genes (2) and the DNA mismatch repair 

(MMR) mechanisms (3) promote uncontrolled cellular proliferation, primarily in glandular 

epithelial cells and drive the onset of CRC. Environmental, lifestyle factors and most recently 

the microbial community of the gut (the microbiota) have been associated with the disease. It 

has been proposed that the dysregulation of host immune functions promotes inflammation, 

epithelial damage, and stepwise accumulation of genetic lesions, leading to colonic crypt 

hyperplasia and CRC (4). However, the underpinning microbial activity in vivo which may lead 

to this disease is yet to be uncovered.  

The relevance of gastrointestinal (GI) bacteria to health and disease is becoming ever 

more understood, and now termed the germ-organ due to its function and ultimate influence 

over human health (5). The GI microbiota is emerging as a primary environmental determinant 

of health (6), forming natural defences against pathogens and controlling host immune 

function, possessing anti-carcinogenic properties, and influencing host metabolism. The 

microbiota are also the primary source of numerous essential metabolites of the host, the 

balanced production of which is critical to homeostasis of the gut (7). Intestinal microorganisms 

and their anaerobically synthesised metabolic products (e.g. short-chain fatty acids, SCFAs) 

directly interact with the host to determine the metabolic activity of host colonocytes and in 

turn maintain anaerobic conditions and healthy mucus for commensal (beneficial) microbial 

growth (6). Changes to the composition of the microbiota, termed dysbiosis are related to CRC 

(8–11) while the prevalence of active gut microorganisms, their metabolism and the 

mechanisms by which their expressed genomes modulate CRC remains poorly understood. 

Therefore, elucidation of both the functional composition of the disease-associated microbiota 

and their active metabolic pathways is imperative for understanding microbial roles in host 

physiology and pathology. 

The GI tract is the most densely colonised part of the body, the colon accommodates 

over 70% of all human microbes, numbering as many as 1014 (100 trillion) individual 

microorganisms (12). This community, which comprises bacteria, archaea, viruses, fungi, 

protozoa, and helminths, is termed the microbiota. The combined genome of these microbes 

has been termed the microbiome by Joshua Lederberg, the Nobel laureate, however this is 

now interchangeable with ‘microbiota’ (13). Understanding the impact of microorganisms on 
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human health guided a number of efforts to identify pathogens, leading to the development of 

culture-dependent methods for isolation and characterisation of individual microbes (14). The 

focus of microbial studies has long been on establishing compositions of bacterial 

communities via cultivation, isolation and characterisation of specific bacteria in laboratory 

settings (15). However, this approach has several limitations, including favouring the selection 

of certain species over others due to specific growth conditions/requirements; the majority of 

the GI microbes (>75%) are unculturable in vitro (16, 17). Through the advent of culture-

independent, DNA-based techniques such as DNA hybridisation, PCR, and sequencing (18, 

19), slow culture-dependent methods of identification of uncultured bacteria have become 

obsolete. A much more diverse population of GI microbiota has been characterised through 

sequencing of the bacterial 16S rRNA genes (rDNA) belonging to the 30S small ribosomal 

subunit (20). 16S rDNA sequences are present in all prokaryotes and archaea, are relatively 

short (~1.5kb) and possess both ultra-conserved and hypervariable regions (Fig. 4) (21). 

Similar sequences of variable regions are clustered into Operational Taxonomic Units (OTUs) 

and now Amplicon Sequence Variant (ASV) which are used for taxonomic profiling through 

16S rRNA and other databases (e.g. Green Genes, Silva or the Ribosomal Database Project) 

(22, 23), allowing identification of bacteria based on sequence similarity, from family with 

>90% identity to genus (>95%) and species level-resolution (>97%) (24). The arrival of novel 

high-throughput profiling techniques, such as DNA-seq (shotgun), which allowed the 

quantification of gene abundance, has significantly improved our current understanding of the 

complexity and the functional potential of the GI microbial community, associating specific 

bacteria with disease. However, DNA-based taxonomic and functional analyses of the 

microbiota have a fundamental limitation, namely the inability to discriminate between dormant 

(persister/quiescent cells) and active species and genes.  

2.1 Genetics, Epigenetics and Signalling Pathways of Colorectal Cancer Pathogenesis 

Of the >1.9M new cases and ~935k deaths annually (as of 2020) (25), studies have 

shown that the pathology of those suffering from colorectal cancer has four (five including 

mixed subtype) distinct molecular subtypes. These four subtypes have three distinct 

mutational origins, ~95% occur sporadically (~25% of which have a family history of CRC but 

have no known genetic predisposition, suggesting a potential role of common lifestyle factors) 

and only 5% of cases are of a hereditary nature (26–28). Genetic and critically, numerous 

environmental factors (e.g. age, gut microbiota, diet, obesity and physical activity) have been 

associated with disease onset (29). Colon inflammation which triggers production of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) by innate immune cells (e.g. 

macrophages (Mφ) and neutrophils) or colonocytes, may lead to DNA damage and genome 

instability (30) as oxygen/nitrogen radicals supress DNA MMR mechanisms (31). Defects in 
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epithelial barrier function, the epithelium and bilayer of mucus that prevents paracellular 

translocation of microbes to the lamina propria and blood supply, allows bacterial colonisation 

and invasion and further enhances inflammation (11, 32–35). This, in turn, promotes synthesis 

of cytidine deaminase, CDA, which has been found to mutate e.g. p53 and c-MYC, key cancer-

associated genes and therefore promotes tumorigenesis (36). Mutations in these factors are 

associated with the acquisition of the cancer hallmarks of intestinal epithelial cells (IECs) (Fig. 

1) (37). This results in the stepwise accumulation of genetic mutations and changes in 

epigenetic regulation (modifications of DNA structure and function without changing its 

sequence) (38, 39), leading to enhanced expression of oncogenes, down-regulation of tumour 

suppressor genes, and limiting replication of DNA. 
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Fig. 1 | Key cancer hallmarks exhibited by intestinal epithelial cells during CRC. Genetic and 

environmental factors can contribute to the acquisition of cancerous traits through the stepwise 

accumulation of genetic lesions (mutations) and epigenetic modifications, leading to up-regulation of 

oncogenes and inactivation of tumour suppressor genes. Such loss of genetic/epigenetic stability is a 

striking feature of neoplastic alterations in intestinal epithelial cells (IECs), leading to CRC (40). 

Colorectal cancer cells generally originate from a single stem cell, containing cancerous mutations, 

which is located within the crypt (41) which undergo clonal proliferation, expanding the number of cancer 

stem cells, the first step in tumorigenesis. This clonal expansion leads to an epithelium with diminished 

immune function via loss of small intestinal Paneth cells, as well as Goblet cells, owing to a loss of 

mucin and antimicrobial peptide production, as the cancerous stem cells are immature, termed colonic 

crypt hyperplasia. Furthermore, these non-differentiated IECs have reduced oxygen consumption due 

to a metabolic shift from β-oxidation towards anaerobic glycolysis.  Adapted from (42).     
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It is noteworthy that certain mutations are more common to different regions of the 

colorectum, for instance the proximal colon is featured more frequently with BRAF mutations, 

while the distal colon features APC, KRAS and p53 mutations more often (43). The 

(epi)genetic instability can stem from microsatellite instability (MSI), chromosomal instability 

(CIN), CpG island (regions of DNA with multiple CpG dinucleotides within and around 40% of 

all promoters) methylator phenotype (CIMP), and somatic copy number alterations (SCNAs) 

(44), which also display anatomical biases (Fig. 2). 
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Fig. 2 | Consensus molecular subtypes of colorectal cancer. Genetic and phenotypic features of 

the different CMSs, their prevalence, anatomical, age and geographical frequencies. The association 

of rectum specific CRC with Asian populations is likely of genetic origin rather than geographical, as 

migrant Asian populations in e.g. the USA demonstrate increased risk of CRC onset compared to other 

ethnicities (45). CMS, consensus molecular subtype; CIN, chromosomal instability; MSI, microsatellite 

instability; CIMP, CpG island methylator phenotype; SCNA, somatic copy number alterations. Adapted 

from (43, 46). 
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Loss of DNA MMR, a mechanism that detects and corrects DNA replication errors in 

S-phase, wherein DNA polymerase incorporates the incorrect number of nucleotides in a long 

repetitive sequence, such as a microsatellite, can manifest as microsatellite instability, MSI. 

MSI  exhibits a hyper mutable phenotype in their repetitive motifs. This is caused by deficiency 

of DNA mismatch repair pathways which recognise, and correct mismatches of DNA bases 

due to DNA replication errors, resulting in the formation of insertion-deletion loops (IDLs). 

These IDLs lead to the gradual accumulation of single base pair mismatches in both non-

coding regions (such as promoters) and coding microsatellites. 15% of all CRC cases present 

with MSI, with 12% of these cases a consequence of acquired hypermethylation of the 

promoter of hMLH1, suppressing the efficiency of the MMR pathway (47). The hMLH1 

encoded protein is essential in forming heterodimers with other factors involved in MMR. Gene 

silencing is often a consequence of CIMP when excessive DNA methylation occurs within the 

oncogene promoter region (e.g. CpG islands), hence sporadic cases of MMR suppression 

take place almost exclusively as a consequence of CIMP-associated methylation of hMLH1 

(48).  

Chromosome instability (CIN) was initially defined as abnormalities in copy numbers 

of chromosomes in clonal populations of CRC cells (49) and was predicted to, at first, occur 

at the stage of adenoma (Fig. 3), while playing a larger role in carcinomas (50). Increased 

frequency of errors in chromosome segregation during cell division and telomere dysfunction 

are the key features of CIN. Multiple studies have proposed several potential molecular bases 

for the CIN phenotype, with distinct segregation error characteristics including anaphase 

laggards, multipolar spindles, chromatin bridges and loss of heterozygosity (51). Moreover, 

CIN has also been associated with chromosomal rearrangements/translocations (52) 

including chromothripsis, distinguished by widespread chromosomal rearrangements and 

fluctuating copy numbers. CIN can affect expression of key genes, including APC, p53, N- and 

K-RAS, and PI3KCA (53), which are critical to controlling cell homeostasis. APC, the loss of 

which may also be a basis of CIN, regulates WNT/β-catenin signalling which drives expression 

of genes involved in tumorigenesis and invasion. Mutations in p53, the gene encoding for the 

main cell cycle check point regulator, result in uncontrolled cell cycle progression, leading to 

enhanced cell proliferation (54). RAS and PI3KCA mutations stimulate proliferation via 

permanent activation of MAP kinase (53). The CIN pathway is typically the cause of CRC, 

accounting for up to 85% of all cases (40). It is noteworthy that mutations in some genes (e.g. 

APC and SMAD4, a transcription factor which mediates TGF-β signal transduction) are 

common in all genome instability phenotypes, arguing that they are the major driving force 

behind CRC, whilst mutations in other genes are restricted to specific phenotypes (e.g. BRAF 

mutations are associated with CIMP-driven CRCs) (55). 
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Fig. 3 | Colorectal cancer progression pathways. FAP, familial adenomatous polyposis (top) and 

HNPCC, non-polyposis colorectal cancer  (bottom) pathways of CRC development include progression 

from healthy IECs to irregular crypt foci, proceeded by polyps followed by development from early 

cancer to malignant cancer. The sporadic pathway (top) includes the pathogenesis of tubular adenomas 

which progress to adenocarcinomas, while the alternate pathway (bottom) involves serrated polyps and 

their evolution to serrated CRC. Some mutated or epigenetically modified genes are common to both 

pathways, however others are distinct (e.g. CIMP (CpG island methylator phenotype) and BRAF 

mutations occur exclusively within the serrated pathway). The deregulated signalling pathways, 

overactive or inhibited, during CRC progression are indicated (arrow width signifies the significance of 

the contribution of said pathway to CRC pathogenesis). Lynch syndrome or hereditary nonpolyposis 

colorectal cancer, HNPCC; IECs, Intestinal epithelial cells; familial adenomatous polyposis, FAP; 

adenomatous polyposis coli, APC; chromosomal instability, CIN; catenin-β1, CTNNB1; family with 

sequence similarity, 123B FAM123B; frizzled class receptor, 10FZD10; low-density lipoprotein receptor-

related protein, 5LRP5; mitogen-activated protein kinase, MAPK; microsatellite instability, MSI; 

phosphatidylinositol 3-kinase, PI3KCA; phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic 

subunit-α, PI3KCA; phosphatase and tensin homologue, PTEN; secreted frizzled-related protein, 

SFRP; SMAD family member 4, SMAD4; transforming growth factor-β, TGFβ; TGFβ receptor 2, 

TGFBR2. Adapted from (42). 
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The WNT pathway is critical for cellular growth, tight junction (TJ) assembly (epithelial 

barrier) and stem-cell development via e.g. c-MYC (56), thus upon its alteration, cells can gain 

cancerous phenotypes. Loss of function of the WNT pathway can have differing effects 

depending upon the progression of the cancer, the pathway is often deregulated at the primary 

stages of CRC development, and the resultant neoplasia causes colonic crypt hyperplasia, 

beginning the cascade of deterioration of the intestinal epithelial barrier (57). This is critical in 

allowing pathogenic bacterial adhesion to the epithelium as well as exposing IECs to 

damaging microbial metabolites, leading to excessive cellular damage, inflammation and 

decreased genetic stability. The latter stages of disease progression are featured with 

weakened TJs due to loss of WNT signalling (58), leading to supressed cellular adhesion, 

migration and eventual metastasis (57). The timing and indeed the extent to which the WNT 

pathway is compromised, either via APC (adenomatous polyposis coli) inactivation (a negative 

regulator of the pathway with an 81% rate of mutation in a non-hyper mutated phenotype and 

53% in the hyper mutable phenotype) (59) or other factors in the pathway (60) indicates 

whether the cancer is colitis-associated (CAC) or sporadic. In sporadic CRC WNT activation 

via APC mutation occurs during the early stages while the opposite is true of CAC regarding 

timing of APC inactivation (61). Loss of APC activity triggers the development of a cancerous 

phenotype as it targets β-catenin (required for adherens junction assembly) for destruction 

(acting as part of the scaffold for the β-catenin degradation complex). Formation of Tcf/Lef 

transcription factor complexes follows accumulation of β-catenin in the cytoplasm which 

promotes transcription following nuclear translocation (62). These complexes initiate DNA 

binding in a gene-specific manner while β-catenin acts to activate transcription (63). However, 

β-catenin is not used as a prognostic marker as it is generally overexpressed during CRC, 

while over-expression of c-MYC is seen as a good prognostic marker, denoting probability of 

metastasis (64). 

Cell survival and proliferation are controlled by the MAPK/ERK and PI3K/AKT/mTOR 

pathways (65, 66). Therefore, tumour cells wherein these pathways are deregulated possess 

an increased capacity for proliferation and evading apoptosis (67). Common mutations within 

the pathways include BRAF and KRAS, aberrations causing the related proteins to become 

constitutively active regardless of any upstream stimuli, for example epidermal growth factor 

receptor (EGFR) activation (68). Additionally, EGFR homologs shown to undergo 

recombination(s) in the cytoplasmic, transmembrane and kinase domains (L858R and 

T790M), as well as being upregulated by ETF (EGFR-specific transcription factor) (69) can 

contribute to MAPK/ERK pathway activation in cancer (70). In CRC development, mutations 

in the GTPase proto-oncogene KRAS are often an early event affecting the MAPK/ERK 

signalling pathway. KRAS mutations appear in around 40% of cases and are associated with 
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poor prognosis and survival rates (71). The proto-oncogene BRAF, encoding a 

serine/threonine kinase, possesses mutations more often associated with MSI+ CIMP-

associated CRC. The predominant RAF mutation in CRC is BRAF-D594G, rather than BRAF-

V600E, which is linked to poor prognosis with 15% of early and 6% of metastatic cases 

possessing the mutation (72).  

Silencing of p53 is detrimental to the cell, in around 40-50% of all CRC cases (50% in 

sporadic and 85% in CAC (73)) a mutation in the p53 master tumour suppressor is found (74). 

Inactivation/deregulation of p53 can be achieved either through loss-of-function mutations 

(e.g. R273H, R248W/Q and S241F) which can be introduced by cytosine deaminases (54), 

epigenetic inhibition of transcription due to CIMP (75) or gain-of-function mutations (such as 

R248W). Gain-of-function mutations (such as R248W) prolong NF-κB expression in a TNF-α 

dependent manner, increasing CAC and IEC damage (76), enhancing proliferation, survival, 

and invasion (77). In tumours, viral or host proteins (MDM2 and 4) can bind and inactivate 

TP53 causing replication arrest to fail (78). Hence, the cancer cells are less genetically stable 

and prone to increased chromosomal rearrangements and further accumulation of mutations, 

resulting in rapid production of malignant clones. This would explain why DNA-containing 

viruses do not induce damage responses, they can highjack TP53 and the active host 

replication machinery in S-phase in order to facilitate their own replication. Mutations in p53 

are also crucial in the transition from adenoma to carcinoma throughout pathogenesis (79). 

p53 inactivation weakens TJs, disrupting the barrier function of colonocytes, thus enhancing 

NF-κB-dependent inflammation (80). Its silencing suppresses DNA repair mechanisms and 

enhances expression of pro-inflammatory IL-6, activation of STAT3 by phosphorylation and 

TNF signalling (81). Inflammation-dependent production of RNS, such as nitric oxide (NO), 

stabilises TP53 which in turn blocks NOS2 expression and NO production, hence attenuating 

tumorigenesis (82) via cell cycle arrest, DNA repair and apoptosis as well as reducing 

oxidative/nitrosative stresses. Furthermore, TP53 drives oxidative phosphorylation in IECs, 

which is critical for maintaining the anaerobic gut environment, thus suppressing dysplasia 

(31). A mutation in the p53 gene in the onset of CAC generally results in loss of heterozygosity 

(LOH), leading to complete loss-of-function of p53. p53 LOH in turn allows progressive 

accumulation of DNA mutations in genes such as APC, resulting in carcinoma development 

(61). Interestingly, some bacteria, such as Shigella flexneri are capable of deregulating 

expression of TP53 and suppress DNA repair in a TP53-dependent manner, hence increasing 

the risk of CRC development (83). The distinct status of the p53 mutation determines the 

aggressiveness or metastatic features (e.g. invasive depth) of the CRC. The ~60% of CRC 

patients with wild-type p53 have far better prognosis than those without, in part due to the 

chemo-resistance conferred by TP53 CRC (84). However, p53 is not used as a marker of CRC 
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as data regarding its association are statistically insufficient. Instead, KRAS and APC 

mutations (85) alongside bone morphogenetic protein 3 (BMP3), aberrant NDRG family 

member 4 (NDRG4) and the methylation/presence of β-actin, with more sensitive analytical 

tools are currently preferred (86). Molecular screening via biomarkers is an ever-evolving utility 

which relies upon innovative studies to analyse the metagenomics of tumour cells as well as 

the GI bacteria which closely influence its pathology and vice versa, with the microbiome 

directly affected by the disease. 

2.2 Composition and Structure of the Gastrointestinal Microbiota 

The human GI tract is home to the most diverse and dense population of microbes 

in/on the body. Within one individual, the ~1014 bacteria outnumber human cells by a ratio of 

9:1, therefore bacteria have the potential to have a major influence on human health and 

disease and establishing their compositions in the gut has long been a challenging objective. 

The use of 16S rRNA genes to identify specific bacterial species dates back to 1977 (87), this 

principle underpinned the first system of sequence-based taxonomy and has had a remarkable 

impact on the field of microbiology. Infrequent mutations of certain bacterial rRNA gene 

regions due to their conserved function as scaffolds to build up the ribosome made 16S 

ribosomal DNA sequences a primary target to classify different bacterial species (21, 88). The 

composition and diversity of the gut microbiota was firstly studied through Sanger sequencing 

of full-length 16S rRNA genes which discovered a great number of uncharacterised gut 

species (around 75% of the currently classified microbiome) (16, 89). Further development of 

parallel deep-sequencing techniques, sequencing of short, from 70 to 500 nucleotides reads 

length led to a higher sensitivity and resolution producing more comprehensive estimates of 

the GI microbiota composition (20, 90). The conserved 16S rRNA gene regions are 

interspersed with nine variable (V) regions (V1-9) (Fig. 4) which can be used for taxonomic 

alignment, hence the V regions targeted have high inter-species disparity. The use of different 

V regions to classify taxonomy, e.g. V1-V3, V3-V4 or V4-V5 should be considered with respect 

to the native ecosystem. For example, the primary application of V1-V3 sequencing is for 

environmental taxonomic analysis of microbiomes, alongside the different sequencing 

platforms used to generate DNA reads (e.g. illumina, 454 and pyrosequencing) (91, 92). For 

identification of clinically relevant species and strains the length of the PCR fragments should 

be >500 bp to span the 16S rRNA gene hyper-variable regions (93). Amplification of specific 

regions by PCR allows identification of bacterial taxonomy of meta-samples, the data can be 

quantified and used for generating a broad profile of microbiomes. Yet, the use of 16S rDNA 

for taxonomic analysis has been found to have multiple limitations. rRNA gene-based 

sequencing can generate biased PCR due to the conserved nature of rRNA genes among 

closely related species, lack of standardisation because of the use of different variable (V1-
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V9) regions as well as difficulties in OTUs assignment (94, 95). Importantly, given the high 

prevalence of horizontal gene transfer (HT) in bacterial communities, utilisation of the 16S 

rDNA as a single marker gene for phylogenetic analysis may underestimate diversity of such 

communities (96). Shotgun whole genome sequencing (WGS) can generate information on 

the genome structure of the whole microbial community, providing the genetic potential of the 

microbiome of the sample, through alignment of representative species identified by 16S 

sequencing with their genome (97). WGS builds up our knowledge on the composition of 

genes present in the microbiome, hence adding more detail to the phylogenetic 

characterisation and the microbial potential within specific settings.  

The gut microbiome is extremely heterogenous, varying in composition from one 

individual to another (16). Microbial diversity can be influenced by myriad factors, from host 

ethnicity, age, geographical location, diet, exercise to even sleep pattern (98–101). 

Interestingly, age only appears to become a critical determinant of microbial composition in 

those >90 years of age (102), remaining relatively stable throughout life (103), despite 

previous studies reporting changes in the compositional diversity from earlier ages (104). 

However, more transient disruptions can also alter microbiome status, such as infection, drug 

treatment, stress, and acute gastrointestinal conditions (105–108). These fluctuating factors 

have the potential to amplify any differences in microbiome composition observed between 

individuals or critically, groups of different health statuses. The consequence of pathologies is 

often to lower estimates of microbial diversity (109–111); however, even ‘healthy’ individuals 

can often intermittently be exposed to transient factors, sometimes concurrently. Controlling 

for this in volunteer recruitment can be very difficult as there are only so many excluding criteria 

which can be applied, particularly for more subjective criteria such as stress or sleep quality. 

Reporting of e.g. dietary changes, alcohol consumption, or an individual’s memory of previous 

drug treatments may also pose limitations to the design of associative studies. These 

fundamental limitations in the field can partially be addressed through changes in 

methodological approaches, such as correctional research or longitudinal studies and specific 

analytical tools, including principal component and co-ordinate analyses (PCA and PCoA) of 

microbiome diversity to account for potential co-founding affects (112). Moreover, as it is more 

stable relative to community composition, assessing the microbial metatranscriptome for both 

taxonomic and functional profiling reduces the likelihood of transient perturbations to the 

community influencing analyses. Although functional potential of the microbiome remains fairly 

consistent relative to species composition (101), the transcriptome appears more stable (113), 

therefore making it an important tool for understanding condition specific changes to the 

microbiome.  
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Fig. 4 | Conserved and variable regions and features of the 16S rRNA gene. Representative 16S 

rRNA gene (of Escherichia coli) showing positions of conserved regions, (hyper)variable (V) regions of 

which there are 9 and primer annealing sites for sequencing. Burgundy letters: totally conserved 

nucleotides; Red letters: conserved nucleotides; Black letters: variable nucleotides/sequences; Blue 

letters: highly variable nucleotides/sequences; Green nucleotides: ≥75% (hyper) variable 

nucleotides/sequences: Underlined in pink: variable regions; Underlined in black: primer annealing 

sites. Adapted from (92).  
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Illumina sequencing and pyrosequencing are sequencing platforms based on 

synthesis methods (sequencing through synthesis); single bases are detected upon their 

incorporation into the nascent DNA strand during polymerisation. In the case of Illumina 

sequencing single stranded (ss) fragmented DNA templates are hybridised with both 5’ and 3’ 

probes (oligos) which are the bases of primer annealing. A complementary strand is 

synthesised from the primed oligos using 3’-reversibly tagged dNTPs (3’-RTa-dNTPs). For 

each base the 3’-hydroxyl group is esterified with a distinct fluorescent residue tag, which 

when excited emits a distinct wavelength of light or absorbs a specific wavelength of light 

(114). Once detected, the pattern of emission or absorption spectra are interpreted as the 

sequence of four nucleotides. Pyrosequencing (pyrophosphate-based sequencing between 

300 and 500 nts long) utilises the inorganic pyrophosphate (PPi) generated through the 

formation of the 5’-3’ phosphodiester bond during polymerisation. PPi is converted to ATP in 

the presence of adenosine 5'-phosphosulfate, by the action of ATP sulphurylase, which 

subsequently drives luciferase to convert the substrate luciferin to oxyluciferin, generating light 

which is proportional to the amount of ATP generated (115). Each round of PCR a different 

base is used, thus the sequence of light emitted per round of PCR is analysed via a pyrogram 

and interpreted as the sequence of four nucleotides.  

The continuous use of DNA-seq significantly increases the quality, number and 

size/depth of databases and hence requires high-throughput bioinformatics tools to infer the 

biological relevance of the growing amounts of data (116, 117). Analyses of high-throughput 

data requires the deployment of sophisticated analytical suites, e.g. Trimmomatic (118) for 

quality filtering and MG-RAST (119) for mapping millions of DNA reads against a non-

redundant database. These can be used in combination with more specialised bioinformatics 

tools depending upon the purposes, whether it is BOWTIE-2 for alignment (120), DESeq2 for 

differential gene expression (121) or BLASTp analysis for prediction of gene function (122). 

The predicted functional open reading frames can be further aligned against specific 

databases of functional networks, such as KEGG (Kyoto Encyclopedia of Genes and 

Genomes), STRING (functional protein association networks) or CAZymes (123). Chief 

among these limitations however is the properties of the starting material itself, DNA, the 

identification of bacteria through the presence of its DNA via rRNA genes or WGS (116). DNA 

analysis does not distinguish whether DNA is extracted from viable or dead cells as well as 

whether the predicted genes are active (transcribed) or not, hence does not allow for the 

differentiation between the active and dormant bacterial subgroups, a critical determinant of 

the microbial community that can either promote health or disease. Metagenomic analysis is 

limited in scope and only provides the potential held the microbiome. For example, analysis of 

the antibiotic meta-resistome, the array of resistance genes within the population, will generate 
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comprehensive information on the potential of resistance determinants of the whole 

community, however not the active proportion contributing to any resistant phenotype (108). 

Only through sequencing the expressed genome (e.g. mRNA) can the metabolically active 

bacterial proportion be established (124).  

Metatranscriptome sequencing can allow identification of the dormant (when used in 

combination with metagenome analysis) and active microbial communities, thus facilitating 

the study of shifting active populations at different stages of disease and treatment. 

Metagenome abundance has been previously shown to have little, if any impact on differences 

in gene/pathway transcription (125), suggesting that a transcription-based approach is more 

condition-sensitive and reliable (116). Transcription is a highly sensitive and regulated process 

and may significantly fluctuate between cells within a community (126). This implies that the 

same signal within the community may regulate the expression of the same gene/operon 

differently in otherwise genetically similar organisms. This further highlights a fundamental 

limitation of metagenome analysis wherein a species’ functional potential will be assessed 

through gene abundance. The gene sequence of distinct strains of bacteria may be the same 

or mostly the same, however due to other differences, e.g. the presence of unique genetic 

elements, each strain may respond at the level of transcription to the same environmental 

stimuli differently (127). Differences in gene expression may also be a result of spatial 

heterogenicity of the gut environment, e.g. a mixture of healthy colon and tumour 

microenvironment (TME), involving localised nutrients and stimuli, as well as specific microbial 

cell-cell communication, including cross-feeding interactions (128). The tumour 

microenvironment provides greater access to host cell surface glycans, eDNA, and O2, limited 

simple sugar availability due to tumour cell uptake, the environment is also known to be much 

more acidic with higher rates off cell-cell communication and potential immune infiltration 

(129–131). Therefore, despite this diverse gut environment, metatranscriptome-based 

taxonomic analyses provides functional insights into microbial responses to alterations to the 

environmental niche in disease. 

Based mainly on metagenomic analyses the diverse bacterial population within the gut 

is dominated by the two major phyla, Firmicutes and Bacteroidetes. Genomes of certain 

Clostridia (Gram+ Firmicutes) and Bacteroidia (Gram- Bacteroidetes) classes, dominant 

obligate anaerobes of the GI microbiota, encode for an array of hydrolytic enzymes (glycoside 

hydrolases) that metabolise a broad spectrum of fibre, complex dietary polysaccharides, 

hence benefitting the host (132).  

Firmicutes are the largest bacterial division, containing over 250 genera (e.g. 

Lactobacillus, Mycoplasma, Bacillus and Clostridium) some being obligate anaerobes, such 
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as Clostridium spp. while others are aerobic, including Bacillus spp. or facultative anaerobes 

Lactobacillus spp.. This phylum is responsible for n-butyrate (a common SCFA) production 

(especially Faecalibacterium and Clostridium spp.), a source for acetyl-CoA and the primary 

energy currency of the colon (133) which is required to maintain the hypoxic environment of 

the intestine (134). Normal epithelial cells use n-butyrate as an oxidative C-source for 

mitochondrial β-oxidation (Fig. 5, C2) followed by the tricarboxylic acid (TCA) cycle, displaying 

a growth promoting phenotype. Tumour cells do not metabolise n-butyrate for their growth due 

to the Warburg effect, namely enhanced anaerobic glycolysis as a result of a reliance on 

glucose as a carbon and energy source, resulting in an increased production of lactate (Fig. 

5, C1) (135, 136). This, in turn, accumulates n-butyrate in the nucleus and inhibits histone 

deacetylation, thus repressing the growth of tumour colonocytes (137). Therefore, n-butyrate 

producing bacteria play a key role in maintaining homeostasis of the gut (138). The second 

phylum, Bacteroidetes, consists of 20 different genera (e.g. Prevotella, Bacteroides and 

Porphyromonas) of both obligate anaerobes (Bacteroides) and aerobes (Arenibacter). 

Members of the Bacteroidetes phylum are also SCFA-producing bacteria (mostly propionate) 

and play a key role in e.g. fermentation of indigestible complex carbohydrates (e.g. xylan, 

mannan, xyloglucan or starch) due to encoding a multitude of carbohydrate-active enzymes 

(polysaccharide lyases and glycoside hydrolases, CAZYmes) (132).  

Most members of the GI microbiota demonstrate a complimentary symbiotic 

relationship with the host (139) and are vital in protection against pathogen colonisation 

through maintaining the host epithelial barrier (140), while providing pathogens with their by-

products to promote their growth (141), and aiding in the development of the immune system 

(139). Access to attachment sites on intestinal epithelial cells involves competition between 

different bacteria that can colonise the mucus using it as a carbon source (142). A diet in which 

fibre is depleted can lead to the colonisation of mucin-eroding bacteria Citrobacter rodentium 

on IECs. Bacteria lacking mucolytic capability, including C. difficile, E. coli and S. 

Typhimurium, can expand their presence in the gut due to their ability to metabolise sialic acid 

and fucose, which are cleaved from mucins by sialidases encoded by e.g. Ruminococcus 

gnavus (143). Some microorganisms utilise metabolites produced by other microbes to 

support their growth, termed cross-feeding. Gram+ Clostridia Anaerostipes caccae and 

Eubacterium hallii convert lactate and acetate synthesised by Bifidobacteria and Lactobacilli 

or R. bromii, correspondently, into n-butyrate. Strains of commensal E. coli can inhibit growth 

of pathogenic enterohemorrhagic E. coli (EHEC) by either consuming proline, hence depleting 

this amino acid and preventing EHEC growth (144) or by secreting the toxin bacteriocin (145). 

By-products of commensal bacteria, such as secondary (deconjugated) bile acids, can be 

used by pathogens, e.g. C.  difficile to activate spore germination (146). Through activation of 
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the host immune system, commensal bacteria can also protect the gut against pathogens. B. 

thetaiotaomicron can trigger production of α-defensins by small intestinal Paneth (HD5 and 6) 

cells and neutrophils (HNP1-4) through promoting expression of matrilysin, a 

metalloproteinase that cleaves prodefensins, a cysteine-rich AMP (antimicrobial peptide) 

precursor (147), which kill bacteria via membrane disruption. Other human AMPs, such as β-

defensins (hBD) are continually expressed in the gut and other organs exposed to the 

environment. Epithelial cells can constitutively express some hBDs, e.g. hBD-1 while 

expression of others, including hBD-2-4 is regulated by inflammation (148). Bacteria can also 

suppress pathogens by locally modulating the level of O2, hence reducing the virulence of 

aerobes e.g. Shigella flexneri (144). Members of Bacteroides and some Clostridia species 

induce production of mucosal secreted immunoglobulins, namely sIgA (149), which protects 

the gut against pathogen colonisation through binding and coating bacteria, limiting their 

exposure to the surface of IECs (150) or via interaction with bacterial sIgA receptors, 

precluding formation of biofilms (151). Segmented filamentous bacteria, SFB adhere to the 

epithelium and protect the gut against pathogen attachment through their ability to interact and 

activate the host immune system, including activation of sIgA and the development of anti-

inflammatory Treg cells (152). Commensal bacteria can also modulate colonisation of 

pathogens through changing mucosal properties, for example B. thetaiotaomicron, 

Lactobacillus casei and R. gnavus E1, can modulate expression of glycosyltransferase (153–

155), hence altering mucin glycosylation. 

 

 

 

 

 

 

 

 



27 
 

Fig. 5 | Metabolism of colonocytes (C2 and C1) is regulated in response to infections, SCFAs 

availability, IEC damage and chronic inflammation. Metabolism of IECs in response to bacterial 

metabolites, such as SCFAs or inflammation may resemble M2 and M1 metabolism of Mφs, 

respectively. C1 metabolism is featured with low levels of AMP and enhanced anaerobic glycolysis, a 

high level of glucose consumption and lactate production in contrast to high levels of AMP and β-

oxidation in M2 and C2. Adapted from (134). 
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Members of the gut microbiota can also enhance epithelial integrity, control IEC 

proliferation and cell renewal, including mucin-degrading A. muciniphila (156), L. rhamnosus 

(157) and L. plantarum (158). Specific members of the mammalian microbiota possess anti-

inflammatory properties, hence potentially reduce the risk of CRC development. E. coli, 

Bacteroides spp. and Lactobacillus spp. can suppress activation of NF-κB signalling through 

preventing degradation of its inhibitor IκB-α (by inhibiting polyubiquitylation), resulting in a 

hypo-responsive phenotype of IECs (159). The anti-inflammatory properties of B. 

thetaiotaomicron stem from its ability to induce PPAR-γ, peroxisome proliferator-activated 

receptor γ (160), antagonising pro-inflammatory NF-κB-dependent transcription through 

relocating its subunit, p65/RelA to the cytoplasm, hence precluding synthesis of pro-

inflammatory proteins, including TNF-α (tumour necrosis factor-α), IL-1β and some adhesion 

proteins (161). PPAR-γ, a nuclear receptor, which is expressed in terminally differentiated 

IECs as well as in dendritic cells (DCs) and macrophages (Mφ), is a primary regulator of lipid 

metabolism, Th17 (RORγt/C2+IL17A+) and Treg (Foxp3+) cells differentiation (162) which has 

long been shown to suppress inflammatory responses (163). PPAR-γ can be activated by 

multiple mechanisms, responding to oxidised n-butyrate (164), activation of TLR (toll like 

receptor)-4 by lipopolysaccharides, LPS (165) or production of IL-4/IL-13 by Th2 cells (166). 

Beneficial effects of n-butyrate are mediated via its receptor, GPR109A which induces PPAR-

γ-mediated anti-inflammatory responses via promoting Treg differentiation (167), FOXP3- and 

IL-10-secreting T cell differentiation by triggering acetylation of the H3 histone in the promoter 

regions of FOXP3, therefore suppressing inflammation (168). This, as well as activating IL-18 

expression in colonocytes, enhances the epithelial barrier function (169). The potential loss of 

these anti-inflammatory mechanisms of bacterial species cannot be understated in the context 

of inflammatory CRC development.   

2.3 Global mechanism of bacterial killing post-stress exposure through ROS 

accumulation 

 It was found that ciprofloxacin (fluoroquinolone antibiotic) triggers production of 

superoxide by S. aureus, which in turn contributes to the accumulation of ROS that very often 

kill bacteria (170). In the subsequent 20 years after this finding numerous studies have 

identified similar responses to specific antibiotics in e.g. E. coli, E. faecalis, P. aeruginosa, B. 

subtilis, A. baumannii, S. pneumonia, M. tuberculosis and S. enterica. This common post-

stress response to e.g. aminoglycosides, β-lactams and fluoroquinolones (171) has led to a 

global model of bacterial killing by antibiotics in a ROS accumulation mediated manner (172). 

However, while the outcome is the same, ROS accumulation triggered by antibiotic damage 

leading to cell death, the exact response and mechanisms of post-antibiotic ROS production 

are complex and vary between species and antibiotic and are not fully understood. It is 
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noteworthy that this model does not discount the lethal effects of the target-specific actions of 

antibiotics, rather provides an additional causative mechanism to their lethality.  

 Some antibiotics such as nitrofurantoin and metronidazole act directly through their 

own reduction by e.g. NADH-dependent reductases, generating reactive species O2∙- and 

subsequent H2O2 and OH∙ which cause lethality by directly damaging DNA/RNA (173). Other 

antibiotics alter microbial central metabolism, cellular respiration, and iron metabolism as a 

consequence of their activity, inducing microbial ROS production. It was shown that removal 

of TCA-cycle genes (specifically in mutant strains ΔacnB (aconitate hydratase B), ΔicdA 

(isocitrate dehydrogenase A), ΔsucB (dihydrolipoyltranssuccinylase, E2 component of the 2-

oxoglutarate dehydrogenase) and Δmdh (malate dehydrogenase) responsible for the 

formation of NADH, increased the NAD+:NADH ratio and decreased O2∙- production, hence 

allowing bacterial survival post treatment with bactericidal drugs, such as the quinolone 

norfloxacin. The protective effects were solely observed upon knockout of genes, the products 

of which act immediately upstream of production of the first reduced dinucleotide, and the first 

step of NADH synthesis (172). These findings demonstrate the regulatory effects of antibiotics 

over microbial metabolism and subsequent lethal levels of ROS accumulation. Interestingly, 

bacterial overexpression of reducing enzymes such as catalase can attenuate antibiotic ROS-

mediated killing and hence activation of reducing factors provides bacteria a degree of 

tolerance. This was shown when E. coli deficient for soxS, katG and ahpC ROS-reducing 

enzyme encoding genes were found to be more susceptible to antibiotics, in this case 

elevating the lethality of ampicillin and kanamycin (171).  

2.4 Interplay between the intestinal mucosal epithelium, immunity and microbes  

CRC is a disease of accumulated genetic lesions (49, 50, 174), of which in >90% cases 

are underpinned by environmental factors (43, 175, 176) that drive chronic inflammation (34, 

177–179) over a number of decades (27, 180). The healthy human colon is not generally 

inflamed despite being constantly exposed to the largest and most dense microbial population 

(181). These microbes are capable of modulating both homeostasis and the inflammatory 

state of the colon and have a profound effect on the metabolism of colonocytes of the mucosa 

(138, 182, 183) (Fig. 6). IECs are protected from direct contact with luminal microbes by a 

mucus bilayer barrier, defects in which very often lead to colonic inflammation by allowing 

microbial access (184). The colonic mucus consists of a thick, impermeable (by bacteria) inner 

layer, covered by a loose outer layer, which unlike the inner layer, is accessible to bacteria. 

The mucosal structure is based around MUC2, a glycosylated gel-forming protein, mucin, 

produced by Goblet cells (142). The mucus mucin-type O-glycans, such as N-

acetylglucosamine and N-acetylgalactosamine are further modified with sialic acid and fucose, 

representing ~80% of MUC2 mass (185). These heavily altered O-glycans on MUC2 serve as 
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sources of carbohydrates (energy) and sites for attachment by bacteria, hence potentially 

contributing to the composition of the luminal microbiota (142) which in turn modulates the 

integrity and metabolism of the colonocytes. Germ-free (GF) mice have been shown to 

possess a very thin mucosal layer the thickness of which is restored upon exposure to 

bacterial LPS or peptidoglycan (PG) (35). Furthermore, impaired IEC turnover was also 

restored upon transplantation of GF rodents with healthy microbiota, e.g.  Faecalibacterium 

prausnitzii and B. thetaiotaomicron (186). This strongly argues that the GI microbiota are a 

key modulator of IEC metabolism. Under homeostasis bacteria promote colonocyte renewal 

(e.g. by Lactobacilli rhamnosus) (187), integrity (e.g. by A. muciniphila and Lactobacillus 

plantarum) (188), co-ordinate mucus production (e.g by B. thetaiotaomicron and F. prausnitzii) 

(189) or remodel the pattern of mucin glycosylation, hence altering structures of attachment 

sites (by e.g. B. thetaiotaomicron, L. casei and R. gnavus). Colonocytes in turn, maintain their 

72hr life cycle and high oxygen consuming metabolism (via mitochondrial β-oxidation), hence 

promoting epithelial hypoxia enabling obligate anaerobes to dominate within the GI microbial 

community. This symbiosis suppresses enhanced metabolic activities of immune cells and 

thus, prevents undue inflammation (190). In response to the emergence of pathogens, 

epithelial injury or depletion of dietary fibre, which may lead to decreased production of 

beneficial fermentation products (e.g. fatty acids or polyamines), the host immune system 

becomes increasingly activated. This would generally lead to differentiation of myeloid 

monocytes of the innate immune system (DCs (dendritic cells) and Mφs) and production of 

inflammatory cytokines, including interleukin (IL)-23 by DCs (Fig. 6A) or IL-18 and IL-1β by 

inflammasomes in Mφ and IECs (Fig. 6B) (191, 192). Inflammasomes are protein complexes 

within the cytoplasm that sense endo- and exogenous pathogen-associated molecular 

patterns (PAMPs) or damage-associated molecular patterns (DAMPs) (endogenous danger 

molecules). This signals the adaptive immune system to develop CD138+ (cluster of 

differentiation, a specific subset of cell-surface receptors that are recognised by antibodies 

and used as phenotypic markers, defining types and stages of differentiation of immune cells) 

B cells and a specific subset of CD4+ T cells (Fig. 6A), T helper Th1, Th2, Th17 cells and 

regulatory Treg cells, which in turn can regulate the activity of the innate immune system (147). 

CD138+ B cells produce sIgA antibodies (Fig. 6A), killing pathogens and bacteria that have 

infiltrated the lamina propria by enhancing cytotoxic responses (61) while IL-23, IL-1β and 

potentially IL-21 produced by T follicular helper cells (Tfh) induces differentiation of CD3+CD4+ 

Th17 and innate lymphoid cells (e.g. ILC3) (193). In response to stimuli, DCs activate naïve 

CD3+CD4+ and CD3+CD8+ T cells by presenting antigens to T cells to initiate the immune 

response, leading to polarisation of T cells into CD4+ Th1, Th2
 or Tregs or CD8+ cytotoxic T cells 

(194). CD3+CD8+ cytotoxic T cells harbour cytotoxic granules and promote apoptosis through 

secretion of granulysin, granzymes and perforin cytotoxic factors, upon interaction with 
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damaged cells. Th1 is involved at the initial stage of epithelial injury by activating a type 1 

response via interferon-γ (IFN-γ) primarily, sending signals to CD8+ T cells, Mφ and CD57+ 

NK (natural killer) cells. Th2 is usually active at later stages of damage repair to lessen 

inflammation with a type 2 response through secreting anti-inflammatory cytokines, IL-4, IL-5, 

IL-10 and IL-13, to control Mφ and B cells function (195). Expression of IL‐12p70, the dominant 

DC-produced cytokine, upon activation of specific pattern recognition receptors (PRRs) such 

as toll-like receptor (TLR)-9 by CpG DNA or TLR-4 by bacterial LPS signals polarisation of Th1 

(inducting IFN-γ production) while the absence of which will drive Th2 cell development (196). 

Th17 and IECs secrete cytokines IL-17A and IL-22, the adequate expression of which is critical 

for IEC homeostasis, including tissue repair and protecting the colon against pathogen 

colonisation (Fig. 6B).  
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Fig. 6 | Microbiota, its metabolites and damaged IECs trigger protective inflammatory responses. 

A. The mucus layer protects colonocytes from the luminal microbiota the composition of which is 

modulated by the host immune system. During homeostasis, commensal anaerobes produce 

fermentation products (such as SCFAs) which are crucial for barrier function and protection against 

pathogen colonisation via induction of Treg development and expression of anti-inflammatory cytokines, 

such as IL-10. Changes in interactions between commensal bacteria and the epithelial cells prompts 

A 

B 
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inflammation via activation of a variety of immune responses (197). DCs and epithelial cells in response 

to lipoproteins and flagellin that activate the TLR-5 produces IL-23 (198). In response to bacterial 

metabolites (e.g. histamine or spermine) or epithelial injury by e.g. conjugated bile acids or pathogens, 

NLRP6 inflammasomes secrete IL-18, IL-1β, promoting production of epithelial AMPs. IL-23 and IL-1β 

activate ILC3 (199) and CD3+CD4+ (RORC2+) T (Th17) cells which secrete IL-17A and IL-22 (a member 

of the IL-10 family) cytokines (200), protecting the gut against pathogen colonisation. Bacterial 

(Lactobacilli)-derived Trp metabolites (indole derivatives, L-kynurenine) can also activate ILC3 and IL-

22 synthesis, protecting the colon against fungal colonisation and mucus from damage (201). Activity 

of Th17 cells is controlled by compensatory mechanisms (e.g. via PPAR-γ, a critical mediator of Th17 and 

Treg cells differentiation, inhibiting expression of adhesion proteins, TNF-α or IL-1β) (162) the failure of 

which leads to chronic inflammation and tumour growth (202). SFB, segmented filamentous bacteria 

(152) trigger IECs to release SAA, serum amyloid A, which induces the development of Th17 cells and 

IgA production (203). CD4+ T follicular helper (TFH) cells regulate the microbial population in the 

intestinal lumen by activating plasma cells (CD138+ B cells) to secrete sIgA (204). Mucosal-proximally 

localised SFB and Mucispirillum spp. are coated by sIgA, eliciting a T cell-mediated adaptive response 

(205). Foxp3+ Treg, CD3+CD4+Foxp3+ IL-10 producing Treg cells; Tr1, CD3+CD4+Foxp3⁻ IL-10-producing 

type 1 T regulatory cells; sIgA, secreted immunoglobulin A; PD1, the inhibitory receptor programmed 

cell death protein 1. B. NLRP3/6 inflammasomes produce IL-18 in response to epithelial damage and 

block the expression of IL-22BP, which de-represses IL-22 activity generated by RORγt/C2+ Th17 and 

ILC3 upon activation of TLR-5 in a lipoprotein- and flagellin-dependent manner. TLR-5 signalling 

responds to Enterobacteriaceae which are in close proximity to IECs. At the early stage of bacterial 

infection (e.g. EHEC and EPEC E. coli, A/E bacterial pathogens) IL-22 directly induces the host 

antimicrobial responses, promoting expression of lectins, e.g. RegIIIγ and RegIIIβ, members of the 

antimicrobial Reg family, and S100A8/9 calprotectins, by Paneth cells (206). Uncontrolled expression 

of IL-22 and IL-17A leads to chronic inflammation and CRC. Members of the commensal microbiota, 

such as Clostridium and Bifidobacterium can manipulate the development of T cells, inducing 

polarisation of Foxp3+ Tregs to avoid the antimicrobial activity of Th immunity. AMPs, antimicrobial 

peptides; ILC3, innate lymphoid cells; DCs, dendritic cells; SCFAs, short chain fatty acids; PSA, 

polysaccharide A; IL, cytokine interleukin; EHEC, enterohemorrhagic; EPEC, enteropathogenic.  

Adapted from (193). 
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Initial host responses to epithelial barrier function disruptions involve activation of 

immune and epithelial cell metabolism, producing an array of cytokines which induce specific 

signalling pathways, such as NF-κB (by TNF-α, IL-1β and IL-17A) (61) and STAT3 (by IL-6 

and IL-22) (207). These signalling pathways promote IEC proliferation and block apoptosis, 

leading to restoration of the integrity of the epithelial barrier, host defence and management 

of the microbial composition. Differentiated IECs, in turn, continue to utilise bacterial 

fermentation products to drive their metabolism towards oxidative phosphorylation and 

mitochondrial β-oxidation, ensuring a strictly anaerobic environment, thus controlling 

anaerobiosis and the growth of obligate anaerobic bacteria in the gut.  

Uncontrolled activation of Th17 cells can lead to inflammatory pathologies. Th17-

produced cytokines, IL‐6, TGF-β, IL‐1β or IL‐21 promote polarisation of naïve CD3+CD4+ T 

cells into RORγt/RORC2+ Th17, further activating STAT3 and NF-κB leading to colitis 

associated cancer (202). Development of Th17 and production of its cytokines is regulated by 

another type of CD3+CD4+ T cell, namely Tregs via the secretion of IL-10 (Fig. 6A) and DCs via 

production of IL-22 binding protein, IL-22BP (Fig. 6B) (208). During infection or epithelial 

damage through recognition of microbial- or self-antigens (produced by damaged tissues), 

Tregs modulate a balance between the pathogen and the host, often favouring survival and 

expansion of the pathogen by attenuating excessive immune responses (209). Treg cells are 

characterised by expression of Foxp3 encoding for forkhead box P3 (208), producing IL-10, a 

key anti-inflammatory cytokine which controls the differentiation of Th17 and the subsequent 

production of IL-17. Proliferated CD3+CD4+ T cells, which produce IL-17A, express IL-10Rα, 

the IL-10 receptor-α via which IL-10 modulates activity of T cells (191). Interestingly, some GI 

bacteria (e.g. Clostridium, Bifidobacteria or Lactobacillus genera) can induce proliferation of 

Foxp3+ Tregs and reduce differentiation of Th17 cells, limiting the production of IL-17 (Fig. 6B) 

(210), suggesting their role in anti-inflammatory processes. These SCFAs-producing bacteria 

induce PPAR-γ, the epithelial receptor (211), which represses expression of RORγt/RORC2 

in T cells (212), hence inhibiting Th17 proliferation while inducing transcription of Foxp3 that 

regulates the function of Tregs through enhancing acetylation of the H3 histone in the promoter 

locus of the gene, hence promoting survival of Foxp3+Treg cells (213).  

Bacteroides fragilis can protect colonocytes from sustained inflammation in response 

to Helicobacter hepaticus colonisation through activation of the TLR-2 receptor by its 

polysaccharide A and stimulate differentiation of an inducible subset of regulatory T cells, 

namely Foxp3-Tr1 (Fig. 6B), resulting in secretion of high amounts of IL-10 and suppression 

of IL-17A production (181). Bifidobacterium, such as B. longum and B. breve can also induce 

proliferation of IL-10+Tr1 cells in the colon of mice by inducing TLR-2 signalling that activates 

IL-23-producing DCs, thus restricting the immune response during infection (214). Hence, 
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based on in vivo studies in mice it is apparent that during homeostasis, colonocytes drive their 

metabolism towards high oxygen consumption and regulate the microbial composition of the 

gut through controlled expression of key immune cytokines, which induce AMP (adenosine 

monophosphate) secretion and IEC regeneration through crosstalk with the GI microbiota. 

AMP is an indicator of the energy status of the cell, an increase of which reflects a reduction 

in energy production, promoting oxidative phosphorylation and β-oxidation by the 

mitochondria. The microbiota, in turn, influence the development of the host immune system 

by different mechanisms (via metabolites or conserved bacterial signatures) to harmonise their 

co-existence with the host and limit pro-tumorigenic inflammation as failure to control IL-22 

and IL-17A expression can drive the onset of tumorigenesis. Elucidation of the taxonomy of 

metabolically active microbiota and their pattern of gene expression in healthy individuals and 

CRC patients will help to establish the molecular mechanisms by which specific 

microorganisms can protect gut homeostasis alongside bacterial determinants that trigger 

inflammation.    

2.5 Microbial Dysbiosis Associated with Colorectal Cancer 

The microbiota of the gastrointestinal tract contribute to CRC, individually and as a 

community, directly and indirectly through numerous potential mechanisms (215). This 

includes amending the rate of epithelial cell turnover and proliferation, affecting the 

development of the host immune system, metabolising host- and dietary-derived products 

which may lead to DNA damage and hence genomic instability. Additionally, the ability of some 

bacteria to communicate with each other through secretion of chemical signals, so-called 

quorum sensing, can lead to formation of biofilms, promoting inflammation and hence 

activating a number of the host signalling pathways (e.g. Wnt/β-catenin, STAT3, SMAD4 and 

MAPK). Biofilm positive tissues of cancer patients have been observed with increases to both 

IL-6 (including its signal transducer) and STAT3 signalling when compared to biofilm negative 

normal tissues of the same host (216). This is known to lead to a stepwise accumulation of 

mutations, a primary feature of CRCs (217–220). As sequencing technologies advance, as 

does the abundance of research regarding microbial meta’omics advancing our knowledge of 

how and which microbe-host interactions, down to the species level, modulate disease (221). 

As this next wave of research comes into focus, it is evident that the gut microbiota are 

intrinsically involved in CRC inception, progression, and treatment efficacy. The germ-organ 

undergoes substantial global compositional changes in prevalence of particular clades of 

microbiota (commonly termed dysbiosis) in patients with CRC (222). However, the current 

understanding of the dysbiotic microbiome is based mainly on metagenome analyses, 

showing only the altered genome potential of the microbiota and not changes in its metabolic 

activity. 
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Constituents of the oral cavity microbiome (e.g. Fusobacterium nucleatum, Prevotella 

intermedia, Porphyromonas asaccharolytica and Parvimonas micra) can be translocated to 

the gut, are more prevalent in CRC and act as accurate predictors of disease progression (9, 

223), suggesting a potential causative role in disease development. Balanced GI microbiota 

promote homeostasis, while overgrowth or depletion of some microorganisms can be 

detrimental to human health (147). There are a plethora of studies linking specific bacterial 

species to CRC (8, 9, 11, 224–228). Specific bacteria linked to CRC through metagenomic 

analyses of CRC patients and mouse model systems revealed CRC-related enrichment of 

specific bacteria including pro-carcinogenic strains of Enterococcus faecalis, Escherichia coli, 

Fusobacterium nucleatum, Streptococcus gallolyticus (formerly S. bovis) member bacteria 

(SGMB) and Bacteroides fragilis and potential mechanisms by which they may promote 

inflammation and the development of adenocarcinomas (Fig. 7 and Fig. 8) (229–232).  

Meta-analysis of CRC faecal metagenomic data established a set of 29 core bacteria 

substantially enriched among CRC patient microbiomes, namely Anaerococcus 

obesiensis/vaginalis, Clostridium bolteae/clostridioforme, Clostridium symbiosum, F. 

nucleatum subspecies animalis, Fusobacterium species oral taxon 370, Gemella morbillorum, 

Hungatella hathewayi, Parvimonas  micra, Parvimonasspecies, Peptostreptococcus stomatis, 

Porphyromonas asaccharolytica, Porphyromonas somerae, Porphyromonas uenonis, 

Prevotella intermedia, Prevotella nigrescens, Ruminococcus torques, Solobacterium moorei, 

Subdoligranulum species, uknown Dialister, unknown Anaerotruncus, unknown Clostridiales, 

unknown Clostridiales, unknown Peptostreptococcaceae, unknown Porphyromonas, 

unknown Porphyromonas, unknown Porphyromonas and vincentii and nucleatum (222). 

Alteration in the composition of specific bacteria in the gut at different stages of CRC was 

reported, showing a selection for Fusobacteria and Proteobacteria (e.g. E. coli and 

Campylobacter) at earlier stages of cancer (transformation of polyps to adenoma) alongside 

Actinobacteria Atopobium parvulum (the family Coriobacteriaceae) and Actinomyces 

odontolyticus (the family Actinomycetaceae) (233, 234). The elevated abundance of 

carcinogenic cyclomodulin+ E. coli and B. fragilis was found at late stages CRC while F. 

nucleatum and Solobacterium moorei are enriched at all stages of the disease (235). 

Therefore, changes in abundance of specific bacteria in the gut at different stages of CRC 

could be used as potential pathogenesis biomarkers. Yet, the activity of these species in vivo 

has not been investigated, only their DNA-based abundance.  

While many bacterial species are seen enriched in CRC it was found that some specific 

bacteria are depleted, including butyrate-producing Clostridia, the family Lachnospiraceae 

(genera Roseburia, Blautia and Anaerostipes), Eubacterium spp., the genus Clostridium and 

Feacalibacterium (F. prausnitzii). F. prausnitzii (Ruminococcaceae family) exert an anti-
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inflammatory influence by suppressing the NF-κB pathway (236), mediating epithelial barrier 

function via coordinating mucus production (189) and preventing overgrowth of commensal 

and problematic bacteria, including Gram- pathogens, a distinct feature of dysbiosis (237). For 

example, lactic acid-producing bacteria Bifidobacterium and Lactobacillus, obligate and 

facultative anaerobes correspondently are also depleted, hence paving the way for expansion 

of E. coli and Listeria due to decreased acetate and lactic acid production (238). It has also 

been shown that CRC-associated microbiota possess altered phylogenetic α-diversity 

(diversity within the community) when compared to that of non-cancerous individuals, meaning 

the richness (variability) and distribution (evenness) of microbes present within the diseased 

gut varies. In some cases, it has been shown that the phenotypic α-diversity in the CRC gut 

is greater than during homeostasis (10), while in other cases - less (16, 239). This disparity 

can be attributed to the heterogenous nature of the human gut microbiome, and the disparity 

in approaches taken within the field, such as sample collection and storage, DNA isolation and 

sequencing (16S rRNA gene or shotgun sequencing) bioinformatic pipelines and statistical 

analysis used (240–243).  

One of the most thoroughly investigated members of the microbiota, Helicobacter 

pylori, is present in more than 50% of the population and may play a major role in CRC. H. 

pylori is a prominent inducer of chronic inflammation and is a risk factor for the development 

of colonic adenocarcinomas, gastric ulcers and mucosa-associated lymphoid tissue 

lymphomas (244). Infection of H. pylori is eminent in the adenoma stage upon comparison to 

polyp-free one and the correlation of H. pylori infection with CRC is more pronounced in 

advanced stages of tumorigenesis, including multiple adenomas (245).  

Dysbiosis may be a consequence of a disruption to gastric acid (HCl) production 

caused by H. pylori. Colonisation of H. pylori activates production of gastrin by G cells, a short 

hormonal peptide of 14, 17 or 34 amino acids in length that stimulates proliferation of mucosal 

cells (224) and damages IECs through promoting hyperplasia of Goblet cells, increasing the 

risk of CRC development (246). It has also been found that enhanced HCl secretion correlates 

with the colonisation of other pro-oncogenic bacteria E. faecalis and B. fragilis, hence 

potentially enhancing the risk of carcinogenesis (247). The host immune system protects the 

colon against bacterial localisation via the rapid production and secretion of reactive oxygen 

species (ROS), known as an ‘oxidative burst’, by phagocytes, neutrophils and Mφs to kill 

invading bacteria (248). DNA damage induced by ROS (e.g. hypochlorous acid (HOCl) and 

∙OH, hydroxyl radicals) and RNS, attempting to kill the invading H. pylori by Nox catalysis in 

the phagosome. Nox donates an electron to molecular O2 within the phagosome or outside 

the phagocyte to yield O2∙-, superoxide, resulting in the production of microbicidal oxidants 

H2O2 via superoxide dismutase (SOD)-mediated reduction. H2O2 passively permeates the cell 
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membrane due to its non-polar nature, and is subsequently converted to HOCl, 100-fold more 

toxic than H2O2. In the presence of Fe2+ or Cu+ ions H2O2 also reacts non-enzymatically with 

O2∙- to form ∙OH (249). ROS and RNS are known contributors to CRC development as they 

damage DNA and are produced as a direct response of the neutrophils protecting the host, 

prompted by the H. pylori neutrophil-activating protein (HP-NAP) virulence factor (250), from 

the invading pathogen, however unsuccessfully (249). Helicobacter spp. can survive the acidic 

host stomach environment due to the production of urease, the enzyme that locally increases 

the pH from 2 to around 6-7, minimising the detrimental effect of acidic pH on bacteria (251). 

Other virulence factors, e.g. CagA either phosphorylates STAT3 or enhances SHP2-ERK1/2 

binding, in phosphorylation-dependent manners (252). VacA (253), BabA (254) and SabA 

(255) encoded by the genome of H. pylori are considered more harmful than those without 

due to their potential to facilitate cellular proliferation and colonisation, corpus atrophy and 

intestinal metaplasia and are negatively associated with neutrophil infiltration respectively. 

Toxin+ strains of H. pylori can inhibit the activity of the tumour suppressor p53 and disrupt the 

switch between the JAK/STAT and SHP2/ERK pathways via gp130 receptor, promoting CRC 

(256). Finally, despite the historically controversial link between this pathogen and CRC, H. 

pylori is known to promote the secretion of numerous pro-inflammatory cytokines IL-1β, IL-8, 

IL-6, interferon gamma (IFN-γ) and TNF-α, direct and potent causes of inflammation-driven 

disease (257). It is worth noting, that the relationship of H.  pylori with CRC is causal, the 

length of infection correlates with the risk of cancer development, consistent with chronic 

inflammation of the colon over years (between 15-30 years) playing a part in stepwise 

accumulation of genetic lesions of epithelial cells (258). In light of comprehensive data from a 

multitude of sources, H. pylori has now been considered as a critical determinant of gastric 

health and can affect GI homeostasis through a number of mechanisms, actively promoting 

neoplasia within the colon, the significance of which was recognised by scientific communities 

leading to the 2005 Nobel Prize for Marshall and Warren (259).   

E. coli can be divided into four major phylogenetic groups, A, B1, B2 and D, the latter 

two of which often carry virulence factors and are pathogenic, associated with increased 

intestinal inflammation and inflammation-independent carcinogenic pathways (Fig. 7) (260, 

261). In conjunction with other bacteria known to expand during CRC, mucosa-associated 

pks+ pathogenic E. coli NC101 triggers invasive carcinoma in IL-10−/− mice. These mice with 

reduced inflammatory mediators show a progression to a cancerous phenotype associated 

with E. coli-produced colibactin (hybrid non-ribosomal polyketide-peptide encoded by the 54kb 

polyketide synthase (pks) pathogenicity island) (215, 262). Colibactin causes DNA adducts, 

covalent modifications of DNA (e.g. an N3-substituted adenine adduct) via alkylation of DNA, 

furthermore, it induces phosphorylation of H2AX histone (at Ser139) in response to double 
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stranded (ds) DNA breaks, a marker of CIN (263). These DNA adducts may directly amend 

regulation of transcription of tumour suppressors and/or oncogenes. However, CRC-related 

B2 and D E. coli can also induce colonic inflammation through their ability to survive in 

macrophages by activating expression of COX-2, a pro-carcinogenic mediator in a colibactin-

independent manner (264), a chronic inflammatory marker and promotes angiogenesis, 

inhibition of apoptosis and elevated proliferation (239). Importantly, it appears that pro-

oncogenic properties of pks+ E. coli strains relate to the level of expression of the pks island 

and not to the abundance of the bacterium, highlighting the importance of studying the 

expressed microbiome. Other B2 pathogenic strains of E. coli produce toxins such as CIF 

(cycle-inhibiting factor) which mediate the transition of the G2/M checkpoint, resulting in cell 

cycle arrest via inhibiting the phosphorylation of cyclin-dependent kinase 1 (CDK1) (265). 

Cytotoxic necrotising factor (CNF) toxin, which is also produced by E. coli B2 induces COX-2 

activation transiently and expression of Rho GTPases, Cdc42, Rac and RhoA causing DNA 

damage via glutamine deamidation (266). Additionally, E. coli-produced cytolethal distending 

toxin (CDT), which can be synthesised by various Gram- bacteria, has DNase activity, causing 

dsDNA breaks and subsequent cell cycle arrest and apoptosis if the damage exceeds the 

mismatch repair capacity of the MMR pathway (267). pks islands individually have the 

capability of inducing DNA damage while not inhibiting the DNA damage response (230). 

However, genotoxic cyclomodulins and genotoxins produced by E. coli B2 strains cause 

downregulation of attachment-mediated DNA mismatch repair MSH2 and MLH1 proteins, 

hence affecting a major DNA damage response mechanism closely associated with the 

inception of CRC (268).  

Non-enterotoxigenic (ETBF-) strains of Bacteroides fragilis are important symbiotic 

constituents of the GI microbiota and metabolise a wide range of polysaccharides, promoting 

colonic homeostasis (269). However, ETBF+ B. fragilis initiate rapid colitis, colonic mucosal 

inflammation, and its presence induces colonic tumorigenesis in multiple intestinal neoplasia 

mice. The B. fragilis enterotoxin-encoding gene bft which encodes for fragilysin its major 

pathogenic factor. The bft gene is localised within the BfPAI locus (the B. fragilis pathogenicity 

island) and encodes a 21kDa Zn-dependent metalloprotease (270). Epithelial and immune 

STAT3 selective activation is prompted by ETBF along with colitis, leading to IEC 

transformation and inflammation. ETBF binds IECs and causes the cleavage of E-cadherin, 

disrupting the paracellular epithelial cell barrier, possibly through the degradation of 

tight/adherens junction proteins e.g. zonula occludens-1 (TJP1/ZO-1) (271). Degradation of 

E-cadherin, a tumour suppressor, stimulates β-catenin localisation to the nucleus and 

activates Wnt/β-catenin and NF-κB signalling and increasing pro-inflammatory signalling 

through STAT3 signalling and Th17 and γδ T lymphocytes, IL-8 and IL-17 production, as well 
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as triggering IEC proliferation (229). B. fragilis can also modulate host immune responses 

through polysaccharide A (PSA), the zwitterionic structure facilitates growth and colonisation 

as well as interactions with the host and other bacterial species. PSA interacts with TLR-2, a 

receptor occurring on CD11+ DCs and is subsequently recognised by naïve T cells. CD4+ T 

cells in turn express TGF-β, which induces FOXP3+ in CD4+ Tregs to produce anti-inflammatory 

IL-10 while blocking Th17 and Th1 from producing pro-inflammatory IL-17 and IFN-γ 

respectively, therefore facilitating colonisation (272). ETBF can also induce DNA damage 

through activating expression of spermine oxidase, SMOX in IECs, inducing ROS production 

(226). Biofilm-positive tumours often contain ETBF, pks+ E. coli and F. nucleatum which can 

facilitate the recruitment other bacteria (273). This biofilm formation can further increase risk 

of CRC through elevated inflammation, pro-oncogenic epithelial permeability, facilitating 

bacterial antigen translocation and promoting pro-inflammatory cytokine production e.g. 

increased epithelial IL‐6 expression (274). Expression of adhesins and other virulence factors 

can also aid these bacteria in effectively colonising the epithelium. Degradation of mucus due 

to inflammation, hyperplasia or infection/colonisation by other pathogens during dysbiosis and 

an enhanced oxygen level increases adhesion of E. coli and B. fragilis, hence increasing the 

risk of the cancer development (273).  

Sulphate-reducing (SRB) Gram- Proteobacteria primarily consist of 

Deltaproteobacteria, of the orders Syntrophobacterales, Desulfobacterales and 

Desulfovibrionales (275). The second largest group including Firmicutes of the genera 

Desulfobacter, Desulfotomaculum, Desulfosporomusa, Desulfovibrio, Desulfosporosinus, 

Desulfomonas, Desulfococcus and Bilophila (B. wadsworthia, catalase+ and bile acid-resistant 

obligate anaerobe) all utilise sulphate in anaerobic respiration. Lactate, acetate and pyruvate 

are used for the reduction of SO4
- that is tumour promoting, as well as the following product of 

reduction, hydrogen sulphide, H2S, which is highly genotoxic, hence causing damage to host 

DNA. In addition to damaging host DNA, H2S regulates IEC proliferation, apoptosis and 

differentiation through modulation of RAS/MEK/ERK signalling (276). High fat and protein 

diets increase the rates of taurine conjugation which in turn selects for B. wadsworthia causing 

its expansion within the colon, due to its resistance to conjugated secondary bile acids (277). 

Consequently, further dysbiosis towards bile acid conjugating bacteria promotes ROS 

production and induction of NF-κB, cell damage and elevated rates of IEC proliferation leading 

CRC. 
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Fig. 7 | Role of individual gut microbes implicated in CRC development. Enterococcus faecalis 

causes inflammation leading to expression of TGF-β in IECs, thus triggering SMAD4 signalling. E. 

faecalis strains produce excessive amounts of free radicals, extracellular superoxide and H2O2, causing 

damage to host DNA. E. faecalis also appear to activate the COX-2 pathway and the release of the 

macrophage-derived TNF-α through ROS and 4-hydroxynonenal production, causing cell 

transformation and endogenous mutagen, trans-4-hydroxy-2-nonenal production, resulting in 

chromosomal instability and carcinogenesis (278). The genome of certain E. coli B2 EPEC strains 

encodes for CDT and CNF, virulence factors that can cause DNA damage leading to genome instability. 

Additionally, the attached E. coli represses MMR, leading to elevated short-term mutations and long-

term tumorigenesis. pks+ E. coli can also induce chromosomal aberrations via the expression of 

genomic toxin-containing polyketide-synthase island genes, clbDEFG, ClbP and clbH-A1-synthesising 

colibactin, a prominent carcinogen. Ultimately, this brings about CIMP, MSI and CIN, which results in 

cancer Enterotoxigenic (ET)BF Bacteroides fragilis expressed the toxin BFT which binds to IECs and 

promotes the E-cadherin cleavage, thereby augmenting the Wnt/NF-κB pathway and the release of pro-

inflammatory agents, destroying DNA. Concurrently, ETBF, through activation of STAT3 signalling 

activates the development of Th17 cells that produce IL-17 and promotes colon tumorigenesis. EBFT 

causes the rapid expression of spermine oxidase, SMO and facilitates ROS production damaging the 

IEC DNA, leading to tumour formation. Through forming a complex with E-cadherin on IECs, 

Fusobacterium nucleatum prompts FadA, an activator of WNT/β-catenin/TLR-4 signalling, upregulating 

expression of oncogenes, including activation of expression of non-coding (nc)RNAs, e.g. mir-21. F. 

nucleatum can stimulate inflammation through releasing RNA into IECs which in turn activates NF-κB. 

F. nucleatum via another adherin Fap2, binds to and inhibit NK, causing colorectal tumorigenesis. 

Helicobacter pylori promotes the chronic gastritis-induced metastasis of CRC. Furthermore, at early 
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stages of CRC infection of H. pylori, bacterial colonisation can cause colonic IEC damage through e.g. 

inflammation mediated by IL-8. Colon inflammatory responses can also be induced by cagA+ virulent 

strains of H. pylori which encode for CagA, the cytotoxin-associated gene A gene, hence leading to 

CRC. The Streptococcus gallolyticus (S. bovis) antigen, such as pilus protein (the pil1 gene) promotes 

COX-2 expression that, along with prostaglandins, induces angiogenesis and cell proliferation, while 

also inhibiting apoptosis, hence stimulating carcinogenesis. TGF-β, transforming growth factor β; IECs, 

intestinal epithelial cells; COX-2, cyclooxygenase-2; TNF-α, tumour necrosis factor α; EPEC, 

enterohemorrhagic E. coli; CDT, cytolethal distending toxin; CNF, cytotoxic necrotizing factors; NK, 

natural killer cells; CIMP, CpG island methylator phenotype; MSI, microsatellite instability; CIN, 

chromosomal instability; MMR, mismatch repair genes; ETBF, enterotoxigenic Bacteroides fragilis; 

BTF, fragilysin; TLR-4, toll-like receptor 4. Adapted from (4). 
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Enterococcus faecalis, a commensal Gram+ facultative anaerobe belongs to the 

Firmicutes phylum and has been linked to CRC due to a high prevalence in patient faecal 

samples (279). E. faecalis produces excessive amounts of free O2∙- via the autoxidation of 

membrane associated demethylmenaquinone, an anaerobic electron transporter, also used 

by E. coli (280). Additionally, both colonic and ileal-derived samples from E. faecalis colonised 

rats detected ∙OH and thiyl radicals (228). These oxidants may be a central source of CIN 

through the involvement of the pro-inflammatory COX-2 pathway, concomitant with sporadic 

adenomatous polyps and CRC. Furthermore, it was shown that E. faecalis-colonised mice 

displayed an increased TGF-β level, hence activating SMAD4/TGF-β signalling, essential in 

regulation of growth and the cell cycle in IECs (281). Increases in immunosuppressive TGF-β 

relates to a loss of TLR-2 production and the inhibition of NF-κB-dependent pro-inflammatory 

signalling in an IL-10-dependant manner. Colonisation of E. faecalis leads to inflammation 

(282), promoting aneuploidy and CIN in primary IECs, a common feature of tumour cells.   

A feature of the TME of CRC patients is bacteria invasion, SGMB, a member of the 

Firmicutes phylum, colonises adenomatous and cancerous tissue in about 20% of CRC 

patients and it is argued that its induction of tumour progression occurs through the COX-2 

pathway (232). Pro-inflammatory mediators IL-1β, COX-2 and IL-8 are elevated in SGMB-

colonised patients relative to control or SGMB- patients. Colonisation and invasion of colon 

tumours by SGMB argues a probable active role in inflammation-based tumour development 

or dissemination through, not exclusively IL-1β, COX-2, and IL-8 (283). This coincides with an 

elevated occurrence of aberrant colonic crypts and the development of polyps in rats. 

Carcinogenic properties of SGMB are also associated with suppressed IEC barrier function. 

The S. gallolyticus pil1 locus encodes for Pil1, a pilus protein which, through its collagen-

binding domain, enhances translocation through paracellular epithelial cells (284). 

Interestingly, this S. gallolyticus subsp gallolyticus translocation does not trigger epithelial IL-

1β and IL-8 responses, hence providing the bacterium with a growth advantage in the TME by 

evading host innate immune responses.     

Metagenomic analyses have revealed associations between Fusobacterium 

nucleatum and CRC development. F. nucleatum, a Gram- anaerobic periodontal pathogen 

(285) of the Fusobacteria phylum (286, 287) is present at elevated concentrations in faecal 

(222, 288–290) and tumour tissue (238, 291–293) samples of CRC patients. F. nucleatum 

leads to the activation of immune responses and an increased level of inflammatory mediators 

(225). F. nucleatum is a prominent biofilm organiser with the ability to adhere to abiotic 

surfaces as well as host and bacterial cells via expression of a set of adhesins, such as FadA 

and Fap2 (294). Biofilm-containing CRC tumours feature enhanced IECs permeability, 

allowing bacterial signals (e.g. lipid A, lipopolysaccharides, flagella, microbial RNA and DNA) 
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to translocate, be recognised by PRRs and activate production of pro-inflammatory agents, 

such as IL-6 (295). The bacterium was found to be enriched at the early, pre-malignant stage 

of carcinogenesis, arguing for a potential role in initiation of tumorigenesis (295), consistent 

with its ability to adhere to epithelial cells and facilitate colonisation of other bacteria, including 

E. coli and B. fragilis. Furthermore, F. nucleatum may serve as a physical scaffold in 

supporting microbial shifts in the colon, modulating dysbiosis, thus promoting neoplasia over 

time.  

Microarray analysis of gene expression in mice has shown induction of TLR-

4/MyD88/NF-κB signalling in CRC tumour cells infected with F. nucleatum, as well as in vitro, 

where it was established that F. nucleatum enhances expression of miR-21 via the same TLR-

4-mediated pathways (225). miR-21 is considered an onco-miR, non-coding microRNA, due 

to its contribution to many cancerous phenotypes across a number of cancers, for example 

promoting cell invasion and growth through the downregulation of PTEN, a tumour suppressor 

(296). Cell invasion, the direct entry of bacteria to the epithelium, can be facilitated by FadA 

through the modulation of the E-cadherin (CDH1) signalling pathway and subsequent 

activation of an array of transcription factors, e.g. NF-κB, T cell factor (TCF), c-MYC, E-

cadherin and cyclin D1 lead to increased colonocyte proliferation (297). Ultimately, FadA is 

responsible for enhanced proliferation of tumour cells and the release of pro-inflammatory 

cytokines mediated by its binding to E-cadherin. F. nucleatum invasion of host cells can be 

achieved through the release of RNA into the host cells which is recognised by a cytoplasmic 

PRR, RIG-1, retinoic acid–inducible gene I, which up-regulates NF-κB signalling and activation 

of inflammation (298). Fap2, another adhesin produced by F. nucleatum binds surface Gal-

GalNAc, a tumour-call disaccharide sugar motif, and helps in localising to tumour cells and 

prevents the killing of its own and these cells by NK cells. Interaction of Fap2 with TIGIT, the 

immune receptor, of NK and T cells, therefore, plays a major immunosuppressive role, 

contributing to cancer cell immune evasion. F. nucleatum promotes myeloid cell differentiation 

and infiltration, of e.g. CD11b+ DCs, macrophages, myeloid-derived suppressor cells and 

neutrophils, increasing the expression of pro-inflammatory genes (287). Other 

immunomodulatory F. nucleatum functions that drive CRC, n-butyrate metabolism via 

unknown mechanisms involving its butyryl-CoA dehydrogenase, can suppress CD4+ T-cell 

activity, hence reducing immunity to pathogen colonisation (288). This argues that F. 

nucleatum infection not only influences the TME, but also has an effect on tumour and hence 

disease progression as a whole. 

 

 



45 
 

 

 

Fig. 8 | Potential roles of specific microbes on influencing cancer hallmarks. Microbial metabolites 

and microbe-host interactions driving tumour hallmarks. LCA, Lithocholic acid; TLR, toll like receptor; 

SCFA, short chain fatty acid; Adapted from (129).  
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2.6 Biofilms and Colorectal Cancer 

Biofilms, a 3D bacterial plaque formed of multiple bacterial layers interlinked with a 

nucleic acid matrix, result from microbial surface adherence and organisation, involving 

communication by way of quorum sensing. Over 50% of CRC patients are positive for biofilms 

of the colonic mucosa, with different prevalence depending upon the site of cancer, right-sided 

(cecum, ascending colon up to the hepatic flexure) (Fig. 9A) being positive significantly more 

frequently (299). It is noteworthy that ~13% of healthy individuals are also colonic biofilm 

positive. The formation of biofilms represents bacterial cooperation for the survival of the 

community rather than the typical survival of the planktonic individual bacterium. This is 

achieved through multiple avenues, for example the physical barrier the biofilm affords 

microbes within the structure against any changing external environment, including drugs, 

limiting their permeability and hence delivery to the bacteria. This platform also gives the 

bacteria greater means for host invasion. Additionally, consistent cell-cell interaction provides 

microbes the opportunity to exchange genetic material, crucial for the dissemination of 

possible virulence and antibiotic resistance determinants, conferring any recipients’ selective 

advantages.  

Bacteria compete within the biofilm due to the cell-cell interactions, via production of 

ROS, toxins and antibiotics, such as novobiocin (299) (Fig. 9B), a non-ribosomally synthesised 

peptide antibiotic targeting DNA gyrase (topoisomerase II), GyrB. This in turn provides stress 

and selective pressures for more resistant species of bacteria and the spread of resistance 

determinants. Moreover, antibiotic penetration is limited due to numerous biofilm matrix 

components being antibiotic targets themselves. For example, antibiotics will target matrix 

polysaccharides, environmental (e)DNA, proteins (including DNA-binding proteins), 

proteoglycans, glycoproteins, lipids and LPS. Early/primary biofilm colonisers (see below) will 

often become persister cells, bacteria which transiently become antibiotic tolerant through 

arresting their growth (300), becoming dormant or quiescent, effectively rendering antibiotic 

targets inactive and hence the antibiotic ineffective. These cells can later regain their activity 

(germinate if sporulation has occurred) once the antibiotic pressure has passed.  

Common early/primary biofilm colonisers include Actinomyces spp. and oral 

Streptococcus spp., however, unlike dental biofilms/plaques, mucosal and luminal biofilms of 

the large intestine harbour a diverse bacterial population. Bacteroidetes predominate, followed 

by Clostridia, Fusobacteria, Beta- and Gammaproteobacteria populations (Fig. 9C) (301). As 

previously stated, common biofilm forming species such as F. nucleatum and others have a 

strong association with CRC and its development, namely through their harbouring of pro-

oncogenic genes (FadA and Fap2 in the case of F. nucleatum). Unsettlingly, introducing 

biofilms with these same members, as identified in humans, induces a cancerous phenotype 
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in healthy mice (302). ETBF as well as oral pathogens, Parvimonas micra, Peptostreptococcus 

stomatis and F. nucleatum all form a cohort of biofilm forming species however, B. fragilis and 

human oral microbes cohabitate tumoral biofilms in only 8% of cases. Spatial separation of 

microbial taxa throughout the colon may also play a role in biofilm formation, e.g. Clostridium 

ramosum is predominantly enriched in right-sided tissue biopsy (216), suggesting potentially 

different functional characteristics of biofilms depending upon taxonomic composition. There 

are however shared functional characteristics predicted though the extrapolation of 16S rRNA 

gene abundance to whole genome content of biofilm enriched species. These include 

peptidoglycan, cytoskeleton protein and peptidase biosynthesis and sporulation, while 

coinciding with a decline in flagellar motility (by e.g. Enterobacteriaceae) (Fig. 9B). Whether 

these and other genomically enriched biofilm features represent regulated processes at the 

level of transcription under CRC conditions is yet to be established. 
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Fig. 9 | Sites and functional characteristics of colorectal cancer biofilms. A. Common sites of 

biofilm formation within the colon of CRC patients, predominantly right sided. B. Genome enrichment 

of functional features in biofilm associated taxa and the contributing taxonomic family or genus. C. DNA-

based proportional composition of tumoral, non-tumoral biofilms and general colonic microbial 

population. Adapted from (299, 301). 
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2.7 Microbial Signals and the Host Epithelial Barrier 

While many enteric bacteria display health-promoting characteristics (140, 303), 

however, some members of the microbiota may be detrimental to host health under altered 

conditions, such as diet, drug treatments and epithelial access. Therefore, it is of critical 

importance for the host to recognise and protect beneficial bacteria and eliminate 

infected/damaged cells and pathogens. All microorganisms are recognised by the immune 

system through sensing conserved microbial structures, such as LPS, lipoproteins, flagella, 

lipid-A alongside DNA and RNA fragments, comprising MAMPs, microbe-associated 

molecular patterns (304). These microbial signatures and endogenous compounds of 

damaged cells (DAMPs) are detected by PRRs (305), which signal an innate immune 

response to tolerate or trigger anti-inflammatory/anti-viral responses (304) by activating 

maturation of antigen presenting cells, such as DCs followed by the corresponding adaptive 

immune response (306). PRRs can be expressed on the membranes of IECs (non-immune 

cells) as well as innate immune cells, e.g. Mφ and DCs (307). Receptors for these ligands 

include TLR, NLR (NOD-like receptors), RLR, retinoic acid-inducible gene I-like receptors 

(RIG-1) and CLRs (C-type lectin receptors) (Fig. 10 and Fig. 11). Under physiological 

anaerobiosis, PRR-sensed beneficial bacteria or self-antigens signal the host immune system 

to release an appropriate level of specific cytokines to maintain tolerance.  

Germline-encoded PRRs require adaptive proteins to prompt a specific immune 

response through activating transcription factors, including AP-1, NF-κB and IFN-γ (308). 

Localisation of PRRs, whether it is the epithelial membrane (TLR-1, 2, 4, 5, 6, and CLRs), the 

endosome (TLR-3, 7/8, 9 and 11), the cytoplasm (NLRs, RLRs or MDA-5, melanoma-

differentiation-associated gene 5) or the mitochondria (the inflammasome NLRPs), reflects 

the molecular patterns of recognition (307). The epithelial cells of the intestine form a 

protective monolayer alongside a mucus layer comprised of mostly modified glycoproteins 

(309), physically separating the gut microbiota from the intestinal tissue.  

Toll-like receptors (TLRs) are members of a superfamily of interleukin-1 receptors 

(TIR), and comprise a transmembrane and extracellular domain, 16-28 hydrophobic LRR 

modules, leucine-rich “LxxLxLxxN” repeats (310) and are involved in binding of PAMPs (311). 

TLRs are situated on the cell surface or intracellular space and are sensitive to fragments of 

microbial unmethylated CpG DNA, viral RNA/DNA and pathogen ligands from bacteria, fungi, 

helminths and protozoa (312, 313). PAMPs activate specific TLRs, which involves 

dimerisation and recruitment of adaptors, instigating downstream signalling and coordinated 

immune responses (Fig. 10). TLR-adaptor interactions through interleukin-1 receptor-

associated kinases (IRAK1, 2 and 4) or IFN regulatory factor 3 (IRF3) trigger NF-κB signalling 

or IFN-γ-mediated anti-viral responses correspondently (314) (Fig. 11). During homeostasis 
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expression of IEC-localised TLRs (TLR-1, 2, and 6) is not generally induced, instead they are 

active basolaterally, TLR-5 is active on the base/side of polarised IECs or in the endosome, 

while TLR-3, 7 and 9 preclude interactions and activation of TLR-5 by PAMPs (307, 315). It 

was shown that such low-level recognition of microbial signatures by IEC-localised TLRs 

enhances protection against damage to the gut epithelium and requires induction of IL-6 and 

the chemokine KC-1 (316).  
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Fig. 10 | 10 human TLRs recognise different ligands and mediate tolerant or inflammatory 

responses via specific adaptors. TLR-2 alongside TLR-6 or TLR-1 distinguishes between the diacyl 

and triacyl lipopeptide molecular patterns, respectively. Viral dsRNAs are recognised by TLR-3, 

triggering type I IFN response. LPS, a signature of pathogens, are recognised by TLR-4 and depending 

upon the ligand can trigger either an anti-viral (IFN-γ) or inflammatory (cytokine-mediated) responses 

using different adaptors. Recognition of ssRNA and imidazoquinolines as well as bacterial and viral 

unmethylated CpG DNA recognised by TLR-7/8 and TLR-9, respectively, inducing IFN-γ responses via 

MyD88 signalling. Bacterial flagellin is recognised by TLR-5. Specific adaptor proteins recognise 

specific TLR to transduce the signal, except TLR-4, which recruits the adapter depending upon the 

origin of the ligand. TLR-1/2 and TLR-2/6 utilise TIRAP/MAL and MyD88 as adapters. TLR-3 employs 

Trif. TLR-4 uses TIRAP/MAL, TRAM, MyD88 and Trif while TLR-11, TLR-9, TLR-7/8 and TLR-5 use 

solely MyD88. Inflammatory responses are MyD88-dependent, while type I IFN responses are mainly 

mediated by Trif. Type I IFN signalling in a MyD88-dependent manner in plasmacytoid (p)DCs are 

prompted by TLR-7/8 and TLR-9 upon recognition of viral nucleic acids. Adapted from (308).  
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Activation and expression of TLRs strictly depends upon the nature of the ligand of 

specific microbes (Fig. 10). Liporpoteins/lipopetides which are always produced by pathogens, 

bacteria, including Mycoplasma (a bacterial genus of the phylum Mycoplasmatota (formerly 

Tenericutes) that lacks a cell wall), viruses as well as zymosan, a yeast glucan are recognised 

by a heterodimeric complex of TLR-2 with TLR-1 or TLR-6 (317, 318). Liporpotein/lipopetide-

activated TLR-2/1 and TLR-2/6 induces NF-κB signalling, inflammasome assembly and 

promotes apoptosis of monocytes while activating phagocytosis of Mφ in response to 

peptidoglycans of yeast and Gram+ bacteria (319), hence ensuring early recognition of the 

pathogen invasion and shaping the downstream immune response. While TLR-2-mediated 

pro-inflammatory responses are important for controlling microbial infection and clearing 

pathogens (320, 321) disproportional/excessive immune responses via TLR-2 can contribute 

to disease progression and tissue damage (322, 323). Upon activation by viral dsRNA present 

in the host cells during replication, TLR-3 signalling is actioned by the recruitment of the TRIF 

adaptor, which stimulates conserved signalling pathways. Subsequently, this up-regulates 

transcription factors NF-κB, activating protein 1 (AP-1) (324, 325) and interferon regulated 

genes through binding IRAK kinases (313, 326). LPS of Gram- bacteria induce TLR-4 

mediated NF-κB signal transduction (327). Interestingly, unlike any other TLRs, TLR-4 can 

elicit two independent signalling pathways through the recruitments of four different adaptors. 

Utilisation of TIRAP/MyD88 would generally control inflammatory responses, regulating IECs 

proliferation and apoptosis through activating COX-2 (328). Some TLR-4 ligands can activate 

MyD88-independent signalling of TLR-4, through recruitment of the TRAF3 and IRF3 

adaptors, activating a type I interferon response (329).  

Colonisation of some bacteria, e.g. commensal E. coli or Salmonella involves 

expression of flagellin, which is polymerised to form a flagellum. The host immune system 

recognises flagellin of flagellated microbes through TLR-5. Ligation of IEC TLR-5 to flagellin 

has a cyto-protective role (330). However, if the GI barrier is compromised, flagellated bacteria 

can be pathogenic, activating basolateral TLR-5, inducing pro-inflammatory cytokine TNF-α 

(331). Furthermore, Salmonella flagellin-induced TLR-5 can activate pro-apoptotic pathways, 

such as caspase-8, signifying a role of programmed cell death in controlling enteric infections. 

TLR-7/8 recognises viral ssRNA (e.g. vesicular stomatitis and influenza viruses) and induces 

IFN-α signalling through activation of pDCs and Mφs (332) by way of MyD88 (333).  

Bacteria can be sensed by the immune system through their DNA (which features 

unmethylated CpG islands), inducing a strong polarisation of Th1 cells by activated DCs (334). 

Contrary to the bacterial genome, host DNA has a lower prevalence of CpG sequences, which 

are generally methylated and recognised by immune cells as self-antigens (335), hence 

displaying a non-immune stimulatory phenotype, namely immune tolerance. Bacterial CpG 
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dinucleotides are recognised by TLR-9 in the endosomes, triggering MyD88-mediated 

induction of NF-κB signalling, and IL-8 production (336).  
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Fig. 11 | Signalling pathways triggered by PRRs upon activation. Microbial patterns are ligands for 

NLR, TLR and RLR members and prompt signalling pathways within the gut epithelium. Epithelial 

MAMPs and DAMPs activate signalling pathways through TLRs and RLRs. MAMPs, including MDP 

(muramyl dipeptide), which is found in the PG of both Gram- and Gram+ bacteria and are also 

recognised by NLRs. NOD-1 and NOD-2 interact with RIP-2 via recognising caspase recruitment 

domains (CARD-CARD), stimulates TRAF-6, which subsequently recognises TAK-1, triggering NF-κB 

and MAPK. TLRs, TLR-1, 2 and 4, bind the MyD88 adapter which binds IRAK-1, 2, and 4 to activate 

pro-inflammatory NF-κB. RLRs can recognise viral RNA, releasing IFN-β, and which also activates NF-

κB. Upon disruption, due to damage or pathogen invasion, the resulting chronic inflammation may lead 

to carcinogenic lesions. NLR, Nod-like receptor; TLR, toll-like receptor; RLR, retinoic acid-inducible 

gene I-like receptor; RIP-2, receptor-interacting protein 2. Adapted from (4). 
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Damaged IECs require a robust mechanism of self-destruction to prevent triggering an 

immune response. This involves self-DNA and RNA utilisation and avoidance, encoding of 

endogenous nucleases and compartmentalised and specialised innate PRRs (337). These 

features can occasionally be recognised by the immune system. If damaged epithelial cells 

release self-antigens (undigested DNA/RNA) this triggers the secretion of antibodies, 

underpinning autoimmune disorders (338). Hence, it is important to distinguish self-products 

of controlled degradation (apoptosis) or damage from similar molecular patterns of microbiota.  

If colonic epithelial cells are infected (termed invasion) with pathogens and/or microbes 

that passed through the mucus barrier and interact with the epithelial membrane, PAMPs can 

be translocated to the cellular cytoplasm. Once PAMPs reach the intracellular compartment 

of IECs they are recognised by a cytoplasmic detection mechanism which is mediated by 

another set of receptors, termed nod-like receptors, NLRs initiating the intracellular defence 

response. The NLR-mediated cytoplasmic defence is likely involved in host immune defence 

wherever TLRs or their adaptors (e.g. MyD88) are minimally expressed or lacking entirely 

(339, 340). Intracellular signalling in response to cytoplasmic PAMPs and endogenous tissue 

damage products, DAMPs, is mediated by 23 NLR genes in human (341). NLRs detect 

cytosolic bacterial peptidoglycan (PG, a motif characteristic of γ-Proteobacteria) of invasive 

Shigella flexneri (342), E. coli, Pseudomonas aeruginosa or non-invasive H. pylori bacteria. 

Recognition of signals by NLR initiates a number of cellular defence mechanisms, including 

NF-κB, AP-1, type I IFN and inflammatory caspases (343). 

NLRs are comprised of a central oligomerisation domain, a C-terminal LRR domain, 

NODs, within the family of NLRs, contain an N-terminal effector domain with caspase 

recruitment domains (CARDs), which is important for the function of inflammasomes, and 

NLRPs contain a pyrin domain which aids in the identification of flagellin in the cytosol through 

formation of inflammasomes (341). NOD-1, ubiquitously expressed in all adult tissues, 

recognises a dipeptide, γ-D-meso-DAP, iE-DAP and a tripeptide signature GlcNAc-MurNAc 

found in Gram- (SFB, Bacteroides spp., Clostridiales and Enterobacteriaceae) bacterial 

peptidoglycan (344). NOD-2 is expressed in a variety of cells, DCs, Mφs, Paneth, and 

epithelial cells, in response to recognition of bacterial PG degradation products and 

muropeptides, e.g. muramyl dipeptide (MDP), the common peptidoglycan motif of all bacteria 

(345). NOD-2 is important in maintaining bacterial tolerance of IECs and controls mucosal 

colonisation by specific bacteria, mutations in the NOD-2 gene (e.g. L1007fsinsC) leads to 

increased Bacteroidaceae mucosal localisation (346). Consistent with this, NOD-2 activation 

is required for expression of AMPs and defensisns in Paneth cells (347). Hence, NOD-2 

appears to be a general sensor for both Gram+ and Gram- bacteria and is important for 

prevention of pathogen localisation and thus, dysbiosis. MDP-bound NODs are localised to 
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the plasma membrane and activate pro-inflammatory immune responses (NF-κB and MAPK) 

through recruitment of receptor-interacting proteins (e.g. RIP-2). For example, in response to 

Listeria monocytogenes IL‐6, TNF, and IL‐1β cytokine expression is induced, but in particular 

IL‐8, in both monocytes and DCs, whereas the NOD-1 ligand appears to be less potent (348). 

Mutations in NOD2 that result in the lack of recognition of MDP (3020insC, G908R, R702W, 

and L1007fsinsC) have been shown to be associated with auto-inflammatory Crohn's disease 

(349, 350). This implies that a lack of bacterial sensing through the loss of interaction between 

mutant NOD-2 and MDP contributes to the pathology of disease.  

NOD-1 and NOD-2 modulate the activity of proteins that inhibit apoptosis, such as 

cIAP1 and cIAP2 (cellular inhibitor of apoptosis proteins containing C-terminal RING-finger 

domains with E3 ligase activity) (351). cIAP1 or cIAP2 binds and ubiquitinate RIP-2, adding 

K63-linked ubiquitin units to the kinase protein, ubiquitinated RIP-2 binds and activates TAK-

1 (TGF-β-associated kinase 1) (352). Kinase actions of TAK-1 stimulates both MKK and IKKγ, 

which results in NF-κB and MAPK translocation to the nucleus, triggering upregulation of pro-

inflammatory and defensin gene transcription, thereby mediating antibacterial effects. Viral 

ssRNAs can also be sensed by NOD-2, activating a mitochondrial antiviral membrane 

signalling protein (MAVS) (353) leading to dimerisation and activation of IRF-3 which induces 

the IFN-β response (354) as NOD2-deficient mice are highly susceptible to viral infections 

(355). Double knockout of NOD-1 and 2 in mice decreased expression of E-cadherin, causing 

increased gut permeability and impaired antimicrobial function (356). NLRPs are important for 

tissue damage repair through the production of IL-18 and block the expression of IL-22BP, 

mediating the activity of Th17 cells as discussed above (Fig. 6B).  

TLR-3, 7/8 and 9 which recognise viral and bacterial nucleic acids in the endosomes 

cannot detect viral dsRNAs, a signature of actively replicating viruses. Two cytoplasmic RLRs, 

RIG-I (retinoic acid inducible gene I) (357) and MDA-5  (358) mediate dsRNA-induced antiviral 

responses. They promote phosphorylation and activation of IRF-3 followed by the induction of 

the IFN-β antiviral defence (359). RIG-I and MDA-5 contain CARD-like structures that are 

required for signalling. Similar to NOD-2-ssRNA signalling, CARDs interact with a 

mitochondrial adapter MAVS and initiate intracellular signalling pathways through IRF-3 to NF-

κB and AP-1 via TBK-1/IKKi, IKKα/IKKβ and MAPKs, respectively. While RIG-5 targets 5’-

triphosphate of dsRNA <1 kb, MDA-5 recognises dsRNA longer than 2 kb, ensuring that 

different lengths of replication products can be detected by host defence mechanisms. dsDNA 

derived from pathogens or apoptotic cells are degraded by the Mφs phagosome through the 

activity of DNase II, a primary lysosomal DNase (360). If phagosomes fail to clear DNA, Mφs 

will induce IFN-β, resulting in a TLR-9 independent inflammatory response (361) and evoke 

IFNs signalling in pDCs independently of TLRs (362). dsDNA activated IRF-3 and the Ifnb 
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promoter is recognised by through IKKi and TBK-1 but not RIG-1 or TLR-9. Intracellular viral 

dsDNA and possibly RNA can be recognised by a nucleic acid binding protein HMGB-1, high-

mobility group box. HMGB1-3 serve as initial sensors of dsDNA in the cytoplasm and activate 

the type-I interferon response via IRF-3 and IRF-7 (363). Depletion of all three HMGBs impairs 

induction of TLR-9, TLR-7/8 and TLR-3 by their nucleic acid antigens. Alternatively, 

immunogenic dsDNA can be transcribed by RNA Polymerase III into dsRNA which in turn is 

recognised by cytoplasmic RIG-I/MAD-5 receptors, inducing type I IFN signalling. These data 

become relevant to CRC as recent studies have found that the intestinal virome specifically 

concerning bacteriophages are enriched and more diverse during disease and associated with 

a decreased diversity of bacteria within the gut. Not only is this process of viral expansion 

correlated with CRC progression from early to late stages, but this enrichment also has a 

distinct negative effect on patient prognoses. This may be due to bacteriophages influencing 

the behaviour of tumour cells through either altering the characteristics of specific species or 

the composition of gut bacteria as a whole, thus affecting bacterial invasiveness, and 

ultimately tumour progression (364). 

Other constituents of the gut microbiota are fungi, while their metabolic contribution to 

the host may be minimal, there are potentially pathogenic fungi present, which may take 

advantage of a susceptible immune system (365). CLRs, C-type lectin receptors recognise 

carbohydrates on microorganism surfaces such as β-glucans present on fungi (366). Dectin-

1 and -2 are immune-receptors, which are responsible for activating DCs to instruct T cells to 

confer protective immunity with respect to e.g. Candida albicans, an opportunistic pathogenic 

yeast, and a common member of the human gut microbiota. The Mφ and phagocytic Mincle 

(Clec4e and Clecsf9) C-type lectin receptors recognise colonisation and infection by 

pathogenic fungi such as Malassezia (via sensing alpha-mannosyl residues) as well as C. 

albicans (367) along with some self-ligands. These fungal signalling pathways induce Th17 

responses and the induction of pro-inflammatory cytokines, such as IL-6 and TNF (367). 

Therefore, elevated fungal levels within the GI lumen may affect the inflammatory state 

alongside bacterial dysbiosis-associated inflammation, contributing to inflammation-mediated 

disease e.g. IBD and ultimately CRC.   

2.8 Microbiota-Host Gastrointestinal Metabolism 

The composition and activity of gut microbiota co-evolved with the host and is subject 

to diverse interactions that depend upon the host genome, nutrition and environment. The gut 

microbiota are critical for host homeostasis, underpinning collaborative host-microbiota 

metabolic, signalling, and immune-dependent inflammatory processes. The mechanisms by 

which host-microbe driven homeostasis and disease are determined involve a number of 

specific responses of the host epithelium to the availability of bacterial metabolites. The 
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microbes are capable of generating metabolites linked to disease, or beneficial compounds 

which can protect against disease in a concentration-dependent manner, such as e.g. SCFAs 

(368). However, even “health promoting” metabolites can be harmful at too high or low levels. 

Homeostasis of the human colonic epithelium in turn provides the microbiota with a stable 

environment. Recent data have shown that changes in the composition of the gut microbiota 

are associated with a number of diseases while the metabolic state of the epithelial cells 

dictates the overall microbial configuration both taxonomically and metabolically (369). 

However, it is this symbiotic relationship and its importance in dictating human health that 

drives our need to understand the mechanisms involved in their maintenance, and the factors 

that may disrupt them individually or collectively ultimately dictating the health status of an 

individual.  

2.9 SCFA in the Intestinal Mucosa 

SCFAs, mainly referring to n-butyrate, propionate and acetate, are key bacterial-

derived metabolites, which are integral to human health as immune and metabolic mediators. 

n-Butyrate is the major energy currency for GI microbiota and colonocytes while propionate is 

mostly metabolised by the liver and acetate is transferred into the peripheral blood (370). They 

are also known to be anti-inflammatory by supressing NF-κB signalling (371), possessing anti-

oncogenic properties (372), regulating gut barrier functions through tight junction integrity 

(373), mediating permeability of the epithelium and mucus production, hence protecting the 

colon against pathogen colonisation and influencing bacterial adherence (374). Luminal pH is 

lowered by production of SCFAs and this environmental factor alone can limit pathogenic 

colonisation as well as increase the absorption of dietary compounds (375). SCFAs are also 

implicated in immunomodulation and epigenetic functions through signalling via interaction 

with G-coupled receptor proteins, GCPRs (GPR109A, GPR41 and GPR43) activating anti-

inflammatory responses (376, 377) and intracellular inhibition of histone deacetylation in a 

concentration-dependent manner (e.g. HDAC9) (378) in order to modulate immunological 

signalling cascades. Absorption of SCFAs is facilitated by transporters such as SLC16A1, the 

gene encoding MCT1, the proton-coupled mono-carboxylate transporter-1, and SLC5A8, 

encoding SMCT1, the Na+-coupled mono-carboxylate transporter-1, promoting cellular 

metabolism (379, 380).  

SCFAs, mainly n-butyrate, that are not absorbed within the intestine will be transported 

to the liver where they are metabolised and stored (182). SCFAs serve as substrates in 

carbohydrate and lipid metabolism, propionate is the primary substrate in gluconeogenesis 

with n-butyrate and acetate primarily involved in biosynthesis of lipids. An increase in n-

butyrate has also been shown to decrease the incidence, with high fat diets (HFD), of obesity 

and insulin resistance in animal models (381). The protective effect of SCFAs against HFD-
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induced metabolic shifts appears to depend upon peroxisome proliferator-activated receptor 

gamma (PPAR-γ), the intracellular butyrate sensor, down-regulation of which promotes a 

change from synthesis to oxidation of lipids (382). Signalling pathway activation mediated 

through protein kinases such as AMP-activated protein kinase or mitogen-activated protein 

kinases (MAPK) are commonly observed during these shifts in metabolism. The anti-

inflammatory actions of n-butyrate work through signalling for the production of p25 and p72, 

cytoprotective heat-shock proteins acting to supress pro-inflammatory MAPK and NF-κB 

(383). Propionate and n-butyrate have also been shown to be involved in central nervous 

system (CNS) signalling through the induction of hormone synthesis and therefore reducing 

food intake (384), while acetate can interact with the CNS to reduce appetite (385). Therefore, 

not only can SCFA availability have profound implications for human metabolism directly but 

also for modulating behaviours in order to regulate consumption of dietary substrates like 

NDCs, non-digestible carbohydrates (described below). 

SCFAs provide a protective environment against CRC in a dose-dependent manner, 

with most studies focussing on n-butyrate, the major energy source for the colon (386, 387). 

β-Oxidation of n-butyrate by the mitochondria consumes more than 70% of available O2, thus 

promoting an anaerobic colonic environment which selects for the growth of health-promoting 

anaerobes in the gut (388), many of which aid in the prevention of CRC. Cancerous 

colonocytes undergo metabolic transformation, including enhanced anaerobic glycolysis, 

termed the Warburg effect (389) (characterised by increased glucose uptake and fermentation 

of glucose to lactate (390), causing an increase in O2 due to its low consumption and 

acidification of the gut). This phenomenon leads to the accumulation of n-butyrate in the 

nucleus, increasing inhibition of histone deacetylation, causing cancerous colonocyte 

apoptosis. It has recently been shown that n-butyrate, secreted by Holdemanella biformis in 

vitro, can exert an anti-proliferative effect on human tumour-cells without compromising their 

viability, in a dose-dependent manner, 1-2mM (391). n-Butyrate blocks proliferation by 

enhancing histone H3 acetylation (H3K27ac), confirming its inhibition of histone deacetylase 

activity. This in turn led to downregulation of calcineurin, hence repressing NFATc3 (nuclear 

factor of activated T cells cytoplasmic-3) activation. While these data shows anti-tumorigenic 

properties of pure H. biformis cultures, it is not known whether this or other butyrate-producing 

bacteria can produce sufficient SCFAs in the gut and if this efficacy is mediated by the activities 

of other microbial species. In immune cells, n-butyrate and propionate but not acetate through 

inhibiting deacetylation of histones induce CD4+ Treg (Foxp3+) cell differentiation, exposure of 

DCs to these SCFAs triggers Foxp3 and IL-10 expression, aiding in the control of GI 

inflammation (Fig. 12) (167, 392). Enhanced acetylation of H3 histone in the promoter at the 

Foxp3 locus in a n-butyrate-dependent manner promotes expression of the Foxp3 gene (168), 
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as described above. Levels of mucosal and faecal SCFAs have been found to be reduced in 

patients with inflammatory bowel diseases, UC and CD (393, 394). Therefore, chronic 

inflammatory responses that underpin some GI diseases may be caused by SCFA deficiencies 

brought about by or causing dysbiosis (395–398). 
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Fig. 12 | SCFAs, major bacterial-derived fermentation products. Luminal n-butyrate, propionate and 

acetate are sensed by the epithelial surface and immune cells, Mφs, neutrophils and possibly T cells 

(not shown) G protein-coupled receptors, GPR109A (butyrate), GPR41 (propionate) and GPR43 

(propionate, acetate and to a lesser extent for n-butyrate) (392). n-Butyrate and propionate inhibits 

HDACs, leading to histone hyper-acetylation, apoptosis of CRC cells and prevention of the NF-κB 

nuclear localisation. Activation of SCFA receptors and inhibition of HDAC-9 exerts anti-inflammatory 

effects via enhancing polarisation of colonic CD4+FoxP3+Treg cells and production of anti-inflammatory 

IL-10 and TGF-β as well. SCFA-dependent activation of inflammasomes triggers secretion of IL-18, 

hence promoting production of AMPs and boosting the epithelial barrier function. GPR109A on mucosal 

CD103+DCs upon engagement with n-butyrate controls expression of the retinal gene Aldh1a2, 

encoding for RALDH2 dehydrogenase, the tolerogenic acid-producing enzyme resulting in 

differentiation of CD4+T cells into FoxP3-producing Tregs (399). Acetate-dependent activation of GPR43 

on DCs also stimulates production of retinoic acid, which induces production of sIgA by B cells (398). 

n-Butyrate promotes the epithelial barrier function through up-regulation of muc2 and muc3 genes 

expression by Goblet cells, increasing mucus production, as well as depletion of intracellular O2 (due 

to a high level of oxygen consumption by β-oxidation) and activation of HIF-1, stimulating TJ function. 

Adapted from (400).    
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2.10 Gastrointestinal Environment, Diet and Bacterial SCFA production 

The environment of the colon itself has a profound effect on the native microbial 

populations, influencing bacterial selection through pressures such as pH, intraluminal gasses 

O2 and N2 and dietary components forming an ideal anaerobic environment for the breakdown 

of complex dietary fibres. Selecting for the growth or reduction of SCFA-producing bacteria 

upon environmental pressures may cause shifts in the microbial population that alters the 

levels of SCFAs (401). Therefore, environmental factors through modulating the microbial 

community composition may influence its capacity for carbohydrate fermentation, affecting 

energy harvesting and storage. Gut pH plays a major role in this bacterial selection, for 

example, mildly acidic pH (~5.5) was shown to inhibit growth of Bacteroides spp. and E. coli 

relative to Actinobacteria and Firmicutes in the presence of SCFAs (33 mM acetate, 9 mM 

propionate and 1 mM of iso-valerate, valerate and iso-butyrate) due to the lack of tolerance of 

Bacteroides spp. to SCFAs at pH 5.5 (402, 403). Shifts such as these enhance n-butyrate 

production while curtailing propionate when compared to pH 6.5-6.8. Bacteria which utilise the 

butyryl-CoA:acetate CoA-transferase route, n-butyrate production and acetate consumption 

increase at a mildly acidic pH when compared to pH ~6.7 (404). It is worthy of note that 

Roseburia spp. and F. prausnitzii, major n-butyrate producers, do not consume acetate, while 

n-butyrate production typically requires acetate consumption (405). Ultimately, acidic pH 

(~5.5) leads to an increase in acetate consumption and n-butyrate production, hence 

maintaining gut homeostasis while near neutral pH (~6.7) displays the inverse outcome. This 

shows the importance of pH to the GI environment in modulating the SCFA metabolism 

capacity of the microbiota.  

O2 levels within the healthy colon are minimal due to high oxygen consumption via host 

mitochondrial oxidative phosphorylation during energy production, this strictly anaerobic 

environment maintains the selection of Bacteroides and Clostridia, thus sustaining an n-

butyrate-producing population (406). This is consistent with antibiotic-induced oxygenation 

leading to expansion of opportunistic pathogens, E. coli and Salmonella and supressing the 

growth of SCFA-producing bacteria (407). Depletion of SCFAs therefore decreases activities 

of SCFA receptors, GCPRs, silences PPAR-γ signalling and reduces the Treg cell population, 

hence promoting inflammation of the colon (408, 409). Increases in Enterobacteriaceae 

populations are associated with reduced n-butyrate/PPAR-γ signalling, promoting an aerobic 

environment (increasing aerobic bacteria e.g. Salmonella typhimurium) and increasing iNOS, 

inducible nitric oxide synthase, and nitrate levels further favouring Enterobacteriaceae 

expansion which in turn enhancing the colonial level of O2 (407, 410).  
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2.11 SCFA Signalling and Transport in the Intestinal Mucosa 

Propionate, n-butyrate and acetate all exert beneficial effects on the host by interacting 

with colonocytes and immune cells. They regulate their own absorption, intracellularly or 

extracellularly via inhibition of histone deacetylases (HDACs) and SCFA-specific GCPRs. 

SCFAs activate signalling pathways through at least three different G protein-coupled 

receptors, GPR109A (hydroxycarboxylic acid receptor 2, HCAR2), GPR43 (free fatty acid 

receptor 2, FFAR2) and GPR41 (free fatty acid receptor 3, FFAR3) found on many host cells, 

including colonocytes and immune cells (Fig. 12 and Fig. 13). GPR43-mediated repression of 

inflammation occurs through activation of FFAR2-expressing neutrophils which supress 

expression of inflammatory receptors, CXCR2 and C5aR (411). GPR43 may be activated by 

propionate and acetate at an effective half-maximal concentration (EC50) of 50-200 μM, while 

propionate can activate GPR41 at an EC50 of only 10 μM. As these concentrations are found 

to be maintained during homeostasis, it is likely that both GPR43 and GPR41 are constitutively 

activated. GPR109A engages with n-butyrate, however, is less potent relative to acetate and 

propionate, responding to a concentration of ~1 mM, this concentration is only located within 

terminal ileum lumen and throughout the colon. MCT1 (SLC16A1), the primary transporter for 

n-butyrate uptake and MCT4 (SLC16A3), another H+-coupled low-affinity monocarboxylate 

(e.g. lactate and pyruvate) transporter, are expressed in the apical and basolateral 

membranes of the colonic epithelium (412, 413). SMCT1 (SLC5A8) and SMCT2 (SLC5A12), 

Na+-coupled monocarboxylate transporters are expressed exclusively in the apical 

membrane, in the crypts of proximal and distal colonocytes (414).  

An anion-exchange mechanism of SCFA entry in anionic forms coupled to bicarbonate 

efflux is an alternate pathway of absorption in this membrane. All mechanisms of entry are 

regulated through the substrate themselves, making SCFAs key signalling molecules for their 

own translocation. For example, n-butyrate enhances transcription of MCT1, increasing its 

abundance and the SCFAs transport. Interestingly, the microbiota appear to modulate n-

butyrate uptake by regulating transporter availability, E. coli-dependent endocytosis is 

attenuated by Lactobacilli acidophilus, enhancing MCT1 function (415). In UC and CRC, it has 

been observed that the expression of SCFA transporters is significantly altered. Specifically, 

the carcinogenic effects occur through promoter methylation and transcriptional modulation 

via p53 and HIF-1α (416). The promoter of MCT1 for example contains binding sites for 

various pro-inflammatory transcription factors, NF-κB (MAPK), AP-1 and AP-2, Sp1, USF, 

TCF/LEF and c-MYC, thus potentially reduces the IECs ability to uptake beneficial bacterial-

derived metabolites (417–420). Enhanced expression of SLC16A1 coincides with the 

induction of IL-8, TNF-α and IFN-γ expression, suggesting that inflammation can influence the 

expression of the n-butyrate transporter MCT1. Similar to SCFA-mediated transporter 



64 
 

expression, epithelial GPR109A and GPR43 production in both human and murine intestinal 

mucosa is intrinsically correlated with colonic bacterial production of metabolites (421–423). 

These findings suggest that expression of these receptors is mediated by their respective 

substrates. Since GPR109A levels reduce in GF mice and are restored upon bacterial 

recolonisation, this argues that a decrease in SCFA levels resulting from deficiency in 

carbohydrate-fermenting bacteria causes down-regulation of SCFA-sensitive GCPRs. 

However, mucosal FFAR3 and FFAR2 mRNA levels (respectively encoding GPR41 and 

GPR43) were shown to be consistent irrespective of diet (424), suggesting expression of its 

metabolite-sensing receptors genes are not regulated by dietary fibre in these animals. 

Bacteria-produced SCFAs are essential in maintaining colonic homeostasis, via regulating 

GCPRs and transporters as well as certain immune functions, their regulation is critical in 

determining colonic function and therefore in human health and disease.  
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Fig. 13 | Microbial SCFAs are important for controlling inflammation and homeostasis. Within the 

distal colon, SCFAs are transported into cells by either passive (diffusion) or active (SLC5A8-mediated) 

mechanisms, serving as energy sources or an epigenetic regulator of HDACs, histone deacetylases. 

Propionate or acetate within the gut lumen via GPR43 and GPR41 releases GLP-1 and PYY, influencing 

transit. GPR109A senses luminal n-butyrate and mediates anti-inflammatory properties and inhibition 

of HDACs. Moreover, IGN can convert propionate to glucose, causing satiety (feeling of fullness) and 

reduction in glucose production by the liver. SCFAs can also act by stimulating secretory and activity 

motility, or stimulate Lamina propria immune cells, to produce anti-inflammatory signals and reduce 

tumorigenesis. PYY, peptide YY; GLP-1, glucagon like peptide-1; IGN, intestinal gluconeogenesis. 

Adapted from (425). 
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2.12 SCFA Regulation of Intestinal Barrier Function  

SCFAs hold many crucial roles within the gastrointestinal tract, regulating intestinal 

barrier function is fundamental being the first line of defence of the innate immune system, 

separating bacteria from the mucosa and protecting against pathogen colonisation, thus 

minimising inflammatory responses. The GI tract has a single epithelial cell layer containing 

Goblet cells (Fig. 12) responsible for the secretion of mucin, charged glycoproteins which form 

mucus, a physical barrier between microorganisms and the epithelium (426). The mucus 

through its viscosity traps microbes and their products, restricting contact to the epithelium 

itself. The mucus inner layer is a scaffold for biomolecules, secretory IgA (produced by plasma 

cells) and AMPs (produced by Paneth cells), hence restricting bacterial adhesion to epithelium 

(Fig. 6A) (427). Tight junctions, responsible for the networking of colonocytes, govern the 

movement of water, nutrients and ions, while restricting the access of pathogens to the 

epithelium, thus controlling permeability of the intestinal mucosal barrier, cell polarity and 

maintaining homeostasis (32). Therefore, the mucus and epithelial integrity must be 

maintained at a high level with sufficient mucus and tightly interconnected colonocytes. 

Transmembrane proteins, such as occludin, claudin-1 and claudin-4 make up TJs and are 

responsible for forming a paracellular barrier via the sealing of intercellular spaces, and plaque 

proteins e.g. ZO-1/TJP1 situated intracellularly form an anchor point for transmembrane 

proteins (373). n-Butyrate at a low concentration of 2 mM has been shown to significantly 

improve intestinal barrier function of Caco-2 epithelial cells through decreasing permeability, 

however at higher concentration (8 mM) impairs barrier function, inhibits proliferation and 

promotes apoptosis (368).  

Changes in the thickness or permeability of the mucus layer (428) can lead to 

inflammation due to direct contact between microbiota and epithelium as has been observed 

in Muc2- mice (429). GF mice when compared to conventionally raised mice have easily 

penetrable mucus in their large intestine which can be restored by transplantation of healthy 

gut microbes, arguing the barrier function is directly regulated by the GI microbiota (33). 

Although the majority of bacteria metabolise NDCs, some microbes, e.g. propionate producer 

Akkermansia muciniphila can metabolise mucin glycans as their source of energy (303) or 

modify (Peptostreptococcus russellii) it to enhance epithelial protection (430). Facultative 

anaerobe Lactobacillus rhamnosus promotes IEC renewal, hence promoting wound healing 

(157) and Lactobacillus plantarum are also implicated in enhancing IEC integrity (158, 431). 

The level of the mucus layer is modulated by the GI microbiota through exposure to bacterial 

peptidoglycan or lipopolysaccharides. Commensal species, such as Bacteroides 

thetaiotaomicron and F. prausnitzii coordinate mucus glycan production (189). Lactobacillus 

casei, Ruminococcus gnavus, and B. thetaiotaomicron are important for mucin expression, 
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remodelling its glycosylation and galactosylation via modulating the expression of modification 

genes (153, 155). Fucosylation of mucin and increased production of Goblet cells which is 

modulated by Peptostreptococcus russellii supresses inflammation through protecting from 

colitis induced by dextran sodium sulphate (DSS) (430). Additionally, colonised Clostridia 

promote differentiation of Treg cells, hence can suppress inflammation, however, this is 

achieved through a yet unknown mechanism (432). Hence, epithelial homeostasis is 

maintained by the gut microbiota through supressing inflammation and mediating the ability of 

commensals and pathogens to adhere and colonise the colon.  

The microbiota-driven increase in acetate production and consumption which occurs 

as a consequence of a HFD may modulate a microbiota-parasympathetic nervous system 

(PSNS) feedback loop, promoting hyperphagia (increased appetite) due to an increase in 

ghrelin (hormone controlling hunger and stimulating fat storage) secretion, and increased 

energy storage (433). The loci of SCFA-stimulus appear vital for the outcome of these SCFA-

mediated feedback effects (434, 435), this argues a need for further investigation into the 

specific activity of SCFA-producing bacteria at the community level and how they influence 

energy usage and storage in obesity, a risk factor for CRC.   

2.13 Host-Bacteria Quorum Sensing Signals 

Trillions of microbes within the GI tract reside in a dynamic, highly dense and complex 

community (436). Such a high cell density environment allows bacteria to coordinate their 

behaviour, including forming fruiting bodies or spores, genetic competence (437), production 

of virulence factors, biofilm formation and secondary metabolites, facilitating colonisation and 

invasion of the host (438, 439). Like mammalian cells which use hormones and cytokines to 

communicate to each other, bacteria also regulate their cell-cell communication, termed 

quorum sensing (QS), through production of, auto-inducers the concentration of which 

depends on cell density, inducing group-wise chemotaxis. QS regulatory mechanisms are 

widespread in bacteria and may act as anti-immune mediators of host-bacteria interactions 

(440). 

Production of auto-inducers by a bacterial population starts with synthesis at a low 

concentration by a small subpopulation. Those bacteria which sensed these signalling 

molecules also started producing their auto-inducers, gradually increasing its concentration 

within the community. Once a threshold is reached, inducers interact with the bacterial 

receptors, triggering a coordinated, community-wide alteration in gene expression. Gram- 

quorum sensing bacteria (e.g. Pseudomonas aeruginosa) utilise acylated homoserine 

lactones (AHL, long- and middle-chain fatty acids) as ligands for partner receptors, 

transmembrane cytoplasmic transcription factors and two-component His-sensor kinases 
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(441). Gram+ (e.g. Bacillus subtilis) use modified oligo-peptides as signals to interact with the 

cognate receptor, transmembrane two-component His-sensor kinases (442). Direct interaction 

of auto-inducers with receptors often triggers expression of the auto-inducer synthase which 

in turn enhances the concentration of the signal as microbes are transformed by QS, 

promoting synchronisation of bacterial behaviours across the community (443).  

QS auto-inducers often display immunosuppressive properties in order to evade host 

immune responses. P. aeruginosa-derived AHL (3O-C12-HSL) appears to selectively 

deregulate NF-κB signalling through preventing activation of NF-κB-dependent inflammatory 

cytokines (e.g. IL-6) expression in macrophages (444). AHLs can promote chemotaxis in 

neutrophils, facilitating the localisation of inflammatory cells (e.g. neutrophils and Mφs) to 

infection sites (445). Gram+ bacteria-produced QS signals have been shown to reduce 

intestinal inflammation by stimulating protein kinase B (Akt) and p38 MAPK survival pathways 

in host IECs (446). Bacillus subtilis produce competence and sporulation factor (CSF), a QS 

signal which induces anti-inflammatory IL-10 while repressing the secretion of IL-4, IL-6 and 

CXCL-1, pro-inflammatory agents in Caco-2 cells. Furthermore, CSF can induce HSPs that 

are critical for protecting IECs against oxidative stress, hence maintaining barrier function. 

Therefore, due to these anti-inflammatory properties, B. subtilis-produced CSF may represent 

a potential therapeutic target for controlling intestinal barrier function and inflammation. Gut-

residing non-pathogenic E. coli can produce auto-inducer 2 (AI-2), a QS signal which 

upregulates the expression of IL-8 in human HCT-8 cells, is important for attracting neutrophils 

(447). This global-transcriptome study of bacterial-epithelial cell interactions revealed that 

secreted bacterial small QS signals from non-pathogenic microbes are critical for host-bacteria 

communication. This promotes activation of immune-related pathways that potentially interfere 

with the host immune response. For an effective immune response to occur TGF-β-dependent 

mucosal CD103+ DCs-mediated generation of Foxp3+ Treg cells is required for adaptive 

immune responses to control any invading pathogens (448). Hence, the richness of the 

bacterial population and the production of bacterial-derived small chemicals (AHL and 

oligopeptides) as a result, is crucial for controlling the host immune system and may affect the 

integrity of IECs (448).  

2.14 Roles of Bacterial Metabolites, Phenolic Compounds and Polyamines in GI 

homeostasis  

Aside from the well-characterised bacterial metabolites, e.g. SCFAs, a number of 

bacteria-produced metabolites such as phenolic, benzoyl, phenyl, vitamins and polyamines 

hold important roles in maintaining gastrointestinal homeostasis. These small metabolites 

mediate host-microbiota symbiosis as well as interactions between bacterial species within 

the community.  
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Phenolic, benzoyl, and phenyl acids, secondary plant-derived metabolites, make up a 

subgroup of phenolic compounds, which contain one or more methoxy or hydroxyl groups 

along with aromatic rings, including hydroxycinnamic acids (C6-C3, caffeic and ferulic acids) 

and hydroxybenzoic acids (C6-C1, gallic acid) (449). Phenolics can act as non-enzymatic 

antioxidants (450), which delay or inhibit oxidation through the scavenging of free radicals 

(ROS and RNS), chelating metals (Fe2+ or Cu2+) or inhibiting enzymes used in formation of 

free radicals, upregulating antioxidant defence mechanisms (449), hence reducing the risk of 

inflammation and DNA damage. Additionally, these aromatic compounds can modulate 

transcriptional factors such as PPARγ and NF-κB (451). These oxidative stresses and their 

corresponding responses are central among the processes driving degenerative chronic 

diseases such as cancer. During CRC levels of these aromatic phenolic, phenyl and benzoyl 

compounds and their derivatives e.g. phenylacetate, 4-cresol and 4-hydroxyphenylacetate 

have been shown to increase (452). Phenylacetate aerobic catabolism establishes an 

amalgam aerobic pathway wherein the primary stage is phenylacetate conversion to 

phenylacetyl-coenzyme A (phenylacetate-CoA) (453). Phenylacetate-CoA is later converted 

to the intermediate oxepin-CoA, a molecule further cleaved and ultimately, by way of a β-

oxidation-like pathway, forms succinyl-CoA and acetyl-CoA, which are critical for SCFAs 

production and therefore colon homeostasis (454, 455). The paaZ operon encodes for 

enzymes responsible for phenylacetate catabolism are found in around 16% of bacterial 

genomes sequenced (456). The phenylacetate catabolising capacity of the gut bacteria 

appears to be reduced during CRC, this correlates strongly with the depletion of bacteria e.g. 

Bifidobacterium, Clostridium difficile, F. prausnitzii, Lactobacillus and Subdoligranulum 

capable of metabolising these aromatic compounds. Concentrations of these aromatic 

metabolites and their derivatives can act as a marker of dysbiosis, a consequence of, or 

caused by and driving CRC.     

Polyamines (PAs) are polycationic molecules which are required for IEC growth, and 

in bacteria, typically include spermidine (H2N–(CH2)3–NH–(CH2)4–NH2), cadaverine (H2N–(CH2)5–

NH2), putrescine (H2N–(CH2)4–NH2), and spermine (H2N–(CH2)3–NH–(CH2)4–NH–(CH2)3–NH2) (Fig. 

14). 
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Fig. 14 | Polyamines are positively charged molecules. The chemical structure of the major native 

PAs. Adapted from (457). 
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These common small positively charged cellular metabolites are synthesised through 

amino acid decarboxylation and play a vital role in acid defence mechanisms, including 

decarboxylation of Lys and Arg amino acids. These microbial acid resistance mechanisms 

produce basic compounds and consume protons, hence increasing cytoplasmic pH (458). L-

lysine is the precursor to cadaverine (via cadA, encoding for lysine decarboxylase), while L-

arginine and L-ornithine are converted to putrescine either directly or through an intermediate, 

agmatine (459–461). Putrescine through e.g. SpeE, spermidine synthase is converted to 

spermidine, which subsequently either by spermine oxidase (SMO) or spermine synthase 

(SMS) becomes spermine. Orthologues encoding carboxyspermidine dehydrogenase 

(CASDH) and carboxyspermidine decarboxylase (CASDC) are present in a diverse range of 

biosynthetic putrescine genes throughout several bacterial clades. Bacteria that encoding PA 

biosynthetic pathway genes include Alistipes putredinis, Bacteroides capillosus 

(Pseudoflavonifractor capillosus), Bacteroides eggerthii, Bacteroides uniformis, E. coli, 

Eubacterium siraeum, Roseburia intestinalis M50/1 and Ruminococcus torques L2-14 (462). 

Bacteria however often possess genes of the operon potABCD encoding different 

transporters, which bind and uptake PAs from the surrounding environment. Two antiporters 

that exchange putrescine for ornithine and lysine for cadaverine (463), facilitate the trafficking 

of environmental PAs. These and other transport pathways are prevalent and highly 

conserved between both, Gram+ and Gram- microorganisms such as E. faecalis and E. coli. 

Positively charged PAs are involved in a multitude of cellular functions including the 

creation and maintenance of negatively charged DNA/RNA and proteins alongside membrane 

phospholipids (464), as well as in cell proliferation and differentiation while also regulating 

enzymatic activity, motility, apoptosis and resistance to oxidative and other stresses (465). In 

addition to these physiological functions PAs are also vital pathogen virulence determinants 

and are involved in QS and hence biofilm formation. At the level of RNA modification, several 

PA-mediated mechanisms exist modulating the translation of PA modulon factors via altering 

RNA structure and hence function (466). Firstly, PAs can stimulate translation when the mRNA 

Shine-Dalgarno (SD) sequence is obscured or is distant from the AUG translation start codon. 

Through causing structural changes of the 5’ untranslated region which includes the SD and 

AUG start site, the formation of an initiation complex can occur (for transcripts Fis, FecI, OppA, 

H-NS and RpoN). Secondly, in the cya (encoding for adenylate cyclease) and cra (encoding 

for a transcription factor that regulates expression of genes involved in glycolysis) mRNAs, 

PAs can enhance the initiation of translation from non-canonical UUG or GUG codons which 

are relatively inefficient initiators of translation. PAs can also facilitate the read-through of stop 

codons through promoting the interaction of UAG (amber termination codon) with Gln-

tRNASupE in the A-site as seen for rpoS mRNA. Alternatively PA modification of mRNA can 
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stimulate a frameshift (+1) at the UGA (opal or umber termination codon mutation) codon of 

prfB mRNA (467). These data argue for a unified PA-dependent molecular mechanism by 

which the PA modulon controls the expression of a large array of genes and conserves the 

optimal conditions to promote cell growth.  

It is also established that PAs influence host cellular processes at the DNA level, such 

as transcription. PAs facilitate the in vitro oligomerisation of nucleosomal arrays, consisting of 

octamer-DNA-core histone complexes (spaced at 200 bp), the platform for transcription which 

forms the fundamental unit of chromosomal superstructures (468). PAs can control gene 

expression via modulation of DNA modification, hyperacetylation of histones inhibits 

chromosome condensation mediated by PAs (469). These results suggest that PAs are in vivo 

transcriptional suppressors, and that histone hyperacetylation plays a role in antagonising PAs 

capacity to stabilise condensed chromosomal structures. In fact, the TGF-β/Smad signalling 

pathway is induced through the depletion of PAs, which has been associated with a significant 

increase in transcription in IECs (470). These data demonstrate the integral effects PAs exert 

in cellular activity under physiological, elevated and depleted levels, illustrating the importance 

of their metabolism for the host and microbiome. 

The microbiota that either synthesise PAs intracellularly through amino acid 

decarboxylation or transport PAs from the extracellular environment, can modulate their 

virulence through these metabolites. A primary example of bacterial utilisation of PA 

metabolism is genus Shigella enhancing their own survival by utilising the oxidative stress 

resistance offered by spermidine, due it’s lack of the speG gene encoding spermidine 

acetyltransferase, the enzyme that converts spermidine into its inert form, acetylspermidine 

(471). This resistance to oxidative stress is crucial, as the exposure to H2O2 during 

macrophage responses could destroy the pathogen. Moreover, Shigella silence cad 

expression, which is crucial in its pathogenicity, this is due to the protective function of 

cadaverine for the colonic mucosa against enterotoxins ShET1 and ShET2. This negatively 

affects host immune response against Shigella by inhibiting polymorphonuclear neutrophil 

migration to the site of infection. Additionally, cadaverine blocks the cytoplasmic release of 

Shigella by stabilising the infected cells endosomal membrane (472). A similar gene deletion 

enhancing virulence has also been observed for enteropathogenic E. coli. Ultimately, the 

absence of the cad and speG genes critical in PA metabolism, demonstrates an effective 

strategy to improve virulence, via immune evasion to facilitate survival as well as invasion. 

This is one of many examples of pathogens utilising the PA metabolic pathways to their 

advantage, further highlighting the importance of metabolite levels either produced by host or 

microbiota, and how this affects symbiosis.  
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Multiple studies have shown that PA concentrations are elevated during CRC (473–

475). The increase is triggered by the loss of polyamine homeostasis due to cell proliferation 

dysregulation (476). Data have shown evidence of upregulated PA biosynthesis, an elevated 

uptake (477) and decreased catabolism (478). PA biosynthesis and CRC are associated in a 

KRAS-dependent and p53-independent manner (479). As a result, PAs or PA-metabolising 

bacteria can be employed as biomarkers of neoplasia (475). Notably, data have shown that 

spermine levels in tissue may be employed as a reliable marker of prognosis and relapse in 

CRC patients (480). Dysbiosis caused by unbalanced dietary metabolite intake can further 

disrupt the microbial composition and most importantly, their metabolic activity, while the same 

is true for bacterial metabolism disrupting host homeostasis through mediating pro-

inflammatory signalling and disrupting cell proliferation and apoptosis through their role in DNA 

and RNA modification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   



74 
 

3.0 Aims 

Abundance of specific microbes is altered by the CRC gut therefore I aimed to i) define 

and characterise the metabolically active microbial species/groups in the CRC gut; ii) compare 

the profiles of microbial activity and abundance and identify potential microbial markers of the 

disease based on their regulated metabolic activity; ii) investigate the regulated CRC-specific 

patterns of microbial gene/pathway expression in the CRC gut and align this to the underlying 

mechanisms of disease pathology. 

4.0 Objectives 

• establish whether CRC is the primary/sole factor influencing changes in the microbial 

metatranscriptome by investigating any co-founder effects from patient metadata using 

Principal Component and Co-ordinate Analyses;  

 

• identify differentially regulated microbial activities and taxonomic structure by 

metatranscriptome (mRNA-) and metagenome (rDNA-sequencing) to 

 

• propose the underlying mechanisms by which the microbiota influences human 

gut health in the context of CRC by aligning the regulated microbial 

metatranscriptome to specific disease features 

• establish the dormant and hyper-active sup-populations of the microbiota 

through aligning activity and abundance levels of its constituent species 

• investigate regulation of gene expression (antibiotic- and acid-resistance genes) to 

deduce CRC-specific environmental pressures (low pH, high salinity and oxidative 

pressures)  

 

 

 

 

 

 

 

 



75 
 

5.0 Materials & Methods 

5.1 Sample and patient data collection 

Faecal samples from CRC patients and volunteers collected under the auspices of the 

Famished study at the University Hospital Coventry and Warwickshire NHS Trust (UHCW), 

UK Ethic certificate No: 09/H1211/38. UHCW NHS trust recruited 10 CRC patients and 10 

non-CRC participants (Table 1) to ensure adequate statistical power of 20 samples for 

statistical analyses. Immediately upon collection samples were stored at -80°C to maintain 

nucleic acid integrity prior to processing. All patients are 18+ years old, excluding participants 

with previous cancer treatment (including chemotherapy) and those who had received any 

antibiotic treatment or surgery over the past 12 months. The health of the patients was 

monitored by Prof Arasaradnam’s clinic over the duration of the study, patient metadata were 

also collected at UHCW including tumour site and stage, diet, height, weight, BMI, smoking 

status, medical conditions, and drug treatments as well as CEA and KRAS, BRAF and MHL1 

status (Table 1, not all metadata shown, only those used for PCA and PCoA analyses). 

Changes in diet were not recorded, only diet on the day of sample collection, this is likely to 

have remained stable due to the short period between diagnosis and sample collection.  

5.2 Purification of microbiota from faecal samples 

1 g of faecal sample was resuspended in 25 ml of ice cold sterile 1X Phosphate-

buffered Saline (PBS) and centrifuged at 300 x g for 10’ at 4°C to pull down debris. The 

supernatant was transferred to a new 50 ml falcon tube and centrifuged at 3,000 x g for 30’ at 

4°C to form a microbial pellet. The supernatant was discarded, and the pellet was 

resuspended again in 25 ml ice cold 1X PBS for washing, followed by a repetition of the 

previous centrifugation step. Finally, the washed pellet was resuspended in ice cold 1X PBS 

containing 20% glycerol in a volume of 6 ml, filtered through Miracloth (Calibochem®) to 

remove any traces of potential aggregates. Aliquots of equal volume of purified meta-

microbiota from each sample of the cohort were pooled to make 2 ml of total CRC and total 

control meta-microbiota stocks were frozen in liquid nitrogen and stored at -80°C.  

5.3 RNA isolation and in-column DNase I treatment 

The RNeasy PowerMicrobiome kit (Qiagen, 26000-50) was used to purify total 

microbial RNA for further analysis from faecal samples. Briefly, 0.25-0.30 g of each faecal 

sample was added into a 55°C pre-heated PowerBead Tube (glass 0.1mm) containing 650 µl 

Solution PM1, 6.5 µl of β-mercaptoethanol and 100 µl phenol-chloroform (1:1, v/v) for 

deproteinisation. Samples were thoroughly vortexed horizontally for 10’ to break the cell walls 

followed by centrifugation at 13,000 x g for 1’ at 21°C (Tr, room temperature). The upper 

aqueous layer was mixed with 150 µl of Solution IRS and incubated on ice for 5’. The 
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supernatant after centrifugation at 13,000 x g for 1’ was mixed with 650 µl of Solution PM3 

and 650 µl 70% ethanol to purify total RNA with length of >200 nts. The supernatant was 

loaded on the MB-RNA Spin Column via centrifugation at 13,000 x g for 1’, flow-through was 

discarded, this step was repeated until all the supernatant has been processed through the 

Spin Column (3 x 650 µl). 650 µl of Solution PM5 was added to the column and centrifuged at 

13,000 x g for 1’. The flow-through was discarded and the column was centrifuged at 13,000 

x g for 1’ to remove residual wash. 50 µl of DNase I (1 μg/μl) was added to the centre of the 

spin column and incubated at 21°C for 15’. 400 µl of Solution PM7 was added followed by 

centrifugation at 13,000 x g for 1’, flow-through discarded and 650 µl of Solution PM5 was 

added and centrifuged at 13,000 x g for 1’. This process was repeated once again with Solution 

PM4. The residual Solution PM4 was removed by centrifugation at 13,000 x g for 2’. The clean 

column-bound RNA was eluted with 100 µl DEPC-treated H2O (incubated at 21°C for 5’ and 

RNA was eluted by centrifugation at 13,000 x g for 1’). 
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Study 
No. 

Age Sex Smoker 
Height 

& 
Weight 

BMI 

CEA 
rang
e <6 
ug/L 

CRC 
Stage 

PMH Medication  
Sample 

collection  

CRC275 64 M 
ex 20 
years 

180cm 
85kg  

26.2 3 
T3 

N1a 
M0 

None None 02/08/2019 

CRC276 69 M 
ex 30 
years 

166cm 
108kg 

39.2 4 
T3 

N2a 
M0 

Type 2 Diabetes, 2 Hip 
Replacements, Sleep 

Apnoea, Hypertension 

Empagliflozin, 
Losartan, 

Amlodipine, Co-
Dydramol, 

Atorvastatin, 
omeprazole, 

Aspirin, 
Metformin,  

04/08/2019 

CRC277 67 M 
Stopped 

2007 
182cm 
85.5kg 

25.6 4 
T3 

N1a 
M0 

Emphysema, Aortic 
aneuryism, 

Hypothyroid, arthritis, 
anaemia 

Levothyroxine, 
Atorvastatin, 
Omeprazole, 
Buspirone, 
Citalopram, 
Tiotropium, 

Zapain, Salamol, 
Duoresp 

29/07/2019 

CRC278 80 F 
Never 

smoked 
140cm 
41.7kg 

26.2 3 
T3 
N0 
M0 

Osteoarthritis, Breast 
CA 30 years ago, 

Anaemia 

Adcal, 
Furosemide 

11/08/2019 

CRC279 52 M 
Never 

smoked 

173.5c
m 

62.2kg 
20.7 2 

T2 
N0 
M0 

IBS Mebeverine 18/08/2019 

CRC280 72 M 
Stopped 

1994 

172.5c
m 

90.4kg 
30.4 4 

T4a 
N2b 
M0 

Hypertension, 
Asthma, Bilateral 

Knee replacements 

Irbestartan, 
Ventolin 

23/09/2019 

CRC281 80 M 
Stopped 

for 50 
years 

179cm 
82.5kg 

25.7 3 
T4a 
N0 
M0 

Previous Squamous 
cell carcinoma skin, 
Myasthenia Gravis 

Amitriplyline, 
Pednisolone, 
Lansoprazole, 
Thealoz eye 

drops 

15/09/2019 

CRC282 81 F 
Never 

smoked 
164cm 
89.8kg 

33.4 2 
T3 
N0 
M0 

T2DM, Stroke 30 
years ago, 

Hypertension, 
Cholecystectomy, 

Hysterectomy 

Ramipril, aspirin, 
Metformin, Co-

amiloruse, 
ferrous 

fumarate, 
simvastatin 

25/09/2019 

CRC283 65 M 
Stopped 

1975 

182.5c
m 

80.2kg 
24.1 11 

T4 
N0 
M0 

T2DM, Anaemia 

Atorvastatin, 
Dapagliflozin/Me

tformin, 
Gliclazide, 
Sitagliptin, 

Hydroxycobalami
n 

01/11/2019 

CRC284 76 M 
Stopped 
15 years 

ago 

176cm 
97.8kg 

31.3 3 
T4 

N1b 
M0 

AF, COPD 

Digoxin, 
Rivaroxiban, 

Lansoprazole, 
Ventolin inhaler 

22/10/2019 

V293 28 F 
4 

cigarette
s a day 

164cm 
55.6kg 

20.7 n/a n/a nil nil 09/10/2019 

V294 51 M 
Never 

smoked 
186cm 
112.6kg 

32.5 n/a n/a nil nil 10/11/2019 

V295 31 M 
Never 

smoked 
174cm 
69kg 

22.8 n/a n/a nil nil 08/10/2019 

V296 24 M 
Never 

smoked 
173cm 
146kg 

48.8 n/a n/a nil nil 09/10/2019 
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V297 48 F 
Never 

smoked 
170cm 
72kg 

25 n/a n/a nil nil 17/10/2019 

V298 39 F 
6 

cigarette
s a day 

162cm 
64kg 

24.4 n/a n/a nil nil 18/10/2019 

V299 25 F 
Never 

smoked 
172cm 
58.4kg 

19.7 n/a n/a nil nil 15/10/2019 

V300 32 F 
Never 

smoked 
182cm 
82.5kg 

24.9 n/a n/a nil nil 20/11/2019 

V301 31 F 
Never 

smoked 
162cm 
64kg 

24.3 n/a n/a nil nil 05/12/2019 

V302 40 M 
Never 

smoked 
180cm 
71kg 

21.9 n/a n/a nil nil 18/12/2019 

Table 1 | Patient metadata. Tumour stages, T(1-4) denotes the size and progression of the tumour 

with a greater number following the T, representing more growth into surrounding tissues. T4a means 

the tumour has perforated and spread beyond the bowel wall. N represents nodal involvement, namely 

the number of surrounding lymph nodes (defined by the number and letter after the N) to which the 

cancer has spread. All faecal samples were collected in Falcon 50 ml tubes and frozen in dry ice 

followed by storage at -80°C prior to microbial purification as described in the section 5.2. M denotes 

the state of metastasis, namely the spread of the tumour from the primary site to other tissues. M0, the 

cancer has not spread to other tissues. CRC, colorectal cancer patients; V, non-CRC volunteers; M, 

Male; F, Female; PMH, past medical history; CEA, carcinoembryonic antigen; BMI, body mass index. 
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5.4 DNase turbo treatment and ethanol precipitation 

100 µl of total RNA was further treated with 5 µl (2 U/µl) of DNase Turbo (possessing 

greater affinity (Km for DNA is a 6-fold lower) to lower DNA concentrations and is active in high 

salt  comparing with DNase I due to a mutation in the DNA-binding pocket of the original 

DNase I) in 15 µl of 10X Turbo Buffer and 30 µl water for 30’ at 37°C followed by chloroform 

(1:1) deproteinisation and ethanol precipitation with 1/10 volume of 3 M NaAc pH 4.5 (15 μl) 

and 3 volumes of ethanol (450 μl). The RNA samples were incubated at -20°C for at least 2 

hours (or overnight) before collecting them by centrifugation at 21,000 x g for 20’ at 21°C. The 

RNA pellets were washed with 70% ethanol twice, air-dried, dissolved in 50 μl of DEPC-treated 

H2O and stored at -80°C for downstream applications.  

5.5 Prokaryotic gDNA isolation 

Using the DNeasy PowerSoil Pro Kit (Qiagen, 47014), 0.25-0.30 g of faecal sample 

(which were used for RNA purification) or a pellet from 200 µl of overnight aerobically gown 

bacteria in LB were added into a PowerBead Tube (glass 0.1 mm) containing 800 µl of Solution 

CD1 and vortexed horizontally for 10’ before centrifugation at 15,000 x g for 1’, Tr. The 

resultant supernatant was transferred to a new tube containing 200 µl of Solution CD2 at 4°C, 

vortexed and spun down for 1’ at Tr. 700 µl of the sample was mixed with 600 µl of Solution 

CD3, vortexed and loaded onto an MB Spin Column and centrifuged for 1’ (repeated until the 

entire sample, around 650 µl has passed through the column). 500 µl EA Solution was added 

to the column and centrifuged followed by the addition of 500 µl of Solution CM5, centrifuged 

and followed by a dry spin at 16,000 x g for 2’. DNA was eluted using 100 µl of sterile H2O at 

15,000 x g for 1’ and stored at -20°C for downstream use. 

5.6 Spectrophotometry of nucleic acids 

Concentration and potential contamination of microbial gDNA extracted from faecal 

samples were measured using spectrophotometry. Nucleic acid concentrations are based on 

absorbance at A260 nm, for quantification a variation on the Beer-Lambert equation is used, 

𝐴 =  𝜀𝑙𝑐 where 𝑐 is nucleic acid concentration in ng/μl, 𝐴 is the absorbance in AU (absorbance 

units), 𝜀 is the molar wavelength-dependent extinction coefficient in ng-cm/μl and 𝑙 is the path-

length in cm. One A260 unit is equal to 50 µg/ml of dsDNA, 33 µg/ml of ssDNA and 40 µg/ml of 

RNA.  

5.7 Bioanalyzer and spectrophotometry of RNA 

Concentration of the total RNA samples were also estimated via spectrophotometry 

using a NanoDrop UV-Vis Spectrophotometer in order to use an optimal amount of RNA for 

analysis of the concentration and quality by Bioanalyzer for RNA-seq. RNA was analysed 

through the Agilent Technologies 2100 Bioanalyzer systems Prokaryote total RNA Nano 
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assay via capillary gel-electrophoresis (using Agilent RNA-6000 Nano kit, 5067-1511) with a 

quantitative range of 25-500 ng. Briefly, the RNA ladder was prepared by denaturing at 70°C 

for 2’ and immediately placed on ice, aliquots were stored at -80°C. All reagents were 

equilibrated to room temperature for 30’ prior to use. The gel-matrix was prepared by adding 

550 µl of Agilent RNA 6000 Nanogel Matrix (containing 100 mM Tris-HCl pH 7.5 @ 25°C and 

0.1 mM EDTA) into the spin filter and centrifuged at 1,500 x g for 10’, aliquoted and stored at 

4°C to be used over 4 weeks. The Gel-Dye Matrix was prepared by adding 1 µl of RNA-6000 

Nano dye concentrate to 65 µl of filtered gel and spinning at 13,000 x g for 10’, used within 

one day of preparation. 5 µl of RNA 6000 Nano Marker was added in each well followed by 1 

µl of RNA diluted in water to achieve the optimal amount of RNA within the range of 200-400 

ng. The RNA ladder was added and the chip vortexed for 1’ prior to commencing the assay. 

5.8 RNA and DNA high-throughput sequencing 

Total RNA quality and concentration was analysed using the Agilent Technologies 

2100 Bioanalyzer capillary gel electrophoresis system. RNA-seq was carried out by Vertis 

Biotechnologie AG, Germany, including depletion of rRNA, preparation of cDNA and Illumina 

NextSeq 500 sequencing (2 x 150 bp paired-end sequencing to produce 2 x 420 M reads). 

The cDNA inserts were flanked with the following adapter sequences, TruSeq_Sense_primer, 

i5 Barcode 5'-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACN NNN NNN NAC ACT CTT 

TCC CTA CAC GAC GCT CTT CCG ATC T-3’ and TruSeq_Antisense_primer, i7 Index 5'- 

CAA GCA GAA GAC GGC ATA CGA GAT NNN NNN NNG TGA CTG GAG TTC AGA CGT 

GTG CTC TTC CGA TCT-3'. Blank extractions using 300 µl of H2O were carried out to assess 

the quality of the DNA and RNA extraction kits and extractions did not yield any detectable 

nucleic acids. 16S rDNA V3-V4 regions were sequenced by Novogene Co., Ltd on Illumina 

(NovaSeq 6000 PE150) paired-end platform (100K tags of raw data per sample) to generate 

250 bp paired-end raw reads (Raw PE), merged and pre-treated to obtain clean tags. Clean 

tags were removed to obtain the effective tags. Operational Taxonomic Units (OTUs) were 

obtained by clustering with >97% identity on the Effective Tags of all samples, taxonomic 

annotation was made for the representative sequence of each OTU to obtain the 

corresponding taxa information and taxa-based abundance distribution using MetaPhlAn 

(481) v3.0.11.  

5.9 16S rRNA gene data processing and analysis 

Paired-end reads were assigned to samples based on their unique barcodes and 

truncated by removing the barcode and primer sequences. Read pairs were merged using 

FLASH (482) v1.2.7. Quality filtering on the raw tags were performed according to QIIME (483) 

v1.7.0. Sequences were aligned to the SILVA database using UCHIME (484) to detect and 

remove chimeric sequences (485). Non-chimeric sequences with ≥97% similarity were 
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clustered into operational taxonomic units (OTUs) using UPARSE (486) v7.0.1090. 

Representative sequences for each OTU were mapped against the SILVA (487, 488) 

SSUrRNA database for taxonomic assignment, with a threshold of 80% using QIIME (483) 

v1.7.0. OTU abundances were normalized using a standard of sequence number 

corresponding to the sample with the fewest sequences. 

5.10 Taxonomic metatranscriptome data processing and analysis 

Raw reads were processed following the steps of the SAMSA2 (489) v2.2.0 pipeline.  

First, read pairs were trimmed to remove low quality bases using Trimmomatic (118) v0.36, 

then overlapping read pairs were merged into single sequences using PEAR (490) v0.9.11. 

Sequences were ‘ribodepleted’ in silico using SortMeRNA (491) v2.1 to remove those 

representing ribosomal RNA. The remaining sequences were translated and assigned to a 

database of 68,433,538 protein sequences from RefSeq (492) with protein names and 

taxonomic information, using DIAMOND (493, 494) v0.8.38.  

5.11 Functional metatranscriptome data processing and analysis 

Raw reads were processed following the steps of the SAMSA2 (489) v2.2.0 pipeline. 

First, read pairs were trimmed to remove low quality bases using Trimmomatic (118) v0.36 

followed by overlapping read pairs were merged into single sequences using PEAR (490) 

v0.9.11. These sequences were ‘ribodepleted’ in silico using SortMeRNA (491) v2.1 to identify 

and remove sequences representing ribosomal RNA. These ribodepleted sequences were 

translated and assigned to functional classes of the SEED Subsystems hierarchical database 

(495) using DIAMOND (493, 494) v0.8.38 to align reads against a database of 7,939,855 

protein sequences.  Sequences assigned to each functional class were aggregated to give 

raw abundance count data for each class.  These counts were used to determine statistically 

significant differential abundance of transcripts (496) between conditions using DESeq2 (121) 

v1.26.0 with P-values adjusted via Benjamini-Hochberg False Discovery Rate (497) 

(FDR<0.1). 

5.12 Microbial diversity and statistical analyses 

To compare the transcriptome-based taxonomic data to those of 16S rRNA-marker 

data, 16S data were re-processed using QIIME2 (498), denoising and merging reads using 

DADA2 (499) (assigning taxonomy using a Naïve Bayes classifier trained on V3-V4 SILVA 

(500) and quantifying reads assigned to taxa at taxonomic level 7, namely species. Per-taxon 

read counts for both transcriptome and 16S data were normalised using scaling with ranked 

subsampling using the SRS (501) R package.  Normalised counts were used for ordination by 

Principal Coordinate Analysis (PCoA), to calculate α- and β-diversities and to perform 

ANOSIM and PERMANOVA analyses, all using the VEGAN (502) v2.6-2 R package. For α-



82 
 

diversity the Shannon (503) and the Gini-Simpson (504) diversity (1-Simpson (inverse) 

diversity) indices were calculated for each sample. Shannon diversity index is a quantitative 

index accounting for species evenness and abundance, it measures both the number of 

species and the inequality between species abundance within a certain sample group or 

samples bound by a commonality, defined as, 𝐻′ = − ∑ (𝑝𝑖𝑙𝑛(𝑝𝑖))𝑆
𝑖=1 . Inverse Simpson index 

measures species diversity independent of richness using, 1 − 𝐷 = ∑ 𝑝𝑖
2𝑆

𝑖=1 , where 𝑝𝑖 is the 

proportion of total species contained within species 𝑖. For β-diversity, the Bray-Curtis distance 

(505) was calculated. Bray-Curtis dissimilarity/distance is defined as 𝐵𝐶𝑖𝑗 =
𝑆𝑖+𝑆𝑗−2𝐶𝑖𝑗

𝑆𝑖+𝑆𝑗
, where 

𝑆𝑖 and 𝑆𝑗 are the amount of species in both populations 𝑖 and 𝑗, and 𝐶𝑖𝑗 is the fewest number 

of common species from a specific group. Bray-Curtis distance was used in PERMANOVA 

and ANOSIM analyses. PERMANOVA was applied to assess the influence of clinical and 

lifestyle factors of the study participants on taxonomic distributions. ANOSIM was applied to 

identify taxonomic dissimilarly between healthy control and CRC samples. The LEfSe (linear 

discriminant analysis (LDA) Effect Size) package was used to establish the significant 

differences of microbial community composition between CRC and control groups for 16S 

taxonomy. The significance of observed differences in microbial 16S abundance among 

groups was evaluated by multiple hypothesis-test for sparsely-sampled features and false 

discovery rate (FDR) through MetaStat. P-values were obtained by permutation test and q-

value was calculated by Benjamini-Hochberg False Discovery Rate (497). Differences in 

microbial activity were measured through a generalised linear model, Wald T tests and q-

values calculated with Benjamini-Hochberg False Discovery Rate (FDR<0.1) for differential 

taxonomic activity through DESeq2 (121) v1.26.0. 
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Organism name 5’- Forward primer -3’ 5’- Reverse primer -3’ Gene 

name 

Annealing 

Temperature 

Faecalibacterium 

prausnitzii 

CACCGGCAAACTGCACAC GGCCGTCAAGACCGACAA argS 56°C 

Enterococcus faecalis TGCTTTGTTCGTTGCCGAC CGGGATTTAGCTGCTGCG argS 56°C 

Prevotella copri GGGCTGACCTCACCAACG GAAACGGAGGTCGGCAGT argS 56°C 

Fusobacterium nucleatum TGCTTGGTTGGGACATTGA AGCACGGCTATGAGCTTC argS 56°C 

Bacteroides fragilis ACCAACATCTCACGCGCT GCAAGGGTGAAACTCCCGA argS 56°C 

Escherichia coli GAGCAGGTGCTGACTCAT TTCAAGGTCAGCCAGCTC argS 56°C 

Bacterial universal 16S CGGTGAATACGTTCYCGG TACGGCTACCTTGTTACGACTT 16S 56°C 

Table 2 | Primers to validate species activity and abundance. qPCR primers for arginyl-tRNA 

synthetase (ligase) (argS) genes. 
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5.13 PCR 

PCR reactions contained 2X Taq PCR MasterMix (Qiagen, 201443) (Taq polymerase 

with a concentration of 5 U/µl, 5' –> 3' exonuclease activity, polymerisation rate of at least 2 

kb/min at 72°C (as per the manufacturers specifications), containing substrate analogues 

dNTP, ddNTP, dUTP, biotin-11-dUTP, DIG-11-dUTP, fluorescent-dNTP/ddNTP for enzyme 

stabilisation during storage, 50 mM KCl/(NH4)2SO4 and 2 mM MgSO4). Primers at a final 

concentration of 500 nM and DNA (or RNA to test gDNA contamination) at 10 ng/µl were used. 

16S rRNA gene was amplified with either universal forward 27F-primer, 5’-

AGAGTTTGATCCTGGCTCAG-3’ and reverse 534R-primer, 5’-ATTACCGCGGCTGCTGG-3’ 

to produce a fragment of 507 nucleotide long of the V1-V3 region to test the quality of purified 

gDNA and/or for Sanger sequencing of the fragments using forward primer BACT1369-F, 5’-

CGGTGAATACGTTCYCGG-3’ and reverse primer BACT1492-R, 5’-

TACGGCTACCTTGTTACGACTT-3’ for quantitative analyses by qRT-PCR and qPCR (Table 

2) (506). Hot start for polymerase activation was carried out at 95°C for 3’ followed by 15 

cycles of 1’ at 95°C, 45’’ at 56°C and 1’ at 72°C followed by analysis on 1% TBE agarose gels. 

Independent triplicate samples were analysed to establish statistical significance. PCR of total 

RNA samples using the qPCR set of primers for 16S rDNA sequences as the template tested 

DNA contamination of the total RNA samples, performed as describe in (108). 

5.14 cDNA synthesis 

1.5 µl of mix1 (a mixture of 2 µl 100 μM d(N6) random primer (5'-d(N6)-3' [N=A, C, G, 

T]), 1 µl 25 mM dNTPs and 3 µl H2O) was added to 5 µl of total RNA (0.5-1 μg/μl) and incubated 

at 65°C for 5’ to melt the local RNA secondary structure followed by incubation on ice for 2’. 3 

µl of mix2 (a mixture of 2 µl 5X RT buffer and 1 µl of 100 mM DTT) was added and incubated 

at 25°C for 2’ for efficient primer annealing. RTase Superscript-II (Invitrogen, 18064-022) at a 

volume of 1 µl (200 U) was added and samples were incubated at 42°C for 90’ followed by 5’ 

at 75°C to terminate the reaction. A 50-fold dilution of cDNA was used for quantitative PCR. 

The SYBR® Green iTaq (Bio-Rad) qRT-PCR system was tested with the 16S rDNA primers 

for contamination (water used as the template) and DNA contamination of the RNA samples 

(proportionally to the amount of cDNA used for amplification, diluted RNA samples were added 

as templates for PCR). No amplification was observed for all the control samples.  

5.15 Bacterial taxonomic profiling q(reverse transcription-based) PCR 

To confirm taxonomic profiling conducted through metatranscriptome sequencing 

analysis, species-specific qRT-PCR was conducted for E. coli and F. prausnitzii. 1 µl of 20 

ng/µl gDNA/cDNA, 5 µl of 2X iTaq Universal SYBR Green Supermix (antibody-mediated hot-

start iTaq DNA polymerase, SYBR® Green I dye, MgCl2, passive ROX and fluorescein dyes 

and dNTPs) (BioRad, 1725124), 1 µl of each gene specific and housekeeping bacterial 16S 
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rRNA gene forward BACT1369-F and reverse BACT1492-R primers (506) at a final 

concentration of 500 nM (Table 2, Table 3 and Table 4) and 2 µl H2O were used. Hot start for 

polymerase activation was carried out at 95°C for 2’ followed by 35 cycles of 15’’ at 95°C, 30’’ 

at 56°C and 45’’ at 72°C. Melting curve was conducted from 65°C to 95°C with an increment 

of 0.5°C being held for 5’’. The housekeeping gene PCR was used for normalisation with a 

minimum of five technical repeats, and at least three technical repeats being conducted in 

parallel for each sample taxonomic analysis. Gene expression analysis was conducted using 

non-parametric two-sample Mann-Whitney U (Wilcoxon rank-sum) tests on normalised (to 

16S rRNA gene levels) Ct values to establish significance of changes to gene expression. 
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Gene 

 

5’- PCR Primers -3’ 

size 

(nts) 

Resistance with perfect 

matches, species of 

origin 

 

AB resistance 

 

Resistance with sequence 

variants 

cls F_GATCACCGGAAAATTGTTG 

R_AAGAGACGTTCCAATCCAT 

181 Enterococcus faecalis Daptomycin N/A 

bla2 F_ GAAGCAGTTCCTTCGAAC 

R_ ATCAGCGTGTGCATGTGT 

162 Bacillus cereus, 

Bacillus thuringiensis, 

Bacillus toyonensis 

B1 metallo-β-

lactamase, penicillin, 

cephalosporin, 

carbapenem 

Bacillus anthracis, 

Vibrio cholerae 

mdtO F_ ATGCTCGACTATCCGGAA 

R_ GCATTTGCGAAATGGCAC    

127 Escherichia coli, 

Shigella spp. 

Puromycin, 

acriflavine, 

nucleoside ABs 

ESKAPE spp., 

Citrobacter spp.,  

Salmonella spp., 

Serratia marcescens 

phoP F_CTGTCGGTGAATGACCAG 

R_CGTCGATGGTGTGGCTTT 

154 Klebsiella pneumoniae, 

Escherichia coli 

Colistin, Macrolides, 

Peptide ABs 

N/A 

eptB F_ CCTTCTTCCTGTTACGTC 

R_ GATATCGGTGGTCATCAC   

161 Klebsiella pneumoniae, 

Escherichia coli 

Peptide ABs Acinetobacter baumannii, 

Citrobacter spp., 

Enterobacter spp., 

Enterococcus faecium, 

Pseudomonas aeruginosa, 

Mycobacterium tuberculosis, 

Serratia marcescens, 

Shigella spp. 

catA F_ CAGACCGTTCAGCTGGAT 

R_ TATCACCAGCTCACCGTC 

150 Acinetobacter baumannii, 

Citrobacter spp., 

Proteus mirabilis, 

Serratia marcescens, 

Shigella flexneri, 

Klebsiella pneumoniae 

Chloramphenicol Alcaligenes faecalis, 

Chlamydia trachomatisa, 

Citrobacter spp., 

Enterobacter spp., 

Helicobacter pylori, 

Neisseria gonorrhoeae, 

Pseudomonas aeruginosa, 

Proteus spp., 

Serratia marcescens, 

Shigella spp. 

blaCMY F_ GCTGCTGACAGCCTCTTT 

R_ TGCGTGACTGGGTGGTTA 

198 Citrobacter freundii, 

Providencia rettgeri, 

Klebsiella pneumoniae, 

Escherichia coli 

CMY-type β-

lactamase, 

cephamycins 

N/A 

nfsA F_ TCCATTCGCCATTTCACT 

R_ TAATGCTACTGCACTGCA 

109 Escherichia coli, 

Shigella spp. 

Nitrofurantoin Citrobacte. Freundii, 

Enterobacter cloacae 

marA F_ GGACTGGATCGAGGACAA 

R_ CTGCGGATGTATTGGCCT 

135 Escherichia coli, 

Shigella flexneri 

Multi-drug efflux 

pump 

Klebsiella pneumoniae,  

Shigella spp. 

gadX F_ TGTCAAGGGACACGCTTT 

R_ GATAGTTGCGCAACTTCC 

142 Escherichia coli, 

Salmonella spp., 

 Shigella spp. 

Penam, 

fluoroquinolone  

macrolide ABs 

N/A 

Table 3 | Antibiotic resistance gene primers used for qPCR. All primers are sourced from the 

comprehensive antibiotic resistance database (CARD) (507). cls, cardiolipin synthase (required for 

membrane synthesis; specific mutations of cls in Enterococcus confer resistance to daptomycin); bla2, 

Zn dependent β-lactamase type-II with a broad spectrum of activity; mdtO, multidrug (major facilitator 

superfamily) efflux transporter permease subunit; phoP, virulence transcriptional repressor of the 

macAB efflux genes; eptB, kdo(2)-lipid A phosphoethanolamine 7''-transferase; catA, type A-1 

chloramphenicol O-acetyltransferase; blaCMY, class C β-lactamase; nfsA, oxygen-insensitive 

nitroreductase; marA, multidrug resistant efflux pump AcrAB transcriptional activator; gadX, acid 
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resistance transcriptional activator which enhances expression of mdtEF, RND efflux pump; ESKAPE, 

six highly pathogenic and antibiotic resistant bacterial species, including E. faecium, S. aureus, K. 

pneumoniae, A. baumannii, P. aeruginosa and Enterobacter spp. AB, antibiotic. 

 

Gene  5’- Primers -3’ Product 

size (bp) 

Function 

speA F_GGTGTACTACGCTCCATG 

R_TAATGTGGCCCAGCTCGT 

124 Biosynthetic Arg-decarboxylase involved in 

putrescine synthesis; pH independent 

adiA F_CTCCATCAAGACACCTGG 

R_AGGCAGTCAATGGCTTCG 

140 Degradative Arg-decarboxylase, inducible by 

low pH in rich media anaerobically 

cadA F_CCATCCGTGAACTTCATC 

R_ATTTCTTCGCACAGCTCG 

157 Inducible Lys-decarboxylase, producing 

cadaverine, a superoxide radical scavenger 

Table 4 | Primers for Arg- and Lys-decarboxylase genes for qPCR. Expression of Arg- and Lys-

decarboxylase genes which are part of E. coli amino acid-dependent acid resistance mechanisms were 

tested. Total microbiota purified from CRC and control meta-samples were grown aerobically for 24 

hours at 37°C in LB. The forward and reverse gene specific primers for PCR with annealing temperature 

of 56°C and the size of the amplicons are shown. PCR fragments were cloned into the TA-pGEM vector 

(Promega) and 10 randomly selected clones for each gene after transformation were Sanger 

sequenced and BLAST against the nucleotide collection database for confirmation of target 

amplification.  
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5.16 pGEM®-T Easy vector ligation with Taq-derived PCR products 

1 µl (50 ng) pGEM®-T Easy Vector in 5 µl 2x Rapid Ligation Buffer (1x 30 mM Tris-HCl 

pH 7.8 @ 25°C, 10 mM MgCl2, 1m M ATP, 10 mM DTT and 5% PEG-4000) (Promega, A1380), 

with 1 µl 2 U/µl T4 DNA ligase and 3 µl of purified PCR fragment were incubated overnight at 

21°C.  

5.17 Transformation of E. coli with pGEM®-T easy ligation of PCR fragments  

Chemically competent E. coli (hsdR, lacZΔM15, mcrA, recA and endA) DH10B (>1x109 

cfu/μg) in a volume of 50 µl were thawed on ice for 20’ and 5 µl of ligation reaction was added 

and incubated on ice for 30’. Samples were subjected to heat-shock at 42°C for 20’’ to induce 

uptake of DNA fragments and immediately placed on ice for 2’ to allow cells to recover. 

Following this, 250 µl of S.O.C medium (Thermo Fisher, 15544034) was added to each sample 

and incubated for 1 hr at 37 °C with agitation at 100 x rpm to activate expression of β-

lactamase, the ampicillin resistance gene acting as a selectable marker.    

5.18 Blue-white screening for recombinant pGEM®-T easy plasmids 

LB (Luria-Bertani)-ampicillin agar plates containing IPTG (1 mM) and X-Gal (20 mg/ml) 

were plated, in duplicate, with 150 µl of transformation reaction and incubated overnight at 

37°C. White or pale blue colonies were selected (re-plated onto fresh LB-amp+ IPTG/X-Gal+ 

plates) for further analysis to confirm the presence (and the size of the insertion) of the 

recombinant plasmid (508).  

5.19 pGEM®-T easy vector EcoRI digest  

To assess the length of insertion of PCR fragments that would be suitable for Sanger 

sequencing 2 µg pGEM®-T Easy recombinant plasmids extracted (QIAprep Spin Miniprep Kit, 

Qiagen following the manufacturers protocol) from either white or pale blue colonies post-

transformation in 13 µl were mixed with 1 µl EcoRI restriction endonuclease (Thermo Fisher, 

ER0271), 2 µl 10X Buffer EcoRI  and 2 µl water in a final volume of 20 µl and incubated for 

60’ at 37°C. Restriction digest was analysed by 1% TBE-agarose gel-electrophoresis and 

plasmids that carry PCR fragments of expected sizes were selected for Sanger sequencing 

by Eurofins with M13uni-21 primer 5’-TGTAAAACGACGGCCAGT-3’. 

5.20 Expression of antibiotic resistance determinants and amino acid resistance genes 

under different growth conditions in vitro 

Meta-microbial cultures were exposed to two acid stress conditions, (HCl and DL-

lactate pH adjusted media), alongside osmotic stress (NaCl treated media) and oxidative 

stress (H2O2 treated media), before assessment of differential gene expression. 50 µl of 

purified meta-microbiota from both cohorts, CRC (n=3) and control (n=3) were cultured in 50 

ml LB (pH 6.8) at 37°C until stationary phase (pH 8.4-8.6) for 24 hrs at 200 rpm. Optical density 
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of the 1,000-fold diluted overnight cultures were measured at A600 and appropriate 

adjustments were made to make microbial concentrations equal in all cultures. 100 µl of 

control and CRC overnight cultures were transferred into 50 ml of fresh LB pH 5.8 (acid 

adaptation, n=12) and fresh LB pH 6.8 (“untreated”, n=4) for 2 hours as standing cultures at 

37°C. After two hours of acid adaptation the pH of CRC and control cultures were adjusted to 

pH 3.5 with either HCl (n=6, CRC culture: n=3 and control culture: n=3) or DL-lactate (n=6, 

CRC culture: n=3 and control culture: n=3). The untreated CRC (n=2), control (n=2) pH 6.8 

cultures and HCl- pH 3.5 and DL-lactate-adjusted pH 3.5 cultures were further incubated at 

37°C as standing cultures. After 2 hours of incubation microbes were collected by 

centrifugation at 3,000 x g for 30’ at 4°C. The pellets were washed with 5 ml cold 1X PBS 

followed by centrifugation using the same conditions as above and pellets were immediately 

frozen in liquid nitrogen and stored at -80°C for RNA and DNA extractions. The above 

overnight cultures were used for NaCl osmotic stress (n=6) and 1.5 mM H2O2 oxidative stress 

(n=6) and untreated CRC (n=2) and control (n=2) cultures. 100 µl of the overnight cultures 

were transferred into 50 ml of fresh LB pH 6.8 adjusted to 5% NaCl: CRC cultures n=3 and 

control cultures n=3 and oxidative stress: CRC culture n=3 and control culture n=3 at 37°C as 

standing cultures. After 2 hours the cultures were treated as above for RNA and DNA 

purification. Microbial gDNA from overnight cultures (CRC and control, 200 µl each) were 

purified using the DNeasy PowerSoil Pro Kit as described above. Purified gDNA was used for 

16S rDNA sequencing by Novogene to establish the microbial composition of the CRC and 

non-cancerous aerobic cultures. qRT-PCR was used to quantify the level of expression of 

specific AB genes (Table 1), using 16S rDNA primers for normalisation as described above.      

5.21 Targeted antibiotic resistance gene expression analysis 

A more focused analysis of antimicrobial resistance genes was undertaken using the 

Resistance Gene Identifier (RGI) software (509). The ’rgi bwt’ pipeline was run to map the 

meta-transcriptome data to the curated Comprehensive Antimicrobial Resistance Database 

(CARD) (507) v3.1.4 using bwa (510). It is noteworthy that the current CARD is a poor 

predicter of the AB resistance for P. aeruginosa and may give a high rate of false-positive 

predictions in a Global Isolate Dataset (511). Read counts per gene were extracted and used 

to compare conditions (’healthy’ against ’CRC’) using DESeq2 (121) to identify differentially 

abundant/expressed AMR-associated genes.   

To validate antibiotic resistance gene primers DNA was isolated from the untreated control 

and CRC cultures as performed previously (see Genomic (g)DNA Isolation) (Table 3 and 

Table 4). PCR products were ligated into cloning vectors (see pGEM®-T Easy Vector Ligation 

with PCR Products), digested with EcoRI (see pGEM®-T Easy Vector EcoRI Digest) and gel 

electrophoresis was conducted to validate insertion and ligated plasmids were used for 
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sequencing by Eurofins using M13uni-21 5’-TGTAAAACGACGGCCAGT-3’ primers to 

validate antibiotic resistance gene primer specificity. RNA was isolated from all cultures in 

parallel as previously carried out (see RNA Isolation) for conversion to cDNA, as previously 

conducted (see cDNA Synthesis (Invitrogen)) for qPCR. For each biological sample (n=3) 3 

technical repeats of qPCR were conducted as previous (see Bacterial Taxonomic Profiling 

q(reverse transcriptase) PCR). Gene expression analysis was conducted using 16S rRNA 

gene expression to normalise data, non-parametric two-sample Mann-Whitney U (Wilcoxon 

rank-sum) tests were conducted on normalised Ct values to establish significance of changes 

to gene expression. 
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6.0 Results 

6.1 Sample and metadata collection, DNA and RNA extraction and quality control  

University Hospital Coventry and Warwickshire (UHCW) recruited 10 CRC patients 

and 10 healthy participants (Table 1), subject to the selection criteria previously outlined. 

Faecal samples (10-50 g per sample) were collected, and total bacteria was purified from all 

participants. Total DNA and RNA (25-30 µg) were purified. The quality and concentration of 

the extracted DNA and RNA were tested by spectrophotometry at 260-280 nm (Table 5), 

bioanalyser and PCR/RT-PCR for suitability of the samples for sequencing. Testing for any 

potential DNA contamination of RNA was also carried out. RNA samples were treated with 

DNase Turbo post-extraction and have shown no DNA contamination, to confirm this, 12 ng 

(400-fold diluted) of total RNA was used as template for 16S rDNA gene PCR and revealed 

no products in all samples (data not shown). RT-PCR was used to test RNA sample suitability 

for sequencing, clear 500 nts 16S rRNA bands were observed for all samples. The bioanalyser 

assays did not identify the presence of eukaryotic (human and fungal) rRNAs, demonstrating 

that the total RNA samples contain only prokaryotic and archaeal rRNA and do not require 

depletion for eukaryotic rRNA before cDNA library preparation (Fig. 15). The absence of 

eukaryotic RNAs is evident through the lack of ribosomal rRNA, 1869 nts and ~5070 nts, while 

bands at 1.5 kb and 2.9 kb indicate prokaryotic RNA. These data confirm that all RNA samples 

are suitable for RNA-sequencing, despite some CRC samples showing visibly higher levels of 

degradation, confirmed by VERTIS Biotechnologie AG using a Shimadzu MultiNA microchip 

(Fig. 16). 
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Table 5 | In-house analysis of bacterial DNA and RNA concentrations, volumes, and total 

amounts. 5 µg of RNA per samples was used for metatranscriptome sequencing, the same amount for 

16S rRNA gene sequencing. 

 

 

 

 

 

 

 

Sample Concentration 

(ng/µl) 

Volume (µl) Amount (µg) 

CRC275 290 822 39 50 1.1 41.1 

CRC276 396.4 744 19 50 7.5 37.2 

CRC277 129.6 353 29 100 3.8 35.3 

CRC278 492.6 571 19 100 9.4 57.1 

CRC279 865 468 19 100 16.4 46.8 

CRC280 600.3 471 19 100 11.4 47.1 

CRC281 921.5 407 19 100 17.5 40.7 

CRC282 721 364 19 100 13.7 36.4 

CRC283 617.7 346 19 100 11.7 34.6 

CRC284 668.2 291 19 100 12.7 29.1 

V293 710.9 417 19 50 13.5 41.7 

V294 153.4 456 19 50 2.9 45.6 

V295 1014.5 1318 19 50 19.3 131.8 

V296 694 953 19 50 13.2 95.3 

V297 315.2 838 19 50 6 83.8 

V298 929.3 592 19 50 17.7 59.2 

V299 550.6 920 19 50 10.5 92 

V300 645.4 433 34 100 21.9 43.3 

V301 656.7 461 39 100 25.6 46.1 

V302 717 355 29 100 20.8 35.5 

 DNA RNA DNA RNA DNA RNA 
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Fig. 15 | Bioanalyser analysis of RNA isolated from CRC and non-CRC samples. RNA samples 

analysed by bioanalyser (Agilent Technologies) using capillary gel-electrophoresis. A. Prokaryotic RNA 

from 10 CRC pre-surgery faecal samples. Samples CRC278, CRC279, CRC281 and CRC282 appear 

to be more degraded than other CRC RNA samples, however of sufficient integrity for sequencing and 

downstream analysis. B. Prokaryotic RNA from 10 non-CRC faecal samples. 23S, 23S rRNA;16S, 16S 

rRNA, [s] (y axis) denotes time in seconds.  
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Fig. 16 | Capillary gel-electrophoresis of sample total RNA analysed by Bioanalyser: Prokaryotic 

rRNA subunits, 16S rRNA (16S) and 23S rRNA (23S) indicated with arrows for all samples provided by 

VERTIS by Shimadzu MultiNA microchip. Results confirmed in-house RNA integrity analysis (Fig. 15). 
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6.2 Sequencing and community diversity metrics 

Metatranscriptomic sequencing of the 20 samples produced 909,748,013 read pairs, 

which were processed to output 693,090,228 sequences (18,510,095-38,871,022 per sample, 

median 21,946,018), a 76% rate of retention consistent with the expected Illumina Q30 score 

(a metric indicating accuracy of base calling) of ≥75% (512). 16S rDNA sequencing of the 20 

samples produced 3,603,795 read pairs, which were processed to produce 3,303,648 

sequences. (All metatranscriptome and 16S rRNA gene sequencing data were submitted to 

the European Nucleotide Archive (ENA) under the project accession PRJEB53891 and are 

accessible from https://www.ebi.ac.uk/ena/browser/view/PRJEB53891). Alpha-diversity, as 

assessed by Gini-Simpson indices, measured for transcriptomic and for 16S rDNA-seq data 

correlated (Spearman’s ρ=0.67, P=0.0017; Fig. 17A) indicating a similar signal in the data 

despite the different nature. PERMANOVA analyses indicated the only significant grouping 

factor was healthy vs. CRC samples (and not age, sex, smoking status, or BMI) (Table S1). 

This was reflected in the ordination (PCoA) plots, that indicated some separation between 

healthy and CRC samples (Fig. 17B and Fig. 17C). Alpha-diversity was greater in healthy 

samples than in CRC samples for both transcriptomic (healthy=0.0226; CRC=0.0170) and 

16S (healthy=0.0336; CRC=0.0234) data (Fig. 17D and Fig. 17E). ANOSIM analyses 

indicated that CRC samples were significantly more divergent from one another than healthy 

samples for both metatranscriptomic (P=0.043) and 16S rDNA (P=0.002) data (Fig. 17F and 

Fig. 17G). 

https://www.ebi.ac.uk/ena/browser/view/PRJEB53891
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Fig. 17 | Community diversity of gut microbiota based on meta-transcriptomic sequencing and 

on amplified 16S markers. A. Spearman’s correlation between 16S rRNA gene and 

metatranscriptome datasets. B. PCoA ordination plot of non-CRC- (healthy) and CRC-associated active 

taxonomy. C. PCoA ordination plot of non-CRC- and CRC-associated microbial 16S abundance-based 

taxonomy. D. The Gini-Simpson α-diversity index (1-Simpson) of each sample’s active taxonomy. E. 

The Gini-Simpson α-diversity index (1-Simpson) of each sample’s 16S abundance-based taxonomy. F. 

ANOSIM results, based on Bray-Curtis dissimilarity of samples, showing the distribution of ranks of 

pairwise dissimilarities between non-CRC and CRC-associated active taxonomy and among non-CRC 

A 

B C 

D E 

F G 
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and CRC-associated active taxonomy. G. ANOSIM results, showing the distribution of ranks of pairwise 

dissimilarities between non-CRC and CRC-associated 16S taxonomy and among non-CRC and CRC-

associated 16S taxonomy. The plots shows that CRC-associated samples are significantly more 

dissimilar from one another than the healthy microbiota in both metatranscriptome (P=0.043) and 16S 

(P=0.002) datasets. Principal Coordinate Analysis; PCoA. Analysis of similarity; ANOSIM. 
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6.3 Profiles of the most abundant and most active species in both health and colorectal 

cancer groups are distinct from one another  

  It is well established that bacteria can exist in different metabolic states to adapt to 

adverse environmental conditions, including dormant and persistence phenotypes (518). To 

characterise different subpopulations of specific bacteria in the gut in both groups we 

compared the 16S rDNA-based taxonomic abundance with the metatranscriptome-based 

relative activity of bacterial species. We identified 240 species whose activities (based on total 

transcript abundance) were significantly different in CRC (Fig. 18, Dataset 1, Tab 2 of (513)) 

and 15 species the presence of which was altered in the disease (Dataset 1, Tab 3 of (513)).  

Based on 16S rDNA analysis we identified the 20 most abundant bacteria in the healthy cohort 

(Fig. 19A) represented 38.70% of the total microbial population. Of those, the abundance of 

Faecalibacterium sp., Faecalibacterium prausnitzii, Ruminococcus bicirculans and 

Lactobacillus amylovorus was significantly reduced in CRC. The combined relative activity of 

these species in the healthy group accounted for 26.39% of the total expressed microbiome 

and reveals several interesting observations (Fig. 19C). Five species, F. prausnitzii, a major 

butyrate-producing bacterium (514), Bacteroides vulgatus and B. stercoris (members of the 

pro-inflammatory Bacteroides fragilis group (515)), B. uniformis and Parabacteroides merdae 

(commensal saccharolytic species), also resided within the profile of the most active species 

in the control cohort. The activity of only F. prausnitzii was significantly altered in the cancerous 

gut. Activity of only two of the most abundant Firmicutes bacteria, F. prausnitzii and R. 

bicirculans (a ‘secondary-degrading’ cellulolytic, hemicelluloses, bacterium (516)), was 

reduced in CRC but not of the lactic acid bacterium L. amylovorus. These data suggest that 

the most prevalent microorganisms of the non-cancerous gut (a small proportion of species), 

as averaged across all samples, perform more than a quarter of all microbiome activity, 

providing that the RNA level from extracts accurately represent in vivo transcript abundance. 

Critically, these profiles are largely distinct from their corresponding DNA-based signatures. 
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Fig. 18 | Activity of microbial species during colorectal cancer. The volcano plot indicates -Log10 

BH-adjusted P-values for transcriptome-wide gene expression per species against their respective Log2 

fold changes in activity during CRC compared to control. Blue and red dots represent significantly 

increased and decreased activity respectively between CRC and control groups. Grey dots represent 

species with no changes in activity between the two groups (-Log10 BH-adjusted P-values <1). 240 of 

8739 (3667 shown) species identified show significantly altered activity during CRC.  
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In CRC, Escherichia coli and Bacteroides gallinaceum of the top 20 most abundant 

species were significantly enriched as opposed to Faecalibacterium sp. and F. prausnitzii (Fig. 

19B). Six of the most prevalent species, B. uniformis, F. prausnitzii, B. vulgatus, 

Parabacteroides distasonis, E. coli and P. merdae displayed similar levels of activity in CRC 

(Fig. 19D). Interestingly, the level of transcripts of four species, Methanobrevibacter smithii (a 

methanogenic archaea), B. gallinaceum, Dialister sp. and Romboutsia ilealis were not 

detected in either cohort. It is noteworthy that the archaeal genome is poorly represented in 

the SAMSA2 database, but four bacteria that belong to the genus Dialister were identified in 

both groups with no significant changes in their activities across conditions.     

The signature of the 20 most active bacteria in the non-cancerous gut was compared 

with their corresponding abundance and activity in CRC. They shared almost half of the total 

microbial activity, 47.86% while their abundance made up only 16.76% to the total population 

(Fig. 19C). The corresponding profile of most active bacteria in CRC was 48.80% (Fig. 19D). 

The abundance of these most active bacteria constituted 21.22% of the total microbial 

population in CRC. Interestingly, 19 of those microbes had unchanged levels of transcription, 

with only activity of F. prausnitzii altered in CRC. The presence of the most active species, B. 

dorei, Duodenibacillus massiliensis (a gram-positive Betaproteobacteria), Alistipes shahii (a 

gram-negative strict anaerobe), B. cellulosilyticus (a cellulolytic bacterium), Acinetobacter 

baumannii (a gram-negative aerobic opportunistic pathogen belonging to the clinically relevant 

multi-drug resistant ESKAPE group (517)) and Bacteroides timonensis had no detectable 

rDNA. The metabolic activity of just 20 bacteria displays almost a half of the total microbial 

activity of the gut in both cohorts but only made up around one fifth of the population. These 

findings suggest that bacteria in the gut may exist in a dormant state (such as R. ilealis) and 

vice versa, actively transcribing while their DNA level is low or undetectable (see below). The 

presented data indicate that members of the gut microbiota who constitute the most abundant 

and most active profiles in each condition are distinct from one another, and the majority of 

transcription is carried out by a minority of the population, disproportionate to their presence. 
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Fig. 19 | Profiles of the most abundant and most active species in both health and colorectal 

cancer groups are distinct from one another. A. The profile of the most abundant (38.70% of total 

microbial population) control cohort species and their activity (26.39% of total expressed microbiome). 

Faecalibacterium prausnitzii, Bacteroides vulgatus, Bacteroides uniformis, Bacteroides stercoris and 

Parabacteroides merdae were present in the profile of most active control group species (Fig. 19C). B. 

The profile of most abundant (37.59% of total microbial population) CRC cohort species and their 

comparative activity (22.16% of total expressed microbiome). B. uniformis, F. prausnitzii, B. vulgatus, 

Parabacteroides distasonis, Escherichia coli and P. merdae were also represented in the profile of most 

active CRC bacteria (Fig. 19D). C. The profile of most active (47.86% of total expressed microbiome) 

control group species and their comparative abundance (16.76% of total microbial population). F. 

prausnitzii, B. uniformis, B. stercoris, B. vulgatus, P. merdae and P. distasonis were also represented 

in the profile of most abundant species for the control cohort (Fig. 19A). D. The profile of most active 

(48.80% of total expressed microbiome) CRC group species and their comparative abundance (21.22% 

of total microbial population). B. uniformis, P. merdae, P.s distasonis, F. prausnitzii, B. vulgatus, E. coli 

and Bacteroides eggerthii were also represented in the profile of most abundant CRC species (Fig. 

19B). 
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6.4 Members of the gut microbiota display divergent levels of abundance and 

transcriptional activity in CRC and non-cancerous environments 

To further characterise taxonomic differences between the abundance and activity of 

bacteria in the gut we investigated whether DNA-based undetectable species display any 

detectable transcriptional activity and vice versa. In this study 34 species were identified at 

the rDNA level with no traces of transcriptional activity, 8 of those were present in the CRC 

gut and absent in the control group (Table S2). Bacteroides gallinaceum, Helicobacter 

canadensis, Corynebacterium durum and Dialister sp. were among species common to both 

groups with undetectable expression. Corynebacterium amycolatum, Mesorhizobium 

plurifarium, Sphingopyxis terrae and Promicromonospora sp. etc. were unique to the CRC gut. 

All microbes compared at the DNA and RNA levels were present in both databases (489, 518) 

(including previous taxonomic classifications). Although it is possible that the lack of transcripts 

may be due to faster mRNA degradation in some species relative to others, and we conclude 

that those organisms are transcriptionally inactive or dead.  

A further subset of species showed a detectible transcriptome level while their relative 

abundance was greater by at least an order of magnitude (Fig. 20A), suggesting a dormant-

like phenotype. A dormant microbial cell will still have low mRNA levels which can be used for 

housekeeping or be translationally silent (519). The low presence of a dormant species would 

very likely result in failure to detect its transcripts. For instance, Chlamydia trachomatis was 

represented in the CRC population more than 430-fold compared to that of their relative 

activity, but this DNA:RNA ratio was down 8.3-fold in the control group. Members of this sub-

set of microbes, strikingly, includes species that hold significant probiotic potential. 

Bifidobacterium species B. adolescentis, B. animalis and B. pullorum have relative 

abundances 10-60-fold greater than their relative activity in both groups (excluding B. pullorum 

in CRC whose activity is greater relative to its abundance). B. adolescentis (a bacterium which 

maintains the gut-brain axis through production of the primary inhibitory neurotransmitter γ-

aminobutyrate) (520, 521) made up 3.25% of the microbiome in both disease and control 

groups. However, the proportion of their RNA levels was at least 100-fold less in CRC. This 

further supports the idea that the CRC environment can regulate activity of microbes without 

changing their abundance. This trend is even more pronounced for several Lactobacillus 

species, e.g. L. amylovorus, L. reuteri and L. mucosae. Bifidobacterium spp. and Lactobacillus 

spp. share many phenotypic characteristics and are often considered for probiotic 

administration due to their acid fermenting capabilities (522). However, the realisation of their 

functional potential (based on DNA level alone) appears to be limited, thus their protective role 

may be overestimated. Consistently, E. rectale (inflammation-causing species), Streptococcus 

salivarius and D. invisus follow this dormant-like pattern. Although roles of certain species may 
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appear significant to health and disease due to their genome abundance, they may be 

overestimated in their contribution.   

Contrarily, we found many transcriptionally active microorganisms in both cohorts that 

were largely absent (genome level) in at least one group (Table S2). The active species, B. 

dorei, Duodenibacillus massiliensis, Alistipes shahii, B. cellulosilyticus and a member of the 

ESKAPE group Acinetobacter baumannii  (517) had no detectable rDNA. Metabolically active 

pro-inflammatory A. shahii, associated with optimal responses to cancer immunotherapy 

(131), and Acinetobacter junii, linked to nosocomial pneumonia, were also absent at 16S 

levels. These data further evidence the importance of studying activity of gut microbes to avoid 

overlooking small populations which are in fact transcriptionally active, which in this instance 

appear to harbour clinically relevant pathogens. 

  Additionally, several species were identified with relative activity far greater than their 

respective representation in the community, indicating hyper-active species relative to 

population size (Fig. 20B). For instance, Ruminococcus torques, a CRC-associated bacterium 

(222), displayed the most divergent relationship between relative presence and activity, with 

an average of ~1.3x103-fold difference between the DNA and RNA levels, in both health and 

CRC. Bacteroides nordii, Bacillus thuringiensis, F. nucleatum, Prevotella timonensis, 

Megamonas sp., P. copri, Flavonifractor plautii, B. fragilis and Collinsella aerofaciens 

constitute further examples of bacteria, including established CRC-associated species, where 

relative transcriptional activity was disproportionately greater than abundance within the 

community. Moreover, ecologically under-characterised species within this subset, such as 

Candidatus soleaferrea (523), warrant more detailed functional analysis. These data highlight 

that genome abundance is a poor indicator of microbial activity in the community and may 

lead to the underestimation of the roles of certain potentially relevant pathogens in CRC.  
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Fig. 20 | Relative abundance and activity are affected by the CRC gut niche independently. A 

Species, the abundance (level of 16S rDNA) of which overrepresents their corresponding activity (level 

of expressed mRNA). B Species, the activity of which overrepresents their corresponding abundance. 

All data presented are as a mean percentage of total microbial population (abundance) or transcriptome 

(activity) across both cohorts.  
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6.5 Activity of the microbiome in CRC shifts away from beneficial species towards a 

diverse range of pathogens 

  Intestinal microbiota provide the host with metabolites critical to the maintenance of 

gut homeostasis, including short-chain fatty acids (SCFAs), such as n-butyrate (524). n-

butyrate, the preferred energy source for colonocytes, fortifies the epithelial barrier and 

suppresses inflammation (371) and is mainly produced by Clostridium clusters IV, XIV and 

XVI, abundances of which have been shown to negatively correlate with CRC (177). We 

observed, with the exception of C. perfringens (a common cause of food poisoning (525)) 

(Table 6), enhanced activity of Clostridium kluyveri (synthesising n-butyrate from ethanol and 

lactate) and Inediibacterium massiliense (encoding butyrate kinase), and significant loss of 

activity of 22 major n-butyrate producing species (Fig. 21). This is in line with transcription of 

n-butyrate-metabolising genes/pathways (526). We also found that activity of several 

Streptomyces species (major antibiotic-producing bacteria which control microbial community 

composition (527)) were diminished in CRC. Interestingly, only three species, S. albus, S. 

mangrovisoli and one unknown species (out of ten identified) contributed almost half (48%) of 

all Streptomyces activity in the control group, with undetectable levels of rDNA, and 

proportional levels of transcript 39% lower than the CRC group (down to 9%). This suggests 

that specific Streptomyces species may be important for the health of the gut. 
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Fig. 21 | Beneficial butyrate-producing species are less active in CRC while some pathogenic 

butyrate-producers gain activity.  Species which possess butyrate-synthesising genes activity are 

widely affected in the CRC gut. The beneficial n-butyrate-producing species with significantly altered 

activity in CRC belong to Clostridium clusters IV, XIVa and XVIII. Pathogenic n-butyrate-producing 

Clostridium cluster I, Clostridium kluyveri, and Clostridium cluster XI/Clostridiaceae, Inediibacterium 

massiliense (528), are also shown, however with elevated activity in the malignancy. * P ≤ 0.05, ** P ≤ 

0.01, *** P ≤ 0.001. 
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Organism Name Log2 Fold Change lfcSE Padj 

Upregulated in CRC 
   

Actinomyces cardiffensis 1.92 0.70 0.0972 

Actinomyces dentalis 1.95 0.66 0.0676 

Actinomyces graevenitzii 1.90 0.66 0.0773 

Actinomyces israelii 1.86 0.62 0.0629 

Actinotignum urinale 1.86 0.63 0.0686 

Clostridium perfringens 1.84 0.67 0.0980 

Dolosigranulum pigrum 1.18 0.43 0.0999 

Enterobacter lignolyticus 2.47 0.81 0.0565 

Gemella sanguinis 2.44 0.67 0.0253 

Gemella sp. 1.91 0.70 0.0995 

Klebsiella aerogenes 2.43 0.82 0.0676 

Klebsiella michiganensis 1.95 0.68 0.0827 

Klebsiella quasipneumoniae 2.18 0.78 0.0924 

Klebsiella variicola 2.74 0.90 0.0565 

Mycoplasma pneumoniae 2.83 0.93 0.0588 

Parvimonas micra 2.45 0.62 0.0109 

Staphylococcus hominis 3.51 0.74 0.0009 

Staphylococcus pasteuri 1.62 0.58 0.0924 

Staphylococcus 

saprophyticus 

2.25 0.78 0.0761 

Streptococcus agalactiae 1.68 0.60 0.0924 

Streptococcus cristatus 1.96 0.63 0.0515 

Streptococcus dysgalactiae 1.61 0.50 0.0452 

Streptococcus gordonii 2.20 0.60 0.0240 

Streptococcus infantis 2.40 0.74 0.0447 

Streptococcus mitis 2.11 0.63 0.0395 

Streptococcus 

parasanguinis 

3.15 0.80 0.0109 

Streptococcus pneumoniae 2.11 0.63 0.0393 

Streptococcus porci 2.78 0.76 0.0240 

Streptococcus pyogenes 1.58 0.58 0.0995 

Streptococcus sanguinis 1.45 0.53 0.0975 

Vibrio parahaemolyticus 3.71 0.73 0.0003 

Downregulated in CRC 
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Aggregatibacter aphrophilus -2.24 0.70 0.0469 

Anaerobiospirillum 

succiniciproducens 

-1.33 0.48 0.0975 

Campylobacter 

insulaenigrae 

-2.76 0.88 0.0505 

Chryseobacterium gleum -1.80 0.63 0.0768 

Clostridium neonatale -1.02 0.33 0.0502 

Haemophilus influenzae -2.25 0.76 0.0660 

Haemophilus 

parainfluenzae 

-2.68 0.81 0.0418 

Legionella steigerwaltii -2.27 0.72 0.0502 

Prevotella bivia -2.33 0.83 0.0882 

Pseudomonas citronellolis -3.57 1.05 0.0373 

Sphingomonas sp. -1.65 0.52 0.0487 

Eubacterium hallii -1.73 0.53 0.0447 

Eubacterium plexicaudatum -1.04 0.36 0.0763 

Eubacterium rectale -2.84 0.65 0.0029 

Eubacterium uniforme -1.66 0.44 0.0198 

Eubacterium ventriosum -2.11 0.60 0.0281 

Streptomyces albus -3.58 1.07 0.0001 

Streptomyces mangrovisoli -3.86 1.16 0.0398 

Streptomyces niveiscabiei -4.12               1.07 0.0146 

ESKAPE Pathogens 
   

Enterococcus faecium 0.15 0.40 0.8466 

Staphylococcus aureus 1.63 0.55 0.0674 

Klebsiella pneumoniae 1.56 0.63 0.1392 

Acinetobacter baumannii 1.45 0.69 0.2145 

Pseudomonas aeruginosa 2.71 0.59 0.0014 

Enterobacter lignolyticus 2.47 0.81 0.0565 

Table 6 | Activity of clinically relevant species, including ESKAPE pathogens, is positively 

regulated by CRC. Opportunistic pathogens which may cause infections in immunocompromised 

individuals and the activity of which are regulated (significantly different transcript levels) in CRC are 

presented. Transcriptome of three ESKAPE bacteria, E. faecium, K. pneumoniae and A. baumannii: 

lfcSE, log2 fold change standard error. Padj, P-value adjusted with Benjamini-Hochberg. 
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Metagenome studies have found many lactic acid-producing bacteria, such as 

Bifidobacterium and Streptococcus thermophilus, are underrepresented in CRC (529). We 

identified that functional activity of six members of the Bifidobacterium genus was 

downregulated in CRC while activity of a probiotic S. thermophilus was enhanced (Fig. 22). 

Notably, it has been suggested certain probiotics (naturally present GI species known to 

produce beneficial metabolites, often consumed in large quantity, from certain foods or dietary 

supplements, to maintain or restore their population) pose a risk to immunocompromised 

individuals (530). Interestingly, activity of four Lactobacillus bacteria was stimulated in cancer 

while the activity of another probiotic, Lactobacillus ruminis (531) was reduced. Despite 

sharing characteristics, namely lactic acid producing genes, total activities of these species 

are differentially regulated under the same CRC conditions. 

There are a number of pathogens present in the human gut that upon gaining access 

to the bloodstream may cause life-threatening infections (532), many of which carry multi-drug 

resistance, such as Enterobacteriaceae (533). We identified members of three genera 

Klebsiella, Enterobacter and Kluyvera with significantly enhanced activity in CRC (Fig. 23), yet 

surprisingly activity of E. coli was not modulated by CRC (Dataset 1, Tab 2 of (513)) and this 

was confirmed by qRT-PCR (Fig. 24). This aligns, at least in-part with our functional 

metatranscriptome analyses (presented below), that the gut microbiome displayed greater 

expression of antibiotic resistance determinants in CRC, including β-lactams and efflux 

pumps. The factors responsible for enhancing Enterobacteriaceae activity, such as nutrient 

availability or colonocyte invasion, are yet to be established. 
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Fig. 22 | Probiotic genera, including Lactobacillus and Bifidobacterium show varied alterations 

in activity in CRC. Species with probiotic capacity from three different genera, Lactobacillus, 

Bifidobacterium and Streptococcus exhibit different patterns of expression during malignancy. 

Lactobacillus displayed species-specific regulation of transcription during CRC, L. ruminis (beneficial) 

alongside the Bifidobacterium species was less active while other Lactobacillus and Streptococcus spp. 

were more active. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 
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Fig. 23 | Enterobacteriaceae family pathogens have increased activity in the CRC niche. Four 

genera of the Enterobacteriaceae family, Clostridium, Klebsiella, Enterobacter and Kluyvera have 

member species with augmented transcriptional activity during CRC. * P ≤ 0.05.  
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Fig. 24 | qPCR confirmation of 16S sequencing analysis and qRT-PCR confirmation of 

metatranscriptome sequencing analysis. A. Patterns of abundance for six CRC-associated species 

established by 16S rDNA sequencing confirmed by argS targeted qPCR. F. prausnitzii (P=0.022) and 

E. coli (P=0.015) both show significantly altered abundance in CRC, underrepresented and enriched 

respectively. All data are presented as Log2 fold change of abundance between CRC and control 

cohorts. B. Transcriptome profiling confirmed through qRT-PCR. Levels of expression and their fold 

differences between conditions established through metatranscriptome sequencing were confirmed by 

qRT-PCR for Escherichia coli and Faecalibacterium prausnitzii. Both species were selected for having 

high levels of transcription and differential activity between conditions. * P ≤ 0.05. 
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We identified a set of 31 pathogens, which can cause severe invasive infections 

particularly in vulnerable immunocompromised individuals (532), with enhanced activity in 

CRC (Table 5). Among them were Staphylococcus aureus, Pseudomonas aeruginosa and 

Mycoplasma pneumoniae that usually in combination cause pneumonia, sinusitis, and 

diarrhoea, in addition to Staphylococcus saprophyticus. Furthermore, 11 Streptococcus 

species (belonging to pathogenic groups A, B, C and G, e.g. S. pneumoniae, S. pyogenes, S. 

dysgalactiae and S. agalactiae) were among these clinically important pathogens.  

We also observed repressed activity of 16 pathogens, including Haemophilus sp., 

Haemophilus parainfluenzae and Sphingomonas sp. (Table 5). Interestingly, this included five 

Eubacterium spp., opportunistic pathogens that can produce SCFAs. These five species 

constituted 54% of the Eubacterium genus’s transcription in health and only 21% in CRC, 

suggesting these bacteria may play more health-related, protective roles than pathogenic. 

ESKAPE pathogens, as recognised by the World Health Organisation, are exhausting 

treatment options as they carry multidrug resistance, including extended spectrum β-

lactamase, vancomycin and methicillin resistances (534). All ESKAPE bacteria, including 

Enterobacter lignolyticus, were active in both cohorts (Table 5). E. faecium (0.009% of total 

metatranscriptome activity), Klebsiella pneumoniae (0.136%) and A. baumannii (1.028%) 

showed no significant difference in their activity. We have identified two members of the K. 

pneumoniae phylogroup, K. quasipneumoniae (KpII subgroup (535)) and K. variicola (KpIII 

subgroup) the activities of which were significantly upregulated in CRC. Metatranscriptome 

levels of S. aureus, P. aeruginosa and E. lignolyticus were also significantly higher. These 

data argue the activity of ESKAPE pathogens is regulated in the CRC gut niche.  

6.6 Sulphate-Reducing Bacteria and Thermophiles are differentially active in the CRC 

gut 

Expansion of sulphate-reducing bacteria (SRB) which produce hydrogen sulphide 

(H2S), a by-product of anaerobic respiration, has been linked to the development of CRC 

(536). SRB reduce inorganic sulphate SO4
2- to H2S which, although do not damage DNA 

directly, exhibits pro-cancerous effect via RAS-MEK signalling. We found the activity of five 

SRB was differentially regulated (Fig. 25), three species displayed enhanced and two reduced 

activities. Our functional analysis of microbial pathway and gene expression indicated that the 

CRC gut environment is highly acidic (see below), which can be due to a high level of organic 

acids, such as lactate, an electron donor for SRB. Hence, alteration in gut acidity e.g. due to 

changes in metabolism of members of the microbiota, or the Warburg effect in cancer cells 

may influence metabolism of other groups of microorganisms, such as SRB that could enact 

a genotoxic stress on colonocytes.  
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Fig. 25 | Sulphate-reducing bacteria display species-specific CRC regulated activity. Bacteria with 

the capacity to reduce environmental sulphate to potentially carcinogenic hydrogen sulphide (537, 538), 

display differing patters of activity, dependent on the species, during CRC. * P ≤ 0.05. 
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We found 15 thermophilic species with significantly higher transcriptional activity in 

CRC and Desulfovibrio magneticus (a SRB) and Treponema caldarium (oral cavity bacteria) 

displayed attenuated activity (Fig. 26). The majority of thermophiles grow optimally at a basic 

pH between 7 and 11 despite the CRC gut likely being highly acidic (as later finding of this 

work). Depending upon microbial loci, activity of these thermophiles may be regulated by 

dynamic microenvironments and/or transient stimuli.   
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Fig. 26 | Despite the potentially high acidity of the CRC gut, thermophiles can thrive. 15 species 

of thermophilic (grow optimally at temperatures >41°C and pH 7-11) bacteria possess elevated activity 

in the CRC gut niche. * P ≤ 0.05. 
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6.7 Gut microbiota express antibiotic resistance genes without antibiotic treatment and 

transcription of many resistance genes is upregulated by the gut environment  

Based on extensive DNA-based analyses it has been established that the gut 

microbiota is a reservoir of antibiotic resistance determinants. However, expression of 

antibiotic resistance determinant genes in the gut has not been investigated so far. We applied 

the RGI approach to the metatranscriptomic data to analyse the level of and any differences 

in expression of antibiotic resistance determinants across groups, as described in 5.21. The 

surprising data of enhanced AB (antibiotic) resistance determinant expression by the CRC 

microbiota without external AB pressure prompted us to investigate differential AB resistome 

profile in greater detail (Dataset 1, Tab 4 of (513)). A high level of resistance genes expressed 

in a number of clinically relevant microorganisms was observed for, e.g. S. aureus, C. difficile, 

Salmonella enterica serovar Typhimurium, S. pneumoniae, Neisseria gonorrhoeae and N. 

meningitidis, Campylobacter jejuni, H. pylori, E. coli, Mycobacterium tuberculosis etc, to a wide 

spectrum of antibiotic classes. Critically, these AB resistance determinants were expressed 

irrespectively of the health status of the gut. This suggests that the human gut environment 

supports expression of AB resistances as a part of microbial adaptation. Comparison of 

expression of AB resistance genes by the CRC and control gut microbiota revealed differential 

expression of 45 resistance genes (P<0.05) with a further 71 genes differentially transcribed 

with 90% confidence. Observed AB resistance determinants belonged to more than twelve 

different families (Fig. 27A). Among them, CRC-dependent overexpression of 52 AB 

resistance genes was observed for all ESKAPE species (Fig. 27B). Interestingly, expression 

of only 9 AB resistance genes were downregulated in the CRC microbiome, transcription of 

all other AB resistance determinants was significantly increased in cancer. Strikingly, EF-Tu 

dependent elfamycin and rpoB mediated rifamycin resistances were inhibited. This could be 

due to a “collateral” effect of acidity of the CRC gut, low pH may affect DNA replication, 

transcription and translation (539), hence expression of AB resistances that target translation 

and transcription may be affected by downregulation of targeted genes. 
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Fig. 27 | Resistance genes to over 12 classes of antibiotics as well as multidrug resistance are 

found differentially expressed in CRC including by ESKAPE pathogens. A. CRC microbiota 

upregulates expression of AB resistance determinants of 12 major families of antibiotics, including 

aminoglycosides, β-lactams, lincosamides and macrolides. Other ABs/AB families include synthetic 

oxazolidinone, rifamycin, streptogramins, pleuromutilin, nitrofuran, isoniazid and diaminopyrimidine. B. 

ESKAPE pathogens of the CRC gut upregulate expression of a gamut of AB resistance determinants. 

Bold species denote primary expressor of genes, listed ESKAPE pathogens below bold species can 

also express genes displayed for that group. All data points plotted are statistically significant (either 

>90% or >95% confidence). Solid black circle: E. faecium; Black square: S. aureus; Upward pointing 

black triangle: K. pneumoniae; Downward pointing black triangle: A. baumannii; Black diamond: P. 

aeruginosa; Hollow black circle: Enterobacter spp.  
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One of the striking features of the CRC gut environment is that it differs from the control 

counterpart with respect to environmental acidic, osmotic and oxidative pressures. We 

proposed that such factors may in part regulate expression of AB resistance genes. Hence, 

we tested the influence of these environmental factors in vitro on microbial expression of AB 

resistance genes (Table 3). Purified metabacteria were cultured under distinct stress 

conditions which based on our metatranscriptome analysis we believe the CRC gut microbiota 

are subjected to, in the presence of H2O2, NaCl, Lactate or HCl. Expression of AB resistance 

determinants (identified as differentially expressed through targeted RNA sequence data 

analysis) were investigated through qRT-PCR using primers from the CARD database. Non-

treated cultures acted as controls, and housekeeping 16S rRNA was used for normalisation, 

when conducting statistical analyses. 

6.8 H2O2 represses and enhances expression of AB resistance determinates depending 

upon the health status of the gut 

The unexpected discovery of a high level of expression of a significant proportion of 

AB resistance determinants in the gut microbiota regardless of the health status of the host 

and significantly enhanced expression of >200 of AB resistance determinants in CRC led us 

to test if their expression by metabacteria in vitro. We hypothesised their expression may be 

regulated by specific environmental stresses of the CRC gut, as suggested via our 

metatranscriptomic analysis. 

Our metatranscriptome analysis revealed differential expression of several bacterial genes 

that respond to the presence of ROS, and specifically the availability of H2O2. This suggests 

that availability of H2O2 in the gut depends upon the health status (6.13). Based on these 

findings we decided to test whether H2O2 has an effect on expression of specific AB resistance 

determinants in vitro using the gut metabacteria purified from CRC and control faecal samples. 

Hydrogen peroxide simultaneously upregulated expression of nsfA, mdtO, catA, and gadX 

antibiotic resistance genes of the control microbes while repressing their transcription in the 

CRC derived microbes (Fig. 28). Expression of phoP, and blaCMY genes was also inhibited in 

the CRC microbes with no difference in its expression in microbes derived from the control 

samples. Expression of the bla2 gene was significantly attenuated in both cultures. 

Metatranscriptomic analyses for these genes showed their transcription was significantly 

greater in CRC. This suggests that these antibiotic resistance determinants are not regulated 

by hydrogen peroxide, and this is consistent with our observation that H2O2 oxidative pressure 

is not a major feature of CRC in contrast to the control gut environment.  Expression of cls and 

marA was enhanced in CRC microbes in response to H2O2. Transcription by E. coli in the 

control cultures was elevated for marA and repressed for bla2. Expression of eptB was not 

changed by the CRC E. coli but switched on in the control. This suggests that oxidative 
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pressure is a potential regulator of antibiotic resistance of the gut microbiome in a health-

dependent manner. 

6.9 Osmotic pressure inhibits AB resistance irrespectively of the health of the host but 

may activate certain resistance mechanisms 

Our metatranscriptomic analysis of the CRC microbiome showed enhanced 

expression of several genes which are involved in the osmotic stress response. This suggests 

that microbiota in CRC may be under greater osmotic pressure. Hence, to test if osmotic stress 

is a potential regulator of AB resistance determinant expression, we applied NaCl to the growth 

media of the gut metabacteria and monitored the level of expression of specific AB 

determinants, the differential expression of which was observed via the metatranscriptomics. 

Osmotic pressure downregulated expression of cls, bla2, gadX, blaCMY, mdtO, phoP and catA 

genes in CRC and control bacteria (Fig. 28). Expression of nsfA was not affected by NaCl in 

either culture while expression of eptB and marA was upregulated by the CRC microbes. The 

control culture did not change expression of marA while expression of eptB mirrored the 

phenotype for oxidative pressure. These data argue that osmotic pressure suppresses 

antibiotic resistance gene expression in a health-independent manner while it may activate 

expression of specific AB resistance genes depending upon the health status of the host.  

6.10 Organic and inorganic acids control AB resistance gene expression differently 

The CRC gut microenvironment is well known to be featured with highly acidic 

conditions due to Warburg metabolism of the tumour, leading to the secretion of lactic acid to 

the surrounding environment (556). Our metatranscriptomic analysis of differential gene 

expression also revealed expression of genes which are involved in acid stress responses 

(6.15). To test if acidity influences the expression of specific AB resistance determinants in 

vitro, we subjected metabacterial cultures to organic (lactic acid) and non-organic (HCl) acids 

and measured expression of these resistance genes. Expression of nsfA, eptB, marA and 

phoP was regulated by acidity in a health dependent manner (Fig. 28), both acid conditions 

upregulated the gene expression by CRC aerobes but not in the control, except for marA 

expression in response to inorganic acid (HCl). DL-lactate promoted expression of mdtO, catA 

and bla2 genes in the CRC culture but had no effect of their expression in the control. 

Transcription of cls and gadX genes was repressed by lactate in the control cultures and their 

expression was enhanced and non-changed in the CRC cultures, respectively. Expression of 

blaCMY was not regulated by lactate in either culture but inorganic acid supressed its expression 

in both. Inorganic acid prompted no changes in expression of gadX, mdtO or catA in the CRC 

aerobes while attenuated their expression in the control. Furthermore, HCl adjusted acidity 

significantly downregulated transcription of cls and bla2 genes irrespective of the health status 

origin of bacteria. Lactate appears to be a major positive regulator of AB resistance gene 
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expression in CRC-derived aerobes and affects resistance gene expression generally in a 

health-dependent manner. Inorganic acid, in contrast, variably regulated resistance gene 

expression. HCl-dependent AB resistance gene expression by health-associated aerobes 

differs to that of lactate however, there is limited overlap in the patterns of gene expression 

following exposure to the two acids.   
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Fig. 28 | Environmental pressures regulate expression of multidrug resistance determinants. 

Expression of 10 antibiotic resistance genes was quantified by qRT-PCR conducted following growth 

of meta-microbiota isolated from both CRC and control cohorts under four different CRC-related 

pressures, DL-lactate (pH 3.5), hydrogen chloride, HCl (pH 3.5), sodium chloride, NaCl (5%) and 

hydrogen peroxide, H2O2 (1.5mM). Levels of expression are shown in arbitrary relative units. Error bars 

denote standard deviation (n=9), asterisks represent statistically significance * P ≤ 0.05, ** P ≤ 0.01, *** 

P ≤ 0.001, **** P ≤ 0.0001.  
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6.11 Oral cavity and biofilm forming bacteria are more active in the CRC gut 

Several reports have associated CRC with oral cavity microbiota (524), such as 

Parvimonas micra and Streptococcus spp., suggesting the use of oral bacteria as CRC 

markers. We observed an extensive collection of oral cavity species which were differentially 

active between conditions (Fig. 29A). Later colonisers of oral biofilms Parvimonas micra, a 

core CRC-enriched oral pathogen identified through metagenomic analysis (540), and 

Veillonella magna were among those with elevated activity. Early-stage plaque and biofilm 

forming species, including Rothia sp., Gemella sp., four Actinomyces pathogens, including A. 

dentalis, Streptococcus pyogenes among other Streptococcus species, all which cause 

periodontal diseases, were more active in the CRC gut. This suggests these pathogens which 

initiate oral biofilm formation may act with a similar modus operandi. Consistent with this, we 

found that activity of Anaerostipes sp. and Roseburia are diminished in cancer (Fig. 29B), the 

increased abundance of which was negatively associated with colonocyte colonisation by oral 

bacteria (223). Furthermore, among bacteria that lost activity in CRC, we observed several 

oral pathogens which are known for being secondary/later colonisers, such as Aggregatibacter 

sp., pro-inflammatory Tannerella sp., Porphyromonas and Prevotella (541). Interestingly, their, 

and Haemophilus spp. genome enrichment in CRC has been reported, further emphasising 

the importance of functional analysis. This also suggests that activity of secondary colonisers 

may be regulated by their ability to adhere to other periodontal pathogens while they may lose 

out to gut bacteria for secondary colonisation.  
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Fig. 29 | Known early- and late-stage coloniser oral cavity bacteria show CRC-regulated activity. 

A. Oral cavity species with significantly elevated activity in the CRC gut. B. Oral cavity species with 

significantly diminished activity in the CRC gut. * P ≤ 0.05, *** P ≤ 0.001.  
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6.12 Cofounder effect exclusion and overall regulated genes and pathways reported 

Through principal component analysis (PCA) we established that only ‘health 

condition’, namely CRC, had any effect on global transcription by the gut microbiome, other 

factors included in patient metadata (e.g. age, sex and BMI) had little to no influence over 

transcriptome composition (Fig. 30 and Fig. 31A). Calculation of α-diversity showed 

consistency between CRC and non-CRC groups (Fig. 31B). However, ANOSIM (analysis of 

similarities) based on Bray-Curtis β-diversity revealed inter-sample diversity was significantly 

greater than intra-sample dissimilarity between CRC and control (Fig. 31C). Sequences were 

mapped to annotated gene sequences and assigned to curated subsystems of functional roles 

(SEED ‘Subsystems’ hierarchy level 3 in MG-RAST). The differential relative transcript level 

of these subsystems was compared between control and CRC samples to characterise the 

CRC-associated functional transcriptome. Of the 1361 curated subsystems, 901 were 

identified in this analysis (Dataset 1, Tab 1 of (526)). 49 subsystems were significantly over-

represented and 24 significantly under-represented across all samples with 261 genes out of 

6495 were differentially expressed, 182 up- and 79 downregulated in CRC (Fig. 32 and 

Dataset 1, Tab 2 of (526)). These differentially expressed subsystems and genes of the gut 

microbiota represent a CRC-specific transcriptional signature. 
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Fig. 30 | Factors included in patient metadata show limited to no effect on microbial gene 

expression during colorectal cancer. Scatter plots of variation across Dim1 and Dim2 of microbial 
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transcriptome-wide gene expression. A. Gender. Microbial gene expression was not affected by 

participant sex. B. Age (above and below 73 years). Microbial gene expression shows clustering in the 

over 73 group, no such clustering under 73. C. Smoking status. Microbial gene expression was not 

affected by participant smoking status. D. Body mass index, BMI (obese, >30 and non-obese, <30). 

Microbial gene expression was not affected by participant obesity status. E. Carcinoembryonic Antigen 

(CEA) range <6 µg/L. Microbial gene expression was not affected by patient CEA range (grouped above 

and below 4 µg/L). F. Cancer stage (early stage, T2-T3 and late stage T4). Cancer stage may affect 

microbial gene expression, CRC patient groups showed weak clustering. NA, not applicable. 
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Fig. 31 | Colorectal cancer influences the microbial transcriptome. A. PCoA scatter plot of Bray-

Curtis dissimilarity (beta-diversity) across dimension (Dim)1 and Dim2 of microbial transcriptome-wide 

gene expression. Blue circles represent control samples and red triangles represent CRC samples. 

Samples demonstrate clustering with respect to origin as CRC influences variation in microbial gene 

expression. B. ANOSIM of Bray-Curtis dissimilarity revealed intra-sample diversity is significantly lower 

than inter-sample dissimilarity between CRC and control. C Species alpha-diversities (a measure of 

biodiversity within a single sample, which quantifies the richness and evenness of different taxa present) 

for all 20 samples as assessed by Gini-Simpson index. 
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Fig. 32 | Microbial transcriptome-wide changes in gene expression during colorectal cancer. The 

volcano plot of -Log10 BH-adjusted (FDR <0.1) P-values for transcriptome-wide gene expression against 

their respective Log2 fold changes. Blue and red dots represent significantly down and up regulated 

genes between CRC and control groups, respectively. Grey dots represent genes with no changes in 

expression. 261 of 6495 (4856 shown) genes have significantly altered expression during CRC.  
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6.13 Oxidative stress responses are housekeeping functions of the microbiome 

irrespective of gut health status 

The housekeeping activity of the human gut microbiome has been studied at the 

genomic and transcriptomic levels in healthy adults (125), however it is yet to be elucidated in 

CRC. The most active subsystems, the core transcriptome (the most prevalently expressed 

subsystems, each constituting >1% of the total transcriptome) accounted for ~40% of total 

microbial activity (Fig. 33A), only one of these, pyruvate:ferrodoxin oxidoreductase that 

decarboxylates pyruvate to acetyl-CoA in anaerobes, showed a significant transcriptional 

reduction in CRC (Fig. 33B). This ‘core’ transcriptome appears to be responsible for 

housekeeping activities, biosynthesis and energy production. Interestingly, oxidative stress 

responses dominate, despite inflammation/oxidative stress being long considered a disease-

specific phenotype. This indicates that, despite previous knowledge regarding the role of the 

microbiome in mediating ROS through influencing antioxidant production (542), the 

microbiome may play a more crucial role in mediating the level of ROS within the gut than 

previously thought, which has not been found previously. 
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Fig. 33 | The “core” transcriptome of the gut microbiota is mostly maintained in colorectal 

cancer. A. Threshold of subsystems considered as the core, 20 subsystems of 900 identified contribute 

41% of total transcriptome activity. Asterisks denote statistically significant differences between the 

health and CRC cohorts (** P=0.008). B. Metatranscriptional profile of the most prevalently expressed, 

‘core’ subsystems which were mostly unchanged across all samples in both CRC and non-CRC cohorts. 

The gut microbiota generate biomass primarily through glycolysis-gluconeogenesis, the serine-

glyoxylate cycle, purine metabolism, amino acids (Gln/Glu and Asn/Asp) biosynthesis and ions, 

vitamins and iron transport. Microbial metabolism of sialic acid, a terminal modification of host 

colonocytes and mucus, also appears to be a common housekeeping activity of the human gut 

microbiome. We also observed that oxidative stress responses (Ton and Tol transport systems, 

thioredoxin reduction, heat shock dnaK gene cluster subsystems) featured within the core transcriptome 

of both healthy and CRC-associated microbiota. Individual subsystem contribution to the overall 

transcriptome displayed as percentage above grey bars. 
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6.14 Gut microbiota alters the level of enzymatic and non-enzymatic antioxidative 

activities in CRC 

  The majority of CRC cases have a sporadic origin and result from gradual 

accumulation of somatic mutations in glandular epithelial cell DNA (543). This is attributed to 

the deleterious effects of ROS and reactive nitrogen species (RNS) on DNA integrity and 

repair. We found that microbial ROS/RNS-scavenging activities were altered in CRC. 

Unexpectedly, several ROS-reducing subsystems were significantly repressed in CRC (Fig. 

34A). Alkyl hydroperoxide reductase and thiol oxidoreductase scavenge H2O2, the most potent 

DNA damaging agent (non-charged H2O2 is easily taken up by colonocytes) (228). 

Transcription of nine genes alongside genes involved in oxidative DNA damage responses 

was significantly downregulated (Fig. 34B).   

Bacteria can also produce and utilise protective non-enzymatic antioxidants. We found 

that the ectoine biosynthesis and regulatory subsystem, which scavenges hydroxyl radicals 

and has anti-inflammatory activities (544) was downregulated in CRC (Fig. 34C). The L-

ascorbate utilisation subsystem displayed the opposite pattern of activity, suggesting the 

microbiome may deplete the host of L-ascorbate. We observed upregulated transcription of 

the multicopper oxidase gene, involved in oxidation of different antioxidants, such as 

polyphenols, L-ascorbate, aromatic polyamines and metal ions. Expression of the monoamine 

oxidase gene, the product of which is required for oxidative deamination of monoamines such 

as serotonin, a neurotransmitter present in the gastrointestinal mucosa  (545) was also 

increased. This suggests the gut microbiota can deplete and/or are depleted for secondary 

antioxidants during the cancer.   

Significantly higher levels of glutaredoxin and glutathione reductase expression in 

CRC demonstrates the significant role the microbiota plays in maintaining the redox status of 

the cell (Fig. 34D). Additionally, expression of several reactive species scavenging genes was 

significantly upregulated, suggesting the CRC gut is featured with elevated O2∙- and NO∙ 

levels. Consistent with NO∙ being a major RNS in CRC, primarily produced by neutrophils, 

expression of genes encoding for the glutathione redox cycle pathway, which senses NO∙ 

levels and some universal stress proteins (546) was increased (Fig. 34E). In the CRC gut it 

would appear NO∙ and O2∙- are the primary radicals to which the microbiota responds to 

different extents.  

Unexpectedly, expression of genes involved in multiple ROS reduction pathways 

showed equally high levels of expression in both groups (Fig. 34F). Overall, these data 

showed the microbial responses to O2∙- was largely unchanged, H2O2 were lessened, and NO∙ 

were enhanced during CRC. This strongly implies the microbiome differentially responds 
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depending on the nature of the ROS/RNS as a result of the gut health status. While a high 

level of background ROS reduction appears to be a housekeeping feature of the gut 

microbiome, fluctuations in compound-specific responses may mediate potential damaging 

effects over time. 
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Fig. 34 | The microbiome response to H2O2 is diminished and to NO is increased in colorectal 

cancer despite high background levels of oxidative stress activities in health and disease. A. 

Activity of subsystems involved in modulation of oxidant levels are repressed in CRC. These 

subsystems involve sensors of oxidative stress (547), reduction of quinones (548), c-type cytochrome 

and the antioxidant riboflavin (vitamin B2) synthesis (549). B. Expression of specific genes related to 

oxidative damage in CRC: expression of RNA polymerase sigma factor, a universal regulator of 

microbial oxidative stress response, the DNA-binding protein HU-α, a bacterial histone-like protein 

which displays high affinity to damaged DNA and plays a part in the oxidative DNA damage response 

(550), is also significantly downregulated. Expression of 4Fe-4S ferredoxin, thiol oxidoreductase and 

putative cytochrome c-type biogenesis protein genes, prominent regulators of redox status and global 

nitrogen and sulfur cycles, was also significantly diminished. Transcription of the riboflavin synthase 

and alkyl hydroperoxide reductase genes was also downregulated. C. The CRC gut microbiota express 

genes for the utilisation and oxidation of several non-enzymatic antioxidants such as ectoine and L-

ascorbate. D. Microbiota in CRC maintains a reduced gut environment. Expression of cytochrome 

c551/c552 and regulatory protein SoxS, superoxide response regulon transcriptional regulator (551) 

was upregulated. The CRC microbiota showed a high uptake of Se (selenate and selenite), an essential 

element that is critical for production and activity of antioxidative selenoproteins. Selenoproteins are 

vital for host immunity and antiviral defence which, enhanced levels of the inner membrane transport 

protein YbaT and selenoproteins O synthesis have been observed (552), correlating with higher Se 

uptake. E. The CRC gut contains elevated O2∙- and NO levels, expression of genes the activity of which 

is implicated in their removal was elevated. Transcription of cytochrome c oxidase, CcoO subunit, with 

high NO∙ reductase activity and MerR, a transcriptional factor which regulates NO defense (553) was 

significantly overactive in CRC. Synthesis of NO-induced universal stress proteins D, E and F (554) 
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was significantly enhanced. Aconitate hydratase 2 and 2-methylisocitrate dehydratase, the expressions 

of which are negatively regulated by NO∙ are also transcribed to a higher degree. F. High level of ROS-

reducing activity appears to be a housekeeping characteristic of the gut microbiome. Expression of 

major ROS-reducing genes was maintained in a health-status independent manner. Data are 

normalised to gene copy number and are proportional. (L3) denotes a subsystem. * P ≤ 0.05, ** P ≤ 

0.01.  
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6.15 CRC-associated microbiota depletes the host of beneficial metabolites and 

responds to the acidic gut environment  

It has long been known that the pH of the colorectum can drop to levels as low as 2.3-

3.4 during severe disease (555). Yet, the impact on microbial physiology remained unknown. 

We observed evidence of microbial adaptation to highly acidic conditions during CRC, at the 

molecular (Fig. 35A) and phylogenetic (as described above) levels. The Na+-H+ antiporter 

subsystem, which modulates H+ potential across the bacterial membrane was downregulated, 

implying high extracellular proton concentrations, low pH. A gamut of 19 differentially 

expressed genes support this assertion. We also observed evidence that bacteria and archaea 

attempt to protect their cell membrane against H+ permeability. They may reinforce it with more 

cyclopropane fatty acids, over-expressing S-adenosyl-L-methionine-dependent 

methyltransferase (SAM MTase) (Fig. 35A) and unsaturated fatty acids through 3-

hydroxydecanoyl-[acyl-carrier-protein] dehydratase (Fig. 36) found in CRC.  

Iron availability and uptake has been associated with bacterial pathogenicity and is 

often linked to low environmental pH. Expression of the ferrous iron (Fe2+) transporter EfeUOB 

operon, which allows uptake of the relatively soluble Fe2+ was elevated by the cancerous gut 

microbiota (Fig. 35B). However, the community downregulates its prominent non-chelating 

ferric iron uptake mechanism, the ferric iron ABC transporter. Despite iron uptake being 

conducted by a core member of the housekeeping transcriptome (Ton-Tol transport systems) 

certain iron acquisition mechanisms are more active in CRC, suggesting greater access to 

Fe2+.  
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Fig. 35 | The CRC microbiome is adapted to the high acidity of the gut and metabolises host-

required metabolites more readily. A. Activity of glutamate-dependent acid resistance mechanisms 

through transcriptional activator GadE, glutamate transport membrane-spanning protein and inner 

membrane transport protein YbaT (Fig. 34D), were all enhanced in CRC alongside the acid stress 

chaperone HdeB. Basic compounds such as ammonia (NH3
+) can be produced by bacteria to offset low 

cellular pH, particularly from urea (557), the higher transcription of nickel transport ATP-binding protein 

NikE observed may be critical in providing the nickel for the activity of ureases that catalyse this 

conversion. Production of L-malate via expression of malate synthase and its conversion to L-lactate 

and CO2 by malolactic enzyme was also a prominent feature of the CRC microbiome, the activity of 

which is triggered at pH <2.3. Levels of ethanolamine permease transcription and acid stress-induced 

transcriptional regulators SpxA1 and SpxA2, which are virulence determinants in pathogens, were over-
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represented. Conversely, alkali pH-induced genes 4-hydroxybenzoyl-CoA thioesterase and putative 

HTH-type transcriptional regulator YdjF and YdjL oxidoreductase genes exhibited lower expression 

during cancer. B. Iron uptake and transport related genes are upregulated by the gut microbiota in CRC. 

Expression of EfeO and EfeB, iron acquisition yersiniabactin synthesis enzyme, outer membrane 

protein C precursor, ferric hydroxamate ABC transporter (a chelating mechanism of ferric iron (Fe3+) 

uptake) and two-component sensor kinase SPy1061 homolog that respond to iron availability and acid 

stress was more active. C. The CRC gut microbiota actively metabolise exogenous DNA. Transcription 

of dihydropyrimidinase, N-methylhydantoinases A and B, guanine-hypoxanthine permease, D-serine/D-

alanine/glycine transporter, phage-associated cell wall hydrolase and PotB genes was increased in 

CRC. * P ≤ 0.05, ** P ≤ 0.01.  
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6.16 The CRC-associated microbiota depletes the supply of n-butyrate to the host 

It is well established that the gut microbiota produces n-butyrate, a major SCFA, by 

fermentation of non-digestible dietary carbohydrates. This microbial-derived metabolite is the 

primary energy source of colonocytes which catabolise it in the mitochondria via β-oxidation, 

hence helping to maintain the strict anaerobic environment of the gut and promote growth of 

beneficial anaerobic bacteria. Unlike healthy epithelial cells, cancerous colonocytes do not 

utilise n-butyrate for their growth, instead preferring other carbon and energy sources (137). 

n-Butyrate is produced by two major bacterial metabolic pathways, via either phosphorylation 

of butyryl-CoA to n-butyrate by butyrate kinase or the butyryl-CoA:acetate CoA-transferase 

(acetyl-CoA:acetoacetyl-CoA transferase) route (558). The activity of butyrate kinase was 

comparable across cohorts (data not shown) while transcription of the acetyl-CoA:acetoacetyl-

CoA transferase (β-subunit) gene was significantly increased in CRC (Fig. 36), suggesting the 

synthesis of n-butyrate from butyryl-CoA and acetate is enhanced. However, synthesis of 

crotonyl-CoA (from 3-hydroxybutyryl-CoA), the substrate for acetyl-CoA:acetoacetyl-CoA 

transferase, was significantly reduced due to repressed expression of the crotonase gene. 

Despite the enhanced activity of acetyl-CoA:acetoacetyl-CoA transferase, the potential 

depletion of crotonyl-CoA and hence, butyryl-CoA may switch the substrate specificity from 

butyrate production towards interconversion of acetoacetate and acetoacetyl-CoA for acetone 

and/or acetyl-CoA, the latter appears to be in sufficient supply. This is consistent with our 

recent observation that activity of 22 major butyrate producing bacteria in CRC is significantly 

reduced. The observed metabolic activities of the gut microbiota in CRC, with respect to the 

supply of beneficial micronutrients, indicates significant overall reductions. Furthermore, we 

found a high level of carnitine utilisation (Fig. 36) by microbiota in CRC, a further strong 

indication of restricted supply of the major mitochondrial fatty acid carrier which is crucial for 

β-oxidation, hence limiting the ability of colonocytes to utilise n-butyrate in CRC. 

6.17 Nucleic acids are metabolised to a greater degree by the CRC microbiome 

Purine utilisation by the CRC gut microbiota appears to be more pronounced (Fig. 36). 

This includes enhanced expression of genes which are involved in (i) uptake of guanine and 

hypoxanthine bases, (ii) purine degradation, (iii) cleaning up of the nucleotide pool and (iv) 

regulation of purine metabolism (559) This suggests the CRC microbiome salvages 

xanthosine/inosine nucleosides as an energy-saving alternative to maintain the integrity of the 

genome (e.g. during replication) may use these purines as C- and N- sources to compensate 

for diminished carbohydrate metabolism. Consistent with the activation of the PurR operon, 

microbial purine nucleotide synthesis seemed to be repressed during CRC (purine nucleotide 

synthesis regulator subsystem). However, conversion of adenine to guanine nucleotides and 

production of adenosines via hydrolysis of AT(D/M)P and mRNA degradation, were 
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downregulated in CRC, suggesting that microbes do not use an adenine/adenosine salvage 

pathway as a C- and energy source in the cancerous gut. 

The gut microbiota supplies a range of health-maintaining essential metabolites to the 

host. For example, carnitine, that delivers fatty acids for β-oxidation to the mitochondria for 

energy production. Increased transcription of microbial genes involved in carnitine and 

selenium (Se) uptake and catabolism was observed in CRC (Fig. 36). Moreover, the pattern 

of expression of n-butyrate synthesising genes indicates a switch in substrate specificity to 

favour acetone production from acetoacetyl-CoA suggesting limited supply for the host. We 

have shown the attenuated activity of 22 n-butyrate-producing species in the CRC microbiome 

(see above), which corroborates these data. Carnitine is also important for osmotic adaptation 

of the microbiota, suggesting they are under increased osmotic stress. Microbial uptake of 

Queuosine (Q), a precursor base of modified Q34-tRNA in bacteria and eukaryotes, critical for 

translation fidelity, a contributor to human health (560) was elevated in CRC. The microbiota 

also reduced transcription of genes implicated in ceramide production, an apoptosis activator 

and enhanced vitamin B2, B6 and B12 uptake, further suggesting depletion of the host for 

beneficial compounds. 
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Fig. 36 CRC microbiota depletes the host of beneficial metabolites and micronutrients. The CRC-

associated microbiota transcribes n-butyrate synthesising acetyl-CoA:acetoacetyl-CoA transferase 

more readily but 3-hydroxybutyryl-CoA dehydratase and 3-ketoacyl-CoA thiolase to a lesser extent. 

Betaine aldehyde dehydrogenase, glycine betaine specific transporter OpuD and the precursor for non-

specific OmpC, which are preferentially expressed at low pH and in high osmolarity, were 

overexpressed alongside the subsystem for carnitine metabolism. Upregulated transcription of CaiF, 
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CaiA and OpuCA (the osmotically activated L-carnitine/choline ABC transporter) are evidence of higher 

carnitine metabolism rates by the microbiome. The biosynthesis and uptake of glycine betaine are also 

more pronounced in CRC. Enterobacteriales upregulated expression of the osmoprotectant ABC 

transporter YehZYXW (Fig. 35A), the pleotropic role of which is important for the accumulation of the 

glycine betaine osmolyte under hyperosmotic stress, nutrient starvation and acidic environments (561). 

The bacterial production of the sphingolipid, ceramide and the galactocerebrosidase precursor protein 

in CRC were downregulated. This may lead to a reduced supply of ceramide to the host, hence 

attenuating apoptosis, prolonging cell survival, and enhancing tumour growth and glucose metabolism 

(562). Transcription of the Cbr modules of the predicted cobalamin ECF transporter was more active in 

cancer along with expression of the CrdX gene, a cobalamine-related hypothetical metal-binding 

protein. Expression of genes which respond to purine availability to repress purine biosynthesis, was 

enhanced in CRC. Levels of hypoxanthine oxidase XdhD, 5'-nucleotidase and 2',3'-cyclic-nucleotide 2'-

phosphodiesterase transcription, which produce adenosines were diminished. Genes implicated in 

regulating microbial vitamin B2 (Fig. 34B and 34C), B6 and B12 and their derivatives were differentially 

expressed. Three predicted pyridoxine and cobalamin ECF transporters and cobalamin metal-binding 

protein CrdX were expressed to a higher degree during CRC. Black diamonds, n-Butyrate and 

ceramide; Pink diamonds, Carnitine, serotonin and Se; Green diamonds, Purines; Purple diamonds, 

Vitamins.   
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The CRC-associated microbiota activated expression of hydantoin uptake and 

metabolism genes, the products of oxidation of cytosine and thymine bases of dead cell DNA 

(563) (Fig. 35C). Lysis of bacterial cells due to higher bacteriophages activity and biofilm 

formation (564) in CRC may in part explain the availability of exogenous hydantoins and 

purines. Cell-free (cf)DNA in the gut may also be available from the accelerated death of 

tumour and immune cells (565). Additionally, transport of spermidine and putrescine (biogenic 

amines, products of fatty and amino acid breakdown from decaying cells/tissues) was also 

significantly increased. We observed xanthine/xanthosine, inosine and guanine metabolising 

genes were upregulated by the microbiome, a source of microbial ROS, while 

adenine/adenosine salvage genes were downregulated (Fig. 36). We found expression of a 

number of genes involved in carbohydrate metabolism was diminished in CRC as opposed to 

activities for utilisation of amino acid and aromatic compounds (Fig. 37A and 37B). This 

suggests a switch from carbohydrates in health to amino acids and aromatic compounds 

metabolism in CRC. Archaeal methanogenesis activities and expression of microbial genes 

for biosynthetic pathways were enhanced in CRC (Fig. 38A and 38B). 
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Fig. 37 | Microbial metabolic activity switches from carbohydrate utilisation in health to amino 

acids, aromatic compounds and nucleic acids metabolism in CRC. A. Anaerobic oxidative 

degradation of L-ornithine is upregulated in CRC alongside degradation of branched-chain amino acids 

(Iso, Val and Leu). Microbial expression of L-lysine catabolism, phenylacetyl-CoA catabolic pathway, 

auxin biosynthesis, glutathione: biosynthesis and gamma-glutamyl cycle subsystems was augmented. 

Transcription of glutamate transport membrane-spanning protein and genes involved in amino acid 

degradation, 2-oxoglutarate dehydrogenase, arginine deiminase and threonine catabolic operon 

transcriptional activator TdcA, S-adenosyl-L-methionine dependent methyltransferase was enhanced 

in cancer. PaaE ketothiolase (involved in phenylacetic acid degradation in aerobic conditions) was also 

expressed to a greater extent. B. Expression of 30 genes which are involved in metabolism of 

carbohydrates was significantly attenuated in cancer while expression of fructose metabolising and 

transporting genes was elevated.  
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6.18 The CRC microbiota adjusts their respiratory pathways to utilise amino acids and 

aromatic compounds, alters H+ transport in the low pH milieu and diverts resources 

towards biosynthesis 

Microbes have evolved several mechanisms to utilise a wide variety of carbon and 

nitrogen sources, often cross-feeding on the products of metabolism of other species. Our 

analysis shows dynamic metabolism of amino acids and carbohydrates. Anaerobic oxidative 

degradation of L-ornithine, producing acetate, alanine and tumour-promoting ammonia 

(important for bacterial colonisation) (566) appears to be a signature of the CRC microbiota 

(Fig. 40A). However, anaerobic metabolism of complex carbohydrates such as D-

galacturonate and D-glucuronate derived from pectin and other heteropolysaccharide was 

repressed. Upregulation of archaeal methanogenesis genes, the anaerobic endpoint of 

fermentation, the acetoin, butanediol metabolism module suggests that some members of the 

microbial community grow under hypoxia and use fermentation for energy production to a 

greater degree. We found that expression of several genes that support aerobic metabolism 

under oxygen-limited settings, in other words, associated with growth under microaerobic 

conditions, was enhanced in CRC.   

A recent large meta-analysis of CRC gut metagenomes has revealed a significant 

enrichment in pathways of amino acid degradation alongside a depletion of genes for 

carbohydrate utilisation (222) We found that the activity of these pathways reflected the 

reported altered metagenome abundances (Fig. 40, Fig. 37A and Fig. 37B). Interestingly, 

enhanced degradation of some amino acids may serve another adaptive purpose, namely 

protection of microorganisms against low environmental pH. An acidic environment can favour 

the growth of some archaea, and we saw a host of pathways involved in the biosynthesis of 

archaeal ribosomes, coenzyme M and B and methanopterins which were more active in the 

CRC gut (Fig. 38A). These data coupled with methanogenesis from methylated compounds 

and formaldehyde assimilation subsystems and archaeal vitamin B2 synthesis upregulation, 

all point to a cancerous gut with a flourishing archaeome. Methanogenesis, the anaerobic 

endpoint of fermentation, the process of reducing CO2 into CH4, methane, in the presence of 

H2 for the purpose of energy production is a prominent CRC signature. We also observed 

enhanced utilisation of aromatic compounds as the primary C and N sources, shown through 

CRC-dependent expression of e.g. 4-oxalocrotonate tautomerase involved in the central 

meta-cleavage pathway for aromatic compound degradation, a subsystem with augmented 

activity alongside the phenylacetyl-CoA catabolic pathway (Fig. 37A). Degradation of 

branched amino acids (as showed above) to propionate-CoA and L-lysine catabolism was 

also a distinct signature of the CRC microbiota as seen through upregulation of both the 

propionate-CoA to succinate module (Fig. 37A) and lysine degradation (Fig. 35A) subsystems. 
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Transcription of glutathione metabolising genes, involved in amino acid transport as part of 

the γ-glutamyl cycle (567) were amplified. Notably, enhanced amino acid uptake by CRC-

associated microbiota coincided with a high level of acidity. Expression of acid-induced amino 

acid transport genes and inner membrane transport protein YbaT (Fig. 34D) and 

glutamate/aspartate uptake were all up-regulated (Fig. 40A). Transcription of genes needed 

for degradation of Arg, Ser/Thr metabolism and Phe catabolism were also elevated. Trp 

degradation also appeared to be promoted, as expression of the auxin biosynthesis 

subsystem and monoamine oxidase gene was greater in CRC. Contrarily, activity of His, Lys 

and D-amino acid biosynthesis genes and α-aspartyl dipeptidase peptidase E was significantly 

reduced in CRC. 

Such high catabolic activity of amino acids in CRC may lead to the limitation of e.g. 

Ser availability. Transcription of the serine-pyruvate aminotransferase gene was decreased 

(Fig. 37A) while expression of the GTP pyrophosphokinase protein which catalyses formation 

of pppGpp, the precursor of ppGpp, an alarmone active in response to amino acid starvation, 

(568) was enhanced (Fig. 38B). The observed amino acid starvation in turn may trigger the 

elevated ribosomal hibernation response observed, through production of membrane protein 

YqjD and ribosome hibernation protein YfiA. This starvation response may also be, at least in 

part a cause of the dormancy of certain species.   

Interestingly, microorganisms in CRC activated expression of glutamine synthetase, a 

member of the ubiquitous pathway for ammonium assimilation (569). Downregulation of the 

structural gene for nitrogen regulatory protein P-II, that regulates the catalytic activity and 

transcription of glutamine synthetase was observed in CRC (Fig. 38B). This suggests that 

glutamine synthetase-dependent N-assimilation from ammonium is a preferred nitrogen 

source in CRC to support high cell growth under nitrogen-limited conditions. By contrast, the 

CRC gut appeared enriched with phosphate as expression of PstS (a phosphate ABC 

transporter) was repressed, its transcription is known to be negatively regulated by the 

availability of phosphate. 

Genes encoding multiple sugar ABC transporters, as well as lactaldehyde reductase 

and dehydrogenase responsible for L-fucose and L-rhamnose degradation were expressed to 

a lesser extent in CRC. We found that expression of 24 genes, activities of which are required 

for carbohydrate transport and metabolism, was negatively correlated with CRC (Fig. 37B). 

Interestingly however, genes involved in fructose metabolism (described above) exhibit 

enhanced transcription, required for nucleic acid biosynthesis, consistent with increased 

biosynthetic metabolism. 
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Transcription of a key β-oxidation of fatty acids enzyme 3-ketoacyl-CoA thiolase was 

downregulated by the CRC microbiota (Fig. 36), suggesting the catabolism of amino acids and 

not β-oxidation of fatty acids was a primary source of acetyl/propionate-CoA. The two 

decarboxylating steps (isocitrate → 2-oxoglutarate → succinyl-CoA) of the TCA cycle can be 

circumvented via the glyoxylate bypass, this shunt is preferred upon a metabolic switch from 

energy to biomass producing activity and was more active in CRC (Fig. 38B). The preferred 

glyoxylate bypass in accordance with the anabolic pentose phosphate pathway argues that 

the microbiota has high biosynthetic demands during colorectal cancer, potentially facilitated 

by their access to colonocytes triggering microbial proliferation.           

Succinate, the major substrate for oxidative phosphorylation during respiration can be 

produced not only through the TCA cycle and glyoxylate bypass, but also through the γ-

aminobutyrate (GABA) shunt, converting 2-oxoglutarate to succinate, bypassing succinyl-CoA 

and NADH production. This TCA cycle re-entry point was potentially utilised more readily by 

the gut microbiota in cancer, via lactam utilisation protein, LamB (Fig. 38B). Once more, the 

propionate-CoA to succinate module demonstrates elevated activity, supplying succinate. 

However, dietary carboxylic sugar, myo-inositol, can also be catabolised to e.g. propionate, 

acetate, CO2, acetaldehyde and succinate by commensal microbes (570) which also displayed 

upregulation through diminished expression of the transcriptional repressor of the myo-inositol 

catabolic operon DeoR. These data argues that there is an abundance of succinate, supplied 

more actively by four routes, GABA and glyoxylate shunts, the propionate-CoA to succinate 

module and myo-inositol catabolism, which the CRC microbiota can utilise to provide electrons 

to the electron transport chain in respiration during cancer and satiate their biosynthetic 

requirements.          

The observed upregulation of the glyoxylate bypass would result in less NADH, one of 

two electron donors required for Complex I to catalyse electron transfer to ubiquinone. This, 

coupled with Na(+)-translocating NADH-quinone reductase subunit E and the FMN-producing 

pathway under-transcription (Fig. 38B) by the cancerous microbiome, suggests Complex I of 

the electron transport chain has a diminished role in cellular respiration during cancer. 

However, transcription of genes encoding for enzymes which carry out electron transfer from 

Complex II through to Complex V was higher in CRC. Complex II, where multiple component-

encoding genes display elevated expression, alongside ample succinate availability suggests 

Complex II is the entry point for the generally more active electron transport chain in CRC.  
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Fig. 38 | Methanogenic and biosynthetic metabolic features of the CRC microbiome coincide 

with local starvation. A. Archaeal growth and methanogenesis related gene expression in the CRC 

gut was enhanced. Coenzymes M, B and F420 synthesis displayed amplified transcription along with 

methylotrophic pathway components methanol:corrinoid methyltransferase and methanol 

methyltransferase corrinoid protein genes, all crucial components in CH4 production by methanogenic 

microorganisms. Fibrillarin, Nop5/Nop56 and translation initiation factor 2β, glycerol-1-phosphate 

dehydrogenase [NAD(P)], hydroxymethylglutaryl-CoA reductase, and archaeal riboflavin synthase 

genes, which synthesise cell wall components, all displayed increased expression in the cancerous gut. 

B. Pyruvate metabolism associated gene expression was repressed through weakened microbial 

transcription of the pyruvate:ferredoxin subsystem (Fig. 33A) and pyruvate-flavodoxin oxidoreductase 

contained therein, required for aerobic acetyl-CoA production. Transcription of biosynthetic glyoxylate 

bypass genes, circumventing the decarboxylating steps of the tricarboxylate cycle, and the whole 

subsystem itself was upregulated, including, aconitate hydratase 2 (Fig. 34E), isocitrate lyase and 

malate synthases. Succinate dehydrogenase subunits of respiratory complex II that supply electrons to 

the respiratory chain, 2-oxoglutarate dehydrogenase and LamB all responsible for succinate 

metabolism were upregulated by the microbiome, in conjunction with downregulation of the 

transcriptional repressor of the myo-inositol catabolic operon which can also be utilised in succinate 

synthesis. Genes encoding complex III- (cytochrome o ubiquinol oxidase, subunits I and III), IV- 

(cytochrome c oxidase and heme O synthase) and V- (V-type ATP synthase, subunits C, E, I) related 

components to reduce oxygen to H2O were upregulated. Complex I, Na(+)-translocating NADH-quinone 

reductase subunit E and the FMN-producing pathway were less active in CRC. Gene expression in 

response to nutrient starvation, e.g. amino acid, such as ribosome hibernation protein YfiA was a feature 

of the CRC microbiome. The microbiota also enhanced expression of the YeaH and YeaG, which are 

implicated in nitrogen starvation responses. The level of transcripts for aromatic hydrocarbon utilisation 

transcriptional regulator CatR, hypothetical nudix hydrolase YeaB, La protease and glutamate 
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synthase, alpha subunit were increased in malignancy. Black diamonds, Pyruvate; Pink diamonds, 

TCA/glyoxylate; Green diamonds, TCA/succinate; Purple diamonds, Electron transport chain (ETC); 

Lilac diamonds, Starvation.  
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6.19 Amino acid-dependent acid resistance mechanisms of aerobic microbes derived 

from CRC and healthy guts are regulated differently  

Microbial RNA-seq data argues that the CRC gut environment is more acidic (section 

6.15), fluctuates in osmotic potential (section 6.17) and is less saturated with H2O2 (section 

6.13) compared to the control gut. The aerobic microbial populations of both conditions, grown 

in LB over 24 hours until stationary phase, were enriched with 60-70% of E. coli based on 

rDNA-seq profiling (Dataset 1, Tab 3 of (526)) and they are known to be highly resistant to 

acidic conditions (571) and can survive in the mammalian stomach (572). Hence, we tested 

whether acidity and other environmental factors (osmotic and oxidative pressures) regulate E. 

coli Arg- and Lys-dependent acid resistance systems by quantifying the expression of amino 

acid decarboxylases, speA (459), adiA (460) and cadA  (461) (Table 4 and Fig. 39). 
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Fig. 39 | Amino acid Arg- and Lys-dependent acid defense mechanisms in E. coli are regulated 

by environmental factors and the health status origin of bacteria. The level of expression of acid 

resistance genes, speA (Arg-decarboxylase), adiA (biosynthetic Arg-decarboxylase) and cadA (Lys-

decarboxylase) of E. coli grown at 37°C in LB overnight before 4 hours of exposure to environmental 

stresses, acid (pH 5.8 to 3.5 adjusted by either DL-lactate or HCl), osmotic (5% NaCl) and oxidative 

(1.5 mM H2O2) pressures. Microbiota were purified from n=10 CRC (Untreated CRC and Treated CRC) 

and n=10 control (Untreated Control and Treated Control) samples and pooled (in equal volume) with 

respect to group. Gene expression was quantified by qRT-PCR. Error bars denote standard deviation 

(Treated n=9 and Untreated n=6), asterisks represent statistically significance, * P ≤ 0.05, ** P ≤ 0.01, 

*** P ≤ 0.001, **** P ≤ 0.0001. 
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Expression of speA (pH independent Arg-decarboxylase) was positively regulated by 

E. coli in response to all four growth conditions irrespectively of the health status of the host, 

except for DL-lactate in the non-cancerous samples. This indicates E. coli of the gut microbiota 

activate the SpeA resistance pathway in response to acid and non-acid pressures primarily in 

a health independent manner. This i) shows that speA transcription is activated in response 

to salt, oxidative and inorganic acid pressures irrespectively of health status but to lactate-

based acidity in a health-dependent way and ii) suggests that gene expression of individual 

bacteria (such as E. coli) of the gut microbiota is regulated by specific pressures and 

dependent on the health status of the host. Together, this suggests that the SpeA response 

represents a broad-spectrum stress protection mechanism of the aerobic gut microbiota. 

Expression of adiA (biosynthetic Arg-decarboxylase) was enhanced in CRC-derived 

E. coli regardless of the nature of acidity as opposed to both osmotic and oxidative pressures 

that downregulated adiA expression. In contrast, a mixed picture (downregulation by lactate 

and salt, upregulation by H2O2 and no effect by HCl) was observed for control cultures on 

transcription of adiA. This is consistent with the health status of the host being a key mediator 

of the AdiA-dependent acid stress response mechanism to all but osmotic pressure. Thus, 

expression of the E. coli AdiA Arg-dependent acid resistance system is differentially regulated 

by different environmental factors in a host health status-dependent manner. 

Expression of cadA (pH inducible Lys-decarboxylase) was positively regulated by 

either acidic condition regardless of health status, showing that the CadA Lys-dependent acid 

resistance mechanism operates independently of host health. Osmotic pressure however 

inhibited its expression in only CRC E. coli while this enhanced expression of the gene in the 

control culture in the presence of H2O2, demonstrating that salt and oxidative pressures 

regulate cadA transcription in a manner influenced by host health. Hence, the CadA Lys-

dependent acid resistance mechanism is activated in response to acidity in a health 

independent manner while playing a role in protection of bacteria of the healthy but not 

cancerous gut against oxidative stress. 

Both Arg and Lys-dependent acid resistance mechanisms were positively regulated 

under acid conditions in CRC-derived E. coli regardless of the nature of the acid. However, 

the Lys-dependent acid resistance mechanism, unlike the Arg-dependent systems, responded 

in a health-independent manner. It appears that E. coli originating from different microbiomes 

responds differentially to the same acid stresses. Both amino acid-dependent acid defence 

systems sensed the oxidative pressure in a health dependent manner, while the SpeA Arg-

dependent sub-system responded irrespectively of the origin of E. coli. Osmotic stress elicited 
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opposite patterns of Arg-dependent system regulation and was not influenced by health status, 

while the Lys-dependent mechanism displayed health-dependent regulation. In fine, this 

argues that the gut microbiome, at least its aerobic population, respond to the same 

environmental pressures in a unique fashion depending upon their native gut environment, be 

it CRC affected or healthy. 

6.20 CRC-associated microbiome expresses a plethora of virulence and colonisation 

factors 

The gut microbiota is a known complex microbial community containing commensal 

and potential pathogenic microbes, many of which favour colonisation as an adaptation to the 

gut environment. This requires bacteria to express numerous factors, including those 

important for adhesion and virulence to ensure colonisation and survival.  However, it is not 

known if the health status of the gut can influence activity of potential pathogens and regulate 

expression of adhesion and virulence genes.  

Taxonomic analysis of this microbiome revealed elevated activity of oral cavity, 

Enterobacteriaceae, ESKAPE and other clinically relevant pathogenic species (see above). 

The same communities displayed enhanced activity of numerous specific virulence 

determinants. The CRC microbiota transcribed exopolysaccharide, heteropolysaccharide and 

capsular polysaccharide biosynthesis genes more readily (Fig. 40A and 40C). This suggests 

Gram-positive microbes in CRC can colonise the mucosal surface and evade 

opsonophagocytosis more effectively (573). Furthermore, expression of lipoteichoic acid 

polymer forming genes (574) were also promoted in CRC, the produced polymer is anchored 

to the bacterial membrane and involved in adherence of e.g. group A streptococci (575). 

Improved adhesion properties of the microbiota in CRC were evidenced by enhanced activity 

of type-1 pili and the adherence of Enterobacteria subsystems and a number of adhesion-

related genes (Fig. 40A). Interestingly, expressions of the VgrG gene, a component of the type 

VI secretion system (576) and YdjG, hypothetical oxidoreductase, which is required for E. coli 

colonisation (577) was downregulated. This suggests that adhesion/colonisation of some 

pathogenic Proteobacteria, such as Pseudomonas, Escherichia, Klebsiella, Burkholderia and 

Acinetobacter, does not involve a phage-like secretion mechanism.  

We observed enhanced activity of salmochelin-mediated iron acquisition subsystem 

(Fig. 35B). Salmochelin has been shown to promote both pathogenic E. coli colonisation and 

biofilm formation in vivo (578). Increased production of lipopolysaccharide by Gram-negative 

bacteria in CRC was evident through an increase of pseudaminic acid biosynthesis gene 

expression (Fig. 40C), that helps microorganisms evade the host immune system (579). 

Consistent with both enhanced adhesive properties, biofilm formation associated gene 
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transcription is also promoted. Upregulation of curli production (Fig. 40A), amyloid fibres which 

form the extracellular biofilm matrix is a signature of the CRC-associated microbiota. It 

appears that sporulation activities of microbes in CRC were diminished while the early-stage 

germination seemed to be increased (Fig. 42).   

The bacterial ability to perform curli-mediated adherence is inversely coordinated with 

their motility (580) required for movement and adhesion to the mucosa or epithelium (581). 

Motility and chemotaxis of the microbiota in CRC was repressed (Fig. 40B). These data argue 

that colonised and clustered microorganisms are a potential signature of CRC. A key microbial 

gene, β-galactosidase which is involved in degradation of mucus was downregulated in CRC 

(Fig. 40A), consistent with the notion that during CRC the microbiota has already colonised 

the host epithelium and to a lesser extent the mucus.      

One of many mechanisms which allows the microbiome to adapt to environmental 

changes (15) is the HT of genetic information. HT facilitates the creation of a diverse and 

fluctuating array of genetic combinations often enforced by selective pressures. Conjugation, 

which requires cell-to-cell interaction (582), in Enterococcus and other Firmicutes was 

upregulated (Fig. 40E). HT in Gram-positive bacteria (competence in Streptococci and sex 

pheromones in Enterococcus faecalis and other Firmicutes) (Fig. 40B) and DNA repair (CBSS-

214092.1.peg.3450 and EC699-706) were all enhanced in CRC (Fig. 40D). Two antiviral 

defence mechanisms, CRISPR-Cas (the adaptive microbial immune system, CBSS-

216592.1.peg.3534) and group II intron-associated genes (preventing phage propagation 

through the microbial population at the expense of infected microbes, termed abortive 

infection) (583) were upregulated in CRC (Fig. 40D). At the transcriptional level, CRISPR Type 

III system was upregulated while the E. coli CRISPR subtype I-E was downregulated. We 

found that DNA repair was augmented in CRC, including ATP-dependent DNA ligase, also 

crucial for DNA replication and recombination.  

Antimicrobial resistance has been a major health-related concern for decades and 

subjecting microbial communities to antibiotic pressure plays a major role in the development 

and spread of these determinants (108). Surprisingly, we found that the gut microbiota of the 

CRC cohort (who were not subjected to antibiotic treatment in at least the two months 

preceding sample collection) displayed the potential for a multi-drug resistant phenotype (Fig. 

40E) via induced expression of MarB (584). We also observed enhanced expression of genes 

conferring resistance to vancomycin and β-lactams. These data demonstrates that the CRC 

gut can promote expression of antibiotic resistance determinants, this may be due to the 

enhanced activity of microbes carrying antibiotic resistance, including ESKAPE and 

Enterobacteriaceae species.  
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Furthermore, the CRC microbiota showed a significantly higher transcription of 

bacitracin transport genes, cyclic peptide antibiotics that disrupt Gram-positive cell wall 

synthesis. Production of microcin B17, a peptide toxin that causes microbial dsDNA breaks 

(585), and fosfomycin, which interferes with cell wall biosynthesis was also a CRC signature. 

Interestingly, fosfomycin acts against methicillin- and vancomycin-resistant 

Enterobacteriaceae pathogens with increased susceptibility to the antibiotic in an acidic 

environment (586), a feature of the malignant gut. The higher production of microbiota-derived 

antimicrobials suggests increased competition between microorganisms in CRC. 
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Fig. 40 | The microbiome in colorectal cancer colonises the host and form biofilms, exchanges 

DNA and overexpresses numerous virulence determinants. A. Transcription of genes which are 

important for colonisation, flagellin and pilin modifications and the formation/remodelling of the cell wall 

(587) was elevated in the CRC microbiome. Higher transcription of BolA and the curli production 

subsystem (which play roles in biofilm formation) and lower transcription of the possible hypoxanthine 

oxidase XdhD and the bifunctional PLP-dependent enzyme with β-cystathionase and maltose regulon 

repressor activities (which facilitate biofilm disassembly) suggest increased biofilm formation in the 

CRC-associated microbiome. B. Quorum sensing (QS) and motility were differentially regulated in CRC. 

Gram-negative QS-associated genes were overrepresented in CRC, expression of the secY gene, 

translocase and DegP/HtrA serine proteases were higher in CRC. Gram-positive QS mechanisms were 

however attenuated in cancer. Transcription of several chemotaxis and flagellar production/function 

genes (CheY, FliI, FliG and CheD) was reduced in the CRC niche. C. The CRC microbiome activate 

expression of virulence factors. Production of capsular polysaccharide synthesis enzyme Cap5L, 

heteropolysaccharide repeat unit export protein, Irp2 which encodes the iron acquisition yersiniabactin 
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synthesis enzyme (Fig. 35B), hemolysin III and the LPXTG-containing motif Internalin D was increased. 

Expression of R-alcohol forming, (R)- and (S)-acetoin-specific 2,3-butanediol dehydrogenase (Fig. 

35A), which reduces acetoin to 2,3-butanediol, was enhanced in CRC, suggesting a potentially high 

supply of acetoin, promoting a pro-cancerous phenotype of the CRC-specific microbiota. D. The CRC 

gut microbiota are prone to the exchange of genetic information, protective against pervasive 

bacteriophages and repair errors in their genome. Transcription of a DNA-entry nuclease (a 

competence-specific nuclease) was increased in CRC. Expression of the CRISPR-associated RAMP 

Cmr2 gene, a part of the Type III system, and retron-type reverse transcriptase was amplified. Yet, 

transcription of the CRISPR-associated protein CT1974, a member of the CRISPR subtype I-E of E. 

coli (588) was decreased. There was increase in transcription of genes for helicase YoaA (involved in 

the repair of replication forks), domain clustered with uracil-DNA glycosylase and FIG137864:putative 

endonuclease domain (involved in releasing damaged pyrimidines from dsDNA). Higher expression of 

cysteinyl-tRNA synthetase related protein in CRC suggests that the RecA-mediated recombinational 

repair mechanism and hence the SOS response was increased under cancerous conditions. E. 

Antibiotic resistance activities of the microbiome are positively regulated in CRC. Increased 

transcription of the two-component regulatory system VanR/VanS (589), which senses either the 

presence of extracellular vancomycin and/or cell wall disruption by e.g. bacitracin, was observed. Vex2, 

encoding an ATP transporter which is important for a vancomycin-tolerant phenotype was 

overexpressed. The CRC gut microbiota showed an enhanced expression of MarB, a periplasmic 

protein which may indirectly repress the expression of MarA, a trigger of bacterial response to different 

toxic compounds, including antibiotics (590). β-Lactam resistance of the CRC microbiome appears to 

be significantly enhanced, as it is seen via greater activity of the BlaR1 family regulatory sensor-

transducer disambiguation subsystem. The expression of BlaR1/MecR1 family genes (591) that sense 

β-lactams and activate expression of β-lactamase PC1/blaZ and penicillin-binding proteins 1A/1B and 

3 (poorly acylated by β-lactam antibiotics) that confer resistance to the antibiotic, was elevated. Activity 

of the subsystem, phosphoenolpyruvate phosphomutase and expression of the phosphonopyruvate 

decarboxylase gene, involved in biosynthesis of fosfomycin, were increased in CRC. Lactacin F ABC 

transporter permease component, a bacteriocin, was transcribed less in CRC. Horizontal gene transfer 

facilitated through expression of ComA, a member of bacteriocin-associated ATP-binding transporter 

family was repressed. However, higher conjugative activity was likely a feature of the microbiome 

through enhanced transcription of TraM and TraN genes as well as the TraI gene, encoding for IncF 

plasmid conjugative transfer DNA-nicking and unwinding protein. This would enhance genome plasticity 

and confer more adaptive traits to the microbiota in CRC. * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001.  
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The cancer-associated microbiota was also more active with respect to translation, cell 

division/replication, cleansing the nucleotide pool, folding of bacterial chromosomes, and 

daughter cell separation (Fig. 41). Together with more pronounced gluconeogenesis and 

biosynthetic metabolism in CRC, an enhanced level of microbial growth in the cancerous gut 

is also supported by our findings. This includes enhanced biosynthesis of NAD(+) cofactor, 

folate (vitamin B9) and nucleotides, membrane phospholipids and their carriers and 

peptidoglycan as well as methylation (SAm MTase) in CRC. Overexpression of some serine 

protease and hydrolase genes which are implicated in the prevention of misfolded proteins 

and potentially toxic nucleoside diphosphate derivative accumulation in fast growing cells was 

observed. 
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Fig. 41 | The CRC microbiota exhibit an enhanced rate of growth. Genes required for global 

processes such as translation, replication, cell division, membrane and cell wall biosynthesis displayed 

enhanced transcript levels under CRC conditions. Anaerobic photosynthetic growth in the CRC gut may 

be diminished as photoporphyrin IX Mg-chelatase subunit H expression, required for growth of genera 

such as Xenococcus, was downregulated, a possible reflection of less active Cyanobacteria in the CRC 

gut. * P ≤ 0.05. 
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6.21 Quorum sensing activities of Gram-positive and Gram-negative bacteria are 

diminished and elevated, respectively, and less spore formation occurs during CRC 

Microbes of complex communities can communicate to each other via production of 

specific signalling molecules, the concentration of which is critical for a proper microbial 

response. The signalling molecules, signal members of the microbial community about the 

surrounding conditions, including nutrient availability and stresses. This in turn may affect 

specific bacteria to adjust their metabolism to particular conditions, involving germination or 

sporulation.  

We observed significant changes in transcription of a small group of genes required 

for sporulation and germination (Fig. 42). The CRC gut environment may suppress sporulation 

and support germination of sporulated bacteria under certain conditions. This may be a 

consequence of the local environment and signals therein. Quorum sensing (QS) activity 

which responds to growth conditions (592) was affected. Two lines of evidence argue that the 

Gram-negative QS machinery was upregulated in CRC. Primarily, enhanced transcription of 

SAM MTase (Fig. 35A) which suggests a greater supply of SAM in CRC and is indirect 

evidence that excess SAM in the cancerous gut can also stimulate production of homoserine 

lactone by acyl-homoserine lactone (AHL) pheromone synthases. Secondarily, expression of 

3-hydroxydecanoyl-[acyl-carrier-protein, ACP] dehydratase (Fig. 40B) implicated in C10-AHL 

production was also augmented. The CRC-associated microbiota further displayed QS-

mediated regulation of gene expression, such as enhanced production of proteases, e.g. HtrA 

and Sec secretion subsystem (Fig. 40C). Contrarily, the peptide-based QS system of Gram-

positive bacteria was repressed in CRC.  
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Fig. 42 | Microbial sporulation is diminished while germination is dynamic in the CRC gut niche. 

Expression of WhiB-like transcription regulator (Fig. 34E) (necessary for sporulation in Actinomycetes), 

spore cortex-lytic enzyme precursor (required for completion of germination) and spore coat protein S 

(a major spore coat protein produced early in sporulation) are repressed while transcription of the Gpr 

gene, which encodes for a spore protease required for early-stage germination of spores was increased 

in CRC. * P ≤ 0.05. 
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6.22 A range of virulence determinants are overexpressed by a more inflammatory yet 

immune evasive microbial population in the CRC gut 

The CRC-associated microbiota upregulated production of a number of virulence 

factors as described above (section 6.20). Expression of the S. pyogenes and S. agalactiae 

virulomes, prophage lysogenic conversion modules (genes of prophage origin which can 

enhance pathogen virulence) (593) and auxin biosynthesis genes (a virulence factor which is 

implicated in suppression of plant defence) (Fig. 37A) were more pronounced in CRC. 

Microorganisms enhanced expression of genes whose products synthesise and transport 

inflammation-promoting intermediates. Greater microbial transport of polyamines, via 

upregulation of spermidine putrescine ABC transporter permease component PotB (Fig. 35C) 

and transcriptional regulator, MerR family, near polyamine transporter (Fig. 34E), suggests an 

amplified abundance of inflammatory polyamines (594). This has been shown to facilitate both 

biofilm formation in the colonic mucosa and cancer cell growth, invasion and metastasis (218).  

Overproduction of the proinflammatory O-antigen of LPS in Gram-negative bacteria, 

via upregulation of mannose-1-phosphate guanylyltransferase and a regulator of O-antigen 

component length (595), is consistent with a more inflammatory microbiome in CRC, or a 

reflection of greater Gram-negative species activity. Accelerated degradation of phenylacetic 

acid, an anti-inflammatory catabolite of phenylalanine, through phenylacetic acid degradation 

protein PaaE (Fig. 37A) may further increase the pro-inflammatory environment of the gut. 

Acetoin, a potential pro-inflammatory intermediate of bacterial fermentation, the availability of 

which in the CRC gut appeared to be higher (Fig. 35A), can induce IL-8, IL-6 (pro-inflammatory 

cytokines interleukins 8 and 6) and TNF-α production, causing significant loss of epithelial 

barrier function (596). Acetoin can also promote colonisation/biofilm formation of 

environmental microbes in the lungs, including Pseudomonas aeruginosa (597) (due to 

acetoin cross-feeding by other bacteria). It can be reduced to 2,3-butanediol under oxygen 

limited conditions. Gram-negative facultative anaerobes, such as Klebsiella, Pseudomonas 

and Enterobacter activities of which have been significantly enhanced in CRC (556) under 

anaerobic conditions can divert carbon flux from production of organic acids to neutral 

products, such as 2,3-butanediol. This suggests that acidification of the gut during CRC has a 

pleotropic effect on microbial metabolism, from enhanced amino acid catabolism to supporting 

a pro-cancerous gut environment. By contrast, butanediol fermentation in Gram-positive 

bacteria was attenuated, transcription of YdjL (Fig. 35A), putative oxidoreductase, a Bacillus 

subtilis 2,3-butanediol dehydrogenase homologue (598) was repressed. This suggests that 

major 2,3-butanediol-producing Gram-positive bacteria like Bacillus spp. and potentially 

Streptococcus spp. are more tolerant to low pH and still can produce mixed acids from 

pyruvate during cancer. These data in fine strongly suggest that microbiota of the gut 
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community in CRC interacts with host cells and expresses diverse virulence factors to facilitate 

their colonisation. 

Elevated production of microbial virulence factors may be a consequence of a higher 

level of microbial access to and colonisation of the epithelium. The observed overexpression 

of hemolysin III (Fig. 40C), a virulence determinant, may help microorganisms, e.g. members 

of Bacteroides fragilis group, to colonise the CRC gut  (599). Hemolysins are known to be 

central in developing systemic infections by opportunistic pathogens, weakening the immune 

system and gaining advantages in a competitive niche. Critically, hemolysins lyse can kill host 

cells, and hence provide a supply of nutrients, e.g. nucleic acids. This is consistent with our 

finding that the cell death rate in the CRC gut is elevated (Fig. 35C). Induced production of 

capsular polysaccharides and EPS results in more hydrophilic properties of the cell wall 

surface which was shown to be less susceptible to phagocytosis by neutrophils (600). 

facilitating microbial immune evasion. Furthermore, biosynthesis of pseudaminic acid (579) 

(Fig. 40C) supports the assertion that an array of adaptative approaches are employed by the 

microbiota in CRC to evade host immune cells.  

7.0 Discussion 

Here for the first time the CRC gut microbiota were analysed through 

metatranscriptomics to assess health-dependent changes to their specific (gene and species) 

and wider (pathway and microbial sub-population) activity. Through profiling the active CRC 

microbiome, we identify activity-based marker species of the disease (Fig. 21-23, Fig 25-26, 

Fig. 29 and Table 6). We also discovered that expression of antibiotic resistance determinant 

genes can also be regulated (Fig. 27 and Fig. 40E), at least in part by specific gut 

environmental factors without external antibiotic pressures (Fig. 28). Intriguingly, activity of 

non-cancerous and CRC gut derived E. coli grown as a part of the community and in pure 

culture is fundamentally different, indicative of microbial transcriptional memory. Importantly 

functional dependency of the microbial community on the health status of the host was 

uncovered (Fig. 32). Inherently different regulated responses of gut microbes were found to 

diverse environmental factors depending upon if bacteria were health or disease associated 

(Fig. 39). This work reveals distinct mechanisms by which gene expression of the microbiota 

responds to the malignant state of the gut. The findings herein are aligned to the potential 

mechanisms by which the CRC microenvironment is maintained. 

To ensure a high quality of RNA was isolated from the faecal microbiota without 

external RNA contamination, blank RNA extractions using water were carried out prior to 

bioanalyser analysis and PCR screening. Blank extractions ensured no foreign RNA was 

being introduced during isolation, while the bioanalyser allowed for the visualisation of 
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prokaryotic 23S and 16S ribosomal (r)RNA as well as assessment of RNA degradation. No 

eukaryotic 28S and 18S rRNA was observed and RNA degradation was limited (Fig. 15). PCR 

was performed using the RNA isolate as template to confirm the absence of DNA 

contamination (data not shown). Quantity of RNA was established through spectrophotometry 

(Table 5). All samples passed these quality control criteria and were deemed suitable for 

quantitative high-throughput RNA sequencing, confirmed by bioanalyser analysis conducted 

by VERTIS biotechnologie, AG (Fig. 16). Following ribodepletion and cDNA synthesis an 

average of 40M read pairs were produced per sample, over 75% of reads were retained 

following trimming and removal of short, below 50 bp reads. This depth of sequencing and 

retention of data are desired to perform a high-fidelity analysis of bacterial composition and 

downstream functional analysis of the microbiome. Microbial DNA extractions were subject to 

similar quality control procedures, namely blank extraction, PCR assessment of rDNA quality 

and spectrophotometry. The PCR revealed no eukaryotic DNA had been isolated alongside 

the prokaryotic target DNA and following 16S rDNA V3-V4 sequencing, between 120-140k 

reads were produced per sample, surpassing the 100k reads suggested for sufficient 

taxonomic survey of microbial communities, these outputs were similar for both meta faecal 

microbial DNA and later DNA of in vitro cultures.    

It has long been reported that microbiome diversity, the metric by which ecosystem (or 

sample) species richness and evenness of distribution is assessed, is lower in those affected 

by gastrointestinal pathologies, including CRC (601). Diversity can be investigated between 

different groups, or within an individual sample, termed β-diversity, and α-diversity respectively 

(504, 602). Through comparing the metatranscriptomes of the two sample groups (CRC and 

control) using Bray-Curtis dissimilarity, a β-diversity metric, intra-sample diversity was 

recorded as significantly lower than inter-sample dissimilarity (Fig. 17). While it is also 

noteworthy that the intra-sample diversity for the CRC group appears to be more variable than 

that of the controls, implying the heterogenicity of the microbiome is more pronounced in the 

colorectal cancer gut. However, DNA-level abundance analysis appears to overestimate 

sample α-diversity, this is consistent with and reflected in the greater significance recorded 

between sample dissimilarities (Fig. 17 and Fig. 31). This overestimation is likely due to 

species who, while having a detectable population at the DNA level, may be transcriptionally 

silent (dormant) or dead. This suggests that genomic abundance alone is a less informative 

tool for assessing microbial diversity than transcript abundance, or at the very least the two 

methods should be used in combination. The pattern of lower α-diversity in the guts of those 

with gut pathologies has overlooked the potential of significant microbial dormancy within the 

population. This ‘shutdown’ of metabolic activity of bacteria is becoming more well understood 
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and is even hypothesised to be the default mode of life for microbes due to the dynamic and 

potentially high-stress environment of the gut particularly during disease (603).  

Changes in the composition of the gut microbiota in CRC have long been reported 

(540, 604), common CRC-specific patterns of taxonomy have emerged as potential disease 

markers. In this work we show that the abundance and activity of the microbiota in the control 

and CRC groups do not always correlate (Fig. 20), in line with metatranscriptome and 

metagenome data reported for IBD microbiota (113). It has been previously found that the 

metatranscriptome of the human gut microbiome is functionally stable, meaning average 

transcript levels remain consistent when compared to the taxonomic composition (125). 

However, prior to this study, the share of total microbiome activity across its constituents had 

not been reported. We found that, despite the presence of around 1000 distinct species, 

almost half of all transcripts identified belonged to only 20 species (Fig. 19). This substantially 

uneven weighting of transcript contribution across the microbiome highlights the 

disproportional relationship between abundance and activity. This finding becomes particularly 

pertinent when assessing the profile of species with traditionally altered (particularly enriched) 

abundance in CRC, such as Fusobacterium nucleatum (222), that exhibits great divergence 

between activity and abundance, calling into question the relevance of previously reported 

changes in presence associated with disease. We found that several species exist in a 

dormant (or dormant-like) state, with levels of activity at least an order of magnitude lower than 

their abundance, if detectible at all (Fig. 20A). The opposite was also observed, several, 

including previously CRC-linked species (e.g. F. nucleatum) appeared hyper-active, with total 

transcript level at least an order of magnitude greater than genome level (Fig. 20B). This 

shows that activity of specific microorganisms is regulated independently of abundance in 

CRC. However, despite substantial differences in microbial abundance and activity, this does 

not rule out that a species, such as Eubacterium rectale (Fig. 20A), with low activity relative to 

abundance, may still significantly contribute to the onset of CRC while being less active during 

the disease, as is proposed (605). Metatranscriptome levels of many clinically relevant 

bacteria, such as ESKAPE, Enterobacteriaceae and oral pathogens was significantly elevated 

in CRC, consistent with enhanced β-lactam and vancomycin resistances of this microbiome. 

Responses of aerobes of the CRC and control gut microbiota in vitro differed to environmental 

pressures, particularly to acid pressures. Additionally, multiple commensal (e.g. n-butyrate 

producing) bacteria lose significant activity in the CRC niche.   

Many microorganisms were identified in one or both groups that exhibited a dormant, 

dormant-like or hyper-active phenotype (Fig. 20), potentially common features of microbial life 

in the diseased gut (113) by which bacteria can adapt to survive different environmental 

stresses. The CRC gut features loci of varied oxygen saturations (606) and easier access to 
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colonocytes (607). Such a diseased niche may cause the observed switch from active to latent 

forms of metabolism and vice versa. Members of the probiotic Bifidobacterium and 

Lactobacillus genera were highly abundant across both cohorts while transcriptome levels 

were underrepresented by at least 10-fold in comparison (Fig. 20A). It is noteworthy that CRC 

patients often present as folate (vitamin B9, required for DNA synthesis, methylation, and 

metabolism) deficient (608). The diminished activity and dormancy of major de novo folate 

producers, Bifidobacterium, and Lactobacillus spp., in the gut niche during cancer may at least 

in-part, contribute to this. A consequence of this depletion may be the eventual 

hypomethylation of host DNA, a phenotype associated with CRC through the synthesis of 5-

methyltetrahydrofolate, which donates a methyl group to SAM (609). The link between 

depletion of folate-producing bacteria and host DNA hypomethylation has previously been 

reported (610), however there is now substantial evidence that this mechanism exists in the 

colorectal cancer gut. The gut environment appears to control activity of probiotic species in a 

health status-independent manner. Once probiotic administration is ceased any measurable 

health benefit quickly diminishes (611) as the conditions of the gut likely controls their overall 

and specific activity. Therefore, it would appear manipulating microbial activity, either directly 

or indirectly through altering the intestinal environment, such as through diet and/or physical 

activity, could be a more efficient therapeutic approach than probiotic administration to gain 

any lasting potential health benefits (612). This is a concept which is already being explored, 

as well as microbiome transplant/transfer elsewhere (613), often through faecal transplant. 

However, while this has proved to be an effective therapeutic option, it also has significant 

limitations. These include lack of sustainability (donor availability), reproducibility 

(standardisation), and knowledge regarding under-characterised and potentially harmful 

constituent species with the potential to cause infections in the immunocompromised. 

Critically, these potentially infectious species are common in the faecal microbiome which 

could be dormant upon collection and become active post-transplantation. Hence it is 

imperative to avoid transplantation of these bacteria that may be pathology-causing in the 

long-term. These findings bring insight into the gut niche dynamically altering, either through 

amplifying or muting, the metabolic states of different microbes which may have been 

historically overlooked. Additionally, these findings highlight the importance of characterising 

activity of species to provide context to associative studies based on genomic abundance 

before moving forward with developing strategies to manipulate the human gut microbiome.  

 Enhanced activity of Proteobacteria was also found in CRC alongside genome 

enrichment. Over-representation of this phylum in the gut has been widely reported, 

particularly via faecal samples of human and animals during disease, including CRC (177) 

and in response to antibiotic treatments (107, 108). However, it has been found that 
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Proteobacteria were under-represented in the microbiota of CRC tissues, particularly E. coli 

(614, 615), but their activity had not been investigated previously (616). No significant 

differences in the activity of this species in CRC were found, confirmed via qRT-PCR (Fig. 24). 

Instead, higher metatranscriptome levels of other Enterobacteriaceae family pathogens were 

observed, such as Klebsiella, Enterobacter and Kluyvera species (Table 6), often resistant to 

antibiotics, and naturally competent to HT (617). Proteobacteria do not generally specialise in 

digesting complex carbohydrates and utilising fermentation products (618), they can however 

cross-feed on simple sugars made available through the saccharolytic activity of other 

microbes, such as Bacteroidetes (619). A reduction in expression of carbohydrate and 

increase in amino acid metabolising genes coincides with an increase in activity of these 

pathogens, likely to concurrently augment their virulence (620). These findings suggest a link 

between carbon source utilisation in the CRC gut and enhanced Enterobactiaceae activity and 

potentially virulence.  

Both aerobic and anaerobic respiration entails glycolysis, pyruvate metabolism, 

tricarboxylic acid production and oxidative phosphorylation using either oxygen as the terminal 

electron acceptor or less energetic molecules, e.g. nitrate, sulphate and fumarate. These 

together enable the production of ATP, the reducing agent NADPH, lipids, nucleic and amino 

acids. The TCA cycle is fed with a supply of pyruvate from various sources, the glycolytic 

Embden-Meyerhof-Parnas (EMP) pathway chief among them. However, glucose availability 

appears limited during CRC, reflected in attenuated microbial glycolysis (Fig. 37). The 

gluconeogenic pyruvate carboxylase can be activated by the allosteric regulator acetyl-CoA 

and high pyruvate concentrations. This initiates production of glucose from non-

carbohydrates, such as lactate and amino acids and converts pyruvate to oxaloacetate instead 

of acetyl-CoA, the respective genes of these alternate pathways displayed a marked rise in 

expression (Fig. 37A), again suggesting lack of glucose and potentially glutamate (the 

allosteric inhibitor of the enzyme) availability (621). Interestingly, production of glyceraldehyde-

3-phosphate (GADP) in both ED and EMP glycolytic pathways was augmented (Fig. 40A), 

perhaps facilitating host mucin adhesion, if it is cell wall-associated (622), by the microbiota 

rather than playing a crucial role in energy generation. Expression of pyruvate producing oxo-

acid lyase, 4-hydroxy-2-oxovalerate aldolase, was down-regulated in CRC (Fig. 38B), hence 

the production of acetaldehyde, an inhibitor of gluconeogenesis, was suppressed likely 

alongside the supply of pyruvate. Further evidence of enhanced gluconeogenesis, and thus 

higher activity of biosynthetic pathways, was supported by upregulation of the propionate-CoA 

to succinate module (Fig. 38B). Propionate can feed gluconeogenesis though the TCA cycle 

after conversion to succinyl-CoA followed by oxidation to glucose via pyruvate and 

oxaloacetate. β-Oxidation of odd carbon fatty acids and the catabolism of Iso, Val, Met and 
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Thr amino acids are major sources of propionate-CoA, supporting our findings of increased 

amino acid catabolism by the CRC microbiota. The microbiota favoured oxidation of the limited 

glucose for anabolic purposes through the pentose phosphate pathway as seen through 

elevated transcription of YqeC (Fig. 37B), implicated in production of the second NAD(P)H 

cofactor within the pathway, necessary for reductive biosynthetic reactions in fatty acid, 

aromatic amino and nucleic acid production. These data overall shows that the CRC 

microbiota may deploy gluconeogenesis, amino acid catabolism and specific nucleotides to 

offset the deficiency of simple sugar availability. 

 Several members of the ESKAPE group as well as a sub-set of oral pathogens gained 

activity in the CRC gut (Table 6 and Fig. 29). ESKAPE pathogens, clinically important multi-

drug resistance carrying bacteria can acquire said resistance determinants through HT of 

mobile genetic elements (MGEs) (623). The dissemination of MGEs is predominantly carried 

out by conjugation and requires expression of the tra operon (624). Activity of two ESKAPE 

pathogens, K. pneumoniae and A. baumannii, was unchanged but their metatranscriptome 

substantially contributed to the total activity of the microbiome at 0.14% and 1% 

correspondently (data not shown). The observed elevated activity of other ESKAPE 

pathogens in CRC potentially poses a high risk of infection and the dissemination of MGEs. 

Acinetobacter, Pseudomonas, and Staphylococcus species can uptake DNA via natural 

transformation as well (625). Enhanced expression of genes involved in conjugative activity 

were shown for this CRC microbiome, including overexpression of TraM (DNA transfer) and 

TraN (mating pair stabilisation) genes (Fig. 40D). While it is currently difficult to assign these 

activities to specific species, it is feasible that these pathogens may increase their HT-specific 

gene expression, further enhancing their genetic plasticity (626). These findings suggest a 

potential risk of disseminating resistance determinants and highlight the importance of 

mapping antibiotic susceptibility patterns of CRC patients to afford appropriate treatment 

options.  

A dramatic change in microbiome metabolism from utilisation of carbohydrates to 

amino acid catabolism supposes two important physiological characteristics of the cancerous 

gut. Firstly, tumour cells sustain uncontrolled growth through enhancing glycolytic activity, 

namely upregulating expression of glycolytic enzymes, glucose- and sodium glucose 

transporters (627, 628). This is consistent with the suggested lower availability of simple 

carbohydrates in the gut for microbial metabolism. Secondly, it is very unlikely that the diet of 

patients would be significantly altered compared with the control group (patients were 

scheduled for emergency surgery, therefore would not alter long-term dietary habits). 

Therefore, supply of carbohydrates should remain. However, it cannot be ruled out that a 

short-term change in diet between diagnosis and sample collection (around 4 weeks) may 
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have influenced the availability of simple carbohydrates, affecting the observed modes of 

microbial metabolism. However, during cancer, pathogens such as Enterobacteriaceae and 

ESKAPE pathogens that do not metabolise fibre, are more active in CRC and can increase 

their colonisation efficiency due to an expansion of the microaerobic niche, which may in-part 

lead to the decreased activity of saccharolytic Bacteroides and some Clostridium (629). 

Genomes of saccharolytic species are enriched with hydrolases which degrade complex 

carbohydrates (630), hence supplying carbon sources to other microbes (cross-feeding) as a 

product of anaerobic fermentation (619). These fermentation end products include n-butyrate, 

propionate, acetate, and lactate (631). Increased activity of pathogenic bacteria at the expense 

of carbohydrate hydrolysing species may also contribute to a deficiency of simple sugar 

metabolism and force microbiota to utilise amino acids, nucleotides, and aromatic compounds 

as alternative carbon sources. Moreover, extracellular (e)DNA can also be utilised as a 

nutrient source to offset the lack of simple carbohydrates in the cancerous gut (632). Biofilms, 

prevalent within the CRC gut (217, 218), constitute a rich source of eDNA, the primary 

component of the matrix, forming a nucleotide pool which is renewed through bacterial killing 

due to competition or immune activation (633). Hence, we cannot rule out that inflammation, 

nutrient depletion and/or biofilm formation in the cancerous gut (179) can also be a further 

factor(s) that induces DNA uptake.  

 Additionally, S. aureus, A. baumannii and P. aeruginosa can form biofilms, the 

expression of these determinants is elevated in the CRC microbiome (Fig. 40A), hence 

facilitating immune evasion, persistence, and antimicrobial resistance (634). Several oral 

cavity pathogens also exhibited an elevated level of transcriptional activity (Fig. 29A), including 

primary and secondary tissue colonisers, consistent with the observed augmented expression 

of colonisation factors by this microbiome. Additionally, significant overexpression of 

Streptococcus agalactiae and Streptococcus pyogenes virulomes (Fig. 40C) aligns with the 

enhanced levels of biofilm-associated gene expression in CRC. The CRC environment, such 

as transiently enhanced levels of oxygen and acidity (130, 136), mucus depletion (33, 189, 

309), and potentially altered cross-feeding may trigger significant changes in the metabolism 

of opportunistic oral cavity, ESKAPE and Enterobacteriaceae pathogens. Therefore, 

immunocompromised individuals who are subject to recurring infections by these pathogens 

(including periodontal infections) should be considered vulnerable to dys/neoplasia and 

offered earlier CRC screening. 

It has been found that levels of faecal hydrogen sulphide (H2S) are greater in those 

suffering from CRC, meaning the capacity of SRB to reduce sulphate to H2S is likely enhanced 

(635). Interestingly, reports surrounding the roles of H2S within the gut vary, some suggest an 

anti-cancerous effect while others claim the opposite, a more commonly held view. Promoting 
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inflammation and genotoxicity (537), alongside in vitro promotion of colonocyte proliferation 

and attenuation of oxidative phosphorylation of n-butyrate have been observed in response to 

H2S treatment (636). However, some works have suggested that H2S protects the mucus layer 

by promoting mucin production and therefore decreases inflammation (538). The findings from 

the metatranscriptome analysis of this work shows that three SRB species gain in activity 

during CRC (Fig. 25), providing potential candidate species in the explanation for the elevated 

H2S levels previously reported. While two other SRB species lost activity in CRC, these data 

provide a precise and previously unknown cohort of SRB who may be the driving force behind 

H2S-mediated damage, or in fact highlight specific SRB whose potential protective role 

through H2S is lost during CRC, depending on the prevailing nature of the contribution of H2S 

to gut health which is yet to be fully clarified.  

 It has been suggested that thermophilic bacteria, which have an optimal growth 

temperature of >41°C and pH of 7-11, can confer certain health benefits, e.g. stimulation of 

host immunoglobulin A, IgA when introduced to the gut, shown through oral administration of 

compost (or compost extract and pure cultures of identified thermophiles) to gnotobiotic mice, 

flatfish, and rats (637–639). Yet, it must be noted that this is not a unique host response to 

thermophilic species, many conserved antigens of commensal microbes such as SFB 

Candidatus arthromitus and Mucispirillum can also trigger IgA secretion (640). By 

metatranscriptome profiling, a group of 15 thermophilic gut species were found to exhibit 

elevated activity during CRC (Fig. 26), this is despite the substantial evidence of a highly acidic 

gastrointestinal environment, this is consistent with findings that although thermophiles prefer 

basic pH conditions, they are highly adaptable and capable of becoming acid tolerant (641). 

This either suggests that the acid gut environment causes physiological changes to the 

microbiota allowing certain sub-groups to thrive (consistent with what is reported later in this 

work), or that local areas of higher pH exist within the large intestine, and perhaps the heat-

producing fermentative metabolism that allows these species to grow is facilitated in specific 

loci of the diseased gut. This could be consistent with the observation that probiotic 

introduction of thermophilic bacteria corresponds with higher energy harvesting of gut 

microbes (greater proportion of calories harvested from food) and more rapid gain of host 

biomass (639), a trait more commonly associated with Proteobacteria. However, these 

microbes are not well characterised and their contribution to host health needs to be 

established in greater detail, they may indeed increase IgA production by the host, however 

whether this is sufficient to elicit a beneficial reduction in pathogenic microbes in the complex 

gut microbiome is not known, particularly as certain microbes have evolved strategies to evade 

host immune activity (642).  
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The low pH environment of the diseased gut (643, 644) may provide favourable 

conditions for the growth of methanogenic bacteria and archaea that are naturally more acid 

tolerant. Archaea, while being prokaryotic like bacteria possess analogues of eukaryotic genes 

and fermentative metabolic pathways (645). However, while there is little known about the 

contribution of the archaeome to host health, enrichment in abundance of these methanogens 

and halophiles (species with a preference for high salt conditions) has been reported during 

disease (646). Intriguingly, archaea have been found to induce strong pro-inflammatory host 

responses by DCs (647) and have been associated with, as for thermophiles, greater energy 

harvesting within the gut (648). At the functional level it was observed in this 

metatranscriptome work that expression of transcripts specific to the synthesis of archaeal 

enzymes (including methanogenic co-factors) was augmented during CRC (Fig. 38A), 

perhaps alluding to a pro-inflammatory role of this microbial population in the progression 

and/or onset of the malignancy. Taxonomic analysis of the archaeome at the 

metatranscriptome level would help in uncovering the specific species which exhibit altered 

metabolic activity within the population during disease, however the archaeome is currently 

not well represented in the available databases. 

The human intestinal microbiota represent a dense microbial population and are 

natural reservoirs of antibiotic resistance determinant genes (649). AB genes are stable in 

such bacterial communities regardless of the presence of antibiotic pressure (e.g. (650)) and 

therefore the potential for AB gene expression and horizontal transfer within such a community 

is very high (651). RNA-seq analysis revealed enhanced expression of genes involved in HT 

and resistance determinants to twelve AB families in CRC in the absence of AB pressure (Fig. 

40E). It was found that many AB resistance determinants are active in the gut microbiome 

irrespective of the health status of the host with expression of a sub-set of AB resistance 

determinants significantly upregulated by the CRC microbiota (Fig. 27B). This leads to two 

important conclusions. Firstly, a significant proportion of over-expressed AB resistance 

determinants in CRC were encoded by Enterobacteriaceae. It is known that gut inflammation, 

a feature of the CRC gut, promotes HT between pathogens and Enterobacteria (652), 

suggesting that CRC microbes are prone to HT and it would be feasible to expect this is 

happening in the non-cancerous gut but to a lesser degree. Secondly, expression of numerous 

AB resistance genes by the gut microbiota strongly argues that the environment of the gut is 

able to induce AB resistance determinant expression. However, the reason for this is not 

abundantly clear. Furthermore, the CRC gut environment induces expression of a number of 

resistance determinants which belong to different AB classes and expression of only a handful 

of resistance genes was attenuated (Fig. 27A). This shows that specific CRC gut 

(micro)environments may trigger such responses in an AB-independent manner. Enhanced 
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expression of some AB resistance determinants, such as blaCMY and gadX, found through 

RNA-seq in CRC was not determined by a single environmental factor in vitro (Fig. 28). These 

resistances further reduce therapeutic options, particularly for methicillin-resistant 

Staphylococcus aureus, MRSA, coagulase negative staphylococci and other Gram-positive 

infections in penicillin allergic individuals (653). These data argue that bacterial competition 

may be enhanced in CRC through production of antimicrobials, bacitracin (654), microcin (585) 

and fosfomycin (655), and appears to be a primary feature of their co-habitation. Higher activity 

of the multiple antibiotic resistance phenotype and some efflux transporters is consistent with 

the CRC gut exerting more stresses to the microbiota. However, it cannot be ruled out that 

endogenous production of antimicrobial peptides, such as defensins, by colonocytes (656) 

may play a role in the induction of microbial AB resistance determinant expression and HT. In 

CRC the microbiome may be in close proximity to or colonising the epithelium due to 

compromised epithelial barrier function, hence promoting endogenous defensin production.  

 AB resistome data revealed that ESKAPE pathogens display a multi-drug resistant 

phenotype (upregulating AB resistance in CRC) (Fig. 27B), and expression of catA by A. 

baumannii and phoP by K. pneumoniae was confirmed in vitro to be regulated by 

environmental factors (Fig. 28). For example, overexpression of phoP and eptB genes in K. 

pneumoniae in the CRC gut was observed in response to acids, while phoP, eptB and blaCMY 

transcription was repressed by HCl but not lactate. A similar pattern was observed for 

expression of mdtO, nfsA, marA and gadX by E. coli. This shows that multi-drug resistant 

bacteria express their AB resistance genes in response to environmental pressures in a gene 

specific manner and this often depends upon the health status of the host. Hence, other 

factors, such as antimicrobials and/or cell-cell interaction of bacteria and host may be required 

for inducing expression of specific AB resistance determinants in vivo. It is known that the 

Salmonella PhoP/PhoQ two-component system, which is critical for its virulence (657) and 

confers resistance to colistin, macrolides and peptide ABs, responds to the host environment 

and enhances modification of the bacterial envelope, hence reducing membrane permeability 

(658–661). Exposure to antimicrobial peptides, such as defensins and polymyxin, has been 

shown to increase expression of phoP/phoQ and resistance to antimicrobial peptides (662). 

The findings from this work show that non-acid pressures generally inhibit phoP expression, 

but acidity promotes its transcription in a health-dependent manner in CRC derived K. 

pneumoniae. This shows that phoP can be activated by acidity which in turn may lead to 

solidification of the cell membrane by enriching the proportion of unsaturated fatty acids (663, 

664). It is reasonable to propose that gut bacteria could deploy putative “long-term memory”  

(665–669) of acid-dependent membrane solidification upon repeat exposure to these 

conditions. Similar transcriptional memory had been observed in E. coli in regulating the 
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expression of the lac operon in response to changing environmental nutrient availability (665). 

Another possible explanation of CRC-dependent gene overexpression in response to a 

pressure, including phoP is that the control culture produces an unknown inhibitor which 

prevents the acid-dependent activation of transcription. Interestingly, 16S rDNA-sequencing 

failed to detect K. pneumoniae in culture, highlighting further the importance of studies of 

active microbes rather than their abundance.  

The in vitro data shows that expression of AB resistance genes can be regulated by 

different environmental factors, acidity, osmotic potential, and oxidative stress (Fig. 28). 

Interestingly, acidification of the gut appears to be a potentially key factor in activation of AB 

resistance gene expression in CRC. The CRC gut features excessive lactate availability due 

to anaerobic glycolysis (Warburg metabolism) of tumour cells (389). Enhanced transcription 

of the gene encoding malolactic enzyme (Fig. 35A), which converts malate to less acidic 

lactate, by the CRC gut microbiota, is consistent with increased intestinal acidification during 

CRC (643). Consistent with this, lactate seems to upregulate expression of a wider population 

of resistance genes in vitro compared to HCl, however a larger array of genes should be tested 

to validate this. This argues that acid stress, during gastrointestinal malignancy, could 

propagate an antibiotic resistance phenotype of gut microbes. While osmotic pressure in the 

CRC culture represses expression of many AB resistance genes in vitro (Fig. 28), this can 

also activate transcription of other genes, including catA in A. baumannii, an ESKAPE 

pathogen (Fig. 27B). Oxidative pressure, like osmotic stress, inhibits expression of many AB 

resistance determinants in CRC-derived culture while upregulating expression of certain 

genes (Fig. 28). In the control-derived culture however, H2O2 enhanced expression of more 

than half of the AB resistance genes (6 out of 10) tested, showing that oxidative pressure may 

activate AB resistance mechanisms, primarily in a health-dependent manner. This also argues 

that gut bacteria possess unidentified long-term transcriptional memory mechanisms with 

respect to AB resistance that provide cells with a rapid response to previously encountered 

pressures, such as acidity for expression of the phoP gene in K. pneumoniae (Fig. 28). These 

findings highlight the notion that microbiota of the healthy gut are under severe pressure from 

H2O2 compared to the CRC gut and the in vitro transcriptional data supports this assertion.     

Through profiling the active CRC microbiome and investigating the control of its activity 

we showed global CRC-specific transcriptional regulation (Fig. 32), particularly for species 

associated with recurrent nosocomial infections which gained in activity (Table 6). Repeat 

infections caused by those bacteria can be an early marker of suppressed immunity or 

gastrointestinal vulnerability which poses a high risk for onset of colorectal cancer. Here it was 

also shown for the first time that expression of antibiotic resistance determinant genes can 

also be regulated by specific gut environmental factors without external antibiotic pressures 
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and for specific resistances the health status of the host plays a key role (Fig. 28). Distinct 

responses of CRC- and control-derived aerobes to each pressure suggests that i) the health 

status of the gut environment influences expression of AB resistance genes in the absence of 

AB treatment and ii) activity of the same non-cancerous and CRC gut species is fundamentally 

different and can be modulated by external factors. 

The gut microbiota, the ‘germ organ’ of the host, is a unique microbial community as it 

develops with the host from birth. It is well known that, despite the constant interaction of the 

microbiota with the colonic mucosa, no general inflammation of the gut is observed day to day 

(193). The observed core metabolic functions of the microbiota across cohorts are in 

concordance with general housekeeping activities which allow microbes to co-exist with their 

host despite the inflammatory potential of the community and its members (Fig. 33). The 

downregulation of the pyruvate:ferredoxin/flavodoxin core subsystem indicates the 

microbiome is conducting less anaerobic respiration as a whole in CRC. However, certain 

pathway activities which occur in the absence of oxygen are still observed, and in some cases 

are even upregulated (see below, TME), indicating local areas of hypoxia in a potentially more 

oxygen rich CRC niche.  

The stepwise accumulation of sporadic genetic lesions causing CRC has been 

attributed to the damaging effects of ROS (670). Oxidative stress response constitutes 

pathways which reduce ROS, such as O2
- and H2O2 to protect membranes, proteins and DNA 

from damage (671). If the damage exceeds the capacity of host DNA repair mechanisms, 

genetic mutations may occur. H2O2-dependent dysregulation of epithelial barrier function 

would facilitate microbial colonisation and invasion, promoting inflammation and ROS 

production. However, the findings presented argue that inflammation-derived ROS in the gut 

appears to be only half the picture. Several unexpected lines of evidence strongly posit that 

the gut microbiota is a crucial mediator of ROS levels through their ability to scavenge and 

reduce ROS (Fig. 33 and Fig. 34). If the capacity of the microbiota to control the level of 

physiological ROS (during mitochondrial oxidative phosphorylation) is reduced, even 

temporarily, the cumulative effects over 15-30 years may facilitate the accumulation of ROS-

induced damage (genetic and epithelial barrier function) and hence onset of CRC (672). 

Expression of the oxidative stress subsystem appears to be the core housekeeping function 

of the microbiome (Fig. 33). In response to enhanced ROS availability, the microbiota is to 

control this by increased ROS reduction, to lower ROS to physiological levels. Conversely, 

over-induced activity of microbial anti-oxidative mechanisms may lead to diminished ROS 

levels, also causing gut pathology through compromising epithelial barrier integrity or reducing 

the efficacy of host-produced ROS as a means of controlling the microbial population (673). 

Through these findings, two modes of ROS-mediated genetic damage are proposed. i) 
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Chronic or intermittent inflammation-dependent ROS accumulation due to e.g. IBD or 

antibiotic treatment (172, 187, 674). ii) Inflammation-independent, where compromised ROS-

reducing microbiome functions leads to excess or diminished ROS (674). However, these 

modes may together form one continuous cyclic pathology wherein the epithelium can be 

compromised in an inflammation-independent manner, leading to inflammation-mediated 

damage (32, 309, 675).  

Osmotic pressure which in-part regulates non-enzymatic antioxidants, such as ectoine 

(544) synthesis appears to be a regulated factor which may be associated with elevated levels 

of these antioxidants in the gut. Interestingly, a major response by the CRC gut microbiota 

appears to be to RNS, specifically nitric oxide (Fig. 34E). This is in concordance with high 

levels of inflammation that occur in the cancerous gut, including elevated levels of microbial 

colonisation, resulting in activation of host inducible nitric oxide synthase, iNOS (676). This 

also occurs during Warburg metabolism, saturating the lumen with nitrate (NO3
-) and O2 from 

the reduction in oxidative phosphorylation, facilitating the reduction in population of 

commensal anaerobes and expansion of potentially damaging facultative anaerobes (629).   

Iron uptake and transport by the CRC microbiota appears to be enhanced (Fig. 35B). 

It was shown that tumour cells accumulate iron while blocking its export (677), a likely cause 

of the deficiency common to the condition, alongside inflammation via the hepcidin pathway 

and chronic blood loss (678). Elevated microbial uptake of iron should be considered, 

alongside inflammation and blood loss, as a mechanism by which the host becomes deficient. 

Iron supplementation, therefore, may have adverse effects by feeding tumour growth and 

pathogen virulence, hence posing a greater risk of infection and further inflammation. 

Intravenous iron supplementation, which has become more common practice in the NHS 

(particularly post-surgery) may subvert this issue by bypassing the gut microbiota, however 

this is not the case for other health conditions and the reason for this deficiency was not well 

understood. Many cancer patients also suffer from carnitine deficiency, 75% of which is 

derived from the diet (679). The observed enhanced catabolism of carnitine by microbiota in 

CRC (Fig. 36) may explain, at least in part, this phenomenon. Carnitine, the transporter of n-

butyrate across the mitochondrial membrane, is the rate-limiting step of mitochondrial 

oxidative phosphorylation (680). The depletion of this metabolite may limit the beneficial O2-

consuming SCFA metabolism of healthy colonocytes during disease, further disrupting the 

activity and composition of the gut microbiota. Uncontrolled growth of cancerous colonocytes 

is underpinned by dysregulation and reprogramming of gene expression, including translation 

(681). Humans rely on dietary scavenging and the gut microbiota for their supply of queuosine 

(Q, a hyper-modified guanosine analogue), necessary for tRNA (Q34tRNA) to ensure 

translation fidelity (682). Elevated microbial transport of Q (Fig. 36) suggests they are 
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assimilating the modified guanosine at a higher level and potentially depleting the host of this 

vital molecule, thus decreasing the accuracy of host protein synthesis. This could have far-

reaching implications for host health, however no evidence or suggested mechanisms 

surrounding bacterial regulation of host translation fidelity exist as of now.  

The data presented argue for local regions of hypoxia and O2 saturation, as both 

oxygen-dependent and anaerobic metabolic processes are concurrently differentially active, 

consistent with the known architecture and metabolism of the TME (683) and resident biofilms 

(564). These conditions facilitate sequential colonisation of oxygen-respiring microbes in 

proximity to tumour blood vessels (and local areas of inflammation) and facultative and 

obligate anaerobes further from the O2 supply (683). The TME in close proximity to the 

vasculature is less acidic (CO2, H+ and lactate are vented into the bloodstream) and more 

saturated with oxygen. Further from the vasculature the TME becomes more hypoxic and 

acidic. Under this O2 gradient cancer cells become more glycolytic and release lactate and 

protons into the surrounding lumen (684), forcing anaerobes to modify their membrane 

structure with unsaturated fatty acids to decrease H+ permeability (572), a trait observed being 

adopted by the microbiota (Fig. 36). This suggests close interaction of microbial sub-

populations co-inhabiting specific niches which cannot support growth of anaerobes and 

aerobes simultaneously. However, under oxygen rich conditions anaerobes can still thrive in 

CRC via formation of biofilms with obligate anaerobes being the primary colonisers, forming 

the inner biofilm layers, which become hypoxic following colonisation of other bacteria (217).  

The presented analysis of microbial RNA-seq data revealed evidence that the CRC 

gut environment, compared to its healthy counterpart, is more acidic (Fig. 35A). This can be 

due, in part, to the altered metabolism of cancerous colonocytes, which excessively produce 

lactate even in the presence of oxygen, namely aerobic glycolysis or the Warburg effect (389). 

CRC gut microbiota were observed exhibiting enhanced expression of GAD, of the glutamate 

decarboxylase acid defence mechanism (685). This defence is like other microbial acid 

resistance mechanisms, such as Arg- and Lys-decarboxylase systems which produce basic 

compounds and consume protons, hence increasing cytoplasmic pH (458). E. coli strains, 

whether pathogenic or not, abundant constituents of the gut microbiota, are remarkably well 

equipped with acid resistance mechanisms and can cause different diseases, including 

infections born from contaminated acidic food (461).  

The Lys-dependent acid-resistance mechanism appears to be a universal acid 

defence system which protects gut bacteria against acid irrespective of host health status or 

nature of the acid (organic or inorganic). CadA decarboxylates Lys to cadaverine, a superoxide 

antioxidant, which is exported from cells in exchange for extracellular lysine and thus 
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alkalinises the cytoplasm by consuming a proton. However, the CadA system in the non-acid 

adapted microbiota is either unresponsive to or repressed by high salinity, while playing an 

adaptive role in response to oxidative stress in a health-dependent manner (Fig. 39). This 

suggests that the Lys-dependent resistance mechanism may provide the gut microbiota with 

additional non-enzymatic protection against ROS in response to high acidity and hydrogen 

peroxide availability, while activation by the latter is health status-dependent. In contrast, both 

Arg-dependent acid protective systems responded differently to both acid pressures and in a 

health-dependent manner (Fig. 39). Both subsystems appear to sense low pH (H+ and lactate) 

only if they originated from the CRC microbiome, confirming the Arg-dependent systems are 

important for maintaining pH-homeostasis of aerobic microbiota in CRC. It has been shown 

that expression of adiA is triggered only under anaerobic growth at low pH (686). Our in vitro 

data clearly showed adiA is expressed under aerobic conditions by E. coli of gut microbiota in 

a pH-independent manner regardless of the health status of origin (Fig. 39). One possible 

explanation could be that growth of a complex mixture of aerobic microbes reduces the level 

of oxygen in the medium resulting in de-repression of the E. coli AdiA system. Additionally, 

low pH is not required for de-repression of transcription of Arg- and Lys-acid dependent 

systems in aerobic conditions. A potential cross-communication of microbiota and/or 

acidification of the medium due to CO2 production (e.g. by the activity of pH independent 

SpeA) may be sufficient to maintain a constitutive level of expression of these amino acid 

defence mechanisms in an aerobic environment in vitro. Expression of adiA appears to be 

also regulated by salt and oxidative pressures. Interestingly, up-regulation was observed only 

in microbiota derived from the control samples and in response to H2O2 (Fig. 39). These data 

further suggest that microbiota adapt to the environment of the gut and can exhibit these 

“inherited” properties later by regulating their patterns of gene expression as part of survival 

strategies, perhaps through transcriptional memory (665). The expression of speA appears to 

be a broad-spectrum stress defence mechanism, at least in E. coli under aerobic conditions. 

However, the health status of the host also affects the ability of the SpeA-mediated mechanism 

to maintain pH homeostasis of the cell, supporting the view that the microbiota of the CRC 

and non-cancerous guts are fundamentally different. Acids, salt and reactive oxygen species 

trigger in vitro amino acid-dependent acid resistance mechanisms in a health-dependent 

manner (Fig. 39), suggesting these factors are features of the CRC human gut which in-turn 

direct microbial acid tolerance, consistent with metatranscriptome analysis. It cannot be ruled 

out however, that despite the overall similarities in taxonomic composition between each 

cohorts cultures (60-70% E. coli) (Dataset 1, Tab 3 of (527)), potential differences in the strains 

of E. coli grown may have contributed to the observed health status-specific differences in 

gene expression in vitro. 
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Gut microbiota have evolved numerous adaptive mechanisms by which they can 

exchange and expand their genetic information, termed genetic plasticity. One of these 

mechanisms includes bacteriophage infection through lysogeny facilitated by their co-

habitation (687). It was also observed that the microbiota in the cancerous gut promote HT, a 

prominent feature of biofilms (564). Improved competence may be a result of either transient 

or enduring pressures on the gut, such as antibiotics/drug treatments or dsDNA breaks (688). 

It is also known that bacteriophages facilitate HT (689) and findings of enhanced anti-viral 

mechanisms (Fig. 40D) suggests this may be the case to a greater degree in the cancerous 

gut. Activities of two major anti-viral defence mechanisms, that can trigger abortive infection, 

namely group II intron-associated genes (retron-type reverse transcriptase) and the broad 

range (naïve) CRISPR-Cas Type III system (690) were upregulated coinciding with phage 

lysogeny/prophage overexpression. It is also known that bacteriophages facilitate HT (691), 

and the findings of this work suggests this may be the case to a greater degree in the 

cancerous gut. Interestingly, the CRC-associated gut microbiota downregulates CRISPR‐Cas 

Type I (protein CT1974, a homolog of Cse3/CasE, one of the three endo-RNases implicated 

in processing of short CRISPR pre-RNA (692)) while enhancing activity of CRISPR‐Cas Type 

III (RAMP Cmr2 gene, a member of the Cas10-Cmr CRISPR Type III system which can target 

both foreign ssDNAs and ssRNAs) (Fig. 40D). CRISPR Type I can exhibit active primed 

adaptation which targets invasive mobile genetic element (iMGEs) sequences (693). Due to 

the presence of adjacent PAM (protospacer adjacent motif) and seed sequences which ensure 

precise target specificity, the Type I CRISPR system would fail to recognise mutated 

sequences, allowing accumulation of invader escapers. To minimize this, the Type I system 

promotes primed adaptation to target the same mutated invader via multiple spacers by rapidly 

acquiring new spacers complementary to other non-mutated regions of the invader DNA. 

Primed adaptation is the biased acquisition of new spacers derived from sequences that carry 

the targets of pre-existing spacers. Interestingly, while it has been shown that PAM facilitates 

prevention of autoimmunity (694), recent bioinformatic analysis of Type I targets of CRISPR 

spacers has revealed strong self-targeting potential with the core function to regulate HT (695). 

However, the Type I CRISPR system is known to fail in recognition of new and mutated 

sequences, allowing accumulation of invader escapers like prophages (690). CRISPR Type I 

is likely to respond to a symbiotic co-existence between phages and microbes. Greater uptake 

of extracellular DNA by the gut microbiota and higher activity of a wide range of 

bacteriophages in CRC would be consistent with enhanced activity of the Type III CRISPR-

Cas system. Type III CRISPR is less stringent than Type I and targets both DNA and RNA, 

specifically highly transcribed plasmid and phage DNA. This can be beneficial in protecting 

cells against a variety of active phages (696). Finally, upregulation of the retron module, which 

uses the second element of the retron, non-coding RNA to generate a covalently linked 
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RNA/DNA molecule to initiate the major abortive infection defence mechanism (697), could 

correlate with the observed enhanced rate of microbial death in the CRC gut.  

8.0 Future Prospects 

As ROS are a primary trigger of CRC development (698–700), the ability of the 

microbiota to modulate ROS levels in the gut poses some important questions. For example, 

what are the environmental signals which can regulate microbial antioxidative activities, e.g. 

diet, antibiotics, toxins or other pressures and how are these signals modulated by the gut 

microbiota. Another important task is to characterise the specific pressure(s) that promote the 

enhanced antibiotic resistance phenotype displayed during disease. This is critical for patients 

who require surgery to prevent post-operative infection. Understanding and subsequently 

manipulating such adaptive mechanisms which the microbiota uses to compete for nutrients, 

exchange genetic material and control prevalence and activity of other gut species can be a 

useful tool in developing bacteria-based therapy.   

Metatranscriptomics can identify disease-related changes in activity of individual 

microbes, functionally related groups and even at the community level, here shown at the 

community level for the CRC microbiome. The altered microbial active taxonomy and 

community characteristics reported sets up two major questions. Firstly, what are the specific 

patterns of gene expression of the identified species dominating the microbial transcriptome 

in both health and CRC and which are the marker species with dynamic CRC-specific activity. 

Secondly, what are the CRC-specific environmental factors that drive activity of these species 

in vivo and expression and dissemination of genetic elements. Antibiotic resistance appears 

to be a mechanism which provides the cell with the capacity for adaptation to environmental 

pressures in the gut. This in turn poses a high risk to health services to treat infections. 

Different non-antibiotic related factors differentially regulate AB resistance mechanisms. Thus, 

it would be of a great importance to investigate the combined effects of different pressures on 

a given resistance phenotype, especially for those which conversely regulate AB resistance 

determinant gene expression. Effects of colonocyte metabolism as well as other human 

tissues on the regulation of AB resistance gene expression should also be a high priority topic 

for antibiotic resistance research. 

This work provides direct links between specific adaptive responses of the gut 

microbiome in the colorectal cancer gut via metatranscriptomics. These findings reveal 

important insights into the protective role of gut microbiome against developing cancer and its 

adaptive responses to the tumour environment. A striking example is the high background 

level of microbial-mediated ROS reduction activities by both the CRC and healthy gut 

microbiomes, an apparent “core housekeeping” role of the gut community, protecting 
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colonocytes against ROS-induced DNA damage and promoting epithelial integrity (Fig. 33 and 

Fig. 34F). These data shows that the CRC and control gut microbiota adapt through inherently 

different mechanisms to environmental pressures of the gut in vitro. This suggests that the 

health status of the host influences adaptive responses of the microbiota to specific stresses, 

laying the foundations for investigation into effective strategies for microbial manipulation. 

Depletion of the gut for beneficial metabolites in combination with enhanced genetic exchange, 

virulence, host colonisation, antibiotic and acid resistance in colorectal cancer make the 

microbiome more pathogenic and less protective. Therefore, it would be of a great importance 

to establish environmental factors that modulate the ROS-reducing capacity of the gut 

microbiota with the aim of protecting colonocytes from ROS-mediated DNA damage.  

Moreover, from this work more specific questions may be proposed regarding the 

precise molecular mechanisms by which the microbiota and their secretome regulate 

colonocyte function. There is a wealth of evidence which shows that the gut microbiota and 

the level of their specific metabolic products such as SCFAs, polyamines and tryptophan 

intermediates have a profound effect on host cell metabolism and function (138, 182, 183, 

218, 452, 701–706). Hence, the question emerges, what is the molecular mechanism(s) by 

which the microbiota may modulate colonocyte cancer hallmarks such as Warburg 

metabolism, the shift from oxidative phosphorylation to anaerobic glycolysis and associated 

cellular redox status through e.g. affecting the NADP+:NADPH ratio. Answering this question 

would have broad implications for the understanding of how colonocytes become susceptible 

to ROS and hence DNA damage in an otherwise healthy individual. Similarly, what are the 

microbially secreted metabolites underpinning regulation of host cancer-driving epigenetics 

such as the CpG island hypermethylation and histone modification phenotypes, building on 

the knowledge gained through in vitro investigation of the ability of SCFA to inhibit histone 

deacetylases. Research regarding these topics would potentially identify novel therapeutic 

targets of the microbiota and/or its secreted compounds to prevent the progression of, or 

relapse to CRC. Furthermore, discovering the molecular mechanisms by which the complex 

microbiome regulates colonocyte metabolism and epigenetics could aid in the development of 

earlier diagnostic markers and intervention strategies, ultimately significantly lowering the 

mortality rate of the disease, particularly if these mechanisms are features of precursor 

conditions. 
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10.0 Appendix 

10.1 Publications 

M. T. F. Lamaudière, R. Arasaradnam, G. D. Weedall, I. Y. Morozov, The colorectal cancer 

gut environment regulates activity of the microbiome and promotes the multidrug resistant 

phenotype of ESKAPE and other pathogens. mSphere (2023). 

https://doi.org/10.1128/msphere.00626-22  

Link to paper, double-click image: 
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11.0 Supplementary Data 

Metatranscriptome Df Sum Sq R2 F Pr(>F) 

Group (healthy/CRC) 1 0.23246 0.09193 1.9591 0.02760 * 

Age (<73/>73) 1 0.16018 0.06334 1.35 0.16288 

Sex (F/M) 1 0.08078 0.03195 0.6808 0.82972 

Has smoked (no/yes) 1 0.20691 0.08182 1.7438 0.06169 

BMI (<30/>30) 1 0.18727 0.07406 1.5783 0.09409 

Residual 14 1.66117 0.65691 - - 

Total 19 2.52877 1 - - 

16S rRNA genes 
     

Group (healthy/CRC) 1 0.29558 0.1205 2.5009 0.0005 *** 

Age (<73/>73) 1 0.11281 0.04599 0.9545 0.5152 

Sex (F/M) 1 0.12597 0.05136 1.0659 0.3639 

Has smoked (no/yes) 1 0.11105 0.04527 0.9396 0.5412 

BMI (<30/>30) 1 0.15287 0.06232 1.2935 0.1523 

Residual 14 1.65461 0.67455 - - 

Total 19 2.45288 1 - - 

Table S1 | PERMANOVA analysis of patient metadata influence over distribution of metatranscriptome- 

and 16S rRNA gene sequence profiling-based community taxonomy. * Denotes statistical significance. 
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Organism name 16S rDNA detected mRNA detected 

Acidovorax delafieldii + - 

Acinetobacter junii - + 

Actinophytocola sp. + - 

Actinoplanes globisporus + - 

Agrobacterium pusense + - 

Akkermansia muciniphila - + 

Alistipes shahii - + 

Amycolatopsis mediterranei + - 

Anaerococcus hydrogenalis - + 

Anaerococcus obesiensis - + 

Anaerococcus prevotii - + 

Anaerococcus sp. - + 

Anaerofustis sp. + - 

Anaerotruncus colihominis - + 

Angelakisella massiliensis - + 

Asticcacaulis excentricus - + 

Asticcacaulis sp. - + 

Bacteroides finegoldii - + 

Bacteroides fluxus - + 

Bacteroides gallinaceum  + - 

Bacteroides stercorirosoris - + 

Bdellovibrio bacteriovorus - + 

Bdellovibrio exovorus - + 

Bdellovibrio sp. - + 

Bifidobacterium angulatum - + 

Bifidobacterium subtile - + 

Bryobacter aggregatus - + 

Burkholderia cenocepacia + - 

Butyricicoccus pullicaecorum - + 

Caedimonas varicaedens + - 

Catabacter hongkongensis - + 

Chthoniobacter flavus - + 

Clostridium beijerinckii - + 

Colidextribacter massiliensis + - 

Corynebacterium amycolatum + - 

Corynebacterium durum + - 

Dialister sp. + - 

Dielma sp. + - 
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Dyella sp. + - 

Enorma massiliensis - + 

Enterococcus faecium - + 

Ezakiella massiliensis - + 

Ezakiella massiliensis - + 

Faecalitalea sp. + - 

Finegoldia magna - + 

Granulicatella - + 

Granulicatella adiacens - + 

Granulicatella elegans - + 

Granulicatella sp. - + 

Haliangium ochraceum - + 

Helicobacter canadensis + - 

Hyphomicrobium denitrificans - + 

Hyphomicrobium sp. - + 

Intestinimonas massiliensis - + 

Intestinimonas massiliensis - + 

Kaistia granuli - + 

Kaistia soli - + 

Lachnoclostridium phocaeense - + 

Lactococcus chungangensis - + 

Lacunisphaera limnophila - + 

Longilinea arvoryzae - + 

Marmoricola sp. - + 

Megasphaera cerevisiae - + 

Megasphaera sp. - + 

Mesorhizobium - + 

Mesorhizobium australicum - + 

Mesorhizobium ciceri - + 

Mesorhizobium loti - + 

Mesorhizobium plurifarium + - 

Mesorhizobium sp. - + 

Methylobacterium sp. - + 

Methylocystis sp. - + 

Millionella massiliensis - + 

Mitsuaria chitosanitabida + - 

Monoglobus pectinilyticus + - 

Nakamurella multipartita + - 

Nitrospira defluvii + - 
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Nitrospira japonica - + 

Nitrospira moscoviensis - + 

Nitrospira sp. - + 

Nocardia vaccinii + - 

Paeniclostridium sordellii - + 

Pajaroellobacter abortibovis - + 

Pantoea dispersa + - 

Paraburkholderia sp. + - 

Paraburkholderia tropica + - 

Promicromonospora sp. + - 

Propionibacterium acidifaciens - + 

Propionibacterium sp. - + 

Prosthecobacter debontii - + 

Pseudopropionibacterium propionicum - + 

Pseudoxanthomonas sp. - + 

Ralstonia pickettii + - 

Rhodomicrobium vannielii - + 

Rhodoplanes sp. - + 

Romboutsia ilealis + - 

Schaalia odontolytica + - 

Schwartzia succinivorans - + 

Selenomonadales bacterium + - 

Slackia heliotrinireducens - + 

Sphingopyxis terrae + - 

Streptococcus constellatus - + 

Streptomyces griseorubiginosus + - 

Streptomyces nanshensis + - 

Thermobaculum terrenum - + 

Variovorax paradoxus - + 

Variovorax sp. - + 

Verrucomicrobium sp. - + 

Verrucomicrobium spinosum - + 

Table S2 | Microbial species detected at either the DNA (16S rRNA gene sequence profiling) level or 

RNA (metatranscriptome) level bot not both. (+) Detected, (-) not detected. 


