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Discussion

Fusarium species are important plant pathogens and 
human opportunistic pathogens that seriously affect the yield 
of crops and human health. Fungi growth is closely related to 
virulence. Exploring the regulatory mechanism of Fusarium 
growth is helpful for the development of new drugs, as well as 
the prevention and control of Fusarium infection. 
Constructing random mutants of fungi by ATMT is convenient 

due to high efficiency, which has been extensively used in 
numerous fungi to clarify the function of unknown genes 
(Schmidpeter et al., 2017; de Vallée et al., 2019). We used the 
ATMT method combined with phenotypic screening to search 
for key genes in growth and regulatory mechanisms in 
F. oxysporum.

The glyoxylate metabolism pathway plays an important role 
in the growth, pathogenesis, and stress tolerance of fungi (Park 
et al., 2016; Vico et al., 2021). Therefore, the expression of four 
genes related to glyoxylate metabolic pathways were detected. The 
results showed that the four genes were down-regulated in 
FOM312 compared with wild type. Among the four genes, the rate 
limiting enzyme ICL was most down-regulated, so we speculated 
that the interruption of T-DNA in FOM312 may disturbed the 
expression of ICL.

In order to investigate the mechanism of regulation of ICL, the 
function of T-DNA interrupted gene FOXG_12762 in FOM312 
was analyzed. FOXG_12762 encodes a hypothetical protein that 
we  name FoDbp40. Presently the annotation of hypothetical 
proteins is primarily through homology search and the 
identification of conserved domains by sequence alignment 
algorithms (Ijaq et al., 2015). Our amino acid sequence alignment 
shows the FoDbp40 protein sequence to contain a CCCH zinc 
finger domain conserved in several pathogenic fungi (Figure 3). 
Homologs in other fungi such as Aspergillus fumigatus and 
Torrubiella hemipterigena are annotated as CCCH zinc finger 
DNA binding proteins. Although CCCH zinc finger proteins were 
known as RNA-binding proteins (Fu and Blackshear, 2017), 
Recent studies showed that CCCH zinc finger proteins also bind 
to DNA and modulate transcription (Zou et al., 2018; Wang et al., 
2022). Therefore, we speculate that FoDbp40 may have the ability 
to bind target DNA and function in transcriptional regulation.

In this study, we observed the regulatory effect of FoDbp40 on 
ICL expression (Figure 4) and demonstrated that this regulatory 
effect is achieved at the transcriptional level by acting on the 
promoter region of ICL (Figure 5). Additionally, we observed the 
FoDbp40 protein to localize in the nucleus (Figure 6) in line with 
the bioinformatic analysis (Supplementary Figure S5), which is 
similar to other known CCCH zinc finger protein transcription 
factors, including C3H12 and SAW1 (Wang et  al., 2020; Seok 
et  al., 2022). Our results indicate that FoDbp40 is a novel 
transcriptional regulator that can affect the expression and 
activity of ICL.

The glyoxylate metabolic pathway saves carbon sources by 
skipping the step of generating CO2 in the tricarboxylic acid 
cycle (TCA) while generating required intermediates. This plays 
an important role in the regulation of ATP synthesis (Park 
et  al., 2016). The expression and activity of ICL and 
corresponding succinate levels are decreased after the deletion 
of FOXG_12762 (Figure  4). These results demonstrated the 
regulatory effect of FoDbp40 on ICL and glyoxylate 
metabolic pathway.

As mentioned above, ICL is a key enzyme in the glyoxylate 
metabolism pathway, thereby regulating carbon metabolism and 

A B

C D

FIGURE 5

Transcription of FOXG_05529 is regulated by Fodbp40. (A–C) 
The FoDbp40-EGFP fusion protein was successfully expressed in 
HEK-293 (bar = 100 μm). (D) The expression level of 05529pro-
luc2 in HEK-293 with and without FoDbp40 (***p < 0.001). The 
experiment was repeated three times.

FIGURE 6

Subcellular localization of FoDbp40 in F. oxysporum. FoDbp40-
EGFP is mainly localized in the nucleus, as demonstrated by 
4′6-diamidino-2-phenylindole (DAPI) staining (bar = 10 μm).
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(Figures 6A–C). These findings demonstrate that S. maltophilia promotes 
lung cancer cell proliferation and migration partially through HDAC5.

Discussion

Recently, there has been increasing awareness that human tumors 
contain a significant amount of viable commensal microbiota (Banerjee 
et al., 2018; Riquelme et al., 2019; Nejman et al., 2020; Dumont-Leblond 
et al., 2021). Whether these microbes are passengers or drivers of tumor 
progression is an intriguing question that emerges. But a detailed and 
comprehensive analysis of the microbial ecosystem of the pathologic 
and lung cancer tissues remains incompletely studied. In this study, 
firstly, we  represent for the report to characterize the microbiota 
composition of 53 samples from human LADC tissue. We performed 
16S rRNA sequencing of the LADC and took measures to control for 
contamination. We  explored the distinct microbiome composition 
inside the LADC, and uncovered significant associations between the 
bacteria and transcriptional changes in lung cancer cells that may 
be  relevant for lung cancer pathogenesis. Overall, we  observed 
significant intratumor microbiome dysbiosis in LADC patients with a 
different clinical feature. We found although there was no significant 
difference in tumor microbial alpha and beta diversity between ever-
smokers and never-smokers LADC, representatives of the phyla 
Acidobacteriota and genus Stenotrophomonas were predominant in 
never-smokers. And we  also found genus Stenotrophomonas was 
significantly enriched in the group of patients with primary tumor size 
higher than 3 cm patients. However, due to the limited number of cases, 

there is still no systematic evaluation of risk factors or clinic features 
associated to a different microbiome microenvironment.

Most recently, a higher abundance of S. maltophilia was found in 
hepatocellular carcinoma microbiota of the patients with cirrhosis, 
which induced the senescence of hepatic stellate cells and promoted the 
process of hepatocarcinogenesis (Liu et  al., 2022). Notably, 
we demonstrated for the first time that the upregulation of HDAC5 
caused by S.maltophilia infection is associated with tumor progression, 
supporting a causal role in the process of lung tumor growth.

Study have suggested that chronic colonization C. difficile is a 
potential driver of colorectal cancer in patients (Drewes et al., 2022). 
Coincidentally, S. maltophilia is an opportunistic pathogen that is 
multidrug resistant and causes a variety of human infections and forms 
biofilms in infected patients (Brooke, 2021), the most common 
S. maltophilia-associated human infections are bacteremia and respiratory 
infections (Batra et al., 2017). S. maltophilia is intrinsically resistant to a 
wide range of antibiotics, including β-lactams, carbapenems, 
fluoroquinolones, tetracyclines, chloramphenicol, aminoglycosides, 
polymyxins, macrolides, and TMP-SMX (Brooke, 2012), Once infected, 
it will colonize for a long time and is challenging to eliminate with 
antibiotics. In a previous study, variation in replication and persistence of 
S. maltophilia can be seen with clinical strains in A/J mice (Rouf et al., 
2011), which demonstrated that our model is suitable for studying the 
function of S. maltophilia. In our study, we found that lung cancer mice 
treated with S. maltophilia have increased tumor burden compared with 
those treated with PBS. Future work identifying the effect of S. maltophilia 
colonization, duration, and toxin production on cancer cell interactions 
in humans will be needed to determine the tumorigenic risk to patients.

A

B

C

D

FIGURE 4

Stenotrophomonas maltophilia modulates gene expression in lung tissues by RNA-seq analysis. (A) KEGG pathway enrichment analysis of upregulated 
genes of RNA-seq data between CTL and S. maltophilia groups. (B) Relative expression of Toll-like receptors. (C) KEGG pathway enrichment analysis of 
upregulated genes of RNA-seq data between NNK and NNK_S. maltophilia groups. (D) Relative expression of Apelin signaling pathway genes. *p < 0.05, 
**p < 0.01, ***p < 0.001, compared with CTL.
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D E

F

FIGURE 5

Stenotrophomonas maltophilia promoted cell and migration in lung epithelial cells. (A) Schematic experimental design for two in vitro experiments. For all 
conditions, A549 cells were exposed for 4 h and then harvested for RNA isolation. Experiment 1: Cells were infected with S. maltophilia (ATCC #13637) at 
three different multiplicity of infection (MOI) of 1, 10, and 100 for 4 h. Experiment 2: exposure to media alone, S. maltophilia (heat-killed), and supernatant. 
(B) Effect of S. maltophilia on A549 cell viability. (C) Effect of heat-killed S. maltophilia and supernatant on A549 cell viability, ns: no significance. (D) Effects 
of S. maltophilia on A549 cell line migration. (E) Effects of S. maltophilia on HDAC5 gene expression in A549 cells. **p < 0.01 compared with CTL, 
***p < 0.001 compared with CTL. (F) Western blot and statistical analysis of HDAC5 expression in A549 cells. *p < 0.05. ns, no significance.
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Histone deacetylase 5 is a class II HDAC (de Ruijter et al., 2003), 
which is expressed in lung, brain, myocardium, skeletal muscle, and 
placenta, and accumulating evidence indicates that it has variable 
expression and functions in different types of tumors (Stypula-Cyrus 
et al., 2013; Zhong et al., 2018; Oltra et al., 2020). The functions of 
HDAC5 in tumorigenesis have been investigated in a variety of cancers, 
and HDAC5 was also shown to promote cell proliferation, invasion and 
metastasis in cancer (Chen et al., 2014; Liu et al., 2014; Cao et al., 2016, 
2017; Zhong et al., 2018). PCR and immunohistochemical analyses 
have shown that HDAC5 was highly expressed in the cytoplasm of 
malignant epithelial cells, and HDAC5 expression was positively 
associated with distant metastasis and lymph node metastasis (Li et al., 
2016). HDAC5 was also shown to promote cell invasion and metastasis 
in lung cancer (Gong et al., 2020). Our data point to mechanisms of 
S. maltophilia induced tumorigenesis, including increased Apelin 
signaling pathway, which HDAC5 gene is the most important. 
Consistent with our data from the mouse model, we  also found 
S. maltophilia induced HDAC5 expression in lung cancer cells. These 
bacteria may affect the host by shedding different microbial bioactive 
molecules, because heat-killed S. maltophilia and supernatants did not 
cause proliferation and migration and did not upregulate the HDAC5 
gene expression of cancer cells in vitro.

We acknowledge several limitations. Our sample size is not large 
enough, and we only detected the bacterial species with the widely used 
V4 amplification from formalin-fixed paraffin embedded lung tumors. 
The coverage and resolution of the detection of S. maltophilia species 
may not be  fully achieved. Our experiment did not uncover which 
specific components of the bacteria are responsible for tumor 
progression. We only verified the functions of HDAC5 in S. maltophilia 

stimulated cell proliferation and migration. There might be  other 
mechanisms responsible for the tumor promoting effect of S. maltophilia.

In conclusion, we profiled the differences of the composition of 
microbiota in LADC using 16S rRNA gene high-throughput sequencing 
and found Stenotrophomonas increased in LADC tissues of patient with 
primary tumor size greater than 3 cm and never-smoker patients. 
Further in vivo and in vitro evidence demonstrate that S. maltophilia 
promotes cell proliferation and migration, as well as LADC progression, 
in part, through HDAC5.

Materials and methods

Patients and sample collection

Formalin-Fixed Paraffin-Embedded (FFPE) tissue samples of 53 
patients diagnosed with LADC in the period from Jan 2014 to Dec 2015 
were included. All procedures conformed to the Code of Ethics of the 
World Medical Association (Declaration of Helsinki) and complied 
with the guidelines of the Institutional Review Board of the Affiliated 
Hospital of Jiangnan University (IRB: LS2021072).

Isolation and identification of microbiota in 
lung adenocarcinoma

DNA was extracted from each FFPE sample using the TIANquick 
FFPE DNA kit (Tiangen, #DP330-02, Beijing, China) according to the 
manufacturer’s instruction. In addition, we  introduced 3 negative 
controls which are empty tubes that were processed together with the 

A

C

B

FIGURE 6

Inhibition of HDAC5 suppressed lung cancer cellular functions. Lung cancer cells A549 were transfected with si-HDAC5 or negative control (si-NC). (A) The 
HDAC5 expression levels were detected by qRT-PCR. (B) CCK-8 assay was used to test the cell proliferation. (C) Transwell migration assay was used to test 
the cell migration ability. *p < 0.05, ***p < 0.001 by Student’s t-test.

90

https://doi.org/10.3389/fmicb.2023.1121863
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Shen et al.� 10.3389/fmicb.2023.1121863

Frontiers in Microbiology 10 frontiersin.org

samples for sequencing. All negative controls were processed according 
to the same protocols.

The DNA was amplified by polymerase chain reaction (PCR) with a 
bacterial 16S rRNA gene V4 region universe primer pair (341F: 5’-ACT 
CCT ACG GGA GGC AGC AG-3′ and 806R: 5′-GGA CTA CHV GGG 
TWT CTA AT-3′; Zhong et al., 2018). Barcoded libraries were generated 
and the products were sequenced on the HiSeq2500 platform (BGI, 
Wuhan, China) using the PE300 module. Clean tags were assigned to ASVs 
using DADA2 (Divisive Amplicon Denoising Algorithm) software in the 
Quantitative Insights Into Microbial Ecology (QIIME) 2 package, and tags 
with ≥100% similarity were clustered to the same ASV. Representative 
ASVs were annotated using Silva_species_assignment_v138 reference 
database. The ASVs without annotation or annotated to polluted species 
were removed. Picrust2 (v2.2.0) was used for function predictions.

Common and specific ASVs among groups were compared and 
displayed in R 3.6.2 with “venn” package (v3.1.1) and Bray-Curtis 
similarities were calculated in R with “vegan” package (v3.5.1). Alpha 
diversity was applied to analyze the complexity of species diversity of a 
sample using Chao 1, ACE, Shannon, and Simpson indices. All indices 
of our samples were calculated with Mother (v1.31.2). Observed species 
and Chao 1 were selected to identify community richness, whereas 
Shannon was used to identify the community diversity. Beta diversity 
was calculated on both weighted and unweighted UniFrac using QIIME 
(v1.80). Partial least squares discrimination analysis (PLS-DA) was built 
using the mixOmics package (v3.2.1) in R. The differential abundance 
at the phylum, class, order, family, genus, and species levels between 
groups were performed using LEfSe, with p ≤ 0.01 and LDA ≥ 2.

Bacteria

Stenotrophomonas maltophilia (ATCC #13637 = CGMCC# 
1.1788 = BCRC#10737 = DSM#50170 = LMG#958 = NBRC#14161 = 
 NCTC#10257) were purchased from the China General Microbiological 
Culture Collection Center. S. maltophilia were cultured in nutrient broth 
(Solarbio #n8300, China) at 30°C in an aerobic chamber for 24 to 48 h.

Animals and treatments

Female A/J mice aged 5 weeks were purchased from GemPharmatech 
Co., Ltd (Nanjing, China). All mice were housed in a specific-pathogen-
free (SPF) environment with access to a standard chow diet and drinking 
water ad libitum. After a week of acclimation, mice were randomly 
divided into control group (CTL), bacteria solution (S. maltophilia) 
group, NNK treatment group (NNK, 100 mg/kg, biweekly for 4 weeks), 
and NNK + bacteria solution group (NNK_ S. maltophilia; n = 8 per 
group). The mice were injected intraperitoneally (i.p) or intratracheal 
inoculation (i.t) at the indicated doses and timepoints (Figure 2A). The 
intratracheal inoculation of S. maltophilia (1.5 × 106 cfu/mL) were 
performed as described (DuPage et al., 2009). All mice were treated in 
accordance to the guidelines of the European Community (Directive 
2010/63/EU) and the procedures were approved by the Committee of 
Ethics in Jiangnan University (#JN. No 20211130a0320401[504]).

Histology and immunohistochemistry

The left lobe of the lung from the sacrificed mice was harvested and 
fixed by 4% paraformaldehyde. After embedding, sections were prepared 

and stained with hematoxylin–eosin. IHC staining was performed on 
unstained sections after antigens retrieval with citrate buffer (10 mM 
Sodium Citrate, 0.05%Tween 20, pH6.0; Jin et al., 2019). The following 
antibodies were used, including Ki-67 (1: 200 Abcam #ab16667, 
Cambridge, United Kingdom) and P53 (1: 2000 proteintech #60283-2-Ig, 
Chicago, United States), secondary antibody (MXB Biotechnologies #KIT-
9922, Fuzhou, China). Digitally scanned images of stained slides were 
created with the Panorama MIDI (3DHISTECH Ltd., Budapest, Hungary).

Cell culture, treatment, and viability assay

The A549 cell lines were kindly provided by Stem Cell Bank 
(Chinese Academy of Sciences). Cell were maintained in RPMI1640 
(Gibco #11875093, Waltham, MA, United States) containing 10% FBS 
(Gibco #10099141C, Waltham, MA, United  States), 1% Penicillin–
Streptomycin-Amphotericin B Solution (Beyotime #C0224-100 ml, 
Shanghai, China), cultured in an incubator at 37°C under 95% air and 
5%CO2. Cells were grown and 1 × 106 cells plated in each well (6-well 
plates with 2 ml of media) and exposed them to different microbial 
challenges under in vitro experiments. Cells were infected with 
S. maltophilia (ATCC #13637) at three different multiplicy of infection 
(MOI) of 1, 10, and 100 for 4 h. Then the cells were washed twice, and 
incubated with fresh culture medium for 12 h. For heat inactivation, the 
bacteria were incubated at 60°C for 15 min. Cell viability was detected 
by a cell counting Kit-8 (Teyebio #TY0312, Shanghai, China) according 
to the manufacturer’s instruction.

A549 cells were chosen to perform further experiments. A549 cells 
(2 × 105) were seeded in a 6-well tissue culture plate with 2 mL antibiotic-
free RPMI-1640 medium supplemented with 10% FBS. When cells 
reached 60–80% confluence, the cells were transfected with HDAC5 
siRNA, and control vector (Guangzhou RiboBio Co., Ltd., Guangzhou, 
China) using LipoRNAi™ Transfection Reagent (Beyotime, #C0535, 
Shanghai, China) according to the manufacturer’s specification. Then, 
A549 cells were incubated with the compound at 37°C in a CO2 
incubator for 6 h. Following, the transfection mixture was replaced with 
fresh medium to culture for 48 h. Finally, the A549 cells were assayed 
using the appropriate protocol.

Transwell migration assay

For Boyden chamber assays, cell suspension (1 × 105cells) was placed 
into the upper compartment of a 8 μM pore size Transwell chamber 
(Merck #PTEP24H48, Billerica, MA, United States) in 24-well plate. In 
each well, serum-free medium was used in the top chamber, while 
medium containing 10%FBS were used in the bottom chamber. After 
24 h culture, cells migrated to the bottom side of the membrane were 
fixed and stained with the 0.1% crystal violet solution. The migrated cells 
was counted in five randomly chosen fields per filter from triplicate 
filters per sample at ×400 magnification. The cell migration index was 
calculated as the number of cells able to migrate normalized to controls 
(mean ± SEM).

Fluorescence in situ hybridization

FISH was conducted with the paraffin-embedded lung tissue 
according to the protocol described previously (Geller et  al., 2017). 
Briefly, after deparaffinization and rehydration, the slides were incubated 
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with 0.2 M HCl for 12 min at 37°C, and then were incubated with Triton 
at 37°C for 17 min. Slides were washed twice with PBS and incubated 
with lysozyme for 15 min at 37°C, and then they were hybridized with 
the probe specific to ASV4. Before visualization, DAPI was added to the 
slides. The S. maltophilia probe used for FISH was: GTC GTC CAG TAT 
CCA CTG C, 5′ modification: Cy3 (Liu et al., 2022). Then the images 
were captured using Confocal Laser Scanning microscopy (Carl Zeiss 
Microscopy, United States).

RNA isolation and qRT-PCR analysis

RNAs were extracted from lung tissues and cells using Trizol reagent 
(Invitrogen, Waltham, United States) and were reversely transcripted 
into cDNAs. MultiScribe Reverse Transcriptase (Abm #G492, Canada) 
was used for cDNA synthesis, and then qRT-PCR was performed by 
using SYBR™ Select Master Mix (Thermo Fisher Scientific, Waltham, 
United  States) according to the manufacturer’s protocols. Gene 
expression was measured relative to the endogenous reference gene 
β-actin using the comparative ΔCT method.

Sequences of the specific primer sets are as follows: HDAC5 
(NM_001015053.2), forward, 5′-GTG ACA CCG TGT GGA ATG 
AG-3′; reverse, 5′- AGT CCA CGA TGA GGA CCT TG; β-actin 
(NM_001101.5), forward, 5’-CTC TTC CAG CCT TCC TTC CT-3′; 
reverse, 5’-AGC ACT GTG TTG GCG TAC AG-3′.

Immunoblotting

Cells were lysed in RIPA buffer (Yeasen, Shanghai, China) and followed 
by 12% SDS-PAGE separation. Separated proteins were transferred onto 
polyvinylidene difluoride (PVDF) membranes (Merck Millipore, Billerica, 
MA, United States). The membranes were blocked by 5% bovine albumin 
in tris-buffered saline plus 0.1% Tween 20 for 1 h at room temperature. The 
membranes were probed with HDAC5 Antibody (Abcam, #ab55403, 
Cambridge, United  Kingdom) and then probed with anti-rabbit IgG 
Antibody (Cell Signaling, #7074P2, Danvers, MA, United States). After 
washing with TBS-T, the membranes were visualized with SuperSignal West 
Pico PLUS substrate (Thermo Fisher Scientific Inc., Waltham, MA, 
United States). GAPDH Antibody (Cell Signaling, #5174S, Danvers, MA, 
United States) was used as a loading control.

Library construction, RNA-seq, and data 
analysis

The total RNA isolated from each lung tissue sample was applied to 
RNA-Seq library preparation, by following the protocol described before 
(Zhu et al., 2018). Briefly, the mRNA was purified by oligo dT-attached 
magnetic beads and fragmented into small pieces, followed by first-
strand and second-strand cDNA synthesis. After PCR amplification, 
purification, heat denaturation and cyclization, the final cDNA library 
was sequenced on the BGISEQ-500 platform (BGI-Shenzhen, China) 
using 50-bp single reads.

The sequencing data was filtered with SOAPnuke (v1.5.2; Li et al., 
2008) by (1) Removing reads containing sequencing adapter; (2) 
Removing reads whose low-quality base ratio (base quality less than or 
equal to 5) is more than 20%; (3) Removing reads whose unknown base 
(“N” base) ratio is more than 5%, afterwards clean reads were obtained 

and stored in FASTQ format. The clean reads were mapped to the 
reference genome using HISAT2 (v2.0.4; Kim et al., 2015). Bowtie2 
(v2.2.5; Langmead and Salzberg, 2012) was applied to align the clean 
reads to the reference coding gene set, then expression level of gene was 
calculated by RSEM (v1.2.12; Li and Dewey, 2011). Essentially, 
differential expression analysis was performed using the DESeq2 
(v1.4.5; Love et al., 2014). with |log2 (Fold change)| > 0.4 and Q value 
≤0.05. The heatmap was drawn by pheatmap (v1.0.8) according to the 
gene expression level calculated by RSEM (v1.2.12). GO (Gene 
Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genome) 
enrichment analysis of annotated different expressed gene was 
performed by Phyper based on Hypergeomertric test. The significant 
levels of terms and pathways were corrected by Q value with a rigorous 
threshold (Q value ≤0.05) by Bonferroni.

Statistical analysis

Data are expressed as the mean ± SEM (standard error of the mean). 
All experiments were repeated at least three times. Student’s two-tailed 
t-test was used for comparing differences between two groups. One-way 
or two-way ANOVA followed by Tukey–Kramer’s multiple-comparison 
test was used for multiple comparisons. Significance was set at p < 0.05. 
GraphPad Prism software (version 8.0, San Diego, United States) was 
used for statistical analysis.
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Cancer and microbial infections are significant worldwide health challenges. 
Numerous studies have demonstrated that bacteria may contribute to the 
emergence of cancer. In this review, we  assemble bacterial species discovered in 
various cancers to describe their variety and specificity. The relationship between 
bacteria and macrophages in cancer is also highlighted, and we look for ample proof 
to establish a biological basis for bacterial-induced macrophage polarization. Finally, 
we quickly go over the potential roles of metabolites, cytokines, and microRNAs in 
the regulation of the tumor microenvironment by bacterially activated macrophages. 
The complexity of bacteria and macrophages in cancer will be revealed as we gain 
a better understanding of their pathogenic mechanisms, which will lead to new 
therapeutic approaches for both inflammatory illnesses and cancer.
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1. Bacterial diversity in different cancers

The immune system was traditionally thought to render tumors sterile. Thanks to technological 
advancements, numerous investigations in recent years have discovered that bacteria are prevalent 
in cancer. Many tumors’ early stages are challenging to recognize, and most malignancies have 
metastasized by the time of initial diagnosis. The classification of these bacteria may be able to 
provide us with some information. Testing of bacterial DNA has shown that each cancer type, 
including those not directly related to the external environment, has a different bacterial composition 
(Nejman et al., 2020). The goal of this section is to give a summary of the bacteria found in cancer 
tissue. To gather and compile the microorganisms, we specialize in nine common cancer types: 
colorectal, gastric, esophageal, pancreatic, gallbladder, lung, breast, cervical, and prostate (Table 1). 
Pathogenic bacteria and human commensal microorganisms frequently coexist in the enormous 
and complex microbial community that makes up the human gastrointestinal tract. The 
gastrointestinal microbiome has a significant impact on metabolic health and general health, and it 
is also the microbiome that has been studied the most in-depth and is used as a model to study 
host-microbiota interactions and disorders. In addition to being infrequently researched, the 
quantity of microbiota living in the other organs is substantially lower than that of the gut and 
stomach (Sepich-Poore et al., 2021). It’s uncertain how many and how diverse the bacteria are in 
cancer samples as compared to samples taken from healthy people. The quantity and diversity of 
bacteria are greater in breast tumor samples than in healthy, normal breast samples (Nejman et al., 
2020). Breast cancer tissues of various grades and histological classifications and normal breast tissue 
differ greatly in terms of their bacterial composition (Nejman et al., 2020). Instead, the lung cancer 
tissue microbiome is less varied than the corresponding normal tissue microbiome (Peters et al., 
2019). In reality, only one specific bacterial species, Helicobacter pylori, which is linked to gastric 
cancer designated by the World Health Organization as a class I carcinogen (Lunn et al., 2022), and 
research into other bacterial species’ potential roles as biomarkers in the majority of cancer types 
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TABLE 1  Summary of the cancer microbiome.

Cancer Phylum Genus References

Colorectal cancer Bacteroidetes Bacteroides Nejman et al. (2020), Wu et al. (2013), Bullman et al. (2017), Dejea et al. (2018), Kwong et al. 

(2018), Yachida et al. (2019)

Colorectal cancer Bacteroidetes Prevotella Bullman et al. (2017), Dejea et al. (2018), Kwong et al. (2018), Wirbel et al. (2019)

Colorectal cancer Bacteroidetes Porphyromonas Yachida et al. (2019), Wirbel et al. (2019), Thomas et al. (2019)

Colorectal cancer Firmicutes Peptostreptococcus; Solobacterium Kwong et al. (2018), Wirbel et al. (2019), Thomas et al. (2019)

Colorectal cancer Firmicutes Streptococcus Kwong et al. (2018), Yachida et al. (2019)

Colorectal cancer Firmicutes Clostridium; Gemella Kwong et al. (2018), Wirbel et al. (2019))

Colorectal cancer Firmicutes Lachnospiraceae Dejea et al. (2018), Yachida et al. (2019)

Colorectal cancer Firmicutes Roseburia Coutzac et al. (2020)

Colorectal cancer Proteobacteria Escherichia Arthur et al. (2012), Dejea et al. (2018), Thomas et al. (2019), Wilson et al. (2019), 

Pleguezuelos-Manzano et al. (2020)

Colorectal cancer Proteobacteria Campylobacter He et al. (2019)

Colorectal cancer Actinobacteria Bifidobacterium Shi et al. (2020)

Colorectal cancer Actinobacteria Parvimonas Kwong et al. (2018), Yachida et al. (2019), Wirbel et al. (2019), Thomas et al. (2019)

Colorectal cancer Fusobacteria Fusobacterium Wu et al. (2013), Bullman et al. (2017), Dejea et al. (2018), Kwong et al. (2018), Yachida et al. 

(2019), Wirbel et al. (2019), Thomas et al. (2019), Mima et al. (2016), Mima et al. (2015), 

Castellarin et al. (2012), Kostic et al. (2012), Kostic et al. (2013), Rubinstein et al. (2013), Eklof 

et al. (2017), Yu et al. (2017), Garrett (2019), Abed et al. (2020)

Stomach cancer Bacteroidetes Alloprevotella Aviles-Jimenez et al. (2014), Roberts et al. (2002)

Stomach cancer Firmicutes Parvimonas Aviles-Jimenez et al. (2014), Roberts et al. (2002), Coker et al. (2018), Nagano et al. (2019), 

Baghban and Gupta (2016), Kim et al. (2010)

Stomach cancer Firmicutes Dialister Aviles-Jimenez et al. (2014), Roberts et al. (2002), Coker et al. (2018), Nagano et al. (2019), 

Wang L. L. et al. (2014)

Stomach cancer Firmicutes Streptococcus Coker et al. (2018), Nagano et al. (2019), Hsieh et al. (2018), Li et al. (2016), Zhao et al. (2015)

Stomach cancer Firmicutes Slackia Aviles-Jimenez et al. (2014), Roberts et al. (2002), Coker et al. (2018), Nagano et al. (2019), 

Schulz et al. (2019), Contreras et al. (2000)

Stomach cancer Firmicutes Lactobacillus Aviles-Jimenez et al. (2014), Hsieh et al. (2018)

Stomach cancer Firmicutes Clostridium Hsieh et al. (2018), Salazar et al. (2013)

Stomach cancer Firmicutes Staphylococcus Roberts et al. (2002), Weng et al. (2019)

Stomach cancer Firmicutes Veillonella Dias-Jacome et al. (2016)

Stomach cancer Proteobacteria Helicobacter Hsieh et al. (2018), Suzuki et al. (2009)

Stomach cancer Proteobacteria Neisseria Aviles-Jimenez et al. (2014), Li et al. (2016)

Stomach cancer Proteobacteria Sphingobium Dias-Jacome et al. (2016)

Stomach cancer Proteobacteria Escherichia; Burkholderia Li et al. (2016)

Stomach cancer Fusobacteria Fusobacterium Hsieh et al. (2018)

Esophageal cancer Firmicutes Lactobacillus; Streptococcus Elliott et al. (2017)

Esophageal cancer Fusobacteria Fusobacterium Yamamura et al. (2016)

Pancreatic cancer Bacteroidetes Porphyromonas Poore et al. (2020), Riquelme et al. (2019), Pushalkar et al. (2018), Geller et al. (2017)

Pancreatic cancer Firmicutes Streptococcus; Granulicatella Farrell et al. (2012)

Pancreatic cancer Proteobacteria Pseudoxanthomonas Riquelme et al. (2019)

Pancreatic cancer Proteobacteria Neisseria Farrell et al. (2012)

Pancreatic cancer Actinobacteria Saccharopolyspora; Streptomyces Riquelme et al. (2019), Geller et al. (2017)

Gallbladder cancer Bacteroidetes Bacteroidaceae; Prevotellaceae; 

Porphyromonadaceae

Molinero et al. (2019)

Gallbladder cancer Firmicutes Veillonellaceae Molinero et al. (2019)

Gallbladder cancer Proteobacteria Salmonella Dutta et al. (2000), Nagaraja and Eslick (2014), Nath et al. (2008), Nath et al. (2010)

Gallbladder cancer Proteobacteria Helicobacter de Martel et al. (2009), Pradhan and Dali (2004), Murata et al. (2004)
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TABLE 1  (Continued)

Cancer Phylum Genus References

Gallbladder cancer Proteobacteria Escherichia Tsuchiya et al. (2018)

Gallbladder cancer Proteobacteria Enterobacteriaceae Tsuchiya et al. (2018)

Gallbladder cancer Fusobacteria Fusobacterium Tsuchiya et al. (2018)

Lung cancer Bacteroidetes Prevotella Tsay et al. (2018), Dickson et al. (2016), Tsay et al. (2021)

Lung cancer Bacteroidetes Capnocytophaga Liu et al. (2018), Yan et al. (2015)

Lung cancer Firmicutes Streptococcus Tsay et al. (2018), Dickson et al. (2016), Tsay et al. (2021), Liu et al. (2018), Apostolou et al. 

(2011), Laroumagne et al. (2013), Hosgood et al. (2014), Cameron et al. (2017)

Lung cancer Firmicutes Veillonella Tsay et al. (2018), Dickson et al. (2016), Tsay et al. (2021), Yan et al. (2015), Lee et al. (2016)

Lung cancer Firmicutes Staphylococcus Dickson et al. (2016), Laroumagne et al. (2013)

Lung cancer Firmicutes Lactobacillus Tsay et al. (2021), Jin et al. (2019)

Lung cancer Firmicutes Gemella Tsay et al. (2021)

Lung cancer Firmicutes Selenomonas Yan et al. (2015)

Lung cancer Firmicutes Enterococcus Cameron et al. (2017)

Lung cancer Firmicutes Megasphaera Lee et al. (2016)

Lung cancer Proteobacteria Enterobacter Dickson and Huffnagle (2015), Gomes et al. (2019), Laroumagne et al. (2013), Cameron et al. 

(2017)

Lung cancer Proteobacteria Acinetobacter Gomes et al. (2019), Cameron et al. (2017)

Lung cancer Proteobacteria Haemophilus Tsay et al. (2021), Laroumagne et al. (2013)

Lung cancer Proteobacteria Burkholderia Dickson et al. (2016), Tsay et al. (2021)

Lung cancer Proteobacteria Moraxella Tsay et al. (2021)

Lung cancer Proteobacteria Neisseria Yan et al. (2015)

Lung cancer Proteobacteria Noviherbaspirillum; Aggregatibacter Jin et al. (2019)

Lung cancer Proteobacteria Brevundimonas Dickson and Huffnagle (2015), Gomes et al. (2019)

Lung cancer Proteobacteria Acidovorax Greathouse et al. (2018)

Lung cancer Proteobacteria Morganella; Escherichia Le Noci et al. (2018)

Lung cancer Proteobacteria Legionella Yu et al. (2016)

Lung cancer Actinobacteria Rothia Tsay et al. (2018), Tsay et al. (2021)

Lung cancer Actinobacteria Propionibacterium Dickson and Huffnagle (2015), Gomes et al. (2019)

Lung cancer Fusobacteria Fusobacterium Tsay et al. (2021)

Lung cancer Deinococcus-

Thermus

Thermus Yu et al. (2016)

Lung cancer Verrucomicrobia Akkermansia Derosa et al. (2018), Routy et al. (2018)

Breast cancer Firmicutes Bacillus; Staphylococcus Urbaniak et al. (2016)

Breast cancer Proteobacteria Enterococcus Urbaniak et al. (2016)

Breast cancer Fusobacteria Fusobacterium Parhi et al. (2020)

Cervical cancer Bacteroidetes Prevotella So et al. (2020), Onderdonk et al. (2016)

Cervical cancer Firmicutes Lactobacillus Poore et al. (2020), Pearce et al. (2014)

Cervical cancer Firmicutes Dialister; Finegoldia Magna; 

Peptoniphilus

So et al. (2020)

Cervical cancer Firmicutes Parvimonas; Peptostreptococcus; 

Anaerococcus

Onderdonk et al. (2016)

Cervical cancer Firmicutes Clostridium Donders et al. (2017)

Cervical cancer Firmicutes Streptococcus Donders et al. (2017), Liu et al. (2020)

Cervical cancer Firmicutes Megasphaera Onderdonk et al. (2016), Fredricks et al. (2005)

Cervical cancer Proteobacteria Hydrogenophilus; Burkholderia Zhou Y. et al. (2019)

Cervical cancer Actinobacteria Atopobium So et al. (2020), Onderdonk et al. (2016), Fredricks et al. (2005), Gondwe et al. (2020)
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