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Abstract: Colorectal cancer (CRC) is the third most commonly diagnosed cancer globally,
and is a significant contributor to both morbidity and mortality rates. Emerging research
has promptly highlighted the potential role of the gut microbiome in the development
and progression of CRC. This study aims to investigate the differences in gut microbiota
between CRC patients and healthy individuals in Iraq, using 16S rRNA metagenomic
sequencing on Illumina NovaSeq (PE250-Seq). A total of 21 stool samples were analyzed:
12 from early-stage CRC patients and nine from healthy controls. Bacterial DNA was
extracted, followed by 165 rRNA amplicon sequencing to profile the microbial commu-
nities. The results indicated significant differences between the fecal microbiome of the
two groups. Remarkably, CRC patients exhibited a marked reduction in Bacteroidota
and an increase in Verrucomicrobiota compared to healthy controls. At the genus level,
Prevotella, Faecalibacterium, Roseburia, Barnesiella, Eubacterium Lachnospiraceae_UCG_004,
and Lachnospira were significantly less abundant in CRC patients compared to the healthy
individuals, while Actinomyces, Monoglobus, Desulfovibrio, Akkermansia, and Bacteroides were
highly enriched. In addition, diversity analyses further indicated decreased x-diversity
and distinct 3-diversity patterns in the CRC patients, suggesting significant shifts in the
gut microbial composition. These findings underscore the potential of microbiome-based
diagnostics and therapeutic strategies, with microbial alterations serving as biomarkers for
CRC diagnosis. Further research needs to focus on elucidating the causal relationships and
therapeutic potential of these microbiome changes in CRC management.
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1. Introduction

Cancer was responsible for approximately 10 million deaths worldwide in 2020,
making it the first or second most common cause of mortality before the age of 70 years
in 112 of 183 countries [1]. It is characterized by the dysfunction and dysregulation of cell
division in body fluids and specific tissues, leading to uncontrolled cellular proliferation
that can invade neighboring tissues [2]. Colorectal cancer (CRC) is the third most diagnosed
cancer, accounting for 6.1% of diagnoses, and is the second leading cause of cancer-related
mortality, responsible for 9.2% of deaths [1]. Risk factors for CRC include a family and
genetic history of cancer or related issues such as colon polyps, inflammatory bowel
diseases, diabetes mellitus, undergoing cholecystectomy, and various lifestyle factors.
Evidence suggests that CRC risk is also heightened by being overweight or obese, lack of
physical activity, cigarette smoking, alcohol consumption, and poor dietary habits (low
in fiber, fruits, vegetables, calcium, and dairy products, and high in processed food and
red meats) [3,4]. Recent studies have reported that additional factors such as the gut
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microbiome, age, gender, race, and socioeconomic status also influence colorectal cancer
risk [3,4]. The gut microbiome consists of a diverse and abundant population of bacteria [5],
maturing into a stable microbiome over 2 to 3 years [6]. It is estimated that the human
gut harbors around 40 trillion different types of microorganisms [7], with the colon being
the most densely populated area of the digestive system, housing approximately 70%
of the human microbiota [8]. In its balanced state (eubiosis), the microbiome performs
numerous essential functions, such as aiding digestion, producing vitamins, and regulating
the immune response [3]. Conversely, an imbalance (dysbiosis) can deteriorate health and
lead to severe infections and metabolic disorders [9-12], including colorectal cancer [3].
Dysbiosis occurs when the gut loses beneficial bacteria and becomes populated with
harmful bacteria that promote cancer-related behaviors such as angiogenesis, reduced
apoptosis, and increased cell proliferation. Thus, the composition of the microbiome
significantly impacts tumor formation in the colon [12,13].

Recent studies in Iraq have reported that the number of cancers significantly increased
over the last 10 years [14], and colorectal carcinoma has been documented as the most
common among middle aged groups in Misan [15]. To our knowledge, this is the first study
aiming to investigate the gut bacteria taxa in healthy subjects and CRC patients and the
impact of gut microbiome differences between these two groups using metagenomic of 16S
rRINA sequencing.

2. Materials and Methods
2.1. Sample Collection and Standards

In this study, 21 indoor stool samples were collected from participants aged 40 and
60 years in the Maysan Governorate, Iraq, from September 2023 to January 2024. Twelve
stool samples were collected after the first dose of chemotherapy from patients diagnosed
with colorectal cancer (CRC) by an oncologist from the oncology department of Al-Sader
Teaching Hospital in the Maysan Governorate, and another nine samples from healthy
volunteers in the same city were collected for comparison.

2.2. Including & Excluding Criteria for Diagnosis

Patients with CRC were investigated and included in this study by the oncologists
and physicians at Al-Shifaa Oncology Center, Al-Sadder Teaching Hospital, Misan city.
The criteria that have been excluded including the following: a history of chronic diseases
such as hypertension, diabetes, renal failure, irritable bowel syndrome, and familial his-
tory of CRC, or recent use of antibiotics, anti-inflammatory drugs, probiotics, prebiotics,
radiotherapy, and chemotherapy within the past month prior to stool sample collection.

2.3. Ethics Statement and Consent Form

The approval for conducting this study was provided by the Ethical Committee
of Misan Health Research Ethics at the Misan Health Directorate Training & Human
Development Center (No.: 3369, date 20 September 2023). This study was conducted in
accordance with the local legislation and institutional requirements of a research protocol,
as per the Ministry of Health Republic of Iraq (Form number 02/2021). Written informed
consent was requested from each participant in accordance with the local and national
legislation and institutional requirements.

2.4. Bacterial DNA Extraction and 16S rRNA Sequencing

During a short time in the early morning and under cold conditions, indoor stool
samples were collected. Around 220 mg of each individual’s stool sample was used for
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bacterial DNA extraction using the QIAamp® PowerFecal® Pro DNA Kit (QIAGEN, Hilden,
Germany) following the manufacturer’s protocol.

Purified bacterial DNA were sent for next-generation sequencing (NGS)-based 165
Amplicon Sequencing on an Illumina NovaSeq (PE250-Seq) instrument with 2 x 300 base
paired-end reads from BMKGENE Biomarker Technologies (Hong Kong) Company Limited,
China (www.bmkgene.com). The universal primers of the 16S rRNA genes were used to
amplify the V3-V4 hypervariable regions. The raw sequences were processed with QIIME2
as described previously [16-18], with using 242 as the truncation length and both 20 trims
in DADAZ2 [19] and use Silva 138 SSURef NR99 515F /806R region taxonomy for precise
bacterial taxonomic classification [20].

2.5. Statistical Analysis

The data were normalized for each sample and the relative abundance is presented as
mean + SEM. Differences within and between groups were assessed using the SRplot tool
(https:/ /www.bioinformatics.com.cn/srplot, accessed on 20 June 2024). Stack bars with fill
were used to visualize the relative abundance of the taxa and the Wilcox test was used to
compare the ratios of two taxa between the groups. The alpha and beta diversities and Heat
tree analysis of the microbial communities were assessed using several methods available
from MicrobiomeAnalyst (https://www.microbiomeanalyst.ca/, accessed on 1 May 2024).
A p value of <0.05 was considered significant.

3. Results
3.1. Basic Statistics of Sequence Reads in Stool Samples

Basic statistics for the number of reads and clusters of similar sequences from stool
samples of 22 participants: 9 healthy and 12 colorectal cancer (CRC) patients were analyzed
using QIIME II software. Initially, the total number of reads was 1,439,888 for the healthy
group and 1,920,681 for the CRC group. Good quality reads were overlapped to merge
paired reads of each individual samples. These sequences were then assigned and filtered to
remove uncombinable read pairs, resulting in a total of 1,708,083 combined reads: 1,082,877
from CRC patients and a total of 1,139,200 combined reads from healthy volunteers (Table 1).
Using these combined readings, the final analysis of each individual sample was performed.

Table 1. Basic statistic reads of quality control for sequence data processing of healthy control (A)
and CRC participants (B).

(A)
Percentage Percentage Non- Percentage of
Sample ID Input Filtered Input Passed  Denoised Merged Input Chimeric Input
Filter Merged Non-Chimeric
Healthy1 160,127 145,446 90.83 143,589 130,521 81.51 99,439 62.1
Healthy?2 159,925 143,015 89.43 141,324 130,089 81.34 97,141 60.74
Healthy3 159,830 144,506 90.41 141,962 124,122 77.66 88,011 55.07
Healthy4 159,977 144,579 90.37 142,989 131,898 82.45 91,449 57.16
Healthyb 160,226 144,453 90.16 142,594 128,286 80.07 95,735 59.75
Healthy6 160,040 143,104 89.42 141,416 131,093 81.91 96,820 60.5
Healthy7 159,885 145,328 90.9 142,114 120,900 75.62 77,079 48.21
Healthy8 159,937 145,544 91 142,793 121,541 75.99 67,078 41.94
Healthy9 159,941 145,084 90.71 142,123 120,750 75.5 79,407 49.65
Total 1,439,888 1,301,059 813.23 1,280,904 1,139,200 712.05 792,159 495.12
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Table 1. Cont.

(B)

Percentage Percentage Non- Percentage of

Sample ID Input Filtered input passed  Denoised = Merged input L input
. chimeric S

filter merged non-chimeric
CRC1 160,084 145,194 90.7 142,723 124,425 77.72 79,034 49.37
CRC2 160,113 144,421 90.2 142,331 127,580 79.68 88,626 55.35
CRC3 160,083 144,893 90.51 143,028 129,896 81.14 91,283 57.02
CRC4 159,890 144,458 90.35 141,600 121,880 76.23 91,015 56.92
CRC5 160,315 146,013 91.08 143,905 128,387 80.08 92,752 57.86
CRC6 159,862 140,863 88.12 138,053 119,340 74.65 93,431 58.44
CRC7 159,763 143,335 89.72 140,420 120,133 75.19 87,588 54.82
CRC8 160,123 144,814 90.44 142,761 129,111 80.63 82,967 51.81
CRC9 160,027 146,159 91.33 145,015 136,773 85.47 99,958 62.46
CRC10 160,289 145,110 90.53 143,694 135,141 84.31 88,555 55.25
CRC11 159,998 144,410 90.26 143,141 137,022 85.64 104,387 65.24
CRC12 160,134 145,168 90.65 141,412 117,442 73.34 83,281 52.01
Total 1,920,681 1,734,838 1083.89 1,708,083 1,527,130 954.08 1,082,877 676.55

3.2. Phylogenetic Composition and Relative Abundance

A total of 451 taxa from 11 phyla (Actinobacteriota, Bacteroidota, Cyanobacteria, Desul-
fobacterota, Elusimicrobiota, Firmicutes, Fusobacteriota, Patescibacteria, Proteobacteria,
Synergistota, and Verrucomicrobiota), encompassing 182 genera. The composition and
abundance of the gut microbiome differed significantly between healthy individuals and
those with colorectal cancer (CRC).

The analysis of gut microbiota at the phylum level is illustrated in Figure 1 and
Appendix A. Figure 1la shows that Firmicutes was the predominant phylum, representing
55.68% in healthy individuals and 62.09% in patients with CRC. This was followed by
Bacteroidota, which comprised 36.25% in healthy participants and only 16.94% in CRC
patients. The less abundant phyla were Actinobacteriota (4.89% in healthy individuals
and 9.29% in CRC patients), Proteobacteria (2.55% in healthy individuals and 6.33% in
CRC patients), and Verrucomicrobiota (0.00% in healthy individuals and 3.89% in CRC
patients). Additionally, less than 1% of other phyla were observed in both groups. The
proportion of Bacteroidota was significantly reduced in CRC patients compared to healthy
controls, while the abundance of Verrucomicrobiota was significantly increased (Figure 1b).
Figure 1c illustrates that the ratio of Firmicutes to Bacteroidota was higher in CRC patients
compared to healthy individuals, whereas the ratio of Bacteroidota to both Actinobacteriota
and Proteobacteria was lower in CRC patients.

At the genus level, as illustrated in the details in Figure 2, Prevotella (26.6%) was
the most prevalent in healthy individuals, followed by Faecalibacterium (12.2%). In con-
trast, these genera were significantly less abundant in individuals with colorectal cancer
(CRC), where their prevalence dropped to approximately 7.5%. Other genera, such as
Bacteroides, Bifidobacterium, and Streptococcus, were found in lower amounts in CRC pa-
tients, around 4.7%, compared to their proportions in healthy individuals (3.4% Bacteroides,
2.1% Bifidobacterium, and 0.4% Streptococcus). Akkermansia was present in 3.8% of CRC
patients, but was absent in healthy subjects. Conversely, in healthy individuals, genera like
Dialister (3.3%), Mitsuokella (2.5%), Agathobacter (2.1%), and Alloprevotella (2.1%) were more
abundant compared to CRC patients, where their proportions were reduced by at least half.
Genera with less than 1% abundance were not included in (Figure 2a). The abundance of Pre-
votella, Faecalibacterium, and Mitsuokella was significantly reduced in CRC patients compared
to healthy individuals. On the other hand, the levels of Eggerthella, Eubacterium hallii group,
Blautia, Christensenellaceae R-7 group, Clostridia UCG-014, and Akkermansia were signifi-
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cantly elevated in CRC patients (Figure 2b). Figure 2c¢ illustrates that the ratios of Prevotella
to Blautia and the Christensenellaceae R-7 group, as well as the ratio of Prevotella to Bacteroides,
were significantly reduced in CRC patients compared to healthy individuals.
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Figure 1. Bacterial compositions at phylum level in fecal samples of healthy and CRC patients.
(a) The relative abundance, (b) differences in abundance, and (c) the ratios among phyla.
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Figure 2. Bacterial compositions at genus level in fecal samples of healthy and CRC subjects. (a) The
relative abundance, (b) differences in abundance, and (c) the ratios among families.

3.3. Microbial Shifts Associated with Colorectal Cancer Detected by Metacoder Tree Analysis

The analysis of microbial taxa using the Metacoder Tree revealed significant reductions
in various taxa between colorectal cancer (CRC) patients and healthy controls, spanning
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from the phylum to the genus level (Figure 3). Within the Bacteroidota phylum (p = 0.003),
remarkable reductions were observed at multiple taxonomic levels: Bacteroidia class
(p = 0.003), Bacteroidales order (p = 0.002), and the families Prevotellaceae (p = 0.001) and
Barnesiellaceae (p = 0.021). Specifically, the genera Barnesiella (p = 0.008) and Prevotella
(p = 0.002) within these families showed significant decreases. Although no significant
change was detected at the phylum level for Firmicutes, several taxa at different levels
within this phylum exhibited substantial reductions. These include the Negativicutes
class (p = 0.006), the Veillonellales_Selenomonadales order (p = 0.005), and the families
Veillonellaceae (p = 0.009) and Selenomonadaceae (p = 0.003). Within the Selenomonadaceae
family, the genus Mitsuokella (p = 0.001) was notably reduced. Additionally, in the Clostridia
class, five genera showed significant reductions, particularly within the Lachnospiraceae
family of the Lachnospirales order. These include the Eubacterium eligens group (p = 0.016),
Coprococcus (p = 0.021), Lachnospira (p = 0.006), and Lachnospiraceae UCG 004 (p = 0.013). The
genus Faecalibacterium (p = 0.019) from the Ruminococcaceae family in the Oscillospirales
order also showed a significant reduction. In the Bacilli class, a notable decrease was
observed in the genus Asteroleplasma (p = 0.049) from the Erysipelatoclostridiaceae family
in the Erysipelotrichales order. In addition, within the Proteobacteria phylum, the genus
Sutterella (p = 0.004) from the Sutterellaceae family (p = 0.004) and the Burkholderiales order
(p = 0.002) was significantly reduced.
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Figure 3. The heat tree analysis of microbial taxa showing the taxonomic differences of fecal micro-
biota between CRC subjects and healthy controls using Metacoder.

In contrast, several taxa showed significant increases at various levels in patients
with CRC compared to the healthy controls. Notably, within the Firmicutes phylum and
Clostridia class, three genera exhibited marked increases across different orders. These
include Monoglobus (p = 0.018) from the Monoglobaceae family in the Monoglobales order
(p = 0.019), Sporobacter (p = 0.013) from the Oscillospiraceae family in the Oscillospirales
order, and the Family_XIII_AD3011_group (p = 0.011) from the Anaerovoracaceae family in
the Peptostreptococcales-Tissierellales order (p = 0.017).
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Moreover, significant increases were observed in genera from various phyla and
classes. Bacteroides (p = 0.032) from the Bacteroidaceae family (p = 0.014) within the Bac-
teroidales order of the Bacteroidia class in the Bacteroidota phylum showed an increase.
Similarly, Eggerthella (p = 0.027) from the Eggerthellaceae family in the Coriobacteriales or-
der of the Coriobacteriia class within the Actinobacteriota phylum was elevated. Addition-
ally, Dickeya (p = 0.014) from the Pectobacteriaceae family (p = 0.014) in the Enterobacterales
order (p = 0.042) of the Gammaproteobacteria class within the Proteobacteria phylum was
increased. Finally, Akkermansia (p = 0.005) from the Akkermansiaceae family (p = 0.006) in
the Verrucomicrobiales order (p = 0.006) of the Verrucomicrobiae class (p = 0.003) within
the Verrucomicrobiota phylum (p = 0.017) also demonstrated a significant rise.

3.4. The Diversity of the Bacterial Communities

The diversity of taxa between healthy individuals and those with CRC was ana-
lyzed using both o-diversity and (3-diversity metrics. For «-diversity, metrics such as the
observed features, Pielou evenness, and doubles showed significant reductions in CRC
patients compared to healthy individuals. However, the Shannon, Chaol, and Simpson
indices did not reveal any notable differences between the two groups (Figure 4a). For
-diversity, bacterial community differences between CRC patients and healthy individuals
were assessed using the Bray—Curtis index, the Jaccard index, and the Jensen-Shannon
divergence (Figure 4b). In all three 3-diversity measures, there was a clear clustering of
healthy individuals, with distinct separation from CRC patients in the distance matrices.
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Figure 4. The - and B-diversity of bacteria communities, along with the differential abundance
of taxa based on balance metrics, were compared between healthy individuals and CRC patients.
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(a) Alpha Diversity of Colorectal cancer (CRC) patients exhibit lower species richness (Observed
Features), evenness (Pielou’s Evenness), and “doubles” metrics compared to healthy individuals.
However, similar Alpha diversity of the Shannon, Simpson, and Chaol indices show no significant
differences between the two groups. A p value of <0.05 was considered significant. (b) Beta Diversity:
PCoA plots illustrate between-sample diversity using three distance metrics (Bray-Curtis, Jaccard
Index, and Jensen-Shannon Divergence). Healthy individuals (red) display a distinct, narrower
clustering pattern, indicating a more consistent microbial community structure. In contrast, CRC
patients (blue) show a clear separation, highlighting the divergent microbiome composition associated
with CRC.

4. Discussion

Research on the microbiome, particularly gut microbiome, and its vital role in human
health is underrepresented among Iraq Iraqi academics and researchers. Previously, the gut
microbiota was referred to the “forgotten organ” of the human body [21], the direct and
indirect impact of the gut microbiome on health and diseases is still not fully understood
by Iraqgi experts and scientists. Therefore, this study was the first to describe the structure
and composition of gut microbiota in healthy individuals and CRC patients in Iraq.

In this study, Firmicutes was the predominant phylum, followed by Bacteroidota,
while other phyla were much less abundant in both participant groups. Although an
increase in Firmicutes was observed in CRC patients, this difference was not statistically
significant when compared to healthy controls. A significant reduction in Bacteroidota
phylum was observed in CRC patients, and similar changes have been observed in previous
findings [22,23]. Additionally, Verrucomicrobiota was found to be significantly higher in
CRC patients compared to healthy individuals and this is a consistent with previous stud-
ies [24-26]. Furthermore, the ratio of Firmicutes to Bacteroidota was higher in CRC patients
compared to healthy individuals, which aligns with findings from previous studies [7,27].
These previous studies recorded that the relative abundance of bacteria and their ratios
are a key indicator of gut health, and any significant changes indicate a biomarker of gut
dysbiosis. Indeed, the ratio of Firmicutes/Bacteroidetes is closely associated with the
development of inflammatory bowel diseases (IBDs) and the progression of CRC [7,27]. Al-
though there was no significant increase found in both Actinobacteriota and Proteobacteria
in CRC patients, the ratio of these phyla to Bacteroidota was significantly reduced in these
patients and these ratios had not been previously documented in cases of CRC. A recent
study indicated that Proteobacteria may promote the risk of metabolic diseases and CRC,
and play a crucial role in tumors [28].

Further analysis revealed significant differences at the genus level between healthy
people and CRC patients. Notably, there was a marked decline in the genus of Roseburia in
CRC patients compared to healthy individuals, which aligns with findings from previously
conducted studies [29,30]. This Gram-positive anaerobic bacterium has crucial roles in
digestion and the production of short-chain fatty acids [29]. Additionally, Roseburia con-
tributes to host immune regulation and exhibits anti-inflammatory properties, as it acts as
a PD-1 (programmed death 1) antagonist that stimulates T cells to target and kill cancer
cells [29]. Similarly, a reduction in Sutterella was also observed in CRC patients and this
anaerobic Gram-negative bacterium is linked to the pathogenesis of inflammatory bowel
disease and metabolic diseases [31]. This reduction further underscores the potential role
of gut microbiota in CRC pathogenesis. Furthermore, Barnicella levels were also reduced
in CRC patients and this result is in line with a recent study by [32]. This bacterium has
been associated with an anti-cancer immune response as it enhances the response of some
types of helper T cells [32]. Similarly, the relative abundance of Faecalibacterium was also
decreased in CRC patients compared to healthy people, which aligns with findings from
previously conducted studies [33,34]. These previous studies have confirmed a positive
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correlation between Faecalibacterium and healthy subjects, and it has a crucial role as an
anti-tumor bacteria which works to prevent invasion, promote programmed cell death,
and limit the spread of various cancer cells in various organs, such as breast, lung, col-
orectal, and colon cells. In addition, the abundance of Prevotella was also reduced in CRC
patients and this finding is supported by Yang et al. [35]. Yang and his colleagues noted
that presence of Prevotella is linked to a diet rich in fiber, its levels increased in cases of
reduced CRC mortality rate compared with high mortality cases. Other genera such as
Eubacterium, Lachnospira, and Lachnospiraceae_UCG_004 were also found to be less abundant
in CRC patients, and these finding were similar to those in recent studies [34,36-38]. A
reduced abundance of Eubacterium and Lachnospira species in the intestines leads to deficit
in SCFAs such as valerate and butyrate and other metabolites like folic acid. These deficits
may promote intestinal lymphomagenesis [36,37].

In contrast, several genera were revealed to be increased in CRC patients compared to
healthy individuals. Evidently, Bacteroides and Blautia were more abundant in cases of CRC
and these findings are similar to those of previous studies [39-41]. Indeed, certain Bacteroides
species have the ability to invade colonic epithelial cells and induce pro-inflammatory cy-
tokines, which are major contributors to ulcerative colitis and the pathogenesis of IBD [41].
Additionally, Bacteroides species may promote colorectal carcinogens by increasing the aber-
rant crypt foci, which in turn may promote colorectal carcinogenesis [39]. Cai et al. [40]
reported that the relative abundance of Blautia was significantly higher in colorectal neo-
plasms. This bacterium is positively correlated with the expression of two types of cytokines,
which are associated with a poorer prognosis in colorectal cancer treatment. Furthermore,
Actinomyces levels were also elevated in the CRC patients compared to the healthy people,
and this result is in accordance with a recent study by Xu et al. [42]. Actinomyces activates
the TLR2/NF-«B signaling pathway and diminishes the number of effective CD8+ T cells in
the CRC environment, particularly when co-localized with the cancer-associated fibroblasts
found in colorectal cancer [42]. Consequently, this bacterium is considered a tumoral
microbiota that facilitates tumor formation. Xu and his colleagues also further emphasised
that a higher abundance of Actinomyces, along with other changes in pro-tumor taxa, are
considered key to the microbiota that related to diagnosis the CRC in young patients.

In addition, a significant increase in Akkermansia spp. was observed in CRC patients
compared with healthy people, and this result was matched in recent human and mice
studies [26,43]. Wang and his colleagues reported that a high abundance of Akkermansia in
the gastrointestinal tract of mice elevated the early levels of inflammation and promoted
the proliferation of intestinal epithelial cells, which enhances the formation of CRC [44].
However, other studies have shown that a reduction in Akkermansia abundance is associated
with severe symptoms of CRC. This indicates that the role of Akkermansia is unclear in the
development of CRC and further investigation is needed on this bacterium [45]. Similarly,
an increase in Desulfovibrio abundance has also been noted in CRC patients compared with
healthy people, and this result is consistent with the recent findings of research by [46—48].
Species of Desulfovibrio, a known intestinal sulfate-reducing bacteria [46,48], exhibit high
abundance that leads to elevated the production of hydrogen sulfide [49]. An increase of
the HjS levels in the intestine have toxic effects on intestinal cells, impacting the mucosal
lining, progression of leaky gut, and then cause intestinal cell DNA damage, and potentially
contributing to inflammatory bowel diseases and carcinogenesis [50].

The limitations of this study include a relatively small sample size and restrication to
a single geographic area.
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5. Conclusions

It is noted that the observed differences in alpha diversity, with certain indices showing
a significant difference in some parameters in CRC patients compared to healthy controls,
highlight notable alterations in the gut microbiota. These changes, along with the clear dif-
ferences and separations of (3-diversity in bacterial communities between CRC vs. healthy
individuals, as well as the significant changes in the gut microbiota, suggest marked gut mi-
crobiome dysbiosis in patients with CRC. Despite receiving doses of cancer chemotherapy,
the gut microbiome remains distinct from healthy individuals. Further research is necessary
to elucidate the impact of different immunological and biological therapies, including the
implication of probiotics and prebiotics, on the richness and diversity of the gut microbiome
and the switch towards eubiosis.
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Appendix A. Relative Abundance of Bacterial Phyla in (A) Healthy Control Subjects and (B) CRC Subjects

A
Healthy Healthyl Healthy2 Healthy3 Healthy4 Healthy5 Healthy6 Healthy7 Healthy8 Healthy9 Mean ;t:vril:tai:i StandardError
p__Actinobacteriota  6.11 1.89 12.14 4.32 1.85 5.52 7.35 2.05 2.81 4.89 3.38 1.13
p__Bacteroidota 2150 4940 2026 3154 39.00 45.48 50.33 37.03 31.69 36.25 11.07 3.69
p__Cyanobacteria 0.1 0.08 0.00 0.00 0.00 0.00 0.00 1.08 0.18 0.16 0.35 0.12
p__Desulfobacterota  0.00 0.00 0.00 0.71 0.04 0.08 0.02 2.14 0.61 0.40 0.71 0.24
p__Elusimicrobiota  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.06 0.05 0.12 0.04
p__ Firmicutes 7177 4776 6621  61.76 56.97 4591 40.22 47.98 62.56 55.68 10.68 3.56
p__Fusobacteriota 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.01
p__Patescibacteria  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
p__Proteobacteria  0.49 0.86 1.39 1.57 2.13 3.02 2.07 9.36 2.10 2.55 2.66 0.89
p__Synergistota 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
p__Verrucomicrobiota 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00
B
CRC CRC-1 CRC2 CRC-3 CRC-4 CRC5 CRC6  CRC7  CRC8  CRC9Y CFOC' Cﬁc' CEC' Mean ;Zrl:z:i StandardError
p__Actinobacteriota  9.76 15.55 1.34 8.31 2.57 415 5.22 13.14 24.32 16.96 6.25 3.95 9.29 6.93 2.00
p__Bacteroidota 20.77 4.02 4245 2413 25.60 33.22 17.87 432 0.65 12.36 121 1674  16.94 13.20 3.81
p__Cyanobacteria  0.00 0.01 0.00 1.29 0.99 0.24 0.45 0.18 0.00 0.00 0.17 0.24 0.30 0.42 0.12
p__Desulfobacterota  1.13 1.18 0.24 1.96 0.61 2.56 0.05 0.14 0.33 0.00 0.97 0.77 0.83 0.79 0.23
p__FElusimicrobiota ~ 0.00 0.01 0.00 0.00 0.15 0.02 0.00 0.00 0.00 0.00 0.00 0.12 0.03 0.05 0.02
p__Firmicutes 5815 6896 5353 6125 69.06 52.88 75.84 81.66 59.03 5209  60.84 5177  62.09 9.81 2.83
p_ Fusobacteriota  0.00 0.00 0.00 0.00 0.00 153 0.00 0.00 0.00 0.00 0.00 0.91 0.20 0.49 0.14
p__Patescibacteria  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
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B
CRC- CRC- CRC- Standard

CRC CRC-1 CRC2 CRC-3 CRC-4 CRC-5 CRC-6 CRC-7  CRC-8  CRC9 Mean andare gy ndardError
10 11 12 Deviation

p_ Proteobacteria 481 1018 2.4 274 0.83 339 0.56 0.57 432 1859 222 2532 633 7.88 227

p__ Synergistota 0.00 0.06 0.00 0.00 0.07 0.94 0.00 0.00 0.00 0.00 0.00 0.06 0.09 0.27 0.08

p__Verrucomicrobiota 5.37 0.03 0.00 0.31 0.11 1.06 0.02 0.00 11.35 0.00 28.33 0.11 3.89 8.42 243
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