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Background: Colorectal cancer (CRC) is the fifth most diagnosed cancer in Sub-Saharan Africa. In Kenya, 
CRC incidence rates tripled from 1997 to 2017. In the Moi Teaching and Referral Hospital, Moi University, 
there has been an increase in CRC cases, notably for younger patients. A suggested pathobiology for this 
increase is gut microbiome dysbiosis. Since, for the Kenyan CRC patient population, microbiome studies are 
rare, there is a need for a better understanding of how microbiome dysbiosis influences CRC epidemiology 
in Kenya. In this single-center study, the focus was on profiling the gut microbiome of Kenyan CRC patients 
and healthy volunteers and evaluating associations between microbiome profiles and the age of CRC 
patients.
Methods: The gut mucosa-associated microbiome of 18 CRC patients and 18 healthy controls were 
determined by 16S rRNA sequencing and analyzed for alpha and beta diversity, differential abundance, and 
microbial metabolic profiling.
Results: Alpha diversity metrics showed no significant differences, but beta diversity metrics showed 
dissimilarities in the microbial communities between CRC patients and healthy controls. The most 
underrepresented species in the CRC group were Prevotella copri (P. copri) and Faecalibacterium prausnitzii 
(F. prausnitzii), although Bacteroides fragilis (B. fragilis) and Prevotella nigrescens were overrepresented (linear 
discriminant analysis, LDA score >2, P<0.05). Also, for CRC patients, significant metagenomic functional 
alterations were evident in microbial glutamate metabolic pathways (L-glutamate degradation VIII was 
enriched, and L-glutamate and L-glutamine biosynthesis were diminished) (P<0.05, log2 Fold Change >1). 
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Introduction

In Sub-Saharan Africa (ssAfrica), colorectal cancer 
(CRC) is the fifth most diagnosed cancer. In Kenya, 
CRC incidence rates tripled from 1997 to 2017 (1), with 
cases predominantly of late-stage disease and with 20% of 
individuals 40 years of age or younger at diagnosis (2). A 
suggested pathobiology for this increase in CRC rates is gut 
dysbiosis, a change in the microbial community of the gut (3).  
Dysbiosis is linked to various colonic diseases, including CRC 
(4). For African populations, however, little work has been 
conducted to demonstrate a relationship between dysbiosis 
and CRC. Given the increase in  the incidence of early-
onset CRC in ssAfrica, there is a need to understand the 
link between dysbiosis and CRC in the Kenyan population.

In the Moi Teaching and Referral Hospital, Moi 
University (MTRH/MU), situated in the Rift Valley of 
Kenya, there has been an increased incidence of CRC, 
particularly for younger patients (<40 years of age). This 
observation is consistent with overall trends in ssAfrica. 
Over the last two decades, there has been an increase in the 
incidence of CRC for all ages in ssAfrica (5-8). However, 
the incidence of early-onset CRC is a concern specific 
to the region. Indeed, early onset CRC was reported in 
ssAfrica with rates higher than those of resource-rich 
countries (RRCs). The proportion of early onset cases 
from single centers in ssAfrica is between 19–38% as 
compared to 3–7% in RRCs (8). Although suboptimal data 
surveillance and collection may lead to a reporting bias (9), 
the reasons for this marked increase in cases are largely 
unexplained. In Kenya, westernized high-fat diet, a known 
risk factor for CRC has replaced the traditional diet with 
high-fiber, fruits, and vegetables. Additionally, other risk 
factors that are part of traditional Kenyan dietary habits 
include drinking of alcohol and soot-laced sour milk, reuse of 
fry oil, and aflatoxin- and pesticide-contaminated foods (10).  

The traditional African high-fiber diet shapes the gut 
microbiota to protect the colon from inflammation and 
noninfectious colonic diseases, but the European high-
fat diet does not (11). Although previous reports showed 
involvement of diet and gut dysbiosis in CRC (10,12), there 
are no comprehensive reports investigating the microbiome 
of Kenyan CRC patients.

Given an increasing CRC incidence rate, there is 
an unmet need for a better understanding of how the 
microbiome and age of CRC onset influence CRC 
epidemiology in Africa. In this single-center cross-sectional 
observational study, our objective was to establish the tumor 
microbiome profile of Kenyan CRC patients relative to 
the healthy population. We present the following article in 
accordance with the STROBE reporting checklist (available 
at https://jgo.amegroups.com/article/view/10.21037/jgo-
22-116/rc).

Methods

Ethical consideration

The study was approved by the Institutional Research and 
Ethics Committee (IREC) of MTRH/MU, Kenya (No. 
IREC/2018/38, 0003114) to perform studies in collaboration 
with the School of Medicine, Alexandria University, Egypt. 
The study was conducted in accordance with the Declaration 
of Helsinki (as revised in 2013). Study participants were 
informed about the study. Those who agreed to participate 
signed the informed consent agreement. A step-by-step 
explanation in simple language was given to the participating 
patients. Confidentiality was provided according to 
international standards, and no information was used without 
consent of the patients. Coding was employed to conceal the 
identity of all patients. The tissues obtained were used only 
for the consented purpose. 

Moreover, the microbiome composition was different for patients under 40 years of age compared to older 
patients (LDA score >2, P<0.05).
Conclusions: Microbiome and microbial metabolic profiles of CRC patients are different from those 
of healthy individuals. CRC microbiome dysbiosis, particularly P. copri and F. prausnitzii depletion and 
glutamate metabolic alterations, are evident in Kenyan CRC patients. 
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Patients

Colonic tissues from 18 CRC patients and 18 healthy 
controls were collected during colonoscopy. This was 
convenience sampling of a medically underserved 
population. The inclusion criteria for CRC patients were 
being FOLFOX chemotherapy naïve, having undergone 
colonoscopy from a clinician’s indication, and having 
pathologically confirmed CRC at the MTRH/MU. All 
participants who had taken any probiotic or antibiotic within 
4 weeks prior to colonoscopy, and those who previously had 
resectable CRC were excluded. The study characteristics are 
shown in Table 1. Study data were collected at the MTRH/
MU, which mainly serves residents of Western Kenya region 
(representing at least 22 counties) (13) during the period of 
June-2018 to June-2019. 

Taxonomic and metabolic profiling of gut microbiome and 
diversity analysis

DNA was extracted from tissues collected from 18 CRC 
patients and 18 healthy controls, using QIAamp DNA 
Microbiome kits (Qiagen, Hilden, Germany), according 
to manufacturer’s instructions. For all samples, the V4 
hypervariable region of the 16S rRNA gene was amplified 
using 16S V4 amplification primers (14) and sequenced 
with an Illumina MiSeq platform at the UAB Genomic 

Core. For each sample, the raw paired-end sequencing 
reads were de-multiplexed into separate FASTQ files, and 
barcodes and primers were removed. Then the sequence data 
were imported into the QIIME2 2019.10 environment (15) 
and analyzed for taxonomic composition and ecological 
diversity of the gut microbiome. The microbiome profiling 
procedure followed our previous publication with minor 
modifications (16). Briefly, the QIIME2-DADA2 denoising 
method was used to filter sequencing reads (Table S1) and 
to construct a feature table of amplicon sequence variants 
(ASVs). The QIIME2 feature-classifier plugin with pre-
trained Naïve Bayes classifier, trained on ‘Greengenes 13_8 
99%’ OTUs from the V4 region of sequences (17) was 
used to assign the comparative taxonomy for ASVs. Rare 
ASVs, contaminants, and unclassified ASVs were filtered 
from the identified taxonomy table. Low-depth samples 
were also excluded using the cut-off of 2,000 reads in each 
sample. The QIIME2 taxa plugin was used to group the 
features with the same taxonomic assignation and collapsed 
to species-level taxonomic tables for subsequent analysis. 
In species-level taxonomic profiles, the taxa that were not 
differentiated to species-level were represented at higher 
levels of classification.

We performed alpha (microbiome diversity) and beta 
(similarity or dissimilarity of two microbial communities) 
diversity analysis on taxonomic profiles of CRC and control 
samples. Using QIIME2’s diversity plugin, we calculated 
alpha diversity indices (Shannon, Simpson, Chao1, and 
Observed OUTs) and beta diversity indices (Brays-Curtis, 
Jaccard, Unweighted Unifrac, and weighted Unifrac 
measures) on rarefied feature tables at a minimum sampling 
depth of 10,135 reads through the core-metrics-phylogenetic 
method. The alpha and beta diversity measures at species-
level were compared among/between healthy controls and 
tumor samples using Wilcoxon rank-sum tests. Weighted and 
unweighted Unifrac distances were used for ordination of 
CRC and healthy controls through NMDS analysis using the 
VEGAN R package. The significance of NMDS results were 
evaluated using the PERMANOVA method implemented 
in QIIME2 diversity plugin with 105 permutations. For 
subsequent analyses, the taxonomic profiles were filtered to 
remove the microbial taxa with maximum relative abundance 
<0.01% and prevalence <5% across all samples.

The metabolic potentials of the healthy gut (control) 
and the CRC microbiome were predicted using PICRUSt2 
v2.2 software (18). The predicted MetaCyc pathway profiles 
were filtered to include pathways with relative abundance 
>0.1% and prevalence in >50% of the samples used for 
further analysis.

Table 1 Description of CRC patients and healthy controls

Characteristics CRC (n=18) Healthy controls (n=18)

Age (years) 49.6±18.3 40.8±15.1

Sex

Male 12 (67%) 9 (50%)

Female 6 (33%) 9 (50%)

Colonoscopy

Normal colon – 13 (72%)

Colitis – 3 (17%)

Polyp (benign) – 1 (6%)

Roundworm – 1 (6%)

Stage

III 8 (44%) –

IV 10 (56%) –

Data are presented as mean ± standard deviation or numbers and 
percentages. CRC, colorectal cancer.

https://cdn.amegroups.cn/static/public/JGO-22-116-Supplementary.pdf


Journal of Gastrointestinal Oncology, Vol 13, No 5 October 2022 2285

© Journal of Gastrointestinal Oncology. All rights reserved.   J Gastrointest Oncol 2022;13(5):2282-2292 | https://dx.doi.org/10.21037/jgo-22-116

Statistical analysis 

Differential  analysis  of  microbial  abundance was 
accomplished across two groups: (I) CRC cases vs. healthy 
controls, and (II) CRC patients under 40 years of age vs. 
CRC patients over 40 years. We tested the differential 
abundance at the species level using linear discriminant 
analysis (LDA) effect size (LEfSe) (19). P values <0.05 
and LDA score (log10) >2 are considered significant for 
differential features; results were represented as barplots 
and cladograms. Differential analysis of pathways was 
accomplished using Wilcoxon rank-sum tests, and the 
results were plotted using the ggplot2 package of R. 
Of note, no sensitivity analyses were possible given the 
uniqueness of this population.

Results

Characteristics of study participants

Compared to healthy controls, CRC patients were 
slightly older (49.6 vs. 40.8 years), and mostly (67%) male. 

Colonoscopy of healthy controls identified normal colon for 
72% of patients, with 17% having colitis, and individual cases 
of benign colon polyps and roundworm. In general, CRC 
patients were more often males, with half of CRCs located in 
the colon, and with more cases of stage IV than III (Table 1). 

Microbiome analysis

Gut microbial community structure and diversity 
The 16S rRNA sequencing identified a total of 1,437 
ASVs from the non-chimeric sequence reads ranging 
from 14,412 to 222,054 (Table S1). The rarefaction curves 
of observed ASVs/OUT confirmed that all samples had 
sufficient sequencing depth to explain the microbial 
diversity in each sample. The species richness evaluated 
by observed operational taxonomic units (OTUs) (P=0.22) 
and Chao1 estimator (P=0.15) showed no significant 
richness differences between CRC and healthy controls. 
Similar patterns of biodiversity were evident in measures 
of Simpson (P=0.16) and Shannon indices (P=0.46). These 
results suggested that there were no quantitative species 
differences between CRC and healthy controls (Figure S1). 

Beta diversity measures showed dissimilarities between 
the CRC and healthy gut tissue microbial community 
structures. UniFrac matrices consider the phylogeny along 
with the taxonomic abundance to compute differences 
between communities. The Unifrac distance measures, 
visualized through the NMDS method (Figure 1), revealed 
that the microbiota composition for patients with CRC 
was significantly different from that for healthy controls 
(weighted UniFrac; stress =0.1, unweighted UniFrac; stress 
=0.181). Further analysis based on PERMANOVA on 
both Unifrac distances showed significant differences in 
community structures among healthy and CRC samples 
(on weighted Unifrac, P=0.049, on unweighted Unifrac, 
P=0.0006) (Figure S2). 

Dominant microbial communities in CRC and healthy 
tissues were Bacteroidetes, Firmicutes, Proteobacteria, 
and Fusobacteria. Other phyla detected at low relative 
abundance were Actinobacteria, Verrucomicrobia, Synergistetes, 
Cyanobacteria, Tenericutes, Spirochaetes, Euryarchaeota, 
Lentisphaerae, and Elusimicrobia. Some CRC samples were 
dominated by one type of taxa such as Fusobacteria or 
Proteobacteria with greater than 60% relative proportions 
(Figure S3). Cumulative relative abundance analysis showed 
that the relative proportions of Proteobacteria, Fusobacteria, 
Firmicutes, Actinobacteria, and Verrucomicrobia were higher 
in CRC samples than in control samples, and the relative 

Figure 1 Beta diversity analysis: Non-metric Multidimensional 
Scaling (NMDS) ordination plots showing beta diversity comparisons 
between healthy control and CRCs. The beta diversities were 
measured based on weighted UniFrac distances. Ellipses represents 
the 95% confidence interval for healthy control and tumor groups, 
each dot in the ellipse represents a sample from that group. Statistics 
were calculated using Permutational Multivariate Analysis of Variance 
(PERMANOVA) with 999 permutations. A significant separation 
between healthy controls and CRC was found at P=0.049.
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proportion of Bacteroidetes was higher in healthy controls 
relative to CRC samples.

Differential microbial associations between CRC 
patients and healthy controls
Using LEfSe analysis, we identified potential microbiome 
biomarkers associated with the CRC patients (n=18) and the 
healthy group (n=18). CRC patient samples showed high 
abundance of Bacillales at the order level and Tissierellaceae, 
Staphylcoccaceae, Helicobacteraceae, and Mycoplasmataceae at 
family level compared to healthy controls. In CRC samples, 
there were also several abundant genera Fusobacterium, 
Porphyromonas, Staphylococcus, and Veillonella. Furthermore, 
the species Prevotella copri (P. copri), Faecalibacterium 
prausnitzii (F. prausnitzii), Roseburia faecis, Collinsella 
aerofaciens, Haemophilus parainfluenzae, Eubacterium biforme, 
Dorea formicigenerans, Ruminococcus lactaris, and Bacteroides 
eggerthii were enriched in healthy controls, whereas 
Bacteroides fragilis (B. fragilis), Prevotella nigrescens, Veillonella 
dispar, Veillonella parvula, Moryella indoligenes, Bulleidia 
moorei, Lactobacillus iners, Peptostreptococcus anaerobius, and 
Campylobacter ureolyticus were enriched in CRC samples (LDA 
score >2, P<0.05) (Figure 2, Figure S4).

Differential microbial associations between CRC 
patients under 40 years of age vs. CRC patients over 40
Since studies from Kenya report a higher incidence of CRC 
in individuals of age 40 years or younger (2), we analyzed 
the data in CRC patients under 40 years of age and those 
over 40 years.

CRC patients under 40 years of age (n=8) showed 
high abundance of taxa belong to Xanthomonadales, 
Oxalobacteraceae, Xanthomonadaceae, Herbaspirillum, 
Enhydrobacter, and Veillonella compared to CRC patients 
over 40 (n=10) (Figure 3). At the species level, P. copri and 
Lactobacillus salivarius were enriched for CRC patients under 
40, whereas Clostridium ramosum, Clostridium symbiosum, and 
Bacteroides ovatus were enriched for CRC patients over 40 
(LDA score >2, P<0.05) (Figure 3, Figure S5).

Gut microbiome function is altered for CRC patients
In addition to microbiome dysbiosis for CRC patients, there 
were significant metagenomic alterations in microbial function 
for CRC patients compared to healthy patients. Notably, for 
CRC patients, L-glutamate degradation VIII pathway were 
enriched, and L-glutamate and L-glutamine biosynthesis were 
diminished (P<0.05, |log2FC| >1) (Figure 4).

Discussion

Although there is a multifactorial etiology of CRC 
carcinogenesis, there is evidence that dysbiosis of the gut 
microbiota is linked to CRC. In our study, we revealed 
differing mucosa-associated microbiome and microbiome-
functional profiles for Kenyan CRC patients. P. copri and F. 
prausnitzii depletion may be a signature of these patients. 
The results also indicate a link between CRC and the 
microbial glutamate metabolic pathways. Moreover, results 
showed high abundance of the genus Herbaspirillum in 
early-onset CRC. We propose future development of non-
invasive microbial diagnostic tests.

We found that multiple microbiota are linked to CRC. 
CRC patients had a high abundance of B. fragilis (4); such 
abundance was linked with CRC (20-23). B. fragilis induces 
the stemness of CRC through Wnt/β-catenin signaling 
(21,22,24,25) and initiates colonic inflammation as it 
induces irreversible oxidative damage to DNA, epithelial 
barrier disruption, activation of STAT3, and differentiation 
of T-helper (Th17) cells (20,26). Prevotella nigrescens is 
enriched for patients with CRC (27), and Veillonella dispar is 
abundant for patients with adenocarcinoma (28).

For the Kenyan CRC patients, F. prausnitzii was 
depleted. This microbe, a member of Clostridium cluster 
IV, is a prominent butyrate-producing bacteria. It contributes 
to CD4 T cell differentiation into CD4CD8αα T cells (Tregs) 
in the colonic mucosa, where they also prevent excessive 
inflammatory responses. For CRC patients, F. prausnitzii 
and CD4CD8αα T cells are concomitantly depleted (29), 
suggesting an involvement of reduced F. prausnitzii/DP8α T 
cells in colonic carcinogenesis. Other studies showed that F. 
prausnitzii confers anti-inflammatory effects in the colon [99],  
and oral administration of F. prausnitzii as a probiotic 
shows an immunomodulatory effect in murine models of 
inflammatory colonic diseases and CRC (30). The anti-
inflammatory effects are attributed to the microbial anti-
inflammatory molecule (MAM) protein, secreted by F. 
prausnitzii, which inhibits the nuclear factor-κB pathway and 
reduces expression of interferon γ and interleukin 17 (31).  
Therefore, this butyrate-producing microbiota should be 
considered as a candidate adjuvant probiotic to prevent 
CRC and to improve its treatment outcomes. In our study, a 
high prevalence of F. prausnitzii and P. copri found in healthy 
individuals could be linked to butyrate production and to 
anti-inflammatory effects that contribute to their protective 
effect on/decreased risk of CRC development.
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Figure 2 CRC patients and healthy controls differ in gut microbial composition: bar graph of LEfSe analysis CRC vs. healthy controls. Each 
bar represents the log10 transformed LDA score for each differential microbe marked along with it (P<0.05). The CRC group is indicated by 
red bars and the control group is indicated by green bars. The name of the taxon level is abbreviated as p-phylum, c-class, o-order, f-family, 
and g-genus. CRC, colorectal cancer; LEfSe, Linear Discriminant Analysis (LDA) Effect Size.

Although precise reason for depletion of F. prausnitzii 
in CRC patients of this study is not known, a prior study 
reported that alcohol dependence depletes Ruminococcaceae 
bacteria, particularly F. prausnitzii, which results in gut 
leakiness (32). Moreover, in the study area of western Kenya, 
a traditional drink with a high-alcohol content  called 

“mursik”, a fermented milk consumed by people in this 
area; it has a possible etiology for esophageal cancer (33).  
In addition, as described earlier, the inhabitants of the study 
area typically consume maize as a main meal. Maize is a poor 
source of B-complex vitamins, particularly riboflavin and 
niacin (34). F. prausnitzii survive by exploiting extracellular 
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Figure 3 CRC patients under 40 years of age and CRC patients over 40 differ in gut microbial composition: bar graph of LEfSe analysis 
for CRC patients under 40 years of age vs. over 40 years of age. Each bar represents the log10 transformed LDA score for each differential 
microbe marked along with it (P<0.05). The group with patients under 40 years of age is indicated by green bars and the group with patients 
over 40 years of age is indicated by red bars. The name of the taxon level is abbreviated as p-phylum, c-class, o-order, f-family, and g-genus. 
CRC, colorectal cancer; LEfSe, Linear Discriminant Analysis (LDA) Effect Size.
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Figure 4 Bar plots showing the comparison of the significantly different MetaCyc pathways between CRC and healthy gut microbiome 
(P<0.05). Log2 FC is CRC vs. Healthy control. CRC, colorectal cancer; FC, fold change.
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antioxidants such as riboflavin (35). Studies to investigate 
the use of riboflavin as a prebiotic to restore F. prausnitzii 
depletion in Kenyan CRC patients may be of clinical 
interest because of this anti-inflammatory microbiota. 
Moreover, the cases were from a lower socio-economic 
status, and patients were less likely to have a healthy 
balanced diet, which could be a factor contributing to 
cancer. However, for our study participants, information 
on alcohol intake and diet is not available. Further studies 
linking microbiome, alcohol intake, and diet are needed to 
assess their impact on CRC risk.

In our results, P. copri was of high prevalence in healthy 
Kenyan individuals compared to CRC patients. P. copri 
was depleted in CRC patients, particularly those over  
40 years of age compared to CRC patients under 40. 
Although murine colitis models show that P. copri is involved 
in inflammatory colonic diseases (36), no human studies 
have reported such findings. In fact, human studies suggest 
either reduced abundance of P. copri or no association of P. 
copri with Crohn's disease (37,38). Perhaps, in mice, the co-
occurrence of other microbiota with Prevotella is the cause 
of initiation of intestinal inflammation, suggesting a need 
for more detailed investigations. 

In Morocco, a North African country, the most 
significantly overrepresented species in healthy individuals 
compared to CRC patients were P. copri and F. prausnitzii (39).  
This suggests that depletion of these two microbiota is 
a signature of the CRC microbiome in some African 
populations. Moreover, meta-analysis studies show that 
P. copri is of high prevalence in healthy non-Westernized 
populations, suggesting that their diet is responsible for its 
low prevalence in Westernized populations (40). 

The present results showed high abundance of the 
genus Herbaspirillum in early-onset CRC (under 40 years) 
compared to late-onset CRC (over 40 years). Higher 
abundances of Herbaspirillum are associated with NRAS 
mutations in CRC (41), suggesting the need for studies to 
investigate the link between the gut microbiome and host 
gene mutations in early-onset CRC in Kenya. Beta-diversity 
analysis revealed significant community-level separation 
between CRC patients and healthy individuals.

CRC microbiome functional analysis showed upregulation 
in L-glutamate degradation and downregulation of 
L-glutamate and L-glutamine biosynthesis, leading to low 
L-glutamate levels in the colon. L-glutamate metabolism, 
dietary L-glutamate degradation, and L-glutamate 
biosynthesis by gut microbiota modulate L-glutamate 
signaling (42). Alterations of glutamatergic transmission 

in the microbiota-gut-brain axis may contribute to the 
pathogenesis of inflammation of the colon (42). In a neuro-
inflammatory response in the gut, L-glutamate signaling 
induces oxidative and nitrosative stress pathways (43). Along 
with our results, this suggests that CRC programs the gut 
microbiota to protect against oxidative stress and assure 
cancer cell survival. Reactive oxygen species (ROS) are 
considered to induce oncogene activation, and tumor cells 
increase their antioxidant status by avoiding ROS thresholds 
that would trigger apoptosis (44). In this context, cancer 
cells not only display an endogenous adaptive response to 
oxidative stress by increasing expression of colon antioxidant 
enzymes and molecules, but they also cross-talk with the 
tumor microbiota to decrease oxidative stress by degrading 
L-glutamate. CRC patients with low serum glutamine 
levels have poorer survival than those with high glutamine  
levels (45). Further, low dietary intake of glutamine/
glutamate is associated with high cancer mortality (46,47).

One of the limitations of this studies is the small sample 
size; thus, future large studies are needed to generalize our 
findings.

In conclusion, the CRC microbiome and microbiome 
function showed a significant difference relative to healthy 
volunteers. Additionally, various microbiota are candidate 
markers for CRC. CRC microbiome dysbiosis, particularly 
P. copri and F. prausnitzii depletion, may be a signature for 
Kenyan CRC patients, suggesting that further studies are 
needed to investigate the use of prebiotics/probiotics to 
restore P. copri and F. prausnitzii depletion in these patients. 
This may be of clinical interest because of the anti-
inflammatory microbiota. The present results reflect a link 
between CRC and the microbial L-glutamate metabolic 
pathways. Thus, we propose that it is a microbiome 
functional signature for Kenyan CRC patients with possible 
alterations of glutamatergic transmission in the microbiota-
gut axis that participate in the pathogenesis of CRC. 
Although this study was not focused on understanding the 
mechanisms of the microbiome in CRC carcinogenesis and 
progression, various studies are investigating the roles of 
gut dysbiosis in tumorigenesis and tumor progression as 
described in recent reviews (48,49).
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Supplementary

Table S1 Details of quality-score based filtering of the input sequencing reads using the QIIME2-DADA2 algorithm

Sample-id Input Filtered
% of input 

passed filter
Denoised Merged

% of input 
merged

Non-chimeric
% of input 

non-chimeric

221–100 80286 59136 73.66 58556 56264 70.08 55860 69.58

221–101 88160 66844 75.82 66333 64360 73 62743 71.17

221–102 93058 69105 74.26 68590 66476 71.44 65741 70.65

221–103 89703 68455 76.31 67553 63809 71.13 63014 70.25

221–104 59400 44958 75.69 44185 41900 70.54 41624 70.07

221–105 94989 71068 74.82 70203 66587 70.1 65211 68.65

221–106 65142 50770 77.94 50321 48751 74.84 46577 71.5

221–107 40474 31077 76.78 30687 29449 72.76 29154 72.03

221–108 26617 21420 80.47 20939 17934 67.38 14412 54.15

221–109 102069 78168 76.58 77507 74872 73.35 72888 71.41

221–110 127464 95837 75.19 94711 91373 71.69 89452 70.18

221–111 81604 59106 72.43 58564 56084 68.73 56024 68.65

221–112 82951 65849 79.38 65124 62516 75.36 61721 74.41

221–113 111257 77847 69.97 77378 73035 65.65 70983 63.8

221–114 83759 62849 75.04 62423 59705 71.28 57503 68.65

221–115 48545 33139 68.26 32750 31050 63.96 31002 63.86

221–79 147535 108266 73.38 106740 101214 68.6 99155 67.21

221–80 71022 51056 71.89 50411 48508 68.3 48107 67.74

221–81 139977 82930 59.25 81612 72080 51.49 65837 47.03

221–82 152177 113246 74.42 111886 107572 70.69 106329 69.87

221–83 80978 65730 81.17 65365 61740 76.24 61365 75.78

221–84 128180 99043 77.27 98164 95137 74.22 93080 72.62

221–85 118558 86956 73.34 85953 83638 70.55 83356 70.31

221–86 256847 194346 75.67 192665 179599 69.92 177151 68.97

221–87 218101 164309 75.34 162494 155499 71.3 151978 69.68

221–88 100298 76134 75.91 72208 60250 60.07 51202 51.05

221–89 147559 113430 76.87 111505 100120 67.85 82576 55.96

221–90 332554 237411 71.39 234488 218460 65.69 198576 59.71

221–91 60731 45225 74.47 44503 42811 70.49 41349 68.09

221–92 81810 64543 78.89 63991 62274 76.12 61769 75.5

221–93 87123 63182 72.52 61277 54542 62.6 50938 58.47

221–94 113726 80326 70.63 79168 75810 66.66 72102 63.4

221–96 75753 57818 76.32 57275 53904 71.16 51942 68.57

221–97 149305 107617 72.08 106831 103282 69.18 100340 67.2

221–98 384311 251555 65.46 250730 228567 59.47 222054 57.78

221–99 67416 50611 75.07 50055 47780 70.87 46749 69.34
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Supplementary Figure 1

Figure S1 Reflects the alpha diversity measurements for CRC patients vs. healthy controls, measured by observed species, Chao1 richness 
estimator, Simpson diversity, and Shannon diversity and plotted for patients with CRC (red) and healthy controls (blue). The line inside the 
box represents the median; the whiskers represent the lowest and highest values within the 1.5 interquartile range (IQR). Outliers as well as 
individual sample values are shown as dots. CRC, colorectal cancer.

A B C

Figure S2 Beta diversity analysis: Non-metric Multidimensional Scaling (NMDS) ordination plots showing beta diversity comparisons 
between healthy control and tumor (CRC) samples. Ellipses represent the 95% confidence interval for healthy control and tumor groups, 
each dot in the ellipse represents a sample from that group. Statistics were calculated using PERMANOVA with 999 permutations. Beta 
diversity based on, (A) Bray-Curtis distance (P=0.004), (B) Jaccard distance (P=0.002), and (C) unweighted UniFrac distance (P=0.0006). 
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Supplementary Figure 3

Figure S3 Relative frequencies of microbial taxa in CRC and healthy control samples at the phylum level. 
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CRC patients

Supplementary Figure 4

Figure S4 CRC patients and healthy controls differ in gut microbial composition. Cladogram for differentially distributed taxa (P<0.05, 
LDA >2) based on taxonomic abundance at the species level. The circles in the cladogram represent the phylogenetic tree from phylum 
to the species level. Each colored circle/dot on each phylogenetic level represents the taxa, and the diameter of the dot is proportional to 
the relative abundance of the taxa. Taxa with no significant differences are represented by the color yellow, whereas the other significant 
different taxa colored according to the group. CRC, colorectal cancer; LDA, Linear Discriminant Analysis.
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CRC patients over 40 years of age
CRC patients under 40 years of age

Supplementary Figure 5

Figure S5 CRC patients under 40 years of age and CRC patients over 40 years of age differ in gut microbial composition. Cladogram for 
differentially distributed taxa (P<0.05, LDA >2) based on taxonomic abundance at the species level. The circles in the cladogram represent 
the phylogenetic tree from phylum to the species level. Each colored circle/dot on each phylogenetic level represents the taxa, and the 
diameter of the dot is proportional to the relative abundance of the taxa. Taxa with no significant differences are represented by the color 
yellow, whereas the other significant different taxa colored according to the group. CRC, colorectal cancer; LDA, Linear Discriminant 
Analysis.


