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Abstract

The verocytotoxin genes in verocytotoxigenic Escherichia coli (VTEC) are carried by bacteriophages, incorporated into the
bacterial genome (prophage). Antibiotics may promote phage replication and release to infect other cells (transduction),
thus leading to the emergence of new VTEC strains. This study investigated transduction of a verocytotoxin2-encoding
bacteriophage (3538(vtx,::cat)) under laboratory conditions, including the effect of antibiotic treatments. Luria-Bertani
Miller broth and rumen fluid (raw and sterilised by irradiation) were inoculated with the donor (C60093538(Avtx,::cat))
and recipient (E. coli C600::kanamycin®) strains (4 log,, cfu/mL) and incubated at 38°C. Antibiotic treatments (minimal
inhibitory and sub-inhibitory concentrations of ampicillin, cefquinome, oxytetracycline and sodium sulfamethazine)
were applied after 3 h. Samples were tested for donor, recipient, cell-free phage and transductants at times t = 0, 3, 4,
6, 27 (24 h post-antibiotic treatment) and 51 h. Free phage was detected in the untreated broth and rumen samples, as
were the transductants confirmed by polymerase chain reaction. The antibiotic treatments did not significantly (P > 0.01)
increase the concentrations of free phage or transductants detected. It was therefore concluded that, under laboratory
conditions, the antibiotics tested did not induce bacteriophage lysis, release and infection of new bacterial cells beyond

that constitutively found in the phage population.
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Introduction

Escherichia coli are part of the normal intestinal microflora,
although some strains cause diarrhoegenic infections in
humans. Enteric E. coli have traditionally been divided
into six pathotypes: enteropathogenic E. coli (EPEC),
enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC),
verocytotoxigenic E. coli (VTEC), enteroaggregative E. coli
(EAEC) and diffusely adherent E. coli (DAEC) (European
Food Safety Authority [EFSA], 2013). Two further pathotypes
have been proposed by Clements et al. (2012), including
adherent invasive E. coli (AIEC), thought to be associated
with Crohn’s disease, and the verocytotoxin (Vix)-producing
enteroaggregative E. coli (STEAEC) responsible for the 2011
Germany E. coli outbreak.

Verocytotoxigenic E. coli (VTEC), also referred to as Shiga
toxin-producing E. coli (STEC), are characterised by the
production of Vitxs. These toxins, encoded on bacteriophages,
are similar to the toxins produced by Shigella dysenteriae.
The illnesses associated with VTEC infection range from mild-
to-bloody diarrhoea (haemorrhagic colitis) to kidney failure
(haemolytic uremic syndrome [HUS]) and thrombocytopenia
(Grande et al., 2014; Rahal et al., 2015).
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The most common VTEC serotype associated with human iliness
worldwide has been E. coli O157:H7. This finding may reflect the
fact that the majority of infections are caused by this serotype
or may be the result of surveillance bias with methods and
laboratories focussed on O157:H7. However, in recent years,
non-0157 cases have increased and currently outhnumber O157
infections in many countries (Monaghan et al., 2012). Indeed,
the emergence of these new VTEC serogroups has been a
cause for serious concern. In 2011, for instance, a major VTEC
outbreak occurred, primarily in France and Germany, but also
affecting 12 other European Union (EU) countries, the USA and
Canada. As on 21 July 2011, there had been 4,321 confirmed
cases, of which 852 developed HUS and 54 died (Buchholz et
al., 2011; Karch et al., 2012). The outbreak was unusual as the
VTEC strain involved was an EAEC that had acquired a vix2
gene (Frank et al., 2011).

E. coli acquire the vitx genes by phage mediated transduction.
When infected by the vix-carrying lambdoid bacteriophage,
the phage DNA integrates as a prophage into the bacterial
chromosome, where it is replicated and transmitted to daughter
cells during each subsequent cell division (James et al., 2001;
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Aertsen et al., 2005). However, these temperate phages may
also replicate lytically. At any given time, a small percentage
of the bacteriophage population will be in the lytic phase
(Livny and Friedman, 2004; Iversen et al., 2015). However,
in unfavourable conditions (e.g. antimicrobial treatments), a
bacterial regulatory genetic repair mechanism is triggered
(also referred to as the SOS response), which is located in a
part of the genome that contains the phage genes encoding
the lytic phase (Kimmitt et al., 2000; Janion, 2001; Schmidt,
2001). Once activated, hundreds of bacteriophages are
produced, which are then released into the environment
when the bacterial cell lyses (Kohler et al., 2000; Colon et
al., 2016). These phage particles are then free to infect other
E. coli, resulting in the transfer of the vix genes and the
emergence of new VTEC strains (Cornick et al., 2006).
Thus, antibiotics that target DNA and/or RNA, such as
sodium sulfamethazine (a nucleic acid inhibitor), initiate the
lytic cycle (Kohler et al., 2000). This antibiotic is commonly
used to treat bovine animals for bacterial pneumonia and
bovine respiratory disease complex caused by Pasteurella
spp., colibacillosis (bacterial scours) caused by E. coli,
acute mastitis (Streptococcus spp.) and acute metritis
(Streptococcus  spp.), necrotic pododermatitis  (foot
rot) (Fusobacterium necrophorum) and calf diphtheria
(Fusobacterium necrophorum). However, other antibiotics,
including ampicillin and cefquinome (both of which disrupt
cell wall synthesis) and oxytetracycline (which inhibits
protein synthesis), are also widely used to treat a range of
bovine illnesses but their impact on prophage and horizontal
gene transfer by transduction is unknown (Morrison, 1996;
Anderson and Yu, 2005; Kim et al., 2016). The objectives
of this study were therefore to investigate the release of cell
free phage and transduction in the following: (1) Luria-Bertani
Miller (LB) broth and rumen fluid; (2) LB broth and rumen
fluid when sodium sulfamethazine was added at sub- and
minimum inhibitory concentrations (SIC and MIC) and (3) LB
broth and rumen fluid treated with ampicillin, cefquinome and
oxytetracycline (SIC and MIC).

Materials and methods

Bacterial strains

The E. coli K-12 strain C600 containing the recombinant vtx,-
encoding lysogenic bacteriophage with a chloramphenicol
resistance marker inserted (C600¢3538(Dvtx,:.cat)) was
used as the donor strain and it was kindly provided by Dr.
Herbert Schmidt (Hohenheim University, Germany), while
the E. coli K-12 strain C600 with kanamycin resistance
was used as the recipient strain (C600::kanamycin®) and
was kindly provided by Dr. Maite Muniesa (University of
Barcelona, Spain). The E. coli K-12 strain C600 without any
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antibiotic resistance was used to detect @3538(Dvtx,:.cat)
plaque formation in the plaque assay procedures. All bacterial
cultures were prepared from cryoprotectant beads stored at
—20°C and inoculated overnight at 37°C in LB broth (Sigma-
Aldrich, Wicklow, Ireland).

Antimicrobial selection and concentration

Commonly prescribed antimicrobials in bovine medicine in
Ireland and the wider EU were selected. Each antibiotic was
used in the broth and rumen fluid model system at SICs and
MICs determined in a preliminary study that demonstrated
similar values for the donor (C6009p3538(Dvtx,::cat))
and recipient (C600::kanamycin®) strains. The antibiotics
used inhibited bacterial cell wall or DNA/RNA synthesis,
potentially resulting in the bacterial SOS response. The
final concentration of the antibiotics used were as follows:
sodium sulfamethazine at 100 yg/mL (MIC) and 0.331 pg/mL
(SIC); ampicillin at 50 pg/mL (MIC) and 0.011 pg/mL (SIC);
cefquinome at 2.5 pg/mL (MIC) and 0.0011 pg/mL (SIC); and
oxytetracycline at 25 yg/mL (MIC) and 0.0198 pg/mL (SIC). All
antibiotics were obtained from Sigma-Aldrich.

Rumen fluid collection and preparation

One litre of rumen fluid was collected from a ruminally
fistulated Friesian cow fed on a grass/grass silage diet on
three separate occasions in Teagasc, Moorepark, Co. Cork,
Ireland. The rumen fluid was collected by hand and strained
through three layers of cheesecloth into a sterile collection
bottle placed on ice. Approximately 500 mL of the rumen fluid
was left untreated (raw rumen fluid), while 500 mL rumen fluid
was irradiated (irradiated rumen fluid) at an ionizing radiation
dose of 10 kGy at the Agri-Food and Biosciences Institute in
Belfast, Northern Ireland. The irradiated rumen fluid provided a
sterile environment by eliminating any background microflora
without altering the matrix. Prior to bacterial inoculation, the
raw and irradiated rumen fluids were tested for the presence
of any background bacteriophages capable of infecting the
recipient strain C600, using the method described previously
by Nyambe et al. (2016). The raw and irradiated rumen fluids
were stored at —20°C until required.

Broth and rumen fluid model systems

The broth and rumen fluid model systems were set up
according to the Tilley and Terry model (Tilley and Terry, 1963).
The broth model system consisted of 50 mL of LB broth placed
into 100 mL (20 cm x 3 cm) glass test tubes. The rumen fluid
system consisted of 10 mL of raw or irradiated rumen fluid
and 40 mL of rumen buffer (26 mM Na,HPO,-12H,0, 117 mM
NaHCO,, 8 mM NaCl, 7.65 mM KCI, 0.63 mM MgCl,-6H,0
and 0.54 mM CaCl,-6H,0) placed into 100 mL glass test tubes
(Rivas et al., 2010). All test tube samples were flashed with
CO, for 2 min and immediately sealed with a rubber stopper
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fitted with a water-filled gas release valve. Duplicate LB broth,
raw rumen fluid and irradiated rumen fluid model systems for
every antibiotic treatment and concentration (SIC or MIC) were
set up and incubated at 38°C in a water bath for 1 h before
inoculation. In addition, LB broth, raw rumen fluid and irradiated
rumen fluid model systems without any antibiotic treatment
were also set up. After 1 h of incubation, all test tube samples
were co-inoculated with 3 mL of C60093538(Dvtx,::cat) (donor
strain) and 3 mL of C600::kanamycin® (recipient strain) at a
concentration of approximately 4 log,, cfu/mL. The samples
were flashed with CO, and re-fitted with the rubber stoppers
as before (Toomey et al., 2009). All test tubes were incubated
at 38°C in a water bath without shaking.

Broth and rumen fluid sample analysis

Exactly 1 mL aliquots were taken from each of the untreated
and treated LB broth, raw rumen fluid and irradiated rumen
fluid test tubes at t = 0 (time of donor and recipient strain
co-inoculation), 3 (time of antibiotic addition at SIC or MIC
values), 4, 6, 27 (24 h after antibiotic addition) and 51 h (48 h
after antibiotic addition). At each time point, 1 mL of the sample
was serially diluted in 9 mL of maximum recovery diluent
(Sigma-Aldrich) and spread-plated in duplicate. Total viable
count (TVC) and total Enterobacteriaceae count (TEC) were
enumerated only for the untreated and treated raw rumen
fluid samples. TVC was enumerated by plating the samples
on plate count agar (Sigma-Aldrich) and incubated for 48 h at
30°C, while TEC was enumerated by plating the samples on
violet red bile glucose agar (Sigma-Aldrich) and incubated for
24 h at 37°C.

The formation of any putative transductants was analysed by
plating on LB agar containing both 30 ug/mL chloramphenicol
and 50 pl/mL kanamycin and incubated at 37°C overnight.
During the course of the incubation and antibiotic treatment
period, the survival of donor strains (C60093538(Dvtx,::cat))
was analysed by plating the samples on LB agar containing
30 pg/mL chloramphenicol and that of recipient strains
(C600::kanamycin®) by plating on LB agar containing
50 pl/mL kanamycin and incubating both at 37°C overnight.

Detection of free vtx, bacteriophage in broth and rumen
fluid

To detect the presence of free phage in the untreated and
treated LB broth and rumen fluid (raw or irradiated), 2 mL
aliquots were extracted at each time point. Each extracted
aliquot was centrifuged at 6,797 x g for 10 min and filtered
using 0.45- ym-sized membrane filters (Sartorius Stedim Ltd.,
Dublin, Ireland). A serial dilution of the free vtx, bacteriophage
suspension was carried out using LB broth supplemented
with a final concentration of 10 mM CaCl,. Exactly 100 pL
of the diluted, filtered bacteriophage suspension was added
to 100 pL of overnight C600 host cell culture and 125 L of

0.1 M CaCl, This mixture was incubated at 37°C for 30 min,
after which 3 mL of LB-modified top 0.7% agar (modified
by the addition of a final concentration of 10 mM CaCl, and
0.001% thiamine hydrochloride) was poured onto LB-modified
bottom agar (Sigma-Aldrich). The plates were incubated
at 37°C overnight and examined for the formation of any
3538(vtx,::cat) bacteriophage plagues.

Confirmation of vtx, transductants

The DNA of the generated putative transductants obtained
on LB agar plates containing both chloramphenicol and
kanamycin was extracted using the DNeasy Blood and Tissue
Kit (Qiagen, Manchester, UK). Any transductants containing
the vtx, 3538(vix,.:cat) gene were confirmed by conventional
polymerase chain reaction (PCR) using primers HSB1 (5'-CCC
GGTACCATGAAG TGTATATTATTTAAATGG-3")and HSB3
(5'-CCC GCATGC TCAGTC ATT ATT AAACTG CAC-3'). The
DNA was denatured at 94°C for 10 min (one cycle), followed by
30 cycles of the following protocol: denaturing at 94°C for 30 s,
annealing at 53°C for 1 min and extension at 72°C for 1 min;
the experiment was concluded with a final extension step at
72°C for 5 min (one cycle) (Schmidt et al., 1999).

Volatile fatty acid analysis

Volatile fatty acid (VFA) analysis of the rumen fluid samples
was carried out in order to determine the concentration of
metabolised nitrogen- and saccharide-based substances.
VFA analysis was carried out according to a method described
previously by Whelan et al. (2012). In brief, approximately
10 mL of bovine rumen fluid (raw or irradiated rumen fluid)
was centrifuged at 1,600 x g for 15 min. Exactly 200 pL of
rumen fluid suspension was added to 3.8 mL distilled water
containing 1 mL of internal standard (0.5 g of 3-methylvaleric
acid in 1 L of 0.15 M oxalic acid) (Sigma Aldrich). The mixture
was centrifuged at 1,600 x g for 5 min at 16°C and filtered using
0.45-pm-sized membrane filters (Sartorius Stedim Ireland
Ltd., Dublin, Ireland). The resulting filtered supernatant was
transferred into 2 mL labelled gas chromatograph vials. VFA
concentrations were analysed using a gas chromatograph
(Varian 3800 GCL; Varian Inc., Palo Alto, CA, USA) fitted
with a 15 m capillary column and coated with 1.20 ym of
acid-modified polyethylene glycol (Grace Davison Discovery
Sciences, Lancashire, UK).

Statistical analysis

Each experiment was performed in duplicate on three
separate occasions, and the mean values were calculated.
Data analysis was carried out using analysis of variance (to
compare LB broth versus raw rumen fluid versus irradiated
rumen fluid and the different antimicrobials) using Genstat
version 14.1 (VSN International Ltd., Hemel Hempstead, UK).
Significance was determined at P < 0.05.
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Results

The raw rumen fluid, which had acetic, propionic, iso-butyric,
butyric, iso-valeric and valeric acid concentrations of 82.6,
15.7, 2.5, 18.8, 2.9 and 2.4 mmol/L, respectively, tested
negative for bacteriophages capable of infecting the host
strain (C600) used in these studies. Raw rumen fluid TVC and
TEC values ranged from 5.1 to 5.9 log,, cfu/mL and were not
affected by sodium sulfamethazine, ampicillin, cefquinome
or oxytetracycline, regardless of the concentration applied
(SIC or MIC) as their populations increased by approximately
1.0-1.5 log,, cfu/mL after treatment (Table 1). In contrast,
their effect on the donor and recipient E. coli populations was
mixed, depending on the antibiotic, concentration used and
the matrix (Tables 2 and 3). At SIC values, a 1-2 log,, cfu/mL
decrease in donor E. coli populations was obtained in the raw
and irradiated rumen fluids when treated with all antibiotics,
while recipient concentrations remained relatively stable when
antibiotic treatments were applied in LB broth, raw rumen
fluid and irradiated rumen fluid. At MIC values in LB broth,
both the donor and the recipient E. coli C600 populations
decreased by up to 5 log,, cfu/mL after ampicillin, cefquinome
and oxytetracycline treatments, but sulfamethazine had no
effect. A similar pattern was observed in raw rumen fluid and
irradiated rumen fluid, although the reductions obtained were
generally lower (up to approximately 2 log,, cfu/mL), and
sulfamethazine reduced the donor but not the recipient E. coli
populations (Tables 2 and 3).

Interestingly, cell-free phages were detected in untreated
samples of all three matrices at concentrations of up to 2.7
log,, plague-forming units (pfu)/mL (Tables 2 and 3). There
were statistically significant (P < 0.05) differences in the cell-
free phage concentrations obtained with the different antibiotic
treatments depending on the sampling time (0, 3, 4, 6, 27 or
51 h); thus there was no clear pattern wherein one antibiotic
consistently achieved significantly (P < 0.05) higher cell-free
phage concentrations. A range of peak concentrations were

obtained in the different matrices: LB broth (2.8 log,, pfu/mL)
after 27 h with sodium sulfamethazine (MIC); raw rumen fluid
(3.9 log,, pfu/mL) after 4 h with oxytetracycline (SIC); and
irradiated rumen fluid (2.7 log,, pfu/mL) after 27 h in untreated
samples.

Despite the apparent abundance of cell-free phages
obtained in untreated and treated samples, PCR-confirmed
transductants were only detected in 18 samples, and the
concentrations were low at 0.1-0.8 log,, cfu/mL (Tables 2
and 3). Interestingly, eight positives were obtained in sodium
sulfamethazine-treated samples, two with ampicillin, three
with cefquinome, three with oxytetracycline and the remainder
in untreated samples. The majority were obtained in LB broth
(15), with one in raw rumen fluid and three in irradiated rumen
fluid.

Discussion

Although it has been suggested that antimicrobials may trigger
the proliferation of new phage via the lytic cycle, there is a
lack of research demonstrating this process and the potential
emergence of new VTEC strains (Kimmitt et al., 2000; Free et
al., 2012; Kim et al., 2016). Induction, the process by which
phages switch from the lysogenic cycle to the lytic cycle, is
triggered by the SOS response in bacteria, which in turn is
induced by activation of the RecA protein after binding to
single-stranded DNA fragments, which are the products of
damaged DNA (Walker, 1984; Sassanfar and Roberts, 1990).
DNA damage may be caused by UV radiation, chemicals
such as hydrogen peroxide or antibiotics or infection with
other phages (Campbell and Reece, 2005; Campoy et
al., 2006; Keen, 2012). In our study, cell-free phages, at
concentrations ranging from 0.4 to 2.7 log,, pfu/mL, were
detected in untreated LB broth, raw rumen fluid and irradiated
rumen fluid at both SIC and MIC throughout this experiment,
suggesting that within a VTEC population, a proportion of the

Table 1. Total viable counts and total Enterobacteriaceae counts in untreated and treated raw rumen fluids

Time TVC, log,, cfu/mL TEC, log,, cfu/mL TVC, log,, cfu/mL TEC, log,, cfu/mL

(h) (antibiotics at SIC) (antibiotics at SIC) (antibiotics at MIC) (antibiotics at MIC)
NT Amp Cef Sul Oxy NT Amp Cef Sul Oxy NT Amp Cef Sul Oxy NT Amp Cef Sul Oxy
0 5.8 5.8 5.9 5.6 5.9 5.1 5.5 5.1 5.7 5.8 5.8 5.5 5.2 5.7 5.6 5.1 5.1 5.5 5.1 5.1
3 6.6 6.7 6.6 6.6 7.3 6.0 5.9 5.7 6.3 7.0 6.6 6.8 6.2 6.5 6.9 6.0 6.7 5.9 6.6 5.8
4 6.9 6.9 6.9 6.8 6.7 6.7 6.5 5.8 5.9 6.1 6.9 6.9 6.5 6.2 6.7 6.7 5.6 5.7 4.9 5.9
6 6.8 6.2 6.6 6.5 5.9 6.5 5.7 5.6 6.6 5.9 6.8 6.1 6.5 6.5 6.6 6.5 55 5.5 5.9 5.6
27 7.2 6.5 6.5 6.6 6.2 6.7 6.6 6.5 6.5 6.7 7.2 6.1 6.2 6.2 6.5 6.7 6.5 5.8 6.5 6.6
51 6.8 6.6 6.2 6.2 6.6 6.4 6.3 6.2 6.1 6.0 6.8 5.8 6.1 5.9 5.6 6.4 6.3 5.5 6.0 5.0

Amp = ampicillin; Cef = cefquinome; MIC = minimal inhibitory concentration; NT = no treatment; Oxy = oxytetracycline; SIC = sub-inhibitory
concentrations; Sul = sodium sulfamethazine; TEC = total Enterobacteriaceae count; TVC = total viable count.
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phages are constitutively replicating at any given time via the
lytic cycle. This finding has been previously reported (Livny
and Friedman, 2004; Iversen et al., 2015). Such a mechanism
would ensure phage persistence even if bacterial inactivation
processes were rapid and the VTEC hosts did not survive
for sufficient time to allow phage release before being killed
(Martinez-Castillo and Muniesa, 2014).

Interestingly, cell-free phage populations peaked after 4—6 h
in SIC-treated samples, at 2.0-2.6 log,, pfu/mL, regardless
of the medium. Similar peak cell-free phage concentrations
were obtained at the MIC values (2.1 log,, log,, pfu/mL in
LB broth, 2.4 log,, pfu/mL in raw rumen fluid and 2.7 log,,
pfu/mL in irradiated rumen fluid) after the same time period.
The decrease in free phages from their peak values was
unexpected as viral pathogens are generally considered to
survive better that their cellular hosts, a phenomenon that has
been demonstrated with Vix phages (Muniesa et al., 1999;

Lucena et al., 2003; Skraber et al., 2004). Moreover, the
peak phage concentrations were similar to those previously
recorded in human, cattle and poultry waste water and in
bovine faeces (Imamovic et al., 2010; Rooks et al., 2012).
As these samples were taken from sources that form part of
the natural ecology of E. coli, it is unlikely the E. coli cells
were in an SOS-stressed state, providing further evidence for
constitutive replication via the lytic cycle within a Vix phage
population.

Despite cell-free phage being obtained in all three matrices at
concentrations of up to 3.9 log,, log,, pfu/mL, transductants
were only detected in 20 samples and even then, at low
concentrations (0.1-0.8 log,, cfu/mL). A majority of these
occurred in LB broth, especially when treated with sodium
sulfamethazine. This may reflect the fact that antibiotics that
target DNA more effectively induce the lytic phase, even at
low concentrations (SIC and MIC) (Kohler et al., 2000), but

Table 2. Donor (C600¢3538(Dvtx,::cat)), recipient (E. coli C600::kanamycin®), cell-free phages and PCR-confirmed transductants obtained
in untreated and treated (ampicillin: 0.011 pg/mL; cefquinome: 0.0011 pg/mL; sodium sulfamethazine: 0.331 pg/mL; and oxytetracycline:
0.0198 pg/mL) LB broth, raw rumen fluid and irradiated rumen fluid at SIC

Time Donor: E. coli Recipient: E. coli Cell-free phage, PCR-confirmed transductants,
(h) C600¢3538(Dvtx,::cat), C600::kanamycinR, log,, pfu/mL log,, cfu/mL
log,, cfu/mL log,, cfu/mL
NT Sul Amp Cef Oxy NT Sul Amp Cef Oxy NT Sul Amp Cef Oxy NT Sul Amp Cef Oxy
LB broth
0 490 4.8 500 492 44 46° 4.9° 522 44° 5.0° 0.0 0.0* 0.00 0.0 0020 ND ND ND ND ND
3 522 51* 53 51* 58 591 55 542 567 5.92 04* 09 04 05° 05 ND 01 ND ND 01
4 6.32 6.00 45 51° 49° 6.3 622 522 56° 5.32 112 17@ 06> 20* 222 05 05 04 03 ND
6 6.32 50 43 522 47° 6.7@ 55° 53 567 4.9 212 05 18 18 17@° ND 08 ND 02 ND
27 592 46° 45 46° 54° 6.5 53 49° 56° 5.32 1.02 0.8 07> 07° 18 ND ND ND ND ND
51 400 413 31° 46° 47° 542 432 54 56° 4.9 08> 04°> 142 04> 05° ND 05 03 ND 05
Raw rumen fluid
0 430 413 442 45%° 390 49° 46° 46° 4.8 4.62 0.0 0.0* 0.00 0.0° 002 ND ND ND ND ND
3 45° 45" 450 425 43 48 492 55 49 5.02 05> 05> 05 112 122 ND ND ND ND ND
4 442 400 412 412 39* 53 47 49 50° 4.8° 06° 212 252 27° 392 ND ND ND ND ND
6 36° 36° 3.7° 36° 35° 537 46° 490 4.9 4.5% 242 14> 07° 13> 212 ND ND ND ND ND
27 422 37 33> 44% 39° 6.00 46% 50 4.4° 4.72 14> 1.0° 20° 11> 07> 08 ND ND ND ND
51 3.8 40 22 30 22° 56% 44* 50 45° 5.0° 0.7° 18 0.7° 13 06° ND ND ND ND ND
Irradiated rumen fluid

0 442 45% 450 46° 47 48 48 500 4.9 5.32 0.0 0.0* 0.00 0.0 002 ND ND ND ND ND
3 4.8 472 47° 46" 48 56° 55 55 54° 5.22 05 04°> 04> 10° 05 ND ND ND ND ND
4 490 46° 46° 512 457 63 55 48 49 5.62 27¢ 05° 16° 10° 05° ND ND ND ND ND
6 4.8 3.7° 3.6° 3.8 35 6.1° 432 499 49 4.72 270 15 13 14> 14> 01 ND ND ND ND
27 490 34> 34> 29> 23 53 49 50 4.3 4.6° 172 13> 12> 08 26° 02 ND ND ND ND
51 352 25° 24> 16> 21 532 490 432 46° 4.9 0.7° 20 14> 07° 152 ND ND ND 06 ND

acStatistical analysis: the same letter indicates statistically similar results (P < 0.05) horizontally within a given group (donor, recipient or cell-

free phage).

Amp = ampicillin; Cef = cefquinome; LB = Luria-Bertani Miller; NT = no treatment; ND = not detected; Oxy = oxytetracycline; PCR = polymerase
chain reaction; SIC = sub-inhibitory concentrations; Sul = sodium sulfamethazine; TEC = total Enterobacteriaceae count; TVC = total viable

count.
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this may also be due to the higher concentration of donor
and recipient cells in sodium sulfamethazine-treated samples
(Imamovic et al., 2009). Indeed, the low overall production
and isolation of transductants may be attributed to the
combination of donor and recipient cell concentrations being
lower than the threshold value required for their generation,
due to the decrease in bacterial cell numbers observed in
the presence of the different antibiotic treatments (Imamovic
et al., 2009). Moreover, the free phages observed in our
study may have had reduced capacity to infect bacterial cells
(Yue et al., 2012; Martinez-Castillo and Muniesa, 2014). The
higher transduction rates in LB broth may be explained by
the impact of the matrix on this process. In general, more
complex and heterogeneous matrices, such as rumen
fluid, inhibit transduction as the irregular distribution of cells
reduces phage—bacteria encounters (Imamovic et al., 2009).
Based on our findings, the following conclusions were drawn:
(1) within a given VTEC population, a proportion of the

Vix phages replicate via the lytic cycle in broth and rumen
fluid model systems even in the absence of the bacterial
SOS response; (2) sodium sulfamethazine at SIC and MIC
promotes this process; and (3) in contrast, other antibiotics,
specifically ampicillin, cefquinome and oxytetracycline (at SIC
and MIC), have no effect.
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Table 3. Donor (C600¢3538(Dvtx,::cat)), recipient (E. Coli C600::kanamycin®), cell-free phages and PCR-confirmed transductants obtained
in untreated and treated (ampicillin: 50 pug/mL; cefquinome: 2.5 pg/mL; sodium sulfamethazine: 100 ug/mL; and oxytetracycline: 25 pg/mL)
LB broth, raw rumen fluid and irradiated rumen fluid at MIC

Time Donor: E. coli Recipient: E. coli Cell-free phage, log,, pfu/mL PCR-confirmed transductants,
(h) C600¢3538(Dvtx,::cat), log,, cfu/mL  C600::kanamycinR, log,, cfu/mL log,, cfu/mL
NT Sul Amp Cef Oxy NT Sul Amp Cef Oxy NT Sul Amp Cef Oxy NT Sul Amp Cef Oxy
LB broth
0 497 44° 490 49 4.6° 46° 4.9° 48 500 47° 0.0° 0.0 00 00* 00> ND ND ND ND ND
3 522 55 50* 5.1¢° 4.62 592 592 52¢ 56° 50 04> 10° 05 05° 04 ND ND ND ND ND
4 6.32 56° 2.8 3.4° 3.6° 6.32 6.3 3.0° 4.0 38 11 06* 05 23> 21> 05 06 ND ND ND
6 6.32 542 13> 1.4° 1.8° 6.72 522 21> 19 25 212 18 212 172 27@ ND 06 ND ND ND
27 59 53 00> 0.7° 1.1° 6.5 53 04> 10> 19 1.0 28 06 16 07@ ND 07 ND ND ND
51 4.00 45 0.00 0.0° 1.2v 54* 46° 0.0° 00> 15 0.8 07* 0.0 00 118 ND 07 ND ND 0.5
Raw rumen fluid
0 4.3 422 412 4.4° 3.8° 490 49° 422 48 45 0.0* 0.0 0.0 00° 00 ND ND ND ND ND
3 45% 422 512 472 4.22 48 49 512 52¢ 512 05 12> 10> 20* 12> ND ND ND ND ND
4 44s 37* 422 37 4.42 532 49° 48 48 47¢ 06 12> 27@ 3.0° 13> ND ND ND ND ND
6 36° 3.6° 28 28 3.72 532 46° 42° 47> 42> 242 21* 14> 18 14> ND ND ND ND ND
27 428 412 25> 22° 4.22 6.02 5.1° 44> 40> 43> 14> 20° 1.0° 14> 15 08 ND ND ND ND
51 3.8 23> 25° 0.7 3.22 5.6 43 39° 36° 47@ 07° 18 15 142 08 ND ND ND ND ND
Irradiated rumen fluid

0 442 47° 422 45 4.8° 48 43 48 46° 49° 0.0* 0.0 00 00° 00 ND ND ND ND ND
3 4.8 47 48 50° 4.9 562 522 53 53 55 05 10° 13 112 102 ND ND ND ND ND
4 490 49 390 3.6° 4.12 6.32 56° 47° 49 49 272 10> 12> 12> 12> ND ND ND ND ND
6 4.8 4.0 22> 29 3.2° 6.12 46° 35> 35 40 27@ 20 13> 14> 14 01 ND ND ND ND
27 498 31° 12° 15° 3.5° 532 472 25 35 31 172 20> 20 16° 202 02 ND ND ND ND
51 35° 29 0.0 0.7 2.1° 53 50° 21°¢ 33> 36 07° 18 13 142 142 ND ND ND ND ND

acStatistical analysis: the same letter indicates statistically similar results (P < 0.05) horizontally within a given group (donor, recipient or cell-

free phage).

Amp = ampicillin; Cef = cefquinome; LB = Luria-Bertani Miller; MIC = minimal inhibitory concentration; NT = no treatment; ND = not detected;
Oxy = oxytetracycline; PCR = polymerase chain reaction; Sul = sodium sulfamethazine; TEC = total Enterobacteriaceae count; TVC = total

viable count.

82



Nyambe et al.: Verocytotoxin bacteriophage transduction

References

Aertsen, A., Faster, D. and Michiels, C.W. 2005. Induction of Shiga
toxin-converting prophage in Escherichia coli by high hydrostatic
pressure. Applied and Environmental Microbiology 71: 1155—
1162.

Anderson, R.C. and Yu, P.L. 2005. Factors affecting the antimicrobial
activity of ovine-derived cathelicidins against E. coli 0157:H7. In-
ternational Journal of Antimicrobial Agents 25: 205-210.

Buchholz, U., Bernard, H., Werber, D., Bohmer, M.M., Remschmidt,
C., Wilking, H., Delere, Y., an der Heiden, M., Adlhoch, C., Drees-
man, J., Ehlers, J., Ethelberg, S., Faber, M., Frank, C., Fricke, G.,
Greiner, M., Hohle, M., lvarsson, S., Jark, U., Kirchner, M., Koch,
J., Krause, G., Luber, P., Rosner, B., Stark, K. and Kuhne, M. 2011.
German outbreak of Escherichia coli O104:H4 associated with
sprouts. The New England Journal of Medicine 365: 1763-1770.

Campbell, N.A. and Reece, J.B. 2005. “Biology”, 7th Edition. Pearson,
Benjamin Cummings, San Francisco, USA.

Campoy, S., Hervas, A., Busquets, N., Erill, I., Teixido, L. and Barbe,
J. 2006. Induction of the SOS response by bacteriophage lytic de-
velopment in Salmonella enterica. Virology 351: 360-367.

Clements, A., Young, J.C., Constantinou, N. and Frankel, G. 2012.
Infection strategies of enteric pathogenic Escherichia coli. Gut Mi-
crobes 3: 71-87.

Colon, M.P., Chakraborty, D., Pevzner, Y. and Koudelka, G.B. 2016.
Mechanisms that determine the differential stability of Stx (+) and
Stx (-) lysogens. Toxins 8: 1-13.

Cornick, N.A., Helgerson, A.F., Mai, V., Ritchie, J.M. and Acheson,
D.W. 2006. In vivo transduction of an Stx-encoding phage in ru-
minants. Applied and Environmental Microbiology 72: 5086—-5088.

EFSA Panel on Biological Hazards (BIOHAZ). 2013. Scientific Opin-
ion on VTEC-seropathotype and scientific criteria regarding patho-
genicity assessment. EFSA Journal 11(4): 3138. doi:10.2903/].
efsa.2013.3138. Available online: www.efsa.europa.eu/efsajour-
nal. [Accessed 7 April 2017], 106 pages.

Frank, C., Werber, D., Cramer, J.P., Askar, M., Faber, M., an der
Heiden, M., Bernard, H., Fruth, A, Prager, R., Spode, A., Wadl, M.,
Zoufaly, A., Jordan, S., Kemper, M.J., Follin, P., Muller, L., King,
L.A., Rosner, B., Buchholz, U., Stark, K. and Krause, G. 2011. Epi-
demic profile of Shiga-toxin-producing Escherichia coli O104:H4
outbreak in Germany. The New England Journal of Medicine 365:
1771-1780.

Free, A.L., Duoss, H.A., Bergeron, L.V., Shields-Menard, S.A., Ward,
E., Callaway, T.R., Carroll, J.A., Schmidt, T.B. and Donaldson,
J.R.. 2012. Survival of O157:H7 and non-O157 serogroups of
Escherichia coli in bovine rumen fluid and bile salts. Foodborne
Pathogens and Disease 9: 1010-1014.

Grande, L., Michelacci, V., Tozzoli, R., Ranieri, P., Maugliani, A., Cap-
rioli, A. and Morabito, S. 2014. Whole genome sequence compari-
son of vtx2-converting phages from Enteroaggregative Haemor-
rhagic Escherichia coli strains. BMC Genomics 15: 1-11.

Imamovic, L., Balleste, E., Jofre, J. and Muniesa, M. 2010. Quan-
tification of Shiga toxin-converting bacteriophages in wastewater
and in fecal samples by real-time quantitative PCR. Applied and
Environmental Microbiology 76: 5693—-5701.

Imamovic, L., Jofre, J., Schmidt, H., Serra-Moreno, R. and Muniesa,
M. 2009. Phage-mediated Shiga toxin 2 gene transfer in food and
water. Applied and Environmental Microbiology 75: 1764—1768.

Iversen, H., L'/Abee-Lund, T.M., Aspholm, M., Arnesen, L.P.S. and
Lindback, T. 2015. Commensal E. coli Stx2 lysogens produce high
levels of phages after spontaneous prophage induction. Frontiers
in Cellular and Infection Microbiology 5: 1-10.

James, C.E., Stanley, K.N., Allison, H.E., Flint, H.J., Stewart, C.S.,
Sharp, R.J., Saunders, J.R. and McCarthy, A.J. 2001. Lytic and
lysogenic infection of diverse Escherichia coli and Shigella strains
with a verocytotoxigenic bacteriophage. Applied and Environmen-
tal Microbiology 67: 4335—4337.

Janion, C. 2001. Some aspects of the SOS response system — a criti-
cal survey. Acta Biochimica Polonica 48: 599-610.

Karch, H., Denamur, E., Dobrindt, U., Finlay, B.B., Hengge, R., Johannes,
L., Ron, E.Z., Tonjum, T., Sansonetti, P.J. and Vicente, M. 2012. The
enemy within us: lessons from the 2011 European Escherichia coli
0104:H4 outbreak. EMBO Molecular Medicine 4: 841-848.

Keen, E.C. 2012. Phage therapy: concept to cure. Frontiers in Micro-
biology 3: 238.

Kim, J.C., Chui, L., Wang, Y., Shen, J. and Jeon, B. 2016. Expansion
of Shiga Toxin-producing Escherichia coli by use of bovine antibi-
otic growth promoters. Emerging Infectious Disease 22: 802—-809.

Kimmitt, P.T., Harwood, C.R. and Barer, M.R. 2000. Toxin gene ex-
pression by Shiga toxin-producing Escherichia coli: the role of
antibiotics and the bacterial SOS response. Emerging Infectious
Disease 6: 458—465.

Kohler, B., Karch, H. and Schmidt, H. 2000. Antibacterials that are
used as growth promoters in animal husbandry can affect the re-
lease of Shiga-toxin-2-converting bacteriophages and Shiga toxin
2 from Escherichia coli strains. Microbiology 146: 1085-1090.

Livny, J. and Friedman, D.l. 2004. Characterizing spontaneous induc-
tion of Stx encoding phages using a selectable reporter system.
Molecular Microbiology 51: 1691-1704.

Lucena, F., Mendez, X., Moron, A., Calderon, E., Campos, C., Guer-
rero, A., Cardenas, M., Gantzer, C., Shwartzbrood, L., Skraber, S.
and Jofre, J. 2003. Occurrence and densities of bacteriophages
proposed as indicators and bacterial indicators in river waters from
Europe and South America. Journal of Applied Microbiology 94:
808-815.

Martinez-Castillo, A. and Muniesa, M. 2014. Implications of free Shiga
toxin-converting bacteriophages occurring outside bacteria for the
evolution and the detection of Shiga toxin-producing Escherichia
coli. Frontiers in Cellular and Infection Microbiology 4: 46.

Monaghan, A., Byrne, B., Fanning, S., Sweeney, T., McDowell, D. and
Bolton, D.J. 2012. Serotypes and virulotypes of non-O157 Shiga-
toxin producing Escherichia coli (STEC) on bovine hides and car-
casses. Food Microbiology 32: 223-229.

83


http://www.efsa.europa.eu/efsajournal
http://www.efsa.europa.eu/efsajournal

Irish Journal of Agricultural and Food Research

Morrison, M. 1996. Do ruminal bacteria exchange genetic material?
Journal of Dairy Science 79: 1476-1486.

Muniesa, M., Lucena, F. and Jofre, J. 1999. Comparative survival of
free Shiga toxin 2-encoding phages and Escherichia coli strains
outside the gut. Applied and Environmental Microbiology 65:
5615-5618.

Nyambe, S., Burgess, C., Whyte, P. and Bolton, D. 2016. Survival
studies of a temperate and lytic bacteriophage in bovine faeces
and slurry. Journal of Applied Microbiology 121: 1144—-1151

Rahal, E.A., Fadlallah, S.M., Nassar, F.J., Kazzi, N. and Matar, G.M.
2015. Approaches to treatment of emerging Shiga toxin-produc-
ing Escherichia coli infections highlighting the O104:H4 serotype.
Frontiers in Cellular and Infection Microbiology 5: 1-9.

Rivas, L., McDonnell, M.J., Burgess, C.M., O’Brien, M., Navarro-
Villa, A., Fanning, S. and Duffy, G. 2010. Inhibition of verocyto-
toxigenic Escherichia coli in model broth and rumen systems by
carvacrol and thymol. International Journal of Food Microbiology
139: 70-78.

Rooks, D.J., Libberton, B., Woodward, M.J., Allison, H.E. and McCar-
thy, A.J. 2012. Development and application of a method for the
purification of free Shiga toxigenic bacteriophage from environ-
mental samples. Journal of Microbiological Methods 91: 240-245.

Sassanfar, M. and Roberts, J.W. 1990. Nature of the SOS-inducing
signal in Escherichia coli. The involvement of DNA replication.
Journal of Molecular Biology 212: 79-96.

Schmidt, H. 2001. Shiga-toxin-converting bacteriophages. Research
in Microbiology 152: 687—695.

84

Schmidt, H., Bielaszewska, M. and Karch, H. 1999. Transduction of
enteric Escherichia coli isolates with a derivative of Shiga toxin
2-encoding bacteriophage phi3538 isolated from Escherichia coli
0157:H7. Applied and Environmental Microbiology 65: 3855-
3861.

Skraber, S., Gassilloud, B. and Gantzer, C. 2004. Comparison of co-
liforms and coliphages as tools for assessment of viral contami-
nation in river water. Applied and Environmental Microbiology 70:
3644-3649.

Tilley, J.M.A. and Terry, R.A. 1963. A two-stage technique for the in
vitro digestion of forage crops. Grass and Forage Science 18:
104-111.

Toomey, N., Monaghan, A., Fanning, S. and Bolton, D. 2009. Transfer
of antibiotic resistance marker genes between lactic acid bacteria
in model rumen and plant environments. Applied and Environmen-
tal Microbiology 75: 3146-3152.

Walker, G.C. 1984. Mutagenesis and inducible responses to deoxyri-
bonucleic acid damage in Escherichia coli. Microbiology Reviews
48: 60-93.

Whelan, S.J., Pierce, K.M., Flynn, B. and Mulligan, F.J. 2012. Effect of
supplemental concentrate type on milk production and metabolic
status in early-lactation dairy cows grazing perennial ryegrass-
based pasture. Journal of Dairy Science 95: 4541-4549.

Yue, W.F.,, Du, M. and Zhu, M.J. 2012. High temperature in combina-
tion with UV irradiation enhances horizontal transfer of stx2 gene
from E. coli O157:H7 to non-pathogenic E. coli. PLoS ONE T:
e31308.



