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Abstract—The facultative aerobic bacteria isolated from the mucosa of rectum in the zone of malignant
tumor and neighboring normal mucosa in patients with colorectal cancer were studied using molecular
genetic methods. The species attribution of bacteria was implemented using the cultural morphological anal-
ysis and sequencing of the 16S rRNA locus. The microorganisms with intraepithelial invasion to rectal
mucosa were identified as the representatives of adherent-invasive (AIEC) subgroup of Escherichia coli and
species Klebsiella pneumonia. The molecular analysis by genetic determinants controlling adhesive,
hemolytic, and toxigenic activity revealed that some bacterial isolates were able to produce toxins with poten-
tial cancerogenic activity (e.g., colibactin and cytotoxic necrotizing factor 1). Certain bacterial species iso-
lated from malignant and normal rectal epithelium of the same patient demonstrated no difference between

analyzed factors of toxigenicity.
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INTRODUCTION

Microflora of human intestine contributes signifi-
cantly to the process of the onset and development of
colorectal cancer. The mechanisms of carcinogenesis,
associated with the microbial community, include the
genotoxic effect of a number of bacterial toxins such as
colibactin, cytolethal distending toxin (CDT), cycle
inhibiting factor (CIF), and cytotoxic necrotizing fac-
tor 1 (CNF1) [1, 2]. Different types of microorgan-
isms are capable of producing the aforementioned
toxins. Thus, colibactin leading to oncogenic muta-
tions due to double-strand DNA breaks is produced by
the representatives of species Klebsiella pneumoniae,
Enterobacter aerogenes, and Citrobacter koseri, belong-
ing to the family Enterobacteriaceae, in addition to
several strains of Escherichia coli [3].

Significant arrayed data demonstrate the ability of
adherent-invasive E. coli strains to colonize the colon
mucosa of patients with colorectal cancer [2, 4].
Moreover, it has been shown that the number of
microorganisms of opportunistic pathogenic microf-
lora is increased in 48 % of patients with colorectal can-
cer, while K. pneumoniae (13.5%), Enterobacter spp.
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(7.6%), and Citrobacter spp. (3.8%) [5], i.e., bacteria
that are able to synthesize genotoxic metabolites, were
indentified among the intestinal microbial community
members [3]. In this regard, the idea that the molecu-
lar basis of epidemiological link between colorectal
cancer and K. pneumoniae, which actively colonizes
the intestinal mucosa [6] and produces colibactin [7],
is determined by the carcinogenic activity of colibac-
tin [3], appears quite reasonable.

In this study, molecular genetic analysis of the fac-
ultative aerobic bacteria isolated from the biopsies of
malignant and normal rectal epithelium obtained dur-
ing surgical procedures in patients with colorectal
cancer was carried out. The aim of the study was to
identify and compare the genetic determinants that
control adhesive, hemolytic, and toxigenic activity in
dominant isolates of E. coli associated with normal
and malignantly transformed colon epithelium.

MATERIALS AND METHODS

Six samples of microbial cultures isolated on meat
infusion agar from malignant tumor of rectal mucosa
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Table 1. List of oligonucleotide primers used in the study

No. |Gene locus Oligonucleotide primer, its sequence and length (b.) PCR product (bp) | Reference
1 16S rRNA | ITS-F: 5'-GATTAGATACCCTGGTAG-3' (18 b.) 1215 [8]
ITS-R: 5'-AGTCACTTAACCATACAACCC-3" (21 b.)
2 | papC papC-F: 5'-CGTTCGCCGGGTATCGTTTCTCAG-3' (24 b.) 724 [9]
papC-R: 5'-CCCGTTCCCCAGCGATTTGTCAC-3' (23 b.)
3 | papH papH-F: 5'-TTAAAGATAATCGGGTCAT-3' (19 b.) 858 [9]
papH-R: 5'-GGAATCAGAGAAAAGGTT-3' (18 b.)
4 |afa afa-f: 5'-GCTGGGCAGCAAACTGATAACTCTC-3" (25b.) 750 [10]
afa-r: 5'-CATCAAGCTGTTTGTTCGTCCGCCG-3' (25b.)
5 |eae Eae-f: 5'-TCAATGCAGTTCCGTTATCAGTT-3' (23 b.) 482 [11]
Eae-1: 5'-GTAAAGTCCGTTACCCCAACCTG-3' (24b.)
6 | bipA bfpA_114F: 5'-GTCTGCGTCTGATTCCAATA-3 (20 b.) 408—114 [12]
bfpA_521R: 5'-TCAGCAGGAGTAATAGC-3'(17b.)
7 | hiyA hlyA-F: 5'-GCATCATCAAGCGTACGTTCC-3' (21 b.) 534 [13]
hlyA-R: 5'-AATGAGCCAAGCTGGTTAAGCT-3' (22 b.)
8 |IthB LT-f: 5'-ACGGCGTTACTATCCTCTC-3'(19b.) 273 [11]
LT-r: 5-TGGTCTCGGTCAGATATGTG-3' (20 b.)
9 |sta STa-1: 5'-GCTAATGTTGGCAATTTTTATTTCTGTA-3"' (28 b.) 190 [14]
STa-2: 5'-AGGATTACAACAAAGTTCACAGCAGTAA-3' (28 b.)
10 | six VTcom-f: 5'-GAGCGAAATAATTTATATGTG-3' (21 b.) 518 [11]
VTcom-1: 5'-TGATGATGGCAATTCAGTAT-3' (20 b.) (294)
11 | pks pks-f: 5'-ATTCGATAGCGTCACCCAAC-3' (20b.) 2119 [2]
pks-1: 5'-TAAGCGTCTGGAATGCAGTG-3"' (20 b.)
12 | enfl CNF-1s: 5-GGGGGAAGTACAGAAGAATTA-3" (21 b.) 1112 [2]
CNF-las: 5-TTGCCGTCCACTCTCACCAGT-3' (21b.)
13 | cdtB-1 CDT-I-s: 5'-CAATAGTCGCCCACAGGA-3' (18 b.) 411 [2]
CDT-I-as: 5'-ATAATCAAGAACACCACCAC-3"' (20 b.)
14 | cdtB-1V CDT-1IV-s: 5'-CCTGATGGTTCAGGAGGCTGGTTC-3"' (24 b.) 350 [2]
CDT-IV-as: 5'-TTGCTCCAGAATCTATACCT-3' (20 b.)
15 |cif cif-int-s: 5'-AACAGATGGCAACAGACTGG-3"'(20b.) 383 [2]
cif-int-as: 5'-AGTCAATGCTTTATGCGTCAT-3' (21 b.)

(samples Tru26o, Shilo, Efl150) and normal rectal
mucosa (samples Tru26n, Shiln, Ef15n) from three
patients with colorectal cancer were investigated in
pairs. Biopsy sampling was performed in accordance
with the resolution of the Ethics Committee of Kazan
State Medical Academy (Minute no. 4 dated May 7,
2009). The biopsy samples were incubated for 1 h in
1 mL of'sterile saline at 37°C; then, 100 pL of the solu-
tion was inoculated on meat infusion agar and grown
until colonies formed. Genomic DNA was isolated from
the cultures of microorganisms using a DNA-sorb-B kit
(Central Research Institute of Epidemiology, Federal
Service for Veterinary and Phytosanitary Surveil-
lance). The samples were stored at —20°C. Polymerase
chain reaction (PCR) was performed on a MJ Mini
Gradient Thermal Cycler thermocycler (Bio-Rad,
United States). The detection of the results of PCR
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analysis was carried out by horizontal electrophoresis
in 2.5% agarose gel in TBE buffer (pH 8.0) containing
ethidium bromide, followed by visualization of the
results using an ultraviolet transilluminator (A = 310 nm).
The length of DNA fragments was evaluated in com-
parison with standard DNA markers.

Identification of genetic determinants controlling
adhesive (papC, papH, papH, afa, eae, bfpA),
hemolytic (hlyA), and toxigenic (IthB, S1a, Stx, pks,
cnfl, cdtB, cif) activity was performed using primers
selected according to the literature mostly for E. coli
gene diagnostics and represented in Table 1.

Reagents for molecular biological studies produced
by DNA synthesis (Russia), SibEnzyme (Russia), and
Applied Biosystems (United States) were used.

Sequencing of loci 16S rRNA, pks and cnf1 ampli-
fication products was performed on a genetic analyzer
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Fig. 1. SNP positions in the analyzed 16S rRNA loci of E. coli and K. pneumoniae.

ABI PRISM 3100 (Applied Biosystems, United States).
The sequences of the loci 16S rRNA, pks and cnf1 were
aligned according to the nucleotide sequences of a num-
ber of reference microorganism strains published in
GenBank using the programs BLAST and CLUSTAL W
(v. 1.83).

RESULTS AND DISCUSSION

Examination of biopsy bacterization revealed that the
number of facultative anaerobic heterotrophs closely
associated with the tissue of rectal mucosa is small, and it
corresponds to a value of up to 80 colony-forming units
per medium-sized biopsy (about 1—8 mm?). Based on
morphological and cultural characteristics of isolated
bacterial cultures, three pairs of typical isolates from
three patients were identified as E. coli. Sequencing of
the 16S rRNA locus of six studied isolates confirmed
the species attribution of Tru26n, Shilo, Shiln, and
Efl150 to E. coli. Comparison of identificational SNP
positions in the analyzed loci of 16S rRNA in the stud-
ied samples of microbial cultures and reference strains
of E. coli (ABU 83972, UT189, UMI146, BL21) and
K. pneumonia (KPNIH33) revealed the presence of
double fluorescence peaks at positions 459—460 and
507—508 for the Tru260 and Ef15n samples (Fig. 1),
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and it can be concluded that these samples represent a
mixed culture of the microorganisms E. coli and
K. pneumoniae growing in close association.

Numerical values of SNP positions in the analyzed
loci of 16S rRNA were specified by the sequence of the
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Fig. 2. Electrophoregram of PCR result with primers
pks-f + pks-r (amplification of the pks gene locus of E. coli
and K. pneumoniae). Designations: (1) Tru26o, (2) Tru26n,
(3) Shilo, (4) Shiln, (5) Ef150, (6) Efl15n+, and (7) nega-
tive control.
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Fig. 3. SNP positions in the analyzed pks gene loci of E. coli, K. pneumoniae, C. koseri, and E. aerogenes.

primer ITS-F. 5-GATTAGATACCCTGGTAG-3'
(positions 1—18), which was also used as a sequence
oligonucleotide.

Two fluorescence peaks superimposed on each
other in positions 459—460 and 507—508 for the sam-
ples Tru260 and Ef15n are a clear demonstration of the
fact that each of them is indeed a mixed culture (see
Fig. 1).

When analyzing the marker genes, products of
which may contribute to carcinogenesis, it was found
that the samples Tru260, Shilo, and Shiln gave a pos-
itive amplification signal for the locus of the pks gene
encoding colibactin (Fig. 2).

The sample of the mixed culture Ef15n also ini-
tially generated specific amplicon of the pks gene
locus. However, the pure culture E. coli (Ef15n*) iso-
lated from the mixed culture lost this property; its
DNA no longer led to amplification of this PCR prod-

6 7

M 1 2 3 4 5

000 . <~ 1112bp

700 —

500 —
400 —

300 —
200 —

100 —

50 —

Fig. 4. Electrophoregram of PCR result with primers
CNF-1s+CNF-1as (amplification of the cnfI gene locus
of E. coli). Designations: (1) Tru260, (2) Tru26n, (3) Shilo,
(4) Shiln, (5) Efl50, (6) Ef15n, and (7) negative control.
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uct (see Fig. 2, track 6), which indicates the attribu-
tion of the pks gene to the genome of K. pneumoniae,
the second associate of this mixed culture.

Sequencing of the specific PCR product (2119 bp)
and subsequent alignment of the corresponding DNA
sequences revealed that the samples Shilo and Shiln
had identical structure of the analyzed pks gene locus,
which differed in just one synonymous nucleotide
replacement (SNP position 1041) compared with the
reference E. coli strains ABU 83972, UTI89, and
UM 146 (Fig. 3).

The nucleotide sequence of the pks gene locus of
the mixed culture sample Tru260 belonging to the
genome of K. pneumoniae was similar to the corre-
sponding sequences of the reference strains of the spe-
cies K. pneumoniae (KPNIH33 strain), C. koseri
(ATCC BAA-895 strain), and E. aerogenes (EA1509E
strain), which are also characterized by the presence of
the pks gene (see Fig. 3). The isolate E. coli (Tru260%)
isolated from the mixed culture did not possess the
ability to produce colibactin like Ef15n*.

The E. coli samples Shilo and Shiln had a positive
amplification signal for the cnf1 (cytotoxic necrotizing
factor 1) gene locus, which was confirmed by sequenc-
ing of the specific PCR product with a length of 1112 bp
(Fig. 4).

These samples had the structure of the analyzed
cnf1 gene locus identical to each other, as well as to the
reference FE. coli strain ABU 83972, which was deter-
mined as a result of the alignment of corresponding
sequenced DNA sequences (Fig. 5).

Thus, among the six isolates of E. coli and two iso-
lates of K. pneumoniae (obtained during the separation
of the mixed cultures Tru260 and Ef15n), both isolates
of K. pneumoniae and two isolates of E. coli are capable
of colibactin synthesizing, while these two E. coli iso-
lates can also synthesize cytotoxic necrotizing factor 1.

According to the results of PCR analysis, the carri-
ers of none of the following genes were found in any of
the studied bacteria: papC, papH, afa, eae, bfpA, hiyA,
IthB, sta, stx, cdtBI, cdtBlV, and cif.
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Fig. 5. SNP positions in the analyzed cnf1 gene loci of E. coli.

A summary of the molecular genetic analysis of the
bacteria isolated from patients with colorectal cancer
is represented in Table 2.

The absence of the amplification signal for a num-
ber of analyzed loci excluded the attribution of the
studied bacteria to enteropathogenic (EPEC), entero-
toxigenic (ETEC), enterohemorrhagic (EHEC), shi-
galike toxin-producing (STEC), and uropathogenic
(UPEC) subgroups of E. coli.

It should be noted that the bacteria from the sam-
ples of malignant and normal epithelium of colonic
mucosa in the same patient do not differ in the pres-
ence of toxigenicity factor genes, which were ana-
lyzed, although this difference was documented
between the cultures isolated from different patients
(see Table 2). Based on these results the following con-
clusions were drawn.

1. The microorganisms with pronounced intraepi-
thelial invasion to rectal mucosa isolated from patients
with colorectal cancer were identified as representa-
tives of adherent-invasive (AIEC) subgroup of E. coli
and the species K. pneumoniae.

2. The presence of isolates producing carcinogenic
toxins such as colibactin and cytotoxic necrotizing
factor 1, which are pathogenic oncomarkers, in the
rectal mucosa of patients with colorectal cancer was
determined by molecular analysis of the isolated
microbial cultures.

3. The fact of identification of colibactin-produc-
ing isolates, whether Escherichia coli or Klebsiella
phneumoniae, in all the patients is consistent with an
epidemiological link between the identified microor-
ganisms and colorectal cancer onset, which should be
considered in further improvement of the schemes of
diagnostic and monitoring studies with respect to this
cancer.
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Table 2. Summary of the molecular genetic analysis of microbial isolates isolated from patients with colorectal cancer

Analyzed gene loci
Species Isolate
16S TRNA| papC | papH | afa | eae | bfpA | hiyA | IthB | sta | stx | cnfl |pks| cdtB 1 | cdtB IV | cif

K. pneumoniae | Tru260 + - - — | = = — — = =1 =1+ — — _
E. coli Tru260* + - - — | = = — — == =1= — — —
E. coli Tru26n + - - — | = = — — == =1= — — —
E. coli Shilo + — - =1 =1 - — | === — — —
E. coli Shiln + - - =1 -1 - — | === — — —
E. coli Efl50 + — — - = = — — == =1= - — —
K. pneumoniae | Efl5Sn + - — — | = = — — = =1 =1+ - - —
E. coli Efl5n* + — — — | = = — — == =1= - — —
Designations: “+”—the presence of analyzed gene locus; “—”—the absence of analyzed gene locus.
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