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Characteristics of E. coli O157:H7-specific infection bacteriophages (O157 coliphages) and
broad-host-range bacteriophages for other E. coli serotypes (broad-host coliphages) were
compared. The burst sizes of the two groups ranged from 40 to 176 PFU/infected cell.
Distributions of the virulence factors stx1, stx2, ehxA, and saa between the two groups were not
differentiated. Broad-host-range coliphages showed lower stability at 70°C, in relation to 0157
coliphages. However, O157 coliphages showed high acid and ethanol tolerance by reduction
of only 22% and 11% phages, respectively, under pH 3 and 70% ethanol for 1h exposure.

Therefore, these results revealed that the 0157 coliphages might be more stable under harsh
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environments, which might explain their effective infection of the acid-tolerant E. coli O157:H7.
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Shiga toxin-producing Escherichia coli (STEC) is considered
as an important group of pathogenic E. coli, whose cytotoxin
produced is identical at the genetic and protein levels of
the Shiga toxin (Stx) produced by Shigella dysenteriae [18,
19]. There are at least 100 different E. coli serotypes of
STEC, including E. coli O157, which is the most well-known
serotype [15]. STEC produces only one or both types of Stx,
and several variants of both Stx1 and Stx2 have been
identified [3]. Specifically, stx] and stx2 are encoded by
phage in the genome of STEC and considered to have
a major virulence factor role with transmission to
nonpathogenic E. coli [3, 28]. In addition to Stx, the other
potential virulence factors of STEC strains causing human
disease are known as enterohemolysin, intimin, and outer
membrane protein. Most STEC strains have a large virulence
plasmid that encodes ehxA for enterohemolysin protein
[26]. Recently, Paton et al. [22] also reported that saa, which
is located on the large plasmid of certain LEE-negative
STEC, encodes an outer membrane protein that appears to
function in autoagglutinating adhesion.

E. coli O157:H7 is a highly acid-resistant foodborne
pathogen that causes several large outbreaks of human
illness, including hemorrhagic colitis and hemolytic uremic
syndrome [7, 13]. E. coli O157:H7 can survive and grow at
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pH 4.70 in organic acids, making it an important potent
foodborne pathogen [1]. Not only E. coli O157:H7 but also
non-0157 STEC have globally emerged as significant
causes of human diseases. Hence, some recent studies have
reported comparisons between E. coli 0157 and non-O157
STEC, including physiological characteristics, genomics,
and virulence factors [7, 8]. Genetic transfer may be
suggested as the cause for the emergence of multidrug-
resistant pathogens [27], which causes resistance to antibiotics
through plasmids, transposons, and bacteriophages by
transduction, transformation, and conjugation [14].
Bacteriophages are present in all habitats on Earth, and
their high stability makes them more suitable than free
DNA for the transfer of genes among bacteria. However,
the importance of bacteriophages in gene transfer is still
underestimated, unlike the other transfer mechanisms like
transformation and conjugation. There have been few
studies on the characteristics or stability of bacteriophages
specific for E. coli O157:H7, although numerous different
phages targeting E. coli have been isolated and studied.
Furthermore, previous researchers have not reported
characteristic studies of bacteriophages with a broad host
range for various E. coli serotypes. Therefore, the objective
of the present study was to analyze characteristics of E. coli
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0157:H7-specific bacteriophages and broad-host-range
bacteriophages for other E. coli serotypes, where one-step
growth, virulence factor profile, and stability test of the
two bacteriophage groups were conducted.

Seven bacteriophages that infected E. coli O157:H7
specifically (O157 coliphages) and other seven bacteriophages
that showed a broad host range for other E. coli serotypes
(broad-host coliphages) were used in this study as follows:
ECP3, ECP7, ECP13, ECP1, ECP4, ECP6, and ECP9 for
0157 coliphages; ECP19, BECP4, NOECP16, ECP15, ECP20,
BECP3, and NOECP10 for broad-host coliphages. The
strains inhibited by these phages and the host strains used
for isolation and propagation are indicated in previous
reports [11, 12].

Each of the host strains was grown in LBC broth (Luria
Bertani broth (Difco Laboratory, USA) with 10 mM CaCl,
(Sigma Aldrich, USA)) at 37°C for overnight in a shaking
incubator [16], and propagation was conducted as described
by Sambrook and Russell [24]. After the host strain was
grown in LBC broth at 37°C until mid-exponential phase,
1 ml of the culture cell harvested by centrifugation (10,000 xg
for 5 min) was mixed with 0.1 ml of bacteriophage lysate
(MOI of 0.01) and incubated at 37°C for 10 min. The
mixture was centrifuged at 10,000 xg for 10 min, and the
supernatant was discarded to remove the excess phage
particles. The cell pellets were resuspended in 10 ml of LBC
and incubated at 37°C. Samples were collected every 5 min
during the subsequent incubation of the resuspension, and
plaque assay was conducted with the collected samples.
Plaques were enumerated after 24 h of incubation at 37°C,
and the latent period and burst size were determined based
on the number of PFU per infected cell [16, 20]. All the tests
were performed in triplicates. The burst periods of 0157
coliphages were within the range of 45—65 min, and the
burst sizes were estimated at 54—172 PFU/infected cell,
depending on bacteriophages. Meanwhile, the burst periods
of broad-host coliphages were within the range of 45—
70 min, and the burst sizes were estimated at 40-176 PFU/
infected cell, depending on bacteriophages. Similar to our
results, Park et al. [20] reported that the latent period and
burst size of SFP10 was 25 min and 100 PFU/infected cell
respectively. However, Li et al. [17] reported that the burst
size of EEP was estimated at 375 + 43 PFU/infected cell,
which was bigger than those of the two coliphage groups.

Horizontal gene transfer and the acquisition of virulence
factors by several mobile genetic elements, including
bacteriophage, plasmid, and pathogenicity islands, are
known as a major driving force in the emergence and
evolution of pathogenic isolates [5]. One of the most

significant groups is the bacteriophages, and Boyd and
Briissow [5] reported that the bacteriophages encoding
virulence factors could convert their bacterial host. It has
been reported that many bacteriophage-encoded virulence
factors included extracellular toxins, such as Stx and
enterohemolysin, effector proteins involved in invasion,
and enzymes required for intracellular survival [5]. Toxins
are the classical examples of bacteriophage-encoded
virulence factors, and O’Brien et al. [19] and Huang et al. [9]
have reported E. coli bacteriophage H-19B, which encoded
stx] and stx2. Beutin et al. [4] also have reported
bacteriophage ®FC3208, which encoded ehxA. Since the
bacteriophages would play a key role in pathogenesis and
genomic diversity as described above, the virulence factor
profile of the two coliphage groups was confirmed using
specific primers. To confirm the virulence factor profile on
bacteriophages, PCR was performed using stx1, stx2 (shiga
toxin-encoding genes), ehxA (enterohemolysin-encoding
gene), and saa (STEC autoagglutinating adhesion-encoding
gene) specific primers. The primer sequences and PCR
conditions have been reported by Amisano et al. [2],
Gerrish et al. [6], Sanchez et al. [25], Paton and Paton [21],
and Schmidt et al. [26]. As the result of O157 coliphages
(Table 1), four virulence factors were confirmed on only
ECP7, but not confirmed on ECP1 and ECP4 at all. The two
virulence factors stx1 and stx2 were confirmed on ECP3
and ECP13, and three virulence factors except saa were

Table 1. Virulence gene profiles of two coliphage groups by
PCR.

Virulence genes

stxl stx2  ehxA saa

E. coli O157- ECP3 + + - -
infecting coliphages ECP7 + + + +
ECP13 + + - -
ECP1 - - - -
ECP4 - - - -
ECP6 + + + -
ECP9 + + + -
Various E. coli- ECP19 + + +
infecting coliphages BECP4 + - - R
NOECP16 + + + -
ECP15 - - - -
ECP20 + + + -
BECP3 - - - -
NOECP10 + - +

+, detected; -, not detected.
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Fig. 1. The stability of E. coli O157-infecting coliphages (A) and various E. coli-infecting coliphages (B) at 70°C.

confirmed on ECP6 and ECP9. Meanwhile, the four
virulence factors were not confirmed on ECP15 and BECP3
of broad-host coliphages. ECP19, NOECP16, and ECP20
were positive for three virulence factors except saa.
NOECP10 was positive for stx] and ehxA, and BECP4 was
positive only for stxl. These results revealed that the
virulence factor profile of the two coliphage groups was
diverse regardless of their host infection specificities. As an
application aspect, the four phages ECP1, ECP4, ECP15,
and BECP3 showed no signals in virulence gene profiling
PCR assay and could be considered good candidates as
biocontrol agents.

To study the thermal tolerance of the bacteriophages,
100 pl of phage lysate was incubated at 65°C and 70°C for
30 min using a heat block, respectively. Samples were
collected every 5 min during heat treatment of the phage,
and the samples were immediately 10-fold serially diluted
and spotted on the plates overlaid with the cultural host
bacteria. After incubation at 37°C for 24 h, log reduction of
bacteriophage was determined by counting the surviving
phages. The results of the two coliphage groups for thermal
tolerance are shown in Fig. 1. At 70°C, most of the O157
coliphages were reduced and not detected after 20 min,
and ECP7 and ECP4 were also reduced by 7 log;,, PFU/ml
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after 30 min (Fig. 1A). However, most of the broad-host
coliphages were reduced to a non-detectable level at 70°C
after 15-30 min (Fig. 1B). ECP20 and BECP4 also showed
6 log,, PFU/ml reduction after 30 min, but ECP19 was
more stable than the other broad host coliphages, showing
only 2 log;, PFU/ml reduction after 30 min. Although
broad-host coliphages showed various stability degrees at
70°C according to the characteristics of each coliphage, heat
resistance might be moderate and similar to previous
bacteriophages reported from Park ef al. [20] and Li et al.
[17]. Park et al. [20] reported that SFP10 was stable at 60°C
for 1h, but the phage count was reduced by 54% at 70°C
and completely inactivated at 75°C. Li et al. [17] reported
only 2 and 3 log;, PFU/ml reduction of EEP at 63°C and
72°C for 30 min, respectively.

To study the stability at various pH values, 10 ul of
phage lysate was mixed with 990 ul of high or low pH-
adjusted SM buffer. After the mixture was incubated at
room temperature for an hour, spot assay was conducted
as described for the thermal tolerance test procedure. Three
0157 and three broad-host coliphages were randomly
selected from each coliphage group and the effect of pH on
these coliphages is shown in Fig. 2. None of the two
coliphage groups could be detected after incubation at pH



Virulence Gene Profile and Stability of Coliphages for Various Escherichia coli Hosts

A
104 7
8 <4
E 6-
5 NECP3
'S
o ECP7
[-d
o 4-
- mECP13
2 -
0 -
Ohr  pH2 pH3  pHS  pH7  pH10

2063

B
10 4
s 4
E 6
5 I . uECP19
o BECP4
D, I
[}
2 1 u NOECP16
| ll
0 - -
Ohr  pH2 pH3  pHS  pH7  pH10

Fig. 2. The stability of E. coli O157-infecting coliphages ECP3, ECP7, and ECP13 (A), and E. coli-infecting coliphages ECP19,

BECP4, and NOECP16 (B) at various pH values for 1 h.

2 for 1 h. At the range of pH 3-10 for 1 h, O157 coliphages
showed slight decrease to less than 3 log,, PFU/ml (Fig. 2A),
while broad-host coliphages were significantly inactivated,
showing high reduction from 3 log,, PFU/ml to maximum
51log,, PFU/ml (Fig. 2B). These results revealed that the
0157 coliphages showing slight decrease of phage titers
were more stable than the broad-host coliphages showing
large decrease of 3-5 log,, PFU/ml at low and high pH
conditions. Similar to our results for O157 coliphages, Park
et al. [20] reported that SFP10 was highly stable between
pH 4 and 10, and SFP10 was completely abolished under
strong acidic pH (pH < 2). Some studies showed similar
results to ours for broad-host coliphages. Li et al. [17]
reported that EEP was very sensitive to strong acidic pH 3
and was not detected after 30 min. Rode et al. [23] reported
that infectious particles of recombinant Stx phage (Astx::cat)
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was not present after 10 min at pH 3. Jamal et al. [10] also
confirmed that there were no active infectious particles of
Myoviridae bacteriophage WZ1 at pH 3.

To study the stability under various concentrations of
ethanol, phage lysate was mixed with ethanol. After the
mixture was incubated at room temperature for 1h, spot
assay was conducted as described for the thermal tolerance
test procedure. When the three O157 coliphages were
treated with various concentrations of ethanol for 1 h, the
phage titers were not affected or were slightly reduced to
less than 1-2log,, PFU/ml (Fig. 3A). However, the three
broad-host coliphages showed higher sensitivity with
reduction over 3 log,, PFU/ml under the same conditions
(Fig. 3B). Specifically, 70% ethanol reduced a large amount
of infective phages by more than 4 log,, PFU/ml. These
results revealed that O157 coliphages were more stable
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Fig. 3. The stability of E. coli O157-infecting coliphages ECP3, ECP7, and ECP13 (A) and E. coli-infecting coliphages ECP19, BECP4,
and NOECP16 (B) under various concentrations of ethanol for 1 h.
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than broad-host coliphages under various concentrations
of ethanol, especially 70% ethanol. Li et al. [17] showed
similar results to ours for O157 coliphages, reporting that
EEP was slightly decreased in the presence of ethanol (25%,
50%, and 75%). Moreover, Rode et al. [23] reported similar
results to ours for broad-host coliphages, in which Stx
phage was very sensitive and not detected after 30 min of
exposure to 70% ethanol.

In conclusion, this study suggests individual characteristics
and different degrees of stability of E. coli O157:H7-specific
bacteriophages (0157 coliphages) and broad-host-range
bacteriophages for other E.coli serotypes (broad-host
coliphages). The burst size of the two coliphage groups
were varied regardless of the coliphage group, and the
virulence factor profile of the two groups was also diverse
according to the characteristics of each coliphage. However,
interestingly, the results of acidic and ethanol stability
suggest that O157 coliphages might be more stable than
broad-host coliphages under harsh conditions of acidic pH
and high concentration of ethanol. The high pH and
ethanol stability of 0157 coliphages might be related to the
size of Siphoviridae, which are smaller than broad-host
coliphages of Myoviridae [12]. Again, such high stability of
0157 coliphages to pH and ethanol would provide better
understanding on their infection of acid-tolerant E. coli
0157:H7.
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