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Abstract
Colorectal cancer (CRC) has a very close association with Dysbiosis, a phenomenon causing alterations in the microbiome of gut. Some of the recent
research implicates that gut microbiome plays a key role in colorectal carcinogenesis, where CRC patients often displays an imbalance in gut bacteria
(dysbiosis) marked by depletion of beneficial microbes and proliferation of pro-inflammatory microbial species. The aim of our study was to conduct gut
microbiome profiling of six CRC patients, alongside six publicly accessible datasets from healthy individuals with key parameters similar to those of the
CRC patients (adult stool origin, V3-V4 16S rRNA gene region, lllumina MiSeq 2, >20,000 merged reads per sample), to examine changes in microbial
diversity, taxonomic shifts, and functional perturbations. 16S rRNA gene sequencing of fecal samples was performed using primers specific to the V3-
V4 region, assessing alpha and beta diversity, followed by PICRUSt2 to predict microbial metabolic pathways and metabolites. The CRC gut
microbiome showed a significant reduction in alpha diversity, indicating an anticipated loss of microbial richness. Taxonomic profiling revealed
depletion of health-associated commensals, notably short-chain fatty acid (SCFA) producers such as Faecalibacterium, alongside an enrichment of
opportunistic and potentially pathogenic genera. Functional prediction analysis indicated corresponding losses in microbial metabolic capacity: CRC
samples were deficient in pathways for SCFA biosynthesis (e.g., butyrate production) and B-vitamin biosynthesis (e.g., folate, cobalamin), among other
nutrient metabolism pathways, suggesting a collapse of beneficial functions. Altogether, dysbiosis linked to CRC was evidently clear in both community
structure and in its function, with almost half of microbial pathways significantly altered. These findings emphasize the relevance of gut microbiome
disturbances with CRC. The depletion of beneficial microbes and their metabolites in CRC patients has potential clinical implications, from using

microbial signatures as non-invasive diagnostic markers to restoring microbial balance as a therapeutic strategy.
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Introduction

Identified as one of the most diagnosed malignancies,
colorectal cancer (CRC) is also a leading cause of mor-
tality. In 2020, about 1.9 million new CRC cases and ~1
million deaths on account of CRC were recorded world-
wide (Morgan et al., 2023). CRC case numbers were
found to be high in developed countries and are rising in
growing populations, partly due to the adoption of west-
ernized diets and lifestyles. While genetic disorders drive
a small fraction of CRCs, the vast majority (~90%) of
cases are believed to be imputable to environmental and
lifestyle factors (Walker et al., 2024). Epidemiological
research studies indicate diet as major contributor to
CRC, specifically food with low fibre and highly pro-
cessed meats amplify its risk. In the contrary, high-fibre
diets are prophylactic, seemingly through impacts on the
gut microbiome and its metabolites (Yang & Yu, 2018).
This connection has channelled attention to the gut mi-
crobiota as a crucial intermediary in colorectal carcino-
genesis (Kang et al., 2023).

Host physiological functions like metabolism, im-
mune regulation, and gut health is profoundly influenced
by an enormous microbial community harbouring in the
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human gut (Kim & Kim, 2018). Disequilibrium in the
regulation of this intestinal microbiome has been linked
with the onset and progression of CRC. Frequent reduc-
tion in overall gut microbial diversity and a composition-
al alteration has been seen in CRC patients compared to
healthy individuals (Zou et al., 2018). Chief characteris-
tics of CRC-associated dysbiosis is the loss of beneficial,
symbiotic bacteria, elevating potentially harmful bacte-
ria. For instance, butyrate-producing commensals such as
Faecalibacterium, Roseburia, Prevotella, and Bifidobac-
terium are often found at depleted levels in CRC patients
(Fong et al., 2020), which are found to be producing
short-chain fatty acids (SCFAs), such as butyric acid,
from dietary fibers, which provides energy to colonic
epithelial cells and has anti-inflammatory and tumor-
suppressive effects in the colon. A reduction of such
SCFA producers can lead to lower intraluminal butyrate
concentrations in CRC, weakening the intestinal barrier
and immune homeostasis. Conversely, multiple pro-
carcinogenic microbes tend to be enriched in CRC (Thu-
lasinathan et al., 2025). Notably, Fusobacterium nuclea-
tum (an invasive, pro-inflammatory bacterium) is fre-
quently overrepresented in CRC patients and even within
tumors, where it can promote colorectal tumorigenesis
(Sun et al., 2019). Similarly, species like Streptococcus
bovis/gallolyticus and enterotoxigenic Bacteroides fra-
gilis (ETBF) have been associated with CRC due to their
production of virulence factors and toxins that drive
DNA damage or chronic inflammation. This microbi-
ome-host crosstalk plays a pivotal role in CRC: microbi-
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al metabolites and cell components (e.g., lipopolysaccha-
ride from Gram-negative bacteria) can trigger inflamma-
tory pathways, modulate cell proliferation, and influence
genetic stability in colonic cells (Périchon et al., 2022).
In addition to compositional changes, functional altera-
tions in the gut microbiome are increasingly recognized
in CRC. Dysbiosis can lead to broad shifts in microbial
metabolism — for example, an imbalance in bile acid-
transforming bacteria or amino acid metabolism may
create a more carcinogenic biochemical environment
(Niekamp & Kim, 2023). Recent metabolomics-focused
studies have noted that CRC patients often exhibit a dis-
tinct faecal metabolite profile, with reduced levels of
protective compounds like SCFAs and indoles (trypto-
phan metabolites) and elevated levels of potentially
harmful metabolites, for example, polyamines, secondary
bile acids, and others. These metabolites can destroy the
intestinal gut epithelial barrier, promoting oxidative
DNA damage, along with bias immune responses toward
a tumor-progression (Chen et al., 2021).

As there has been a significant influence of gut mi-
crobes in colorectal carcinogenesis, there is growing in-
terest among researchers in leveraging the microbiome
for clinical benefits. Unlike the human genome, the gut
microbiota is a modifiable entity, making it a promising
target for intervention (Fong et al., 2020). Alterations in
specific microbial taxa or pathways could serve as bi-
omarkers for early CRC detection, and strategies to re-
store a healthy gut microbiome through dietary changes,
prebiotics or probiotics, or fecal microbiota transplanta-
tion could potentially complement CRC therapy (Vil-
léger et al., 2018). On this basis, we conducted a pilot
study using 16S rRNA gene sequencing on the gut mi-
crobiomes of CRC patients and Healthy controls. We not
only characterized microbial community structure (diver-
sity and taxonomy) but also employed in silico meta-
genomic prediction to assess functional pathways and
metabolites disrupted in CRC. By amalgamation of these
approaches, our study provides a comprehensive view of
how both microbial communities shift and the loss of
beneficial microbial functions result in CRC. This work
is among the first from an Indian cohort to integrate tax-
onomic and functional microbiome analyses in CRC,
addressing a gap in the literature for this population. We
hypothesize that colorectal patients have characteristic
dyshiosis and functional deficiencies in the gut microbi-
ome. The findings from this study could deepen our un-
derstanding of CRC-associated microbial shifts and facil-
itate the way toward discovering microbiome-derived
diagnostic markers and therapeutic strategies for CRC
aid. In our study, we employed a 16S rRNA sequencing
approach comprising comparison of gut microbiomes of
CRC patients with healthy datasets from the European
Nucleotide Archive (ENA), carefully selected with inclu-
sion criteria comparable to the CRC patient profiles. We
aimed to recognize distinctive microbial features and
functional anomalies by studying its microbial diversity,
taxonomic composition, and functional pathway altera-

tions associated with CRC. Comprehending these micro-
bial alterations will provide valuable perception into
CRC pathogenesis and may enable the development of
microbiome-based biomarkers and therapeutic approach-
es for CRC prevention and treatment. As this is a pilot
investigation, our principal objective was to establish
workflows and generate preliminary researched valida-
tion of dysbiosis in CRC. While detailed clinical covari-
ates such as tumor stage, site, and dietary stratification
were not uniformly available, this study was conceived
as a pilot, community-level analysis focusing on global
dysbiosis and functional perturbations in CRC. Notably,
preceding metabolite profiling (supplementary file) was
consistent with predicted functional losses, particularly
short-chain fatty acid and vitamin biosynthesis pathways.
Comprehensive metabolomic integration will be pursued
in a forthcoming shotgun metagenomic study.

Materials and methods

Sample Collection

The faecal samples were collected from patients di-
agnosed with colorectal cancer in sterile stool containers
(N-6) at Gujarat Gastro & Vascular Hospital, Surat, to
avoid environmental contamination and immediately
subjected to low temperatures. All the samples were pro-
cessed for DNA isolation and 16S ribosomal RNA se-
quencing (V3-V4 region). The patients included individ-
uals ranging from 25 and 70 years of age. The inclusion
conditions for CRC patients in this study comprised pa-
tients with no gastrointestinal disorders, no antibiotic
consumption during the last 3 months, and patients who
had been recently diagnosed and had not yet started
treatment, independent of their diet. Healthy controls
were obtained from the ENA, carefully selected to match
Indian origin, V3-V4 16S region, and sequencing depth,
thereby minimizing demographic or technical mismatch-
es. Although combining datasets can introduce batch
variability, we processed both CRC and control samples
using a unified QIIME2 pipeline with harmonized pa-
rameters to reduce potential biases. Gut microbiome se-
quencing data from six colorectal cancer patients (sam-
ples CRC4-CRC9) and six publicly available healthy
adult stool samples (European Nucleotide Archive Ac-
cession IDs ERR9830949, ERR9830964, ERR9830961,
ERR9830908, ERR9830929, ERR9830934) were pro-
cessed together using a unified 16S rRNA analysis pipe-
line on the Nephele platform (NIAID), which employs
QIIME2-based tools for quality control and analysis.
Healthy control datasets were selected to match the pa-
tient samples in key parameters (adult stool origin, V3—
V4 16S rRNA gene region, Illumina MiSeq 2, >20,000
merged reads per sample). QIIME2 was used for pro-
cessing of raw sequencing reads for quality control, fea-
ture selection, taxonomic abundance, and predictive
functional analysis (Table 1).
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Table 1. Sample Metadata included in the study

Sample ID Group Age (years) Sex Diet (PaAs?g?\I/Ichlrftis) Origin
CRC4 CRC 52 Female Non-Veg No India
CRC5 CRC 55 Female Non-Veg No India
CRC6 CRC 25 Male Veg No India
CRC7 CRC 78 Male Veg No India
CRC8 CRC 57 Female Veg No India
CRC9 CRC 55 Female Non-Veg No India
ERR9830908 Healthy 70 Male Non-Veg No India
ERR9830929 Healthy 54 Female Non-Veg No India
ERR9830934 Healthy 71 Female Veg No India
ERR9830949 Healthy 23 Female Veg No India
ERR9830961 Healthy 45 Male Non-Veg No India
ERR9830964 Healthy 54 Male Non-Veg No India

DNA Extraction and Sequencing

All the stool samples were subjected to DNA extrac-
tion through the Qiagen Stool DNA isolation kit. The
quality of extracted DNA was assessed through
NanoDrop and GEL Check, followed by its amplifica-
tion. PCR amplification of the Variable V3-V4 region
16S rRNA gene was carried out through high-fidelity
DNA polymerase, 0.5 mM dNTPs, 3.2 mM MgCl,, and
PCR buffer. Extracted DNA of a total 40 ng was ampli-
fied using 10 pM of each primer (V13F: 5> AGAGTTT-
GATGMTGGCTCAG3’, V13R: 5 TTAC-

quantification using the Qubit dsSDNA High Sensitivi-
ty assay kit. The Illumina MiSeq was used with a 2x300
PE V3 sequencing kit for sequencing.

Bioinformatics Analysis

Raw paired-end reads from all samples underwent
quality filtering and adapter trimming with Cutadapt,
followed by denoising into amplicon sequence variants
(ASVs) using the DADA2 algorithm. The ASVs aob-
tained underwent taxonomic classification against the
SILVA-138 reference database to obtain microbial
community profiles. Suspected contaminants were iden-
tified and removed using the decontam package, and
low-prevalence or low-abundance ASVs were filtered
out before downstream analysis. Alpha and Beta diversi-
ty metrics were computed to determine microbial rich-
ness and community shifts. To assess microbial richness
(count of unique taxa) and evenness (taxonomic distribu-
tion), various alpha diversity indices, such as the Shan-
non diversity index, Simpson's index, and Observed
OTUs, were evaluated. To investigate variation among
individuals’ microbial communities, beta diversity analy-
sis was carried out using Bray-Curtis dissimilarity and
UniFrac distances. Principal Coordinate Analysis
(PCoA) plots were used for the visualization of these
metrics, revealing distinct clustering patterns in compari-
son between CRC patients and healthy datasets. To as-
sess functional potential, PICRUSt2 was used to infer
metagenomic functions from the 16S data: ASV abun-
dances were normalized by predicted 16S rRNA gene
copy number, and the pipeline generated predicted en-
zyme commission (EC) numbers and MetaCyc metabolic
pathways for each sample, which were summarized into
pathway abundance tables. These predictions provide an
approximation of functional potential and should be con-

CGCGGCMGCSGGCAC3’) by setting conditions of 25
cycles of initial denaturation at 95°C for 15 seconds,
succeeded by annealing at 60°C for 15 seconds, elonga-
tion at 72°C for 2 minutes, and extension at 72°C for 10
minutes. Ampure beads were utilized to ensure the re-
moval of unused primers, eventually purifying 16S am-
plicons obtained from each sample, which later on were
further subjected to gel electrophoresis and a Nanodrop
Quality check. Libraries were generated by undergoing
an additional eight cycles of PCR using Illumina barcod-
ed adapters and purified with Ampure beads, followed by
sidered indicative rather than experimentally validated.
Finally, both the ASV abundance tables and the predict-
ed functional profiles were exported for statistical com-
parison of microbiome differences between colorectal
cancer and healthy control groups. All samples were
processed uniformly with harmonized methods and se-
guenced over the same V3-V4 region, ensuring technical
comparability between datasets. Potential batch variation
between locally generated and publicly available datasets
was evaluated using Principal Coordinate Analysis
(PCoA), which revealed no dataset-driven clustering,
indicating minimal batch effects.

Results

The study was conducted on a small sample set (n=6
per group) as a pilot investigation to generate prelimi-
nary insights and establish workflows before scaling to a
larger cohort. While statistical power is limited, the find-
ings provide a strong rationale for expanding the study.
Before proceeding for sequencing, all genomic DNA
samples were subjected to 16S rRNA library preparation
and quality control to ensure suitability for amplicon-
based metagenomic analysis. As shown in Figure 1, gel
electrophoresis confirmed the successful amplification of
the V3 and V4 regions of the 16S rRNA gene in six colo-
rectal cancer (CRC) samples. Clear, sharp bands were
observed for each sample at the expected size of approx-
imately 575 base pairs, indicating the production of high-
quality amplicons suitable for sequencing. The QC report
further validated that all libraries passed quality criteria
and exceeded the minimum concentration threshold (>50

ng/uL).
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Fig. 1 Agarose gel electrophoresis of amplified VV3-V4 regions of the
16S rRNA gene from six colorectal cancer (CRC) fecal DNA samples
(CRC4-CRC9 and 1kb Ladder (L). Clear bands of ~575 bp indicate
successful amplification and high-quality amplicons suitable for se-
quencing.
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Diversity Analysis
Alpha Diversity

Remarkable reduction was exhibited in gut microbi-
ome alpha diversity compared to healthy controls. The
mean number of observed OTUs was significantly lower
in the CRC group (59.5 + 12.0) than in controls (362.0 £
98.9, p<0.01), and a similar trend was observed with the
Chaol richness estimator (Figure 2). Shannon diversity
indices were also decreased in CRC (mean 3.30 vs 3.97
in healthy, p<0.01), indicating a loss of within-sample
diversity in the CRC microbiota. In contrast, Simpson
index (evenness) did not differ significantly between
CRC and healthy groups (median ~0.94 in both, p>0.05),
suggesting that the evenness of the community remained
comparable despite the reduced richness. Overall, these
results demonstrate a significantly diminished gut micro-
biome diversity in CRC patients (Figure 2), consistent
with a dysbiosis characterized by lower species richness.
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Fig. 2. Comparison of alpha diversity between colorectal cancer (CRC, n=6) and healthy controls (n=6). Violin plots show (A) Observed OTUs, (B)
Shannon index, (C) Simpson index, and (D) Chaol richness estimator. CRC samples exhibit significantly reduced richness and diversity (p<0.01,
Welch’s t-test) compared to healthy controls, indicating loss of microbial complexity.

Beta Diversity

Beta diversity analyses uncovered a distinctly clus-
tered microbial communities amongst healthy datasets
and those from patients with CRC. Principal Coordinates

Analysis (PCoA) plots based on both taxonomic and
phylogenetic distance metrics showed a clear separation
between CRC and control samples (Figure 3). For exam-
ple, unweighted UniFrac PCoA ordination highlighted
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Fig.3. Principal Coordinates Analysis (PCoA) of beta diversity in CRC (n=6) and healthy controls (n=6). Ordinations based on Bray—Curtis
dissimilarity demonstrate distinct clustering of CRC (orange squares) and healthy (blue circles) microbiomes. PC1 (41.5%) and PC2 (22.0%)
together explain 63.5% of total variance. Group separation was statistically significant (PERMANOVA, p<0.01). The ordination also con-

firmed the absence of batch variation between datasets.

non-overlapping clusters for CRC vs. healthy microbi-
omes (Figure 2), reflecting significant differences in
community membership. Similarly, Bray—Curtis and
Jaccard distance-based PCoA demonstrated that CRC
fecal samples cluster apart from healthy controls along
the principal axes (Figure 3). These patterns suggest a
significant alteration in overall constitution of the gut
microbiome in CRC patients relative to healthy guts.
Permutational ANOVA (PERMANOVA) confirmed that
diagnosis (CRC vs. healthy) explained a noteworthy por-
tion of the change in microbial composition for all beta
diversity metrics (Bray—Curtis, Jaccard, unweighted and
weighted UniFrac; p<0.01 for each), verifying that
community structure in CRC is significantly different
from that of healthy individuals.

Beta diversity analysis exhibited distinct microbial
community profiles between patients with colorectal
cancer (CRC) and healthy controls. Principal Coordi-
nates Analysis (PCoA) based on Bray—Curtis dissimilari-
ty revealed clear separation of the two groups (Figure 3).
The first principal coordinate (PC1) explained 41.5% of
the variance, while PC2 explained 22.0%, together ac-
counting for the total variation of 63.5%. This separation

was further supported by PERMANOVA (p < 0.05),
confirming statistically significant differences in overall
microbial structure. This ordination also served to evalu-
ate potential batch variation between locally generated
and publicly sourced datasets. The absence of distinct
clustering by dataset origin indicated that batch effects
were minimal. This ordination also served to evaluate
potential batch variation between locally generated and
publicly sourced datasets. The absence of distinct clus-
tering by dataset origin indicated that batch effects were
minimal.

Hierarchical clustering analysis further confirmed
community-level segregation between CRC and healthy
samples. CRC samples were characterized by a higher
relative abundance of Lactobacillales, Enterobacterales,
and Peptostreptococcales-Tissierellales, taxa often asso-
ciated with pro-inflammatory and opportunistic behav-
iors. In contrast, healthy samples were enriched in Oscil-
lospirales, Bifidobacteriales, Caulobacterales, and Clos-
tridiales, which comprise beneficial commensals and
producers of short-chain fatty acids (SCFASs). These
clustered patterns confirm the distinctly observed differ-
ences in community structure, as revealed by beta diver-
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sity analysis. STAMP extended error bar plot analysis
(Figure 4) revealed significant taxonomic shifts between
CRC patients and healthy controls. Genera significantly
enriched in healthy controls included Prevotella 9 (q =
0.014), Prevotella copri (q = 0.015), Roseburia inu-
linivorans (q = 0.022), Faecalibacterium prausnitzii (q =
0.030), Agathobacter (q = 0.035), Subdoligranulum (q =
0.034), and Lachnospira (q = 0.042). These organisms
are key producers of short-chain fatty acids (SCFASs) and
are generally regarded as protective commensals in

maintaining gut health.

In contrast, CRC-enriched genera included Entero-
coccus (g = 0.070), Clostridium sensu stricto 11 (q =
0.071), Klebsiella (q = 0.086), Escherichia-Shigella (q =
0.248), and Peptostreptococcus (q = 0.467). Although
some did not reach strong statistical significance after
FDR correction, their consistent elevation in CRC sug-
gests their potential as disease-associated taxa. Majority
of these, particularly Fusobacterium (not mentioned in
this subset) and Peptostreptococcus, have been responsi-
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Fig.4. Differentially abundant taxa between CRC (n=6) and healthy controls (n=6) identified by STAMP extended error bar plot. Green bars
indicate enrichment in healthy controls, red bars indicate enrichment in CRC. Several short-chain fatty acid (SCFA) producers (e.g., Faecalibac-
terium prausnitzii, Roseburia inulinivorans, Agathobacter) were significantly depleted in CRC (FDR-adjusted g<0.05), while opportunistic taxa

(e.g., Enterococcus, Peptostreptococcus) were relatively enriched.
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ble for CRC through their pro-inflammatory activity,
toxin production, and disruption of the epithelial barrier.
Additionally, Eubacterium hallii (q = 0.430), another
essential butyrate producer, was notably reduced in CRC
and enriched in healthy controls, consistent with its pro-
tective role in colon health. Other taxa, such as Rom-
boutsia, Collinsella, and Bacteroides, showed minor but
non-significance trends. Overall, the STAMP analysis
reveals a dysbiotic signature characterized by the deple-
tion of protective SCFA-producing taxa in CRC and the
enrichment of opportunistic/pathogenic organisms, sup-
porting the concept of disrupted microbial homeostasis in
colorectal cancer.

Metabolite Features by Category

Percentage of Significant Features by Category

Predicted Functional and Metabolic
Changes

Predictive metagenomic functional analysis (PIC-
RUSt-based) revealed that the microbiome of CRC pa-
tients not only differs taxonomically but also exhibits
functional disruptions, particularly in nutrient transport
and metabolism pathways (Figure 5). These predictions
provide preliminary insights but require validation with
shotgun metagenomics or metabolomics. The top pre-
dicted microbial functions in both groups were dominat-
ed by core metabolic and transport processes; however,
CRC-associated microbiomes showed reduced capacity
in several key transport functions.
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Fig. 5. Differentially abundant taxa between CRC (n=6) and healthy controls (n=6) identified by STAMP extended error bar plot. Green bars indicate
enrichment in healthy controls, red bars indicate enrichment in CRC. Several short-chain fatty acid (SCFA) producers (e.g., Faecalibacterium
prausnitzii, Roseburia inulinivorans, Agathobacter) were significantly depleted in CRC (FDR-adjusted g<0.05), while opportunistic taxa (e.g., Enter-

ococcus, Peptostreptococcus) were relatively enriched.

Remarkably, multiple genes encoding components of
ATP-binding cassette (ABC) transporters were depleted
in CRC to a great extent relative to healthy controls. For
instance, the gene K02003 (annotated as a putative ABC
transport system ATP-binding protein, part of an
ABC.CD sugar transporter) was among the most reduced
functions in CRC samples (CRC mean ~1.44x10° vs.
healthy ~5.57x10% Figure 5). Likewise, other ABC
transporter subunits — including permeases and ATP-
binding proteins (e.g., K01990, K01992 corresponding to
ABC-2 type transporter components) — had lower pre-

dicted abundances in CRC patients. In parallel, microbial
iron acquisition pathways were diminished in the CRC
microbiome: genes for iron complex transport systems
(siderophore uptake), such as the substrate-binding pro-
tein KO2016 and ATP-binding protein K02013 of ferric
iron transporters, were less abundant in CRC as com-
pared to healthy guts (Figure 6). These declines in ABC
transporters and iron transport-related functions suggest
a loss of metabolic versatility and nutrient-scavenging
ability in CRC-associated microbial communities.
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Pathway abundances: CRC vs Healthy (top by absolute difference)

K07133; uncharacterized protein
SPP; sucrose-6-phosphatase [EC:3.1.3.24]
rluD; 23S rRNA pseudouridinel911/1915/1917 synthase...
ABCB-BAC; ATP-binding cassette, subfamily B, bacterial
cspA; cold shock protein (beta-ribbon, CspA family)
uvrD, pcrA; DNA helicase Il / ATP-dependent DNA...
recG; ATP-dependent DNA helicase RecG [EC:3.6.4.12]
mutT, NUDT15, MTH2; 8-oxo-dGTP diphosphatase...
parB, spo0J; chromosome partitioning protein, ParB family
parA, soj; chromosome partitioning protein
mcp; methyl-accepting chemotaxis protein
virD4, IvhD4; type IV secretion system protein VirD4
sigH; RNA polymerase sporulation-specific sigma factor
rpoE; RNA polymerase sigma-70 factor, ECF subfamily
lacl, galR; Lacl family transcriptional regulator

ABC.PA.S; polar amino acid transport system substrate-...

Pathway (description)

ABC.MS.P1; multiple sugar transport system permease...
ABC.MS.P; multiple sugar transport system permease...
ABC.FEV.S; iron complex transport system substrate-...
ABC.FEV.P; iron complex transport system permease...
TC.FEV.OM; iron complex outermembrane recepter...
ABC.FEV.A; iron complex transport system ATP-binding...
ABC.CD.P; putative ABC transport system permease...
ABC.CD.A; putative ABC transport system ATP-binding...
ABC-2.P; ABC-2 type transport system permease protein
ABC-2.A; ABC-2 type transport system ATP-binding protein
amiABC; N-acetylmuramoyl-L-alanine amidase...
gph; phosphoglycolate phosphatase [EC:3.1.3.18]

fabG; 3-oxoacyl-[acyl-carrier protein] reductase...

m Healthy_mean

B CRC_mean

200000 400000 600000
Mean Predicted abundance
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Fig. 6. Functional pathway differences between CRC (n=6) and healthy controls (n=6). Predicted abundances of ABC transporters, sugar and
iron uptake systems, and amino acid metabolism pathways were significantly reduced in CRC. Conversely, stress response and chemotaxis
pathways were relatively enriched, suggesting a shift toward opportunistic, inflammation-associated microbial functions.

Conversely, relatively elevated (though not always
significant statistically) CRC patient microbiomes by a
few functional. Patients with CRC showed more promi-
nent stress response and motility functions, consistent
with an enrichment of opportunistic bacteria. For exam-
ple, genes encoding a bacterial cold-shock protein (cspA,
KO K03704) and a methyl-accepting chemotaxis protein
(mcp, KO K03406) were detected at higher relative lev-
els in CRC metagenomes (Figure 5), possibly reflecting
an adaptation of the CRC microbiota to a more inflam-

matory or nutrient-stressed gut environment. These val-
ues represent inferred microbial functional potential ra-
ther than direct metabolite measurements. In addition,
comparative pathway analysis revealed significant dif-
ferences in comprehensive metabolic pathways between
the two groups. Inferred pathways for arginine and pro-
line metabolism, aminoacyl-tRNA biosynthesis, and
amino sugar and nucleotide sugar metabolism were all
altered in abundance between healthy and CRC microbi-
omes (each p<0.05, data not shown), indicating a global
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functional shift accompanying the taxonomic dysbiosis.
Taken together, these results highlight that the CRC-
associated gut microbiome is functionally impaired in
crucial nutrient transport and metabolic processes (such
as ABC transporter-mediated uptake of sugars, iron se-
questration systems, and amino acid metabolism) while
potentially harboring microbes with greater stress re-
sponse and chemotactic capabilities. This functional
dysbiosis may contribute to the colorectal cancer disease
environment, either by reducing beneficial metabolite
production (e.g., butyrate) or by favoring microbial ac-
tivities that promote inflammation and tumor progres-
sion. A total of 672 metabolites were obtained from mi-
crobial sources, of which 239 (35.6%) were markedly
altered in CRC patients in compared to healthy datasets
(Welch's t-test, p < 0.05, Figure 1). Short-chain fatty
acids (SCFAs) and vitamin-related pathways were
among the most obstructed. Particularly, 4-
hydroxybutyrate dehydrogenase (a key SCFA enzyme)
was completely lacking in CRC samples. Vitamin bio-
synthesis, particularly B-vitamin pathways, also showed
extensive depletion, with 28 out of 52 vitamin-related

Taxa P-Value Distribution (T-Test)

Pathways P-Value Distribution (T-Test)

features significantly reduced. Polyamine biosynthesis
was impaired as well, with carboxynorspermidine decar-
boxylase downregulated ~17-fold. Altogether, these re-
sults demonstrates that CRC microbiomes exhibit a
speculated loss of chief metabolic functions essential for
intestinal health.

Parallel analyses of taxonomic, pathway, and func-
tional gene profiles revealed widespread disruptions.
Among 1,470 taxa, 128 (8.7%) differed significantly in
abundance (Welch's t-test). In contrast, 172 of 376 path-
ways (45.7%) and 1,741 of 6,465 predicted microbial
functions (26.9%) were significantly altered. Most of
these changes involved depletions in CRC rather than
enrichments. Volcano plots confirmed a strong trend
toward reduced abundance of beneficial functions—such
as SCFA production, vitamin biosynthesis, and stress
response pathways—in CRC microbiomes.

These multi-level findings indicate that CRC is asso-
ciated with a substantial functional breakdown of the gut
microbiome, marked by the loss of beneficial taxa, criti-
cal metabolic pathways, and protective microbial metab-
olites (Figure 7).
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Fig. 4. Multi-level statistical comparison of microbial taxa, pathways, and predicted functions between CRC (n=6) and healthy controls (n=6). (Top
row) Histograms of p-value distributions for taxonomic (left), pathway (center), and function (right) comparisons. (Bottom row) Volcano plots of
significantly altered pathway (left) and a summary bar plot (right) showing proportions of features significantly changed. Functional features (26.9%)
and pathways (45.7%) were more extensively disrupted than taxa (8.7%), emphasizing that CRC is associated with broad functional breakdown of the

gut microbiome.
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Discussion

Our findings from this pilot work exhibit that colo-
rectal cancer (CRC) is associated with a markedly per-
turbed gut microbiome characterized by reduced diversi-
ty within-sample and an altered community structure.
We observed significantly lower alpha diversity in CRC
patients compared to healthy controls, indicating a loss
of microbial richness and evenness associated with the
disease. This reduction is consistent with CRC-
associated dysbiosis reported in other populations, alt-
hough some studies note variability depending on diet
and region. In our cohort, the sharp drop in alpha diversi-
ty — with some CRC samples harbouring only a few doz-
en detectable taxa — suggests a collapse of the usually
complex gut ecosystem (Wirbel et al., 2019). Such loss
of diversity may impair key microbiome functions (e.g.,
nutrient fermentation, colonisation resistance, and im-
mune modulation) and likely reflects the overgrowth of
opportunistic species that thrive in the tumour-altered gut
environment (Kim et al., 2023). Beta diversity analysis
further showed that CRC and control microbiomes clus-
tered distinctly, underscoring a significant community-
level divergence. Indeed, unsupervised ordination clean-
ly separated CRC cases from controls in our data, echo-
ing larger studies that have shown microbiome profiles
can distinguish CRC status with moderate accuracy. This
segregation highlights a robust dysbiosis signal in CRC,
which could potentially serve as a non-invasive bi-
omarker for disease detection (B. Yuan et al., 2021).

A hallmark of CRC-associated dysbiosis is a shift in
taxonomic composition, characterised by the enrichment
of pro-inflammatory, potentially pro-tumorigenic mi-
crobes alongside the depletion of beneficial commensals.
Many of the overrepresented genera in CRC stools —
including Fusobacterium, Bacteroides, Streptococcus,
Peptostreptococcus, Enterococcus, and other Enterobac-
teriaceae — are known pathobionts implicated in colorec-
tal carcinogenesis (Vipperla & O’Keefe, 2016). For in-
stance, Fusobacterium nucleatum is widely associated
with CRC as it adhere to and invades the colonic muco-
sa, promotes tumor progression, and subvert immune
surveillance. For instance, Fusobacterium nucleatum is
widely associated with CRC, as it adheres to and invades
the colonic mucosa, promotes tumour progression, and
subverts immune surveillance. Although F. nucleatum
was not dominant in our faecal samples (likely because it
colonises tumour tissue more than stool), many studies
have found higher faecal F. nucleatum in CRC patients
than in healthy individuals, correlating with advanced
disease and poor prognosis (Yu et al., 2022). We also
observed an overgrowth of Bacteroides, consistent with
reports that high-fat, Western diets foster Bacteroides-
dominated microbiotas, which can promote carcinogene-
sis via inflammatory toxin production and enhanced bile
acid metabolism. In particular, toxin-producing strains of
Bacteroides fragilis can induce chronic colonic inflam-
mation and DNA damage via a metalloprotease toxin,
creating a pro-tumorigenic environment in the colon (Jin
et al., 2020).

Another noteworthy dyshiotic change in CRC is the
bloom of oral-derived anaerobes such as Streptococcus

and Peptostreptococcus. S. gallolyticus (formerly S. bo-
vis) has a well-established epidemiologic link to CRC —
its presence in blood or endocarditis is considered an
indication for colonoscopy. Mechanistically, streptococ-
cal components can induce mucosal inflammation, and S.
gallolyticus has been found to enhance colon tumor cell
proliferation and COX-2 expression. Similarly, Pepto-
streptococcus anaerobius, another oral bacterium en-
riched in CRC, produces metabolites (e.g., polyamines,
hydrogen sulfide) that may damage DNA or alter epithe-
lial signalling, thus potentiating carcinogenesis (Pardo et
al., 2020). We also noted an increased representation of
Enterobacteriaceae (e.g., Escherichia coli, Klebsiella)
and Enterococcus in CRC samples, taxa that are often
absent in healthy guts. . Certain strains of E. coli produce
the genotoxin colibactin, causing DNA double-strand
breaks in host cells. These bacteria thrive in the tumour’s
inflammatory, high-redox environment and exacerbate it
by releasing endotoxins and other virulence factors (Feng
et al., 2015). Notably, many of the bacteria mentioned
above (including F. nucleatum, B. fragilis, S. gallolyti-
cus, P. anaerobius, E. coli, and others) have been identi-
fied across studies as CRC-associated microbial markers,
and several appear in panels proposed for CRC diagno-
sis. (Périchon et al., 2022) This pro-tumorigenic consor-
tium — rich in inflammation-associated, proteolytic, and
biofilm-forming species — likely both results from and
reinforces the tumour-promoting inflammatory milieu. It
thereby creates a self-perpetuating cycle (Vega et al.,

2022).
In contrast, a significant depletion of health-
associated commensals was observed in CRC-

microbiome, notably those producing short-chain fatty
acids (SCFAs) and other beneficial metabolites. A re-
markable example is the complete absence of Faecali-
bacterium prausnitzii in all CRC patients (Dikeocha et
al., 2022). F. prausnitzii, an abundant butyrate producer
in the healthy colon, is frequently regarded as a sentinel
of gut health. Butyrate nourishes colonic epithelial cells,
strengthens the intestinal barrier, and induces apoptosis
in cancer cells while modulating immune responses;
thus, it exhibits potent anti-inflammatory and anti-cancer
effects. Reduced levels of F. prausnitzii are a consistent
finding not only in CRC but also in other inflammatory
conditions, such as ulcerative colitis (Lenoir et al., 2016).
Loss of this keystone organism deprives the host of a
crucial SCFA (butyrate) at the tumour site, contributing
to a pro-inflammatory, tumour-permissive environment.
Indeed, diminished F. prausnitzii and other butyrate pro-
ducers have been linked to worse clinical outcomes in
CRC (Stofilova et al., 2022). In our study, several other
butyrate-producing genera from the Ruminococcaceae
and Lachnospiraceae families (e.g., Roseburia, Eubacte-
rium, Blautia) were absent or significantly reduced in
CRC stools. This aligns with the consensus that CRC
microbiomes harbour fewer fibre-fermenting, SCFA-
producing bacteria and are skewed toward protein- and
mucin-degrading taxa. Consequently, the colonic milieu
in CRC is likely to contain lower levels of butyrate and
other SCFAs, along with higher concentrations of poten-
tially harmful fermentation products (Yuan, 2024).
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For instance, our healthy control microbiomes
showed higher Prevotella (a genus adept at fermenting
dietary fiber into SCFAS), whereas Prevotella was nearly
absent in CRC patients. Prevotella thrives on complex
plant polysaccharides and is associated with fiber-rich
diets, so its scarcity in CRC may reflect lower fiber in-
take or an inhospitable, inflammation-dominated gut
environment in those patients (Niccolai et al., 2021).
Likewise, Bifidobacterium, a beneficial genus known for
producing acetate, lactate, and B-vitamins, were detected
in healthy individuals but were virtually depleted in CRC
stools in our study. Bifidobacterium are essential for
maintaining gut homeostasis and mucosal integrity; their
loss in CRC is consistent with prior findings of reduced
Bifidobacterium in colorectal tumor cases (Gagniére,
2016). Together, the depletion of SCFA pro (like) signi-
fies the loss of critical microbial functions that usually
protect the colonic epithelium. To sum up, elimination of
critical microbial functions, which usually are responsi-
ble for protecting colonic epithelium, is signified by the
depleting SCFA producers (like Roseburia, Bifidobacte-
rium, Faecalibacterium, Prevotella, and others). Accord-
ingly, the CRC-associated microbiome shifts from a mu-
tualistic, health-promoting community to a disruptive,
pathogenic ensemble (Jia et al., 2024).

Beyond compositional shifts, our functional analyses
indicate that the CRC microbiome is profoundly repro-
grammed in its metabolic capacity. Predictive meta-
genomic profiling (PICRUSt2) and pathway enrichment
analysis revealed broad functional disruptions that mirror
the taxonomic changes (Yachida et al., 2019), however,
these predictions should be interpreted cautiously as they
are not experimentally validated. These represent pre-
dicted functional differences based on 16S-derived infer-
ence, which should be interpreted cautiously since PIC-
RUSt2 predictions may not fully align with shotgun met-
agenomic validation (Douglas et al., 2020). Noticeably,
predicted genes and pathways participating in fermenta-
tive metabolism and SCFA biosynthesis were putatively
underrepresented in CRC with reference to controls. For
example, several key enzymes for butyrate production,
glycolysis, and pyruvate fermentation showed marked
depletion in CRC (often dropping to near-zero levels in
our cohort). This suggests a diminished capacity of the
CRC microbiota to ferment dietary fibers into beneficial
SCFAs, congruent with the loss of butyrate-producing
taxa discussed above (Wang et al., 2019). We also pre-
dicted a reduction in microbial pathways for vitamin
biosynthesis (e.g., B-vitamins and vitamin K/E) in CRC
samples. Commensal bacteria commonly synthesize vit-
amins that supplement the host diet; their depletion could
lead to local micronutrient deficiencies in the colonic
mucosa (Bellerba et al., 2022).

In addition to short-chain fatty acid pathways, our
predictive analysis also revealed notable alterations in
microbial vitamin and polyamine metabolism. Several
predicted B-vitamin biosynthesis routes (including those
for folate, biotin, and riboflavin) were markedly reduced
in CRC samples, suggesting a potential deficiency in
microbial vitamin supply to the host. These vitamins play
critical roles in DNA synthesis, redox balance, and epi-
genetic regulation, and their depletion has been associat-

ed with tumor-promoting metabolic stress in the colonic
mucosa (Hillege et al., 2025). Similar findings have
shown that gut bacteria serve as essential vitamin suppli-
ers to the host, and disruption of these microbial biosyn-
thetic routes can compromise mucosal metabolic balance
(LeBlanc et al., 2013).

Moreover, polyamine biosynthesis pathways were
predicted to be downregulated, whereas polyamine ca-
tabolism and transport showed relative enrichment, indi-
cating a possible imbalance in luminal polyamine home-
ostasis. Polyamines such as spermidine and putrescine
have been linked to epithelial proliferation and tumor
progression, and microbial dysregulation of these path-
ways may further contribute to CRC pathophysiology
(Lu et al., 2023).

Conversely, pathways for protein degradation and
amino acid catabolism were overrepresented, indicating a
shift toward proteolytic fermentation. Accordingly, CRC
microbiomes likely generate more pro-carcinogenic by-
products such as ammonia, phenols, indoles, and poly-
amines (Moinard et. al., 2005; Soda, 2011). In particular,
tryptophan catabolism was elevated, potentially leading
to the accumulation of immunomodulatory metabolites
that favour tumour immune evasion (Hanus et al., 2021).
Bile acid metabolism was also perturbed: CRC samples
showed reduced gene abundance for primary bile acid
deconjugation and transformation, alongside increases in
those modulating bile acid pools. These changes are ex-
pected to increase levels of secondary bile acids, such as
deoxycholic acid, which can damage DNA and promote
colorectal tumorigenesis (Ocvirk & O’Keefe, 2017). In
summary, the CRC gut microbiome is predicted to exhib-
it reduced capacity beneficial functions (SCFA produc-
tion, vitamin synthesis, antioxidant pathways) while
gaining pathways that produce inflammatory and geno-
toxic compounds (Tang et al., 2020). This metabolic
reprogramming likely reflects a shift in the balance of
microbial metabolites—from protective products such as
SCFAs and vitamins toward carcinogenic intermediates
including secondary bile acids and polyamines—Ilinking
diet, microbial metabolism, and tumorigenesis (O’Keefe,
2016). Importantly, these functional shifts are associative
rather than necessarily causal — microbiome changes
might result from the tumour microenvironment — so
longitudinal studies are needed to determine causality.

While metadata such as tumor stage, location, and de-
tailed dietary habits were not uniformly available, the
harmonized pipeline and batch evaluation ensured relia-
ble group-level comparisons. These microbiome altera-
tions carry significant clinical implications. Most im-
portantly, the distinct microbial signatures associated
with CRC hold promise as non-invasive diagnostic bi-
omarkers. As our analysis (Table 1) and other studies
demonstrate, a combination of microbial taxa can accu-
rately distinguish between CRC patients and healthy
individuals. Several taxa highlighted in our study — in-
cluding Fusobacterium, B. fragilis, Peptostreptococcus,
Streptococcus, Enterococcus, along with the absence of
key SCFA-producing bacteria — have been proposed as
components of faecal microbiome-based panels for early
CRC detection.
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Beyond diagnosis, the gut microbiome offers oppor-
tunities for therapeutic intervention in CRC, with two
broad strategies: suppressing deleterious microbes and
restoring beneficial ones (Z. Yuan et al., 2021). For ex-
ample, preclinical studies have shown that eliminating F.
nucleatum from CRC-bearing mice slows tumour
growth, underscoring this bacterium as a potential thera-
peutic target. Conversely, efforts are underway to replen-
ish the depleted beneficial taxa in CRC patients. Clinical
trials are exploring high-fibre diets, prebiotics, and pro-
biotic cocktails (including butyrate-producing Clostridia
and Bifidobacterium strains) to rebalance the gut ecosys-
tem (Zhu et al., 2021). The goal of such interventions is
to boost the production of anti-carcinogenic metabolites,
such as SCFAs, and re-establish colonisation resistance
against tumour-promoting microbes.

Looking forward, incorporating microbial biomarkers
into CRC screening (e.g., stool microbiome assays
alongside occult blood tests) could improve early detec-
tion. Moreover, tailoring therapy based on an individu-
al’s microbiome profile might enhance treatment effica-
cy, as emerging evidence suggests that specific micro-
biota compositions influence responses to chemotherapy
and immunotherapy.

In concise, our study adds to the growing evidence
that gut microbiome dysbiosis is intricately linked with
colorectal cancer, particularly in Indian populations. The
apparent depletion of protective, metabolically vital mi-
crobes and the enrichment of pathogenic, pro-
inflammatory species, predicted functional genes and
pathways in CRC not only shed light on tumour biology
but also open new possibilities for clinical management.
Restoring a healthy microbiome — or at least counteract-
ing tumour-promoting microbial functions — may be-
come a valuable strategy for CRC prevention and thera-
py. Ultimately, deciphering the complex interplay be-
tween the gut microbiota and colorectal carcinogenesis
will be crucial to harnessing the microbiome for en-
hanced patient outcomes.

Conclusion

This pilot investigation provides preliminary evi-
dence that colorectal cancer is associated with distinct
alterations in the gut microbiome. Our results demon-
strated a significant decline in microbial diversity among
CRC patients compared to healthy controls, accompanied
by the depletion of protective commensals such as short-
chain fatty acid (SCFA) producers and Bifidobacteria,
alongside the enrichment of opportunistic and pro-
inflammatory taxa. Functional predictions suggested
potential disruptions in metabolic pathways essential for
intestinal health, specifically those related to SCFA and
vitamin biosynthesis. There is a significant transition
from a balanced, health-promoting gut flora to a dysbi-
otic condition that may lead to a tumor-favouring micro-
environment which has been clearly suggested by micro-
bial and functional shifts.

At the same time, certain limitations must be
acknowledged. The small sample size hampers the statis-
tical robustness, and the use of publicly available da-

tasets for healthy controls, although carefully matched to
our cohort, may introduce residual variableness. Addi-
tionally, functional interpretations are based on predic-
tive tools (PICRUSt2) and should be considered indica-
tive rather than definitive. Nevertheless, the consistency
of the observed taxonomic and functional patterns under-
scores their biological relevance and provides a strong
rationale for extending this work.

Altogether, these findings emphasize the potential of
gut microbial signatures as non-invasive biomarkers and
highlight the clinical importance of restoring microbial
balance in CRC patients. Future scope of research with
larger, statistically matched cohorts through shotgun
metagenomics and metabolomics profiling will be cru-
cial to validate these preliminary observations and fur-
ther elucidate microbiome’s role in colorectal cancer
risk, progression, and management.

Institutional Review Board Statement

The study involved six colorectal-cancer patients who
voluntarily provided stool samples for microbiome
profiling under medical supervision. Written informed
consent was obtained from all participants. The study
protocol was reviewed and approved by the Institutional
Research Advisory Committee (RAC), Veer Narmad
South Gujarat University, and deemed minimal-risk
observational research consistent with the ICMR (2017)
ethical guidelines and the Declaration of Helsinki.

References

Bellerba, F., Serrano, D., Johansson, H., Pozzi, C., Segata, N.,
NabiNejad, A., Piperni, E., Gnagnarella, P., Macis, D.,
Aristarco, V., Accornero, C. A., Manghi, P., Guerrieri-
Gonzaga, A., Biffi, R., Bottiglieri, L., Trovato, C., Zampino,
M. G., Corso, F., Bellocco, R., ... Gandini, S. (2022). Colo-
rectal cancer, Vitamin D and microbiota: A double-blind
Phase Il randomized trial (ColoViD) in colorectal cancer pa-
tients. Neoplasia, 34, 100842.
https://doi.org/10.1016/j.ne0.2022.100842

Chen, B., Cherie’R, S., McKinley, E. T., Simmons, A. J., Ramirez-
Solano, M. A., Zhu, X., Markham, N. O., Heiser, C. N., Ve-
ga, P. N., & Rolong, A. (2021). Differential pre-malignant
programs and microenvironment chart distinct paths to ma-
lignancy in human colorectal polyps. Cell, 184(26), 6262-
6280. e26.

Dikeocha, I. J., Al-Kabsi, A. M., Chiu, H.-T., & Alshawsh, M. A.
(2022). Faecalibacterium prausnitzii ameliorates colorectal
tumorigenesis and suppresses proliferation of HCT116 colo-
rectal cancer cells. Biomedicines, 10(5), 1128.

Douglas GM, Maffei VJ, Zaneveld JR, Yurgel SN, Brown JR, Taylor
CM, Huttenhower C, Langille MGI. PICRUSt2 for predic-
tion of metagenome functions. Nature Biotechnology.
2020;38(6):685-688. doi: 10.1038/s41587-020-0548-6.

Feng Q, Liang S, Jia H, Stadlmayr A, Tang L, Lan Z, Zhang D, Xia H,
Xu X, Jie Z, Su L, Li X, Li S, LiJ, Xiao L, Huber-
Schonauer U, Niederseer D, Xu X, Al-Aama JY, Yang H,
Wang J, Kristiansen K, Arumugam M, Tilg H, Datz C,
Wang J, Qin N. Gut microbiome development along the
colorectal adenoma—carcinoma sequence. Nature Commu-
nications. 2015;6:6528. doi:10.1038/ncomms7528.

Fong, W., Li, Q., & Yu, J. (2020). Gut microbiota modulation: A novel
strategy for prevention and treatment of colorectal cancer.
Oncogene, 39(26), 4925-4943.

Berkala PENELITIAN HAYATI | Volume 31 | Number 3 | December | 2025



Carbon Hotspots for Urban Climate Mitigation

Gagniere, J. (2016). Gut microbiota imbalance and colorectal cancer.
World  Journal of Gastroenterology, 22(2), 501.
https://doi.org/10.3748/wjg.v22.i2.501

Hanus, M., Parada-Venegas, D., Landskron, G., Wielandt, A. M.,
Hurtado, C., Alvarez, K., Hermoso, M. A., Lopez-Kdstner,
F., & De La Fuente, M. (2021). Immune System, Microbio-
ta, and Microbial Metabolites: The Unresolved Triad in
Colorectal Cancer Microenvironment. Frontiers in Immu-
nology, 12, 612826.
https://doi.org/10.3389/fimmu.2021.612826

Moinard C, Cynober L, de Bandt JP. Polyamines: metabolism and
implications in human diseases. Clinical Nutrition.
2005;24(2):184-197. doi:10.1016/j.clnu.2004.11.001.

Hillege, L.-E., et al. (2025). Microbial vitamin biosynthesis links gut
microbiota dynamics and colorectal cancer. mBio, 16(2),
€00930-25. https://doi.org/10.1128/mbio.00930-25

Jia, W, Shen, X., Guo, Z., Cheng, X., & Zhao, R. (2024). The future of
cancer vaccines against colorectal cancer. Expert Opinion
on Biological Therapy, 24(4), 269-284.
https://doi.org/10.1080/14712598.2024.2341744

Jin, J., Shi, Y., Zhang, S., & Yang, S. (2020). PIK3CA mutation and
clinicopathological features of colorectal cancer: A system-
atic review and Meta-Analysis. Acta Oncologica, 59(1), 66—
74.

Kang, X., Ng, S.-K., Liu, C., Lin, Y., Zhou, Y., Kwong, T. N., Ni, Y.,
Lam, T. Y., Wu, W. K., & Wei, H. (2023). Altered gut mi-
crobiota of obesity subjects promotes colorectal carcinogen-
esis in mice. EBioMedicine, 93.

Kim, E. M., Park, J. H., Kim, B. C., Son, |. T., Kim, J. Y., & Kim, J.
W. (2023). Self-expandable metallic stents as a bridge to
surgery in obstructive right-and left-sided colorectal cancer:
A multicenter cohort study. Scientific Reports, 13(1), 438.

Kim, S. Y., & Kim, T. I. (2018). Serrated neoplasia pathway as an
alternative route of colorectal cancer carcinogenesis. Intes-
tinal Research, 16(3), 358.

LeBlanc JG, Milani C, de Giori GS, Sesma F, van Sinderen D, Ventura
M. Bacteria as vitamin suppliers to their host: a gut micro-
biota perspective. Current Opinion in Biotechnology.
2013;24(2):160-168. doi:10.1016/j.copbio.2012.08.005.

Lenoir, M., Del Carmen, S., Cortes-Perez, N. G., Lozano-Ojalvo, D.,
Mufioz-Provencio, D., Chain, F., Langella, P., De Moreno
De LeBlanc, A., LeBlanc, J. G., & Bermidez-Humaran, L.
G. (2016). RETRACTED ARTICLE: Lactobacillus casei
BL23 regulates Treg and Th17 T-cell populations and re-
duces DMH-associated colorectal cancer. Journal of Gas-
troenterology, 51(9), 862-873.

Lu, Y., et al. (2023). Polyamine metabolism patterns characterized
tumor metabolic heterogeneity in colorectal cancer. Cancer
Cell International, 23, 67. https://doi.org/10.1186/s12935-
023-02892-z

Morgan, E., Arnold, M., Gini, A., Lorenzoni, V., Cabasag, C. J., Laver-
sanne, M., Vignat, J., Ferlay, J., Murphy, N., & Bray, F.
(2023). Global burden of colorectal cancer in 2020 and
2040: Incidence and mortality estimates from GLOBOCAN.
Gut, 72(2), 338-344.

Niccolai, E., Russo, E., Baldi, S., Ricci, F., Nannini, G., Pedone, M.,
Stingo, F. C., Taddei, A., Ringressi, M. N., Bechi, P.,
Mengoni, A., Fani, R., Bacci, G., Fagorzi, C., Chiellini, C.,
Prisco, D., Ramazzotti, M., & Amedei, A. (2021). Signifi-
cant and Conflicting Correlation of IL-9 With Prevotella
and Bacteroides in Human Colorectal Cancer. Frontiers in
Immunology, 11, 573158.
https://doi.org/10.3389/fimmu.2020.573158

Niekamp, P., & Kim, C. H. (2023). Microbial metabolite dysbiosis and
colorectal cancer. Gut and Liver, 17(2), 190.

Ocvirk, S., & O’Keefe, S. J. (2017). Influence of Bile Acids on Colo-
rectal Cancer Risk: Potential Mechanisms Mediated by Di-
et-Gut Microbiota Interactions. Current Nutrition Reports,
6(4), 315-322. https://doi.org/10.1007/s13668-017-0219-5

O'Keefe SJ. Diet, microorganisms and their metabolites, and colon
cancer. Nature Reviews Gastroenterology & Hepatology.
2016;13(12):691-706. doi:10.1038/nrgastro.2016.165.

Pardo, C. P., Gonzalez, R. C., Pinto, M. E. S., & Galiana, A. (2020).
Streptococcus gallolyticus and its implication in colorectal
cancer. In Colorectal Neoplasia and the Colorectal Micro-
biome (pp. 35-55). Elsevier.

Périchon, B., Lichtl-Hafele, J., Bergsten, E., Delage, V., Trieu-Cuot, P.,
Sansonetti, P., Sobhani, I., & Dramsi, S. (2022). Detection
of Streptococcus gallolyticus and four other CRC-associated
bacteria in patient stools reveals a potential “driver” role for
enterotoxigenic Bacteroides fragilis. Frontiers in Cellular
and Infection Microbiology, 12, 794391.

Soda K. Polyamine metabolism and colorectal cancer. The Journal of
Nutrition. 2011;141(1):S175-S179.
doi:10.3945/jn.110.130039.

Stofilova, J., Kvakova, M., Kamlarova, A., Hijova, E., Bertkova, 1., &
Gulasova, Z. (2022). Probiotic-Based Intervention in the
Treatment of Ulcerative Colitis: Conventional and New Ap-
proaches. Biomedicines, 10(9), 2236.
https://doi.org/10.3390/biomedicines10092236

Sun, J., Wang, C., Zhang, Y., Xu, L., Fang, W., Zhu, Y., Zheng, Y.,
Chen, X., Xie, X., & Hu, X. (2019). Genomic signatures re-
veal DNA damage response deficiency in colorectal cancer
brain metastases. Nature Communications, 10(1), 3190.

Tang, Y., Xie, M., Li, K., Li, J., Cai, Z., & Hu, B. (2020). Prognostic
value of peripheral blood natural Killer cells in colorectal
cancer. BMC Gastroenterology, 20(1), 31.
https://doi.org/10.1186/s12876-020-1177-8

Thulasinathan, B., Suvilesh, K. N., Maram, S., Grossmann, E., Ghouri,
Y., Teixeiro, E. P., Chan, J., Kaifi, J. T., & Rachagani, S.
(2025). The impact of gut microbial short-chain fatty acids
on colorectal cancer development and prevention. Gut Mi-
crobes, 17(1), 2483780.

Vega, L., Bohorquez, L., Ramirez, J. D., & Mufioz, M. (2022). Do we
need to change our perspective about gut biomarkers? A
public data mining approach to identify differentially abun-
dant bacteria in intestinal inflammatory diseases. Frontiers
in Cellular and Infection Microbiology, 12, 918237.

Villéger, R., Lopés, A., Veziant, J., Gagniere, J., Barnich, N., Billard,
E., Boucher, D., & Bonnet, M. (2018). Microbial markers in
colorectal cancer detection and/or prognosis. World Journal
of Gastroenterology, 24(22), 2327.

Vipperla, K., & O’Keefe, S. J. (2016). Diet, microbiota, and dysbiosis:
A ‘recipe’for colorectal cancer. Food & Function, 7(4),
1731-1740.

Walker, K., Smith, R., Thrane, E., & Reardon, D. J. (2024). Precision
constraints on the neutron star equation of state with third-
generation gravitational-wave observatories. Physical Re-
view D, 110(4), 043013.

Wang, Y., Li, L., Cohen, J. D., Kinde, I., Ptak, J., Popoli, M., Schaefer,
J., Silliman, N., Dobbyn, L., Tie, J., Gibbs, P., Tomasetti,
C., Kinzler, K. W., Papadopoulos, N., Vogelstein, B., &
Olsson, L. (2019). Prognostic Potential of Circulating Tu-
mor DNA Measurement in Postoperative Surveillance of
Nonmetastatic Colorectal Cancer. JAMA Oncology, 5(8),
1118. https://doi.org/10.1001/jamaoncol.2019.0512

Wirbel J, Pyl PT, Kartal E, Zych K, Kashani A, Milanese A, Fleck JS,
Voigt AY, Palleja A, Ponnudurai R, Sunagawa S, Coelho
LP, Schrotz-King P, Vogtmann E, Habermann N, Niméus
E, Thomas AM, Manghi P, Gandini S, Serrano D, Mizutani
S, Shiroma H, Shiba S, Yachida S, Saito Y, Bohm J, Itz-
kowitz SH, Sobhani I, Totti V, Deleporte A, et al. Meta-
analysis of fecal metagenomes reveals global microbial sig-
natures that are specific for colorectal cancer. Nature Medi-
cine. 2019;25(4):679-689. doi:10.1038/s41591-019-0406-6.

Yachida S, Mizutani S, Shiroma H, Shiba S, Nakajima T, Sakamoto T,
Watanabe H, Masuda K, Nishimoto Y, Kubo M, Hosoda F,
Morita H, Saito Y, Ohnishi Y, Yamamoto M, Shibata T,
Yamada T. Metagenomic and metabolomic analyses reveal
distinct stage-specific phenotypes of the gut microbiota in
colorectal cancer. Nature Medicine. 2019;25(6):968-976.
doi:10.1038/s41591-019-0458-7.

Yang, J., & Yu, J. (2018). The association of diet, gut microbiota and
colorectal cancer: What we eat may imply what we get.
Protein & Cell, 9(5), 474-487.

Yu, G.-H., Li, S.-F., Wei, R., & Jiang, Z. (2022). Diabetes and colorec-
tal cancer risk: Clinical and therapeutic implications. Jour-
nal of Diabetes Research, 2022(1), 1747326.

Yuan, B., Ma, B., Yu, J., Meng, Q., Du, T., Li, H., Zhu, Y., Sun, Z.,
Ma, S., & Song, C. (2021). Fecal bacteria as non-invasive
biomarkers for colorectal adenocarcinoma. Frontiers in On-
cology, 11, 664321.

Berkala PENELITIAN HAYATI | Volume 31 | Number 3 | December | 2025



229

Lapsiwala et al.

Yuan, C. (2024). Molecular mechanisms and therapeutic strategies of
gut microbiota modulation in Sarcopenia (Review). Oncol-
ogy Letters, 29(3), 104.
https://doi.org/10.3892/01.2024.14850

Yuan, Z., Fan, G., Wu, H., Liu, C., Zhan, Y., Qiu, Y., Shou, C., Gao,
F., Zhang, J., Yin, P., & Xu, K. (2021). Photodynamic ther-
apy synergizes with PD-L1 checkpoint blockade for immu-
notherapy of CRC by multifunctional nanoparticles. Molec-
ular Therapy, 29(10), 2931-2948.
https://doi.org/10.1016/j.ymthe.2021.05.017

Zhu J, Liao M, Yao Z, Liang W, Li Q, Liu J, Yang H, Ji Y, Wei W, Liu
J. Probiotic interventions for the regulation of intestinal mi-
crobiota in colorectal cancer: a systematic review and meta-
analysis. Gut Microbes. 2021;13(1):1-20.
doi:10.1080/19490976.2021.1949097.

Zou, S., Fang, L., & Lee, M.-H. (2018). Dysbiosis of gut microbiota in
promoting the development of colorectal cancer. Gastroen-
terology Report, 6(1), 1-12.

Berkala PENELITIAN HAYATI | Volume 31 | Number 3 | December | 2025



