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The development of colorectal cancer is affected by many factors, especially the intestinal microbiota. However, precise 
knowledge of bacterial communities associated with the mucosa in various parts of the colon is limited. Herein, we applied 
the gentamicin protection assay and detected the presence of intracellular bacteria in colorectal biopsies from Slovak 
patients with colorectal adenoma and carcinoma, and we compared this with healthy controls. The ENTEROtest 24 and 
MALDI-TOF mass spectrometry identified the cultivated bacteria and results revealed the presence of intracellularly local-
ized Escherichia coli, Proteus mirabilis and Proteus vulgaris in patients with colorectal adenomas and carcinomas. In addition 
to these species, Klebsiella pneumoniae, Pseudomonas aeruginosa, Enterococcus faecalis and Bacillus cereus were identified 
in colorectal biopsies, but these were extracellular. The marked increase in relative abundance of intracellular E. coli in 
patients with colorectal adenomas and carcinomas was statistically significant compared to controls, and our preliminary 
data supports E. coli’s role as a pro-oncogenic pathogen. 
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Colon microflora is a very complex system hosting several 
billion bacteria and these perform a multitude of functions. 
Microbes are major actors in biological environments and 
it is estimated that approximately 16% of global cancers 
are caused by microbes. Moreover several liver and gastro-
intestinal tract cancers are clearly identified as microbe-
related [1]. Important mechanisms bacterial agents employ 
to induce carcinogenesis include chronic infection, immune 
evasion and immune suppression [2].

Several studies identifying bacterial composition in 
healthy individuals and patients confirmed that the consti-
tution and structure of intestinal microflora can lead to 
development of colorectal adenomas [3, 4]. 5] In addition 
to showing increased microbial diversity in the tumor area, 
Burns et al.[5] also described enrichment in virulence-
associated bacterial genes in the tumor micro-environment 
[5]. Organisms inducing asymptomatic but chronic inflam-
matory response in the colon increase individual suscepti-
bility to colorectal cancer (CRC) [6].

While pathogenic Escherichia coli is linked to chronic 
infections of the colon and increased risk of colon cancer 
[7], the non-pathogenic E. coli major constituent of human 

aerobic flora hinder detection of pathogenic strains [8]. 
Bacterial adhesion, especially to dysplastic mucosa lacking 
an overlying mucus coat, has the potential to induce epithe-
lial cell changes which promote cancer development [9]. 
Moreover, increased E. coli adherence and invasion has been 
reported in patients with both CRC and Crohn´s disease [7]. 

However, distinction is necessary between indigenous 
‘bacteria drivers’ able to drive epithelial DNA damage, and 
therefore able to promote colonic tumorigenesis, and the 
intestinal niche alterations that favor inhibition or prolif-
eration of tumour growth [10]. Species such as Bacteroides, 
Shigella, Citrobacter, Salmonella and Escherichia may be 
considered bacteria drivers which are more abundant in 
the early stages of colorectal cancer (including adenomas) 
but disappear from cancerous tissue as they are replaced by 
passenger bacteria. These passenger bacteria can include 
Fusobacterium spp. [11], Streptococcus gallolyticus subsp. 
Gallolyticus, Clostridium septicum, Coriobacteriaceae and the 
Roseburia and Faecalibacterium genera [12]. These bacteria 
have a growth advantage in the tumor microenvironment. 

The bacterial driver aspect of the driver-passenger model is 
related to the ´Alpha-bug´ hypothesis proposed by Sears and 
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Pardoll [13]. This hypothesis states that certain micro-biome 
members which possess unique virulence traits – bacteria that 
we term Alpha-bugs – are not only directly pro-oncogenic 
but are capable of remodeling the colonic bacterial commu-
nity to one that enhances and further promotes Alpha-bug 
induction of mucosal immune responses and colonic epithe-
lial cells changes; thus resulting in colon cancer [13]. Alpha-
bugs may enhance carcinogenesis by selectively “crowding 
out” cancer-protective microbial species. While this hypoth-
esis posits that drivers persistently colonize the developing 
tumour, the driver-passenger model proposes that they are 
mainly present in the initial stages of the disease and are later 
out-competed by passengers [12].

The aim of our study is detection and identification of 
intracellular bacteria in colorectal biopsies from Slovak 
patients with colorectal adenoma and carcinoma and to 
compare it with healthy controls. Bacterial invasion is the 
process by which invasive bacteria induce their own phago-
cytosis into eukaryotic cells which are normally non-phago-
cytic. Further, signal transduction pathways and host cell 
cytoskeleton are common bacteria virulence factor targets 
because these are involved in bacterial attachment to the cell 
surface and entry into cells [14, 15].

Patients and methods

Biopsy sample collection. Colorectal biopsies were 
collected at the National Cancer Institute, Bratislava, 
Slovakia, with prior approval of patient informed consent and 
the ethics committee. Exclusion criteria were ongoing antibi-
otic usage and completed neo-adjuvant chemo-radiotherapy. 
Twenty-nine patients underwent colonoscopy for screening 
or staging of colorectal malignancies and between two and 
six colonoscopic biopsy specimens from each patient were 
analyzed. Whenever possible, biopsy specimens were taken 
from both tumorous and normal mucosa.

Gentamicin-protection assay. The gentamicin protec-
tion assay (GPA) is based on the resistance of internalized 
bacteria to gentamicin because gentamicin is impermeable 
to mammalian cells and therefore kills only extracellular 
bacteria. Biopsy specimens were placed in 0.5 mL of 0.016% 
dithiothreitol solution for 15 minutes to deprive them of 
mucus. Each biopsy specimen was cut into two or three pieces. 
One piece was placed in physiological saline and the second 
in physiological saline with gentamicin at a concentration of 
50 mg/L and incubated for 30 minutes. After incubation, each 
was placed in 0.5 mL of fresh saline and washed four times. 
The first specimen piece was put in 0.5 mL saline and the 
second (gentamicin pretreated) in 0.5 mL of distilled water, 
and mixed for 30 minutes. The supernatant from both pieces 
was placed on MacConkey agar plates and incubated at 37 °C 
for 24 and 48 hours. The third piece was used as a negative 
control and put in 0.5 mL distilled water and mixed for 30 
minutes, then washed four times and put in physiological 
saline with gentamicin for 30 minutes – 0.5 mL supernatant 

was then put on MacConkey agar plates and incubated at 37 °C 
for 24 and 48 hours and the number of colonies was counted.

Bacterial identification. The ENTEROtest 24 (Erba 
Lachema) identified cultivated bacteria using recommended 
working procedures. This test-kit gives routine identification 
of important Enterobacteriaceae family species within 24 
hours and it provides forty strains identified by 24 biochem-
ical tests. We supplemented identification with paper strip 
tests: the COLItest detected E. coli (β-glucuronidase test) 
and the INDOLtest for O established the organism’s ability to 
convert tryptophan to indole. MALDI-TOF mass spectrom-
etry then confirmed the results and identified bacteria unable 
to be identified by ENTEROtest.

Statistical analysis. The Pearson Chi-Square test 
compared differences in bacterial populations in healthy 
subjects and patients with either adenoma or carcinoma.

Results

After colonoscope examination, we obtained a set of 
biopsy samples after colonoscope examination – 10 from 
patients with colorectal adenoma and 10 from colorectal 
cancer patients. The patients´ characteristics are listed in 
Table 1. Additional mucosal samples from 9 healthy subjects 
were taken during preventive colonoscopy examination and 
these served as controls.

A total of 90 biopsy specimens from 29 individuals 
were tested by gentamicin protection assay to differentiate 
between bacterial intra- and extracellular location (Table 2). 
Two biopsy specimens were tested from each asymptom-
atic (healthy) subject, and four or six from adenoma and 
carcinoma patients. After GPA, growth of more than five 
colonies on MacConkey agar was considered positive. In the 
fourth biopsy wash, specimens from healthy subjects and 
patients with adenomas and carcinomas returned 822±1333, 
2600±2430 and 3019±2114 colonies, respectively. In contrast, 

Table 1. Patient characteristics. 

Characteristic Healthy 
controls Adenoma Carcinoma

Individuals total number 9 10 10
ratio of 
females to males 4/5 5/5 2/8

Age, years median 62 59 68
range 28–82 36–72 57–79

Tumor 
localization

rectum
sigmoid colon
descending colon
splenic flexure
transverse colon
hepatic flexure
ascending colon
cecum
multiple tumors

–
–
–
–
–
–
–
–
–

4
2
2
–
1
–
4
1
4

5
3
–
1
–
1
–
–
–
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the number of colonies in the healthy subjects after GPA 
were lowered to less than one, but remained at 29.4±37.9 and 
153.4±198.42 in the adenoma and carcinoma groups.

Overall, the set of specimens were split into 3 groups. 
Group 1 for controls; healthy subjects who underwent routine 
colonoscopy; Group 2 for patients with colorectal adenomas 
and Group 3 for those with colorectal carcinomas. We analyzed 
both bacteria isolated from colonies grown after GPA and 
bacteria isolated from colonies in the fourth biopsy wash.

Group 1: here we detected no intracellular bacteria after 
GPA (Table 3); and 75.8% of all the bacteria isolated from 
colonies in the fourth biopsy wash were Escherichia coli. 
The next bacteria identified were Pseudomonas aeruginosa 
(13.6%) and Bacillus cereus (10.6%). 

Group 2: In addition to Pseudomonas aeruginosa and 
Bacillus cereus, we found Klebsiella pneumoniae (1.4%) and 
Enterococcus faecalis (2.5%) after the fourth biopsy wash. 
Moreover, Proteus mirabilis was detected in the same quanti-
ties both inside and outside the epithelial cells (7.6%). 

 Group 3: here we recorded the highest presence of intra-
cellular E. coli (39.4%). Proteus vulgaris was also located 
intracellularly in this group, but in very small quantity (1.2%). 
Pseudomonas aeruginosa (6.7%), Enterococcus faecalis (0.6%) 
and Klebsiella pneumoniae (0.6%) were identified in this 
carcinoma group after the fourth biopsy wash,

Pearson Chi-Square evaluated the difference in bacte-
rial populations in our three groups. Groups 2 and 3 had 

marked increase in the relative abundance of intracellular E. 
coli compared to Group 1 controls. While the difference for 
these groups was statistically significant (p=0.002), it was not 
significant for other bacterial species.

Discussion

Colon cancer results from accumulated epigenetic and/or 
genetic mutations in colonic epithelial cells; as first proposed 
by Fearon and Vogelstein [16]. Mutations in the adenomatous 
polyposis coli (APC) gene play a pivotal role in the adenoma-
carcinoma pathway.

Although APC became one of the most frequently mutated 
known driver genes in colorectal cancer within 25 years of 
its initial cloning [17], the triggers leading to the genetic 
progression which culminates in colon cancer have not been 
defined. It is estimated that clinical colon cancer emerges after 
a 20- to 40 -year span in which sufficient colonic epithelial 
cell mutations have accumulated to allow oncogenic trans-
formations to occur. The hypothesis that intestinal bacteria 
play a key role in carcinogenesis emerged in the early 1970’s 
[18]. An imbalance of microbiota in favor of opportunistic 
pathogens contributes to higher mucosa permeability, bacte-
rial translocation and the activation of components of both 
the innate and adaptive immune systems; thus resulting in 
chronic inflammation [19]. The major consequences of the 
inflammatory response to commensal bacteria are; (1) activa-
tion of transcription factors of specific key cellular signaling 
pathways in epithelial cells; (2) generation of reactive oxygen 
and nitrogen species leading to oxidative stress; (3) DNA 
damage; (4) aberrant proliferation and (5) finally the devel-
opment of colorectal adenomas and cancer [20].

The presence of intracellularly localized bacteria in 
adenoma and carcinoma samples was detected on our agar 
plates after treatment with gentamicin. E. coli account for 
83% of all identified bacteria; and internalized bacteria 
were protected against antibiotic effects. Our results showed 
differences in the presence of intracellular E. coli in patients´ 
biopsies compared to healthy mucosa samples. We detected 
an increasing trend in biopsies, where intracellular E. coli 
was 0% in control Group 1, 19.6% in adenoma Group 2 and 

Table 2. Results of Gentamicin Protection Assay (GPA) in adenomas and 
carcinomas vs. healthy mucosa samples.

Characteristic Healthy 
controls Adenoma Carcinoma

Individuals total number 9 10 10
with positive 
GPA 0 6 8

Total number of biopsies 18 36 36
% of GPA positive biopsies 0 25 70
Mean no. ± SD of colonies 
grown after GPA 0.44±0.73 29.4±37.9 153.4±198.42

Mean no. ± SD of colonies in 
the fourth biopsy wash 822±1333 2600±2430 3019±2114

Table 3. Prevalence of bacterial species isolated from biopsy specimens. 

Bacterial species
Group1 (controls) Group2 (adenomas) Group3 (carcinomas)

GPA +* GPA – GPA + GPA – GPA + GPA –
Escherichia coli – 75.8% 19.6% 60.1% 39.4% 51.5%
Klebsiella pneumoniae – – – 1.4% – 0.6%
Proteus mirabilis – – 7.6% 7.6% – –
Proteus vulgaris – – – 1.2% –
Pseudomonas aeruginosa – 13.6% – 0.6% – 6.7%
Enterococcus faecalis – – – 2.5% – 0.6%
Bacillus cereus – 10.6% – 0.6% – –

* GPA + means bacteria isolated from colonies grown after GPA and GPA – means bacteria isolated from colonies in the fourth biopsy wash.
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bacterium or bacterial function, but future microflora modifi-
cation presents possibilities in the prevention and even treat-
ment of gastrointestinal cancers [34]. Research in this field 
should lead to the discovery of innovative therapeutic inter-
ventions that decrease colorectal cancer incidence. These 
include selective removal of potential CRC-driving bacteria 
and/or the stimulation of health-promoting bacteria before 
CRC is initiated. The exclusion of opportunistic pathogens by 
commensal bacteria can also provide natural defense against 
gastrointestinal diseases, including CRC, and the identifica-
tion of genuine CRC drivers will aid in early diagnosis and 
pave the way for novel, microbiome based risk assessment 
tools and screening strategies for CRC.

When deciding whether an individual is at high risk of 
CRC development, it is necessary not only to identify the 
organisms present in the indigenous microbiota but also 
to determine their functional repertoire. Our preliminary 
data supports E. coli’s role as a pro-oncogenic pathogen, 
and in future research we plan to identify the pathogenic 
genes and genes associated with adhesion of the virulent 
E. coli we have isolated. We will also focus on monitoring 
the adherent and invasive abilities of cultured bacteria by 
co-cultivation with colorectal epithelial cell lines and thus 
determine the changes in the expression of selected genes in 
these cancerous cells.

Acknowledgements: This article was prepared with the kind sup-
port provided by VEGA Grant 2/0099/17. 

39.4% in carcinoma Group 3. These differences were statisti-
cally significant at p=0.002. 

The highest number of intracellular bacteria, all identified 
as E.coli, was detected in a patient with splenic flexure carci-
noma. The incidence of this CRC type is very low and has 
been reported in only 2 to 8% of total colonic cancers [21]. 
A direct link between E. coli and carcinogenesis or cancer 
progression has not been reported, but certain commensal 
E. coli strains encode a genotoxin called colibactin directly 
in the colon, and this causes double-strand breaks in colon 
cell DNA [22]. These DNA lesions result in the accumulation 
of chromosomal anomalies and thus mutations leading to 
tumorigenesis [23]. Although E. coli is a bacterial driver [12], 
it is out-competed by commensal bacteria during disease 
progression [4], and in addition, the high concentration 
of intracellular bacteria may be due to compromised host 
immunity which leads to mucosal invasion and to the expres-
sion of abnormal surface antigens which promote bacterial 
adhesion in cancer patients [24].

The next bacteria identified were P. mirabilis, P. aeruginosa, 
K. pneumoniae, E. faecalis, B. cereus and P. vulgaris. We found 
all these bacteria in different quantities in each group in our 
study, but due to the low percentage of occurrence in our 
biopsy samples, these Group differences in bacterial popula-
tions were not statistically significant. While we suspect that 
the occurrence of these species is part of the common gut 
flora of these patients, all these bacteria are opportunistic 
pathogens with different virulence factors. For example, P. 
aeruginosa has individual virulence factors that can damage 
epithelial cells [25, 26]. 

In addition, the Type III Secretion System enables injec-
tion of the ExoS effector protein which can assist penetration 
through the intestinal epithelial barrier by impairing tight 
junction defense against bacterial penetration [27]. This then 
promotes systemic inflammation during host stress [28]. 
Further, E. faecalis induces aneuploidy in colonic epithelial 
cells [29]. In addition to E. coli, we also detected intracellular 
localized P. mirabilis in adenoma biopsies and P. vulgaris in 
carcinomas, but none of these Proteus species were noted 
in healthy mucosal samples. An important virulence factor 
of P. mirabilis is its ability to form a biofilm which protects 
bacteria from host defenses and decreases antibiotic and 
antibody penetration [30, 31]. While it has been demon-
strated that bacterial biofilms are associated with CRC [32], 
Zhang et al. showed that P. mirabilis can suppress primary 
tumor growth and pulmonary metastasis in mouse breast 
cancer models [33]. Bacterial species mentioned above can 
trigger cell death and anticancer effects; presumably by 
recruiting inflammatory cells.

Conclusion

Due to the complexity of the current disease model used 
for colon carcinogenesis, it is not possible to establish a 
conclusive link between colon carcinogenesis and a single 
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