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Stability and Infectivity of Cytolethal Distending Toxin Type V
Gene-Carrying Bacteriophages in a Water Mesocosm and under

Different Inactivation Conditions
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Two cytolethal distending toxin (Cdt) type V-encoding bacteriophages (962 and ®125) were induced spontaneously from their
wild-type Escherichia coli strains and from the lysogens generated in Shigella sonnei. The stability of Cdt phages was determined
at various temperatures and pH values after 1 month of storage by means of infectivity tests using a plaque blot assay and analy-
sis of phage genomes using real-time quantitative PCR (qPCR): both were highly stable. We assessed the inactivation of Cdt
phages by thermal treatment, chlorination, UV radiation, and in a mesocosm in both summer and winter. The results for the two
Cdt phages showed similar trends and were also similar to the phage SOM23 used for reference, but they showed a much higher
persistence than Cdt-producing E. coli. Cdt phages showed maximal inactivation after 1 h at 70°C, 30 min of UV radiation, and
30 min of contact with a 10-ppm chlorine treatment. Inactivation in a mesocosm was higher in summer than in winter, probably
because of solar radiation. The treatments reduced the number of infectious phages but did not have a significant effect on the
Cdt phage particles detected by qPCR. Cdt phages were quantified by qQPCR in 73% of river samples, and these results suggest
that Cdt phages are a genetic vehicle and the natural reservoir for cdt in the environment.

ytolethal distending toxin (Cdt) is produced by different

pathogenic microorganisms, including Escherichia coli, Shi-
gella dysenteriae (29), and Campylobacter spp. (18), among others
(15, 22, 33). Its cytolethal distending action consists of blocking
the G, and M phases during mitosis, which distends the cells, since
cell division ceases but growth continues.

Cdt consists of three subunits (CdtA, CdtB, and CdtC) that are
encoded by three adjacent genes. The catalytic subunit CdtB is
homologous to DNase I and is the most conserved gene due to its
essential role in cellular toxicity. The other subunits act as binding
proteins that deliver CdtB into target cells, thus producing the
cytotoxic effect (13). Five variants of the toxin have been reported
in E. coli. In some of these variants, the cdf genes are flanked by
lambda-like and bacteriophage P2 genes (Cdt-I and Cdt-1V) (32).
Some variants are present in inducible lambdoid prophages, such
as Cdt-1 (5) and Cdt-V (2), or are encoded in pVir, a conjugative
plasmid (Cdt-1II) (30).

Recent genomic sequencing of different E. coli strains indicates
that a large part of the genome consists of bacteriophage genes and
that they constitute an important mechanism for adaptation to
new hosts through the horizontal transfer of virulence genes (7).
Cdt genes in E. coli occur independently of the presence of other
virulence traits (21), which strongly suggests that they are inde-
pendently acquired by horizontal gene transfer, probably by
means of bacteriophages. cdt can be transduced from a cdt-posi-
tive bacteria to a cdt-negative strain by means of bacteriophages
(2,5). This is an important process because this gene exchange can
lead to the emergence of virulent strains. Cdt-V phages have been
detected in fecally polluted wastewater (2), which suggests a cer-
tain prevalence of these phages in the environment and reinforces
the hypothesis that they mobilize cdt. Therefore, an important
aspect to be considered is the survival and persistence of these
phages in different environmental conditions, since this will affect
the dissemination of cdf genes.

Bacteriophages show a higher resistance to natural and anthro-
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pogenic external stress factors than bacteria (6, 12, 20, 25, 26).
Within the different phage groups, it seems that particular mor-
phologies could lead to improved survival of bacteriophages in
certain conditions (25, 26). Cdt phages belongs to the Siphoviridae
morphology; tailored phages which, according to some authors,
are very stable under different conditions (1, 20, 26). In the pres-
ent study, we evaluated the infectivity and stability of Cdt phages
in different external conditions using infectivity assays and a real-
time quantitative PCR (qPCR) method, to establish their persis-
tence in the environment.

MATERIALS AND METHODS

Bacterial strains, bacteriophages, and media. Lysates of Cdt-V-encoding
bacteriophages @62 and ®125, initially isolated from wild-type E. coli
strain 62 (serotype 022:H8) and E. coli strain 125 (serotype O157:H7)
were obtained from S. sonnei lysogens as described elsewhere (2). The
bacteriophage SOM23, an environmental isolate belonging to the Sipho-
viridae morphology (27), was used as an E. coli phage control. E. coli strain
125 (cdt+) (2) was used as a bacterial control. S. sonnei strain 866 was used
as the host strain. Luria-Bertani (LB) broth, LB agar, Trypticase soy agar
(TSA), and ChromoCult Coliform Agar (Merck, Darmstadt, Germany)
were used to culture the bacteria. Mitomycin C (0.5, 2, and 5 p.g/ml) and
EDTA (20 mM) were added to the lysogens to induce Cdt phages.
Isolation of phage DNA, PCR studies, and sequencing. Phage DNA
was isolated from the phage lysates and from 100-ml samples of river
water as previously described (2). For phage DNA isolation from lysis
plaques, each plaque was recovered from the agar layer using a sterile loop,
suspended in 100 pl of phosphate-buffered saline, and treated with
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DNase, and, after heat inactivation of DNase (15 min at 95°C), the sample
was processed for DNA extraction. Conventional PCRs, real-time qPCR
assays for Cdt-V detection, and sequencing of PCR products were per-
formed using protocols and primers previously described (2).

Infectivity of Cdt phages and plaque blot hybridization. Cdt phages
were enumerated by the double agar layer method using S. sonnei strain
866 as the host strain (2). Those plates of Cdt phages containing approx-
imately 100 to 300 PFU were transferred to a nylon membrane and hy-
bridized with the digoxigenin-labeled cdt-B-V specific probe as previously
described (2).

Stability at different temperatures and at different pH. Aliquots of
phage lysates containing 10° to 10* PFU of Cdt phages/ml and 10° PFU of
SOM23/ml were placed in 50-ml tubes and incubated at 4, 22, and 37°C.
For pH assays, the medium was adjusted to pH 3, 7, and 9 and confirmed
before each sampling interval. Tubes were incubated for 1, 3,7, 14, 21, and
28 days. Infectious Cdt phages and Cdt phage particles were determined at
each interval.

Inactivation experiments. Aliquots of phage lysates containing ap-
proximately 10* to 10° PFU of Cdt phages/ml, 10* to 10° PFU of SOM23/
ml, and 10° to 10° CFU of Cdt-STEC strain 125/ml were used for the
inactivation experiments. For thermal treatment, the phages and bacteria
were placed into a water bath at 60 and 70°C. The samples were removed
after 30 and 60 min. As a source of UV radiation, an 8-W germicidal lamp
that emitted monochromatic UV radiation at 253.7 nm (G8T5.2N; San-
kyo Denk, Tokyo, Japan) was used (31). Samples (5 ml) were placed 5 cm
from the lamp in sterile petri dishes (90 mm in diameter) and irradiated
for 1, 5, 10, and 30 min.

For chlorine inactivation, phage lysates and bacteria were diluted 1:20
in double-distilled water, treated with 10-ppm chlorine supplied as so-
dium hypochlorite, and incubated for 1, 3, 5, 10, 20, and 30 min at room
temperature (21°C). Residual chlorine was neutralized by adding 3% (wt/
vol) sodium thiosulfate (12).

To assay inactivation in a mesocosm, phage lysates and bacterial cul-
tures were diluted 1:10 in the well water used for these experiments. Sus-
pensions containing phages or bacteria were placed into dialysis tubes
(cutoff, 14 kDa), which were sealed and placed in an outdoor pond with a
water volume of 60 m>, protected by a cage, at a depth of 20 cm. The pond
was supplied with nonchlorinated water from a well and provided a hab-
itat for some species of goldfish. The experiments were performed in July
(temperature, 18.5 to 24°C; solar radiation, 23 MJ m ™ ?) and January
(temperature, 7 to 14°C; solar radiation, 8.5 MJ m2). The pH (6.8) and
turbidity (4.1 to 6.8 nephelometric turbidity units [NTUs]) were stable
throughout the year. The tubes containing the phage lysates were sampled
at various intervals and analyzed.

Analysis of water from the Llobregat River. Aerobic bacteria were
evaluated in TSA at 37°C for 18 h. E. coli was determined with the mem-
brane filtration method (3). Somatic coliphages, proposed as suitable in-
dicators of viral fecal pollution, were enumerated by using the ISO
method (4). Cdt phages were isolated from 100 ml of the sample and
evaluated using real-time qPCR.

Data analysis and statistics. For each experiment, a linear regression
of the values was calculated between the intervals containing measurable
data (above the limit of detection), and the regression equation was gen-
erated using Excel software (Microsoft Excel 2010). The results present
the average of the three regression-line slopes and their corresponding
standard deviations for the data obtained in the three independent repli-
cas of each experiment.

RESULTS

Induction of Cdt-V phages. The two Cdt-V phages used in the
present study were obtained from E. coli wild-type strains and
from S. sonnei lysogens S(®62) and S(P125) (2). We confirmed
that these phages were spontaneously induced from their respec-
tive lysogens, since no significant (P > 0.05) differences were ob-
served in phage determinations (infectivity assays or QPCR) when
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using mitomycin C (0.5, 2, and 5 pg/ml), EDTA, or UV induction
compared to the noninduced cultures. Since Cdt phages are
known to carry only one cdt copy (5), the cdt gene copy (GC)
values can be extrapolated to give the number of Cdt phages in
each sample.

Stability of Cdt phages. Cdt phages, obtained from lysogens
without an inducing agent, were evaluated for infectivity (plaque
assay and hybridization) and using real-time qPCR. The presence
of cdt-V in two to five plaques positive by hybridization was fur-
ther confirmed by conventional PCR and sequencing.

Similar reductions were observed over time for both Cdt
phages and SOM23 (Fig. 1A). Storage at 4 and 22°C showed inac-
tivation of <1 log,, units after 1 month of storage, and there were
no significant differences between the temperatures (Student ¢
test, P > 0.05). Phages showed less stability at 37°C and decreased
more than 1 log,, unit after 1 month. qPCR showed a <I-log;,
reduction in GC at the three temperatures after 1 month.

Stability at different pH values was evaluated at 4°C, since that
temperature showed the lowest reduction in the number of infec-
tious Cdt phages. When exposed to low pH (pH 3), all three
phages lost their infectivity after only 1 day, and no plaques were
observed; hence, pH 3 is not presented in the chart (Fig. 1B). Cdt
phages presented remarkable stability at pH 7 and 9. At pH 7, the
phages maintained their infectivity throughout the month, with
inactivation at day 28 of only 1.1 (®125) and 0.5 (P62) log,,
PFU/ml. Stability was also observed at pH 9, with reductions of
only 1.6 and 1.7 log,, PFU/ml after 1 month (Fig. 1B). The qPCR
reflected the stability at different pH with reductions of <1 log;,
GC/ml after 1 month.

Inactivation treatments. The resistance of the two Cdt phages
and SOM23 to high temperatures (60 and 70°C) showed similar
trends. When treated at 60°C, inactivation of infectious particles
was of 1.3 log, , units at 60 min, whereas treatment at 70°C showed
inactivation greater than 2.4 log, , units at 30 min and greater than
4.5 log,, units at 60 min. Cdt phage particles were still detectable
by qPCR (Fig. 2A), and there was no remarkable reduction at any
time interval or temperature, which confirms that the phage DNA
remained intact. In contrast, a drastic reduction of 5 log, , units of
CFU of E. coli strain 125 (Cdt-STEC) was observed after treatment
at 60°C for 30 min.

Although the UV inactivation approach used does not allow
calculation of the UV dose applied, it allows comparison between
microorganisms. Cdt phages were very sensitive to the UV treat-
ment used and showed reductions of infectious phages of 3.5
(®125), 3.1 (P62), and 4.0 (SOM23) log, , units after 30 min, but
they were still more resistant than the Cdt-STEC strain (Fig. 2B),
which showed a reduction of 5 log,, units after only 5 min. How-
ever, qPCR showed Cdt phage particles were not affected by the
UV treatment, and GC did not decrease significantly (Student ¢
test, P > 0.05).

Chlorination completely inactivated all parameters after 30
min of contact (Fig. 2C). However, Cdt phages took more than 20
min to decrease by 5 log,, units compared to 1 min for Cdt-STEC.
Nevertheless, the strongest inactivation of phages was observed
after 1 min of contact. qPCR values of GC/ml showed inactivation
below 1 log,, unit after 30 min.

The inactivation of Cdt phages, SOM23, and Cdt-STEC in a
mesocosm varied with season (Fig. 3). All of the microorganisms
inactivated significantly faster (Student # test, P < 0.05) in sum-
mer than in winter. Inactivation of Cdt-STEC was faster than that
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FIG 1 Stability of Cdt phages and SOM23 at various temperatures (4, 22, and 37°C) (A) and different pHs (3, 7, and 9 after 1 month of storage at 4°C) (B). The
results of infectivity presented (PFU/ml) for ®62 and ®125 correspond to plaque blot hybridization results. Infectivity of phage SOM23 was evaluated using
plaque assays, which was included as a control. The charts show the results of one representative experiment. The tables present the averages (with the standard
deviations [SD] indicated in parentheses) of the slopes of the logarithmic regression lines obtained in three replicas of each experiment for infectious phages and

qPCR.

of Cdt phages, whose inactivation was 2.7 and 2.2 log,, units for
125 and P62, respectively, in summer and 1.9 log,, units for
both in winter. These inactivation values were similar to those of
the control phage SOM23. qPCR values for both Cdt phages
showed a very small reduction (Fig. 3) below 0.6 log;, units
throughout the experiment in summer and below 0.4 log;, units
in winter.

Quantification of free Cdt phages in samples from the Llo-
bregat River. Eleven river-water samples were collected from the
Llobregat River, a watercourse that receives mostly human fecal
pollution. The samples showed fecal contaminants 4 log,, units
below the levels present in wastewater samples from the same area
(Table 1) (2). Cdt phages were detected by qPCR in 72.7% of river
samples, which confirmed the circulation of Cdt phages in the
environment.

DISCUSSION

The induction of Cdt phages in the present study does not seem to
be stimulated by any inducing agent such as mitomycin C, UV
light, or EDTA (16, 24, 28), in contrast to the behavior of the Cdt-I
phage (5), which is induced by mitomycin C. Spontaneous induc-
tion of Cdt phages suggests that the diffusion of induced Cdt
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phages should be greater than for those phages that require spe-
cific conditions for their induction.

In previous work, Cdt phages were detected in wastewater
samples (2), revealing the environmental presence of these phages
released directly from the gut or induced from Cdt-positive bac-
teria. Here, Cdt phages were detected in 72.7% of river samples
with lower levels of contamination than wastewater and primarily
affected by human waste, indicating that the Cdt phages detected
probably had an anthropogenic source. The potential capacity of
Cdt phages to transduce cdt is a cause for some concern because of
the potential conversion of nonlysogenic strains to Cdt-producing
ones. Evaluating the persistence of Cdt phages in extraintestinal
environments is necessary to provide insight into the spread and
mobilization of cdt in the environment.

The persistence of Cdt phages was evaluated by qPCR, as well
as by phage infectivity. The qPCR results do not necessarily cor-
relate with infectivity of phages, which is essential for potential cdt
transduction. Hybridization was also necessary for an accurate
enumeration of Cdt-positive plaques, to discriminate them from
other phages (for instance Stx phages) that may have been present
in the phage lysates (2).

Cdt phages remain stable after 1 month of storage at various
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FIG 2 Persistence of Cdt phages ®62 and ®125, SOM23, and Cdt-STEC under thermal treatment at 60 and 70°C (A) to UV treatment (B) to 10 ppm of chlorine
(C) through time. The charts on the left show logarithmic values of PFU, CFU or GC/ml. The tables on the right present the averages (SD) of the slopes of the
logarithmic regression lines obtained in three replicas of each experiment. Dotted lines indicate values below the limit of detection.

temperatures and pH values. Temperature determines the occur-
rence and viability of the phages in different environments. In
terms of pH, some phages persist well in acidic environments (19),
but this is not the case for Cdt phages, which lose their infectivity
when stored for 1 day at pH 3. In contrast, Cdt phages retain their
infectivity better at pH 7 and 9, which is in line with reports of A
phage (17).

When assaying different inactivation conditions, there was a
clear gradation in resistance, with bacteria being much more sus-
ceptible to inactivation than phages, as extensively reported for
other phages (9, 12, 25, 26). Assuming that the natural host of
Cdt-V phages is E. coli, their higher stability suggests that phages
are the natural reservoir of cdt in the environment. Inactivation of
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Cdt phages showed similar trends to that of SOM23. This may be
due to the fact that it is a tailored phage, which has been described
as highly stable under different conditions (1, 11, 20). The results
for Cdt phage inactivation were also in agreement with reports on
other E. coli phages, either for thermal treatment (8, 20, 23), UV
treatment (20, 31), or chlorination (10, 12, 26). Chlorinating wa-
ter with 10 ppm of chlorine would provide water with no bacteria,
which would be considered suitable for consumption according to
current practices in many parts of the world. However, Cdt phages
may still be detected in the chlorinated samples.

Inactivation of phages in a mesocosm provides the simultane-
ous analysis of different factors, except probably for the effect of
grazing. However, protozoa grazing seems to be restricted to
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FIG 3 Persistence of Cdt phages (qQPCR and infectivity), SOM23 (plaque assay) and Cdt-STEC (colony counts) to inactivation processes in a mesocosm in
summer and winter. Each chart shows the results of one representative experiment in each season. The table presents the averages (SD) of the slopes of the
equation of the logarithmic regression lines obtained with three replicas of the experiment. The dotted line indicates values below the limit of detection.

larger microorganisms than viruses, and the effect of grazing on
phage numbers is not clear (14). It is difficult to determine which
factor is the main cause of inactivation, although a detailed anal-
ysis may provide some insight. The pond did not experience pH
variations during the experiment. In summer, all of the microor-
ganisms were inactivated faster than in winter. The main differ-
ences in the physical factors between summer and winter were
temperature and solar irradiation. The low inactivation of Cdt
phages at similar temperatures, especially after 7 days, suggests
that irradiation is the differential factor for the inactivation of Cdt
phages in the mesocosm. Although our UV experiments cannot be
compared to solar UV doses, UV light is a recognized inactivating
factor (9, 11, 25).

Bacteriophages are an important source of new genetic vari-
ants. It is important to find out more about the induction and
dissemination of extraintestinal phages in order to control the
emergence of new pathogenic strains. The persistence shown
by Cdt phages indicates that they spread in the environment
and act as mobile vehicles of cdt, as observed previously for

TABLE 1 Cdt phages sdetection in Llobregat River water

Bacterial indicators Bacteriophages
Somatic

Sample (n = 11) Aerobic bacteria E. coli (CFU/  coliphages Cdt phages
parameter (CFU/100 ml) 100 ml) (PFU/100 ml) (GC/100 ml)*
% Positive 100 100 100 72.7
No.

Avg 5.13 X 10° 165X 10°  2.63X10*  1.14 X 10"

Max 6.32 X 10° 5.21 X 10° 5.51 X 10* 1.9 X 10"

Min 1.93 X 10* 9.30 X 10> 1.02 X 10*  6.50 X 10°

“ GG, gene copies.
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other bacteriophages harboring virulence genes, such as Shiga
toxin phages (25).
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