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he dense bacterial consortium, called “microbiota,” that inhabits the intestinal tract is recognized increasingly as playing
a major role in human health and disease. The microbiota generally
inﬂuences the host in a beneﬁcial fashion by shaping gastrointestinal and immune functions, exerting protection against pathogens,
and contributing to metabolic pathways (1). Escherichia coli is
a consistent member of the human intestinal microbiota, colonizing
the intestine within a few days after birth and persisting throughout
the life of the host. The E. coli strain population can be categorized
in at least four major phylogenetic groups (A, B1, B2, and D), each
group being more speciﬁcally associated with certain ecological
niches. E. coli strains belonging to group B2 are recovered from the
environment less frequently but can persist longer in the colon than
other groups and represent 30–50% of strains isolated from the
feces of healthy humans living in high-income countries (2, 3). We
recently discovered that up to 34% of commensal E. coli strains of
the phylogenetic group B2 carry a conserved genomic island named
“pks island” (4–6). This gene cluster codes for nonribosomal peptide synthetases (NRPS) and polyketide synthetases (PKS) that
allow production of a putative hybrid peptide-polyketide genotoxin,
Colibactin. In vitro infection with these strains induces DNA double-strand breaks (DSBs) in cultivated human cells, but the pks
island was not proved to cause DNA damage in vivo (4).
In this study, we wished to explore whether those bacteria were
able to induce genetic damage in vivo on the colonic mucosa and
to characterize the consequences of this damage on mammalian
cells in relation with the number of infecting bacteria. We report
that pks+ E. coli induced DSBs in vivo. In addition, infection of
various mammalian cells with pks+ E. coli induced, at very low
multiplicity of infection (MOI), reversible DNA damage response
that did not repair all DSBs, leading to chronic mitotic and
chromosomal aberrations together with increased frequency of
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gene mutation and anchorage-independent growth. Taken together, these ﬁndings strongly suggest that these pks+ strains are
genotoxic in vivo and provide insights into mechanisms by which
common E. coli strains may contribute to cellular transformation
and possibly sporadic colorectal cancer tumorigenesis.
Results
pks+ E. coli Induces γH2AX Foci in Vivo. To test whether pks+ E. coli

expressed Colibactin genes and induced DNA damage in vivo, we
ﬁrst used a mouse intestinal loop model. Colon loops were
infected with E. coli harboring the pks island and a plasmidencoded GFP under control of either a constitutive promoter or
the native clbA promoter. The clbA gene is localized on the pks
island and encodes a phosphopantetheinyl transferase required
for Colibactin biosynthesis by the NRPS and PKS enzymes (4). We
observed that GFP-expressing bacteria were localized close to or
in contact with the intestinal brush border (Fig. 1A). Next, we
assessed by immunohistology and Western blotting the S139phosphorylation of histone H2AX (γH2AX), a sensitive marker of
DSBs (7). Gamma-irradiated mice (0.5 or 2 Gy) were used as
positive controls. Colon loops were infected with wild-type pks+
E. coli, the isogenic clbA mutant, or the mutant complemented
with a plasmid bearing the clbA allele. After 6 h of incubation,
tissue samples were collected. Signiﬁcant numbers of γH2AX foci
were found in the nuclei of enterocytes exposed to pks+ E. coli as
compared with the isogenic clbA mutant and negative control
(Fig. 1B). γH2AX foci were found in 22.7% of enterocytes infected
with wild-type pks+ E. coli, three times more than in enterocytes
infected with the isogenic clbA mutant (P < 0.001, ANOVA). Western blot analyses of colonocytes also indicated increased γH2AX in
the intestinal loops infected with the wild-type pks+ E. coli or with
the complemented clbA mutant, similar to levels seen with 0.5-Gy
gamma irradiation (Fig. 1C).
To substantiate these results, we used a second in vivo model
in which antibiotic-treated mice were given the pks+ bacteria per
os. Similar clbA:gfp expression and γH2AX foci were observed in
the colons of mice treated for 5 d with streptomycin-bacitracinneomycin and then inoculated by gastric gavage with pks+ E. coli
(Fig. S1). Together these results indicated that pks+ E. coli induced
γH2AX in vivo, suggesting DNA damage to colonic epithelial cells.
Transient DNA Damage Response, Incomplete DNA Repair, and Cell
Division After Low-Dose Infection with pks+ E. coli. We next exam-

ined in vitro the consequences of the DNA damage inﬂicted on
mammalian cells by infection with low numbers of pks+ E. coli as
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Escherichia coli is a normal inhabitant of the human gut. However,
E. coli strains of phylogenetic group B2 harbor a genomic island
called “pks” that codes for the production of a polyketide-peptide
genotoxin, Colibactin. Here we report that in vivo infection with
E. coli harboring the pks island, but not with a pks isogenic mutant,
induced the formation of phosphorylated H2AX foci in mouse enterocytes. We show that a single, short exposure of cultured mammalian epithelial cells to live pks+ E. coli at low infectious doses induced
a transient DNA damage response followed by cell division with
signs of incomplete DNA repair, leading to anaphase bridges and
chromosome aberrations. Micronuclei, aneuploidy, ring chromosomes, and anaphase bridges persisted in dividing cells up to 21 d
after infection, indicating occurrence of breakage–fusion–bridge cycles and chromosomal instability. Exposed cells exhibited a signiﬁcant
increase in gene mutation frequency and anchorage-independent
colony formation, demonstrating the infection mutagenic and transforming potential. Therefore, colon colonization with these E. coli
strains harboring the pks island could contribute to the development
of sporadic colorectal cancer.

Fig. 1. pks+ E. coli induces DSBs in vivo. Ligated colon loops were prepared in BALB/c mice, and then the loops were injected with sterile culture medium or
with 3 × 109 wild-type pks+ E. coli (WT), the isogenic clbA mutant impaired for biosynthesis by the NRPS-PKS enzymes, or the clbA mutant complemented with
a plasmid-encoded clbA allele. After 6-h incubation, the loops were removed and processed for immunohistology or Western blot analysis. (A) Frozen tissue
sections were stained for DNA (blue) and F-actin (red) and then were examined by confocal microcopy. Bacteria expressing GFP (constitutive promoter) or GFP
under control of the clbA promoter (clbA:GFP) were detected in the green channel. (Scale bars, 10 μm.) (B) Parafﬁn tissue sections were stained for γH2AX
(brown) and counterstained with hematoxylin. Gamma-irradiated mice (whole-body, 2 Gy) were used as positive controls. (Scale bars, 10 μm.) (C) Western blot
analysis of γH2AX in colonocytes 6 h after inoculation of colon loops with wild-type pks+ E. coli, the clbA isogenic mutant, or the mutant complemented with
a plasmid coding for clbA. Gamma-irradiated mice (whole-body, 2 or 0.5 Gy) were use as positive controls. Histone H3 and actin were probed as proteinloading controls. γH2AX levels relative to histone H3 content were estimated by densitometry.

observed in vivo. Chromosomally stable CHO cells were infected
with live pks− or pks+ E. coli. Because the estimated in vivo infectious dose was about four bacteria per enterocyte (SI Materials
and Methods), we used MOIs of 1–20 bacteria per cell. After a 4-h
infection, cells were washed and incubated with antibiotics to kill
remaining bacteria. Cell-cycle distribution, γH2AX response, and
cell death were monitored 16–30 h later. Cells exposed to pks−

E. coli exhibited a normal cell cycle and background levels of
γH2AX, whereas cells infected with pks+ E. coli shown a transient
increase in G2/M population and γH2AX response that was
stronger at MOI 20 than at MOI 5 (Fig. 2 A and B). Sub-G1 peak
and active caspases levels indicated that the cell death remained
at background levels for MOI 5 and below 15% for MOI 20
(Fig. 2 A and C). In contrast to wild-type CHO cells, Ku80 mutant

Fig. 2. DNA damage repair, cell death, and division after low-dose infection with pks+ E. coli. CHO cells were infected for 4 h with live pks+ or pks− E. coli with
an MOI of 5–20 bacteria per cell or were left uninfected (Ctrl). At the end of the infection, the cells were washed and grown with gentamicin. (A) Cell-cycle
analysis 16 and 30 h after infection. (B) γH2AX levels were quantiﬁed by ﬂow cytometry 16 or 30 h after infection. (C) CHO or xrs-6 Ku80-defective cells were
infected; 24 h later, apoptotic cells were labeled with a carboxyﬂuorescein ﬂuoromethyl ketone peptide inhibitor of caspases (FLICA) for 1 h and quantiﬁed by
ﬂow cytometry. Error bars represent SE from three experiments. (D) The cells were examined by confocal microscopy for DNA (blue), Ser10-phosphorylated
histone H3 (pH3, red), and γH2AX (green) 24 h after infection. (Scale bars, 10 μm.) (E) Quantiﬁcation of γH2AX foci in mitotic cells. Error bars represent SEs
from three experiments.
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Infection with pks+ E. coli Induces Anaphase Bridging and Chromosome
Aberrations. Misrepaired DSBs can induce chromosome fusions

resulting in chromatin bridges that often break during anaphase
(11). Such anaphase bridges harboring γH2AX foci could be
detected 24 h after infection with pks+ E. coli (Fig. 3A). Moreover,
anaphase bridges, lagging chromosomes, and multipolar mitosis
also were observed in the cell population 72 h (three to four cell
divisions) after infection with pks+ bacteria (Fig. 3A). The anaphase bridge index increased with the MOI of pks+ E. coli, whereas it remained at background level in cells exposed to pks− or to
the clbA mutant and was restored to pks+ level upon mutant
complementation (Fig. 3B). NHEJ-deﬁcient Ku80 mutant cells
with a constitutively enhanced rate of bridge formation (12) also
showed an increase in bridging after infection with pks+ E. coli.
Anaphase bridges were found not only in CHO cells but also in
human colon cancer HCT-116 cells and nontransformed rat intestinal epithelial IEC-6 cells 3 d after infection with pks+ E. coli
(Fig. 3B). To corroborate these results, we performed a cytokine-

sis block assay that allows scoring of lagging or acentric chromosomes, which give rise to micronuclei, and anaphase bridges that
result in nucleoplasmic bridges (13). Three days after infection
with pks+ but not with pks− E. coli, binucleate cells harbored
substantial numbers of micronuclei and nucleoplasmic bridges
that increased with the MOI (Fig. 3C).
We next assessed metaphasic chromosomes 24 h and 3 d after
infection. A variety of chromosome aberrations were observed, including translocations, chromatid breaks, and dicentric and ring
chromosomes (Fig. S2A). The number of aberrant chromosomes
diminished at 3 d compared with 24 h after infection (Fig. S2B).
Heavily damaged cells likely died after the ﬁrst division, consistent
with the cell death that was measured 24 h after infection with pks+
E. coli (Fig. 2C). Three days after pks+ E. coli infection, we found 2%
metaphases with centric rings and 5% with translocations; 21 d later,
1% of metaphases still harbored ring chromosomes. Together these
results indicate that cells infected with pks+ E. coli seem to propagate lasting chromosome aberrations and cycles of breakage–
fusion–bridges.
Infection with pks+ E. coli Induces Aneuploidy and Tetraploidy.

Anaphase bridging can induce aneuploidy (gain or loss of chromosomes) and tetraploidy (8n DNA content for a cell in G2) (14,
15). Chromosomes were counted in metaphase spreads 3 d after
infection. About 40% of CHO cells infected with pks+ E. coli
harbored abnormal chromosome numbers, even at the lowest
infection dose (one bacterium per cell) (Fig. 4A). To evaluate
aneuploidy and tetraploidy further in CHO, HCT-116, and IEC6 cells, mitotic cells were stained for phosphorylated histone H3,
and their DNA content was determined by ﬂow cytometry (16)
3 d after infection (Fig. 4B). We found signiﬁcant increases in
aneuploid (hypodiploid and hyperdiploid) and tetraploid cells

Fig. 3. Infection with pks+ E. coli induces anaphase bridges and micronuclei. (A) (Upper) Anaphase bridge 24 h after infection with pks+ E. coli (DNA shown in
blue, γH2AX in green, and pH3 in red). (Lower) Seventy-two hours after infection (i) normal anaphase, (ii) anaphase bridge (arrow), (iii) multipolar mitosis, (iv)
lagging chromosomes (arrow). (Scale bars, 10 μm.) (B) Anaphase bridge index in CHO, ku80-defective CHO, HCT-116, and IEC-6 cells 3 d after infection. (C)
Cytochalasin-B–induced cytokinesis block assay. (Left) Images and arrows show a nucleoplasmic bridge (formed by anaphase bridging) and a micronucleus
(formed by lagging or acentric chromosomes) in CHO cells 3 d after infection. (Right) Micronuclei and nucleoplasmic bridges were counted in 1,000 binucleated cells. Error bars in B and C represent the SE from three experiments.
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cells, which are deﬁcient for the nonhomologous end-joining
(NHEJ) repair pathway and thus are hypersensitive to DSBs (8),
died massively (Fig. 2C). These results indicate that cells exposed
to low numbers of pks+ bacteria suffered DNA damage but were
able to repair, primarily by the NHEJ pathway, and resumed cell
cycle and division. However, 24 h after infection 50% of mitotic
cells previously infected with pks+ E. coli still harbored one to four
γH2AX foci, in contrast to control cells or cells infected with pks−
bacteria showing no foci (Fig. 2 D and E). These γH2AX foci on
mitotic chromosomes represent scars of repaired lesions or even
unrepaired DNA breaks (9, 10). Thus, low-dose infection with
pks+ E. coli induces reversible activation of the DNA damage response followed by cell division with signs of damaged DNA.

Fig. 4. Infection with pks+ E. coli induces aneuploidy and tetraploidy. (A) Chromosome counts in CHO cells 3 d after infection. At least 100 metaphase spreads
were examined in each group. (B) Aneuploidy assay by ﬂow cytometry (16). At least 2 × 105 mitotic (Ser10-phosphorylated histone H3-positive) cells were
analyzed for DNA content. Normal (4n), hypodiploid (<4n), hyperdiploid (4 < n < 8) and polyploid (8n) cells were gated and counted. (C) Three days after
infection (MOI of 1–20), CHO cells were analyzed for aneuploidy as in B. *, P < 0.001, exact Fisher’s test. Similar results were found with IEC-6 and HCT-116 cells
(Table S1). (D) Cells were infected (MOI = 20) and then were grown for 21 d (with six passages). Aneuploidy (histograms) was assessed as in B, and the
anaphase bridge index (curves) was scored as in Fig 2B.

after infection with pks+ or complemented clbA mutant E. coli
compared with the control population or cells that were infected
with the pks− or clbA mutant E. coli (Fig. 4C and Table S1). This
increment of cells with abnormal DNA content persisted up to
21 d after pks+ E. coli infection, and the number of polyploid
cells even increased. In parallel, the anaphase bridge index increased to 20% at 7 d and persisted (Fig. 4D). It thus appears
that cells exposed to low infectious doses of pks+ E. coli propagated breakage–fusion–bridge cycles, generating chromosome
numerical instability in the long term.
Increased Gene Mutation Frequency and Anchorage-Independent
Growth After Infection with pks+ E. coli. Chromosome rearrange-

ments generate gene mutations, and, conversely, gene mutations
are required to allow maintenance of chromosomal instability and
aneuploidy (17). Therefore, we tested gene mutation frequencies
at the hypoxanthine-guanine phosphoribosyltransferase (hprt) and
thymidine kinase (tk) loci after infection of CHO or HCT-116
cells (Table 1). We found a signiﬁcant increase in 6-thioguanine–
resistant (hprt mutant) colonies after infection with the pks+ or
complemented clbA mutant E. coli compared with uninfected cells
or cells that were infected with pks− or clbA mutant E. coli. Infection with pks+ E. coli also resulted in a signiﬁcant increase of tk
mutants selected with triﬂuorothymidine.
To examine further whether this increased frequency of gene
mutation correlated with a transformed phenotype (18), we tested
the cell anchorage-independent proliferation in soft agar after
infection of CHO, HCT-116, or IEC-6 cells (Table 2). The cells
infected with the pks+ or complemented mutant E. coli formed
a signiﬁcantly higher number of colonies in soft agar compared
with pks−- or clbA-infected and control cells. Together these
results indicate the mutagenic and transforming potential of the
infection with pks+ E. coli.
11540 | www.pnas.org/cgi/doi/10.1073/pnas.1001261107

Discussion
Colorectal cancer is a disease primarily occuring in high-income
countries, where it represents the second most frequently diagnosed malignancy and accounts for 500,000 (3.3%) human
deaths annually (19). Sporadic colorectal cancer essentially is
a genetic disease in which chromosomal instability, found in 85%
of cases, is central to the tumorigenesis process (20, 21). Age
together with dietary practices, alcohol and tobacco consumption, physical activity, and body weight are major risk factors
(19), but several studies also have implicated the colonic
microbiota in the development of colorectal cancer (22). However, epidemiological approaches attempting to identify links
between colonic bacteria and colorectal cancer are hampered by
Table 1. Increased mutation frequencies at the hprt and tk loci
after infection with pks+ E. coli
Locus

Cells

hprt

CHO

tk

CHO

hprt

HCT-116

Infection
Control
E. coli pks−
E. coli pks+
E. coli clbA
E. coli clbA + pclbA
Control
E. coli pks−
E. coli pks+
Control
E. coli pks−
E. coli pks+

MF ± SE × 10−5
1.68
2.89
11.40
1.54
11.80
31.7
29.1
48.3
1.52
1.52
3.58

±
±
±
±
±
±
±
±
±
±
±

1.17
2.02
1.16*
1.11
1.14*
2.44
3.18
2.02*
0.18
0.27
0.20*

CHO and HCT-116 cells were infected (MOI = 20) or left uninfected, then
grown for 7 or 3 d before plating with 6-thioguanine or triﬂuorothymidine
to select for hprt or tk mutants, respectively.
*P < 0.05, x2- Mc Nemar test compared with control, pks−, and clbA. MF,
mutation frequency.
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Table 2. Anchorage-independent growth in soft agar after
infection with pks+ E. coli
Infection
CHO
Control
E. coli pks−
E. coli pks+
E. coli clbA
E. coli clbA + pclbA
IEC-6
Control
E. coli pks−
E. coli pks+
HCT-116
Control
E. coli pks−
E. coli pks+

CFU ± SE per 10,000 cells
0.00
0.00
3.33 ± 0.41**
0.00
4.33 ± 0.58**
0.33 ± 0.25
0.00
10.33 ± 0.62**
4.67 ± 0.36
2.67 ± 0.41
12.33 ± 0.41***

CHO, IEC-6, and HCT-116 cells were infected (MOI = 20) or left uninfected,
then grown for 3 d before plating in 0.3% soft agar. Colonies (>50 cells)
were counted after 7 d.
**P < 0.01 and ***P < 0.001 by ANOVA with Bonferroni posttest.

group B2 seem to have a superior capacity to colonize and persist in
the colonic microbiota (3), and during the last decade the incidence
of B2 strains has risen quickly in colonic microﬂora of human
beings living in high-income countries (2). Surveys have shown that
the pks island is present in up to 34% of commensal isolates of
phylogenetic group B2 from healthy individuals (4–6). A recent
comparative metagenomic analysis of fecal samples from 13 healthy
individuals of various ages, including unweaned infants, showed that
pks island genes are found in 40% of samples, especially in infants
(32). Thus, the pks island is hosted by commensal E. coli strains
commonly found in the human microbiota at birth, and these strains
could remain in the colon for years or even decades. A key ﬁnding in
the present study is that the Colibactin genes are expressed in vivo
and induce γH2AX foci in enterocytes. The effect was estimated to
be similar to that of a 0.5-Gy gamma ray whole-body irradiation and
was enough to trigger in vitro breakage–fusion–bridge cycles, chromosomal instability, aneuploidy, and gene mutations in mammalian
cells. In conclusion, our results indicate that common pks+ E. coli
strains could play a role in colon carcinogenesis by repeatedly provoking low-grade DNA damage at the enterocyte level. The role of
the human intestinal microﬂora in colon cancer has been overlooked (33) and deserves further scrutiny.
Materials and Methods
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Bacterial Strains and Cell Lines. The wild-type E. coli B2 pks+ strain SP15 (4)
was used for in vivo experiments. An isogenic mutant was constructed by
allelic replacement of the clbA gene on the pks island with a kanamycin
resistance cassette, and the mutant was complemented with the wild-type
clbA allele cloned on a plasmid (pclbA), as previously described (4). To visualize the bacteria in vivo, the strains were transformed with plasmids that
encode a gfp gene under control of a constitutive promoter (pFPV25.1) (34)
or gfp under control of the clbA promoter/regulatory region (pJN871; clbA:
gfp). For in vitro infections we used the E. coli strain DH10B hosting a BAC
bearing the pks island (pBACpks; pks+ E. coli), or hosting the pBeloBAC11
vector (pks− E. coli), the isogenic DH10B pBACpks clbA mutant, or the complemented mutant (4). The cell lines used were CHO AA8, CHO xrs-6 (Ku80deﬁcient), nontransformed rat intestinal epithelial IEC-6 cells (ATCC CRL1592), and human colon cancer cells HCT-116 (ATCC CCL-247).
Murine Colon Loop and Antibiotic Treatment Models. Animal experimentations
were carried out in accordance with European Guidelines for the Care and Use
of Animals for Research Purposes. For the colon loop assay, BALB/cJ mice were
anesthetized, a midline abdominal incision was made, a ligature was placed at
the proximal and distal ends of the colon, and 3 × 109 bacteria (300 μL) were
injected into the colonic lumen. The incision was sutured, and animals were
allowed to recover. The mice were killed 6 h later, and the colons were collected immediately. For the antibiotic treatment assay, BALB/cJ mice were
treated for 5 d with streptomycin (2 g/L), bacitracin (2 g/L), and neomycin
(1 g/L) in the drinking water. Antibiotic treatment was stopped 24 h before
gastric gavage with 109 bacteria twice at 24-h intervals. Mice were killed 12 h
later, and the colons were collected immediately. Gamma-irradiated mice (0.5or 2-Gy 137Cs whole-body irradiation) were used as positive controls for DNA
damage. For Western blot analyses, colonocytes were prepared in a 1.5-mM
EDTA, 0.5-mM DTT buffer. Western blot and immunohistological analyses
were done following standard procedures.
In Vitro Infection Assay. Cells (∼75% conﬂuent) were washed four times and
incubated in infection medium based on DMEM for IEC-6 and HCT-116 cells or
MEMα for CHO cells, supplemented with 25 mM Hepes and 5% FCS (Invitrogen). Bacteria were pregrown in infection medium to the midlogarithmic
phase; then the infection dose was calculated according to an MOI of 1–20
(number of bacteria per cell at the onset of infection). After a 4-h infection at
37 °C and 5% CO2, cells were washed four to six times and incubated until
analysis in cell culture medium supplemented with gentamicin.
Genomic instability Analyses. Cell cycle, γH2AX ﬂow cytometry, and microscopic analyses were done as before (4). Apoptotic cell death was quantiﬁed
by staining with carboxyﬂuorescein-labeled ﬂuoromethyl ketone caspase inhibitor (Chemicon) and ﬂow cytometric measurement of sub-G1 peak. Anaphase bridges (35), micronuclei, and nucleoplasmic bridges (13) were scored as
described. Metaphase spreads were prepared and analyzed using standard
cytogenetic procedures. DNA quantiﬁcation in mitotic (phospho-histone H3-
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the long (20–40 yr) lag time between initiation and disease, by
the enormous complexity of the microbiota, and by bacterial
strain-to-strain variations (23, 24). Nonetheless, bacterial strains
producing metabolites or toxins that insult host DNA (25–27)
represent an important factor for chronic DNA damage in the
colon and thus constitute a potential etiologic component of
sporadic colorectal cancer.
Our previous ﬁndings (4) and the present study (showing the
higher sensitivity of NHEJ-deﬁcient cells) demonstrate that infection of eukaryotic cells with pks+ E. coli strains induces host-cell
DNA DSBs and activation of the DNA damage signaling cascade,
including the ATM–CHK–CDC25–CDK1 pathway and Ser139
phosphorylation of histone H2AX. Infection with high numbers of
toxigenic bacteria induces an irreversible cell cycle arrest and
eventually apoptotic cell death (cells with sub-G1 DNA content
and activated caspases). In this study, we also observed that when
eukaryotic cells were infected with infectious doses more relevant
to those occuring in vivo with commensal bacteria, most cells
exhibited only a transient DNA damage response and rapidly resumed division cycles. However, these cycling cells frequently displayed γH2AX foci during the subsequent mitosis. The small
numbers of gamma foci were below the threshold level of 10–20
foci activating the G2/M checkpoint maintenance, thus allowing the
generation of chromosome breaks during mitosis (28–30). These
observations raise the question of the impaired reparability of
Colibactin-induced DSBs. Consistent with this model, we observed
mitotic aberrations such as lagging chromosomes and anaphase
bridges. Bridging is known to result from the fusion of broken
chromosome ends, generating dicentric chromosomes that are
pulled to both poles of the mitotic spindle (11). After breakage of
the bridge and rejoining in the next interphase, breakage–fusion–
bridge cycles propagated and further generated genetic aberrations
including aneuploidy/polyploidy and gene mutation (31). Propagation of this chromosomal instability phenotype continued, because a signiﬁcant fraction of the cells harbored chromosome rings,
aneuploid/polyploid DNA content, and anaphase bridging 21 d after transient infection with pks+ E. coli. The clonogenic survival
assays conﬁrmed that cells infected with pks+ E. coli continued to
proliferate in the presence of DNA damage and exhibited increased mutation frequency and transformed phenotype.
E. coli is primarily a commensal inhabitant of the mammalian
colon, colonizing the gut early after birth and remaining resident
throughout the life of the host, but commensal strains differ in their
colonization efﬁciency. E. coli strains belonging to phylogenetic

positive) cells was done as previously described (16). For tk and hprt gene
mutation assay, established methods were used (36). Anchorage-independent
growth was determined using a soft agar colony formation assay (37).
Statistical Analyses. All microscopic quantiﬁcations (γH2AX foci, chromosome
aberrations, micronuclei, and nucleoplasmic bridges) were done blindly. Experiments were repeated at least three times. For statistical analyses a P value was
considered signiﬁcant if P < 0.05, P < 0.01, or P < 0.001. Gene mutation frequencies were calculated as described (36).
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