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ABSTRACT

Enterobacter cloacae M12X01451 strain recently identified from a clinical specimen produces a new Stx1 subtype (Stxle) that
was not neutralized by existing anti-Stx1 monoclonal antibodies. Acquisition of stx by Ent. cloacae is rare and origin/stability
of stxje in M12X01451 is not known. In this study, we confirmed the ability of Stxla- and Stxle-converting phages from an
Escherichia coli 0157:H7 strain RM8530 and M12X01451 respectively to infect several E. coli and Ent. cloacae strains. stx;. was
detected in 97.5% and 72.5% of progenies of strains lysogenized by stx;e phage after 10 (T10) and 20 (Tyo) subcultures, versus
65% and 17.5% for stx1, gene. Infection of M12X01451 and RM8530 with each other’s phages generated double lysogens
containing both phages. stx;, was lost after Ty, whereas the stx;. was maintained even after Ty in M12X01451 lysogens. In
RM8530 lysogens, the acquired stx;. was retained with no mutations, but 20% of stx1, was lost after Tyo. ELISA and western
blot analyses demonstrated that Stxle was produced in all strains lysogenized by stx;e phage; however, Stxla was not
detected in any lysogenized strain. The study results highlight the potential risks of emerging Stx-producing strains via
bacteriophages either in the human gastrointestinal tract or in food production environments, which are matters of great
concern and may have serious impacts on human health.
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INTRODUCTION encoded by Stx-converting bacteriophages (Stx phages) (Strauch
et al. 2008). These lambdoid temperate phages (Allison 2007; Los$,
Lo$ and Wegrzyn 2011) can encode either stx; or stx, of which
there are four and seven subtypes, respectively (Zhang et al. 2002;
Mauro and Koudelka 2011; Scheutz et al. 2012).

Stx-converting phages can lyse their STEC hosts (Chibani-
Chennoufi et al. 2004) in the gastrointestinal tract (GIT)
and transfer stx genes from cell to cell via transduction,

Shiga toxin-producing Escherichia coli (STEC) are major foodborne
pathogens, capable of causing human diseases ranging from
diarrhea to life-threatening complications such as hemolytic-
uremic syndrome (McAllister et al. 2016). Virulence of STEC
strains and their ability to cause severe diseases are linked to the
activity of Shiga toxins (Stxs) (Smith et al. 2012; Bloch et al. 2015)
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representing a significant mechanism of horizontal gene trans-
fer (HGT), and is most likely the cause of stx genes dis-
semination among a multitude of STEC serotypes (Gyles and
Boerlin 2013). Following infection with a Stx-converting phage,
the integrated stx genes either remain silent in the lysogens
(Paul and Weinbauer 2010) or are expressed at low levels
(Wegrzyn, Licznerska and Wegrzyn 2012). Upon induction by
DNA damaging agents (such as mitomycin C or UV light), or by
other factors that provoke the bacterial S.0.S. response, excision
of prophage DNA from the host chromosome and initiation of
the lytic cycle take place (Wegrzyn and Wegrzyn 2005; Imamovic
and Muniesa 2012), followed by host cell lysis, expression of Stx
(Allison et al. 2003) and release of phage particles that can trans-
duce the stx genes to other bacteria (Téth et al. 2003). Produc-
tion of both Stx1 and Stx2 has been shown to increase upon in-
duction of the Stx-encoding bacteriophages in vitro (Zhang et al.
2000). On the other hand, Stx1 has been demonstrated to be iron
regulated, but iron regulation seems to have no impact on the
expression of stx, (Pacheco and Sperandio 2012).

Phages play an integral role in the evolution of new food-
borne pathogens (Brabban, Hite and Callaway 2005). Available
evidence suggests that STEC 0157:H7 has evolved from the en-
teropathogenic E. coli strain O55:H7 by the acquisition of two
prophages encoding Stx1 and Stx2 (Ohnishi et al. 2002; Wick
et al. 2005; Téth et al. 2016). Several studies reported a limited
host range for individual Stx phages (Saunders et al. 2001; Kelly,
Vespermann and Bolton 2009). Stx phages can infect commen-
sal E. coli (Wagner, Acheson and Waldor 1999; Muniesa et al. 2003;
Gamage, McGannon and Weiss 2004), and convert Stx-negative
E. coli strains in vivo as well as in natural environments (Gamage
et al. 2003). Acquisition of stx by hosts other than E. coli (such as
Acinetobacter haemolyticus, Aeromonas sp., Citrobacter freundii, En-
terobacter cloacae (Ent. cloacae) and E. albertii) through Stx phages
has been infrequently reported (Schmidt et al. 1993; Alperi and
Figuera 2010; Ooka et al. 2012). However, the wide distribution of
Stx1 and Stx2 variants in different bacteria indicates that these
phages possess the ability of transmitting stx genes throughout
members of Enterobacteriaceae.

Ent. cloacae is a part of the normal flora of the human GIT
and is frequently found in environmental samples (Krzyminska
et al. 2009). Although it is a fairly common nosocomial pathogen,
there are few studies examining its pathogenic potential be-
yond opportunistic infections (Davin-Regli and Jean-Marie 2015).
In contradiction to the fact that most Enterobacter members are
often considered as typical commensals, the number of epi-
demiologic studies involving these microorganisms has been

Table 1. Bacterial strains used in this study.

increasing (Mezzatesta, Gona and Stefani 2012), reflecting the
potential of Ent. cloacae strains as emerging pathogens. An emer-
gent Stx variant named Stxle was recently identified in an Ent.
cloacae M12X01451 strain (Probert, McQuaid and Schrader 2014)
isolated from a patient with a mild diarrheal illness. This new
toxin is the most divergent subtype of the Stx1, and has only
limited reactivity with the available commercial anti-Stx1 anti-
bodies, therefore representing a challenge for detection. Because
of Ent. cloacae’s reputation as a nosocomial pathogen, its clinical
relevance in human pathogenicity, especially in gastrointestinal
infections, has not yet been addressed.

More epidemiological studies have focused on stx,-encoding
phages rather than stx;-encoding phages, since stx,-harboring
strains are typically associated with more severe clinical out-
comes (Ethelberg et al. 2004; Orth et al. 2007; Kawano et al. 2008).
The ability of Stx-encoding phages from clinical EHEC 026 and
EHEC 0157 isolates to transduce the laboratory strain E. coli K-12,
commensal E. coli and EPEC of various origins within the GIT has
been demonstrated in vivo (Cornick et al. 2006). However, there
are limited studies concerning the potential of Stxl-encoding
phages to infect other non-pathogenic or pathogenic strains.
Incorporation of stxie in particular, which is difficult to detect
by current immunoassays, into established human pathogens
could present diagnostic complications. Since the stx;e operon
could be disseminated via phage to host-adapted strains, we in-
vestigated the capability of the stx;.-encoding prophage to lyso-
genize other E. coli or E. cloacae strains. Lysogenization was com-
pared to that by a prophage induced from an E. coli 0157:H7
clinical strain, encoding for another stx; subtype. Differences
in stx gene(s) acquisition, stability and Stx expression were
evaluated at the time of infection and after multiple subcul-
tivation steps. The described experimental set up mimics to
an extent the clinical scenario of harmless commensal organ-
isms colonizing the GIT environment, together with other stx-
carrying pathogenic strains. Under conditions of extended an-
tibiotic treatment, such co-existence may result in an effective
conversion of the harmless organisms into new strains with
pathogenic potential, which may contribute to bacterial patho-
genesis and pose high risks to human health.

MATERIALS AND METHODS
Bacterial strains and growth conditions

Strains used in this study are listed in Table 1. The stxie-
positive Ent. cloacae M12X01451 strain kindly provided by

StX1a StXie
Bacterial strains stx gene Serotype spot-test spot test Source Reference
Donor strains
Enterobacter cloacae M12X01451 StX1e - + - Clinical sample Probert, McQuaid
(harboring stx;. phage) and Schrader (2014)
Escherichia coli RM8530 stxXq, 0157:H7 + CDC 2886-75 Kyle et al. (2012)
(harboring stx,, phage)
Host (recipient) strains
Enterobacter cloacae 13047 - - + + ATCC -
Escherichia coli 25922 - - - ATCC -
Escherichia coli DH5« - - + + Invitrogen This work
Escherichia coli K-12 (29425) - - - ATCC Skinner et al. (2013)
Escherichia coli 465-97 - 0157:H7 + + USDA-FSIS USDA (2012)




Dr William Probert at the Richmond Department of Public Health
(Richmond, CA) and the stxj,-positive E. coli 0157:H7 RM8530
strain (CDC 2886-75) were used as the donor strains for the
phage transduction experiments. The Ent. cloaceae type strain
(ATCC 13047), the E. coli strain ATCC 25922 and the E. coli K-
12 strain ATCC 29425 obtained from the American Type Cul-
ture Collection, together with other stx-negative strains (Table 1),
served as recipients for lysogenization experiments (unless oth-
erwise stated) and were used as negative controls in PCR analy-
ses. Strains were routinely grown overnight in Luria-Bertani (LB)
broth at 37°C with shaking at 150 rpm or on LB agar plates. Stock
cultures of each strain were prepared by centrifugation (8000 x
g, 10 min), pellets were suspended in 1 mL of fresh LB, 0.5 mL
portions were transferred to 2 mL beads-containing cryogenic
vials (Corning) and stored at -80°C for further use. Purity of E.
coli 0157 strains was routinely checked by testing their ability
to ferment sorbitol on Sorbitol MacConkey agar (SMAC; Oxoid),
followed by the detection of rbfE gene using the latex aggluti-
nation kit (Oxoid DRYSPOT E. coli 0157, Oxoid, Ltd, Basingstoke,
UK), according to the manufacturer’s instructions.

Prior to infection experiments, the absence of stx in Ent. cloa-
cae 13047, E. coli DH5« and E. coli 465-97 and the presence of stxi,
in E. coli RM8530 and stxie in Ent. cloacae M12X01451 were veri-
fied by colony PCR. Positive bands characteristic of stxi, (ampli-
con size of 477 bp) and stxse (amplicon size of 250 bp) genes were
detected (Fig. S1, Supporting Information).

Induction and purification of stx phages

Ent. cloacae strain M120X1451 (harboring stxi.-encoding
prophage) and E. coli O157:H7 strain RMS8530 (harboring
stxia-encoding prophage) were grown from frozen cryogenic
vial stocks, streaked on LB agar plates and grown from single
colonies (Strauch, Schaudinn and Beutin 2004) overnight at
37°C in LB broth. LB broth was inoculated with 0.1% (v/v) of
each strain’s overnight culture, and incubated at 37°C with
shaking (150 rpm) for 3 h until the early exponential phase
(~ODggo = 0.05, ca. ~ 6 log CFU mL™1). At this point, phage
induction was carried out by adding mitomycin C to a final
concentration of 50 ng mL~! to the culture bottles, which were
further incubated for 16-18 h at 37°C with shaking (150 rpm) in
the dark, followed by centrifugation at 14 000 x g for 20 min at
4°C, to separate the cells and other debris from phage particles.
Cell-free supernatants (CFSs) were filter sterilized using 0.2 um
sterile EMD Millipore Millex filters (Thermo Fisher Scientific,
Pittsburgh, PA), and treated with 2 uL of DNase (10 U mL™%;
Sigma-Aldrich) for 1 h at 37°C to digest possible genomic DNA
contamination. Phage particles in both DNase-treated CFSs
were precipitated by adding 1:6 volume of PEG/NaCl solution
(20% polyethylene-glycol-8000, 2.5 M NacCl), and incubating
overnight at 4°C (Lunder et al. 2008). Resulting phage precip-
itates were separated by centrifugation as described above,
suspended in 2 mL of SM buffer (100 mM NacCl, 10 mM MgSOy;
50 mM Tris-Cl, pH 7.5) to which two to three drops of chloroform
were added, and stored at 4°C for further use (Sambrook and
Russell 2001). Aliquots of the purified lysates were used to
amplify the stx gene by PCR to confirm the prophage induction.

Phage enumeration

Phage titers were determined by the soft-agar overlay assay
(Velandia et al. 2012) with slight modifications. A total of
100 uL of filtered media containing either stx;.-carrying or stxi,-
carrying phages was diluted 10-fold in SM buffer, 500 nL aliquots
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of each dilution were mixed with 100 uL of CaCl, (0.1 M final
concentration) and 100 L of exponential-phase culture of Ent.
cloacae 13047 (for enumeration of stxie phage) and E. coli DH5«
(for enumeration of stxi, phage) was added to the phage mix-
ture. The phage-host cell mixtures were left to stand at 37°C for
30 min to allow phage particle adsorption (Muniesa et al. 2004;
Muniesa, Serra-Moreno and Jofre 2004), added to test tubes con-
taining 3 mL of molten soft LB agar (0.7% agarose w/v), mixed
by phage style mixing and then poured in duplicates over pre-
warmed LB agar plates. Plates were left for 15 min at room tem-
perature (RT) to obtain solidified overlays, inverted and incu-
bated overnight at 37°C until the appearance of plaques. Plates
prepared simultaneously with overlay mixtures either lacking
the phage lysate dilutions or the exponential-phase cultures
of host strains were used as negative controls. Plaques were
enumerated on each plate and phage titers were expressed as
plaque-forming units per milliliter (PFU mL~?) of each phage-
containing lysate (Anderson et al. 2011).

Preparation of high titer phage stock solutions

For the infection and transduction experiments, high titers of
stxie and stxi, purified phage-containing lysates were prepared
according to the method of Allison et al. (2003). Enterobacter cloa-
cae 13047 and E. coli 465-97 were grown in LB as previously de-
scribed to an ODggg of ~0.05, stx1.- and stx;,-phage lysates were
then added to the corresponding cultures at a multiplicity of in-
fection (MOI) of 0.5. The infected cultures were further incubated
overnight at 37°C with shaking (150 rpm), and the correspond-
ing phages were recovered from the resulting supernatants after
the removal of whole cells and cellular debris by centrifugation
at 14 000 x g (4°C, 20 min) followed by filter sterilization. For
further use, the phage stock solutions containing stx; and stxia
phages were stored at 4°C with a few drops of chloroform as pre-
viously stated.

Host range and infectivity of stx; phages

The spot test (Holguin et al. 2015) was employed to test the
susceptibility of host strains to infection by the stx;. and stxia
phages with slight modifications. A total of 500 uL aliquots of
the early exponential phase (ODggo ~ 0.05) cultures of each host
strain (Table 1) were mixed with 100 ;L of CaCl, (0.02 M final con-
centration) and 3 mL molten soft LB agar, poured onto LB agar
plates, and allowed to solidify at RT. A total of 15 uL aliquots
of each phage stock solution (containing stx;e and stx;, phages)
were spotted onto the bacterial overlays, dried for 15-20 min.
Plates were incubated at 37°C for 24 h. Results were considered
as positive for each stx;-phage stock solution if clear lysis zones
were observed (Carlson 2005).

Sensitivity of host strains to both stx phages was further as-
sessed by the optical density (OD) method (Muniesa et al. 2003)
with some modifications. Each host strain was grown in 5 mL
of LB at 37°C with shaking until the early exponential phase,
then mixed with each stx;-phage stock solution (MOI = 0.5) and
100 pL of 1 M CacCl, (0.02 M final concentration) as previously de-
scribed. Cultures were incubated at 37°C, and growth/cell lysis of
infected cultures was monitored hourly at ODgo for 5 h. A total
of 1 mL aliquots of each infected culture were centrifuged at 6000
x g for 10 min at 4°C, washed to remove loosely attached phage
particles as previously described, suspended in 1 mL of fresh LB
broth, serially diluted in 0.1% sterile PW and the surviving pop-
ulations were estimated by colony count on LB agar plates (ex-
pressed as logyo colony-forming units per mL; CFU mL~'). OD
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measurements and colony counts were performed in duplicate,
results were averaged and compared to those of control cultures
(prepared in a similar manner but without the stx;-phage stock
solution). The spot and the OD tests were repeated at least three
times for each strain grown in the presence of each phage stock
solution (n = 3).

Phage-mediated transduction and generation
of lysogens

All stx-negative host strains (Table 1) with an exception of E. coli
ATCC 25922 and E. coli K-12 strains were lysogenized by each stx-
phage stock solution according to the methods of Muniesa et al.
(2004) and Bielaszewska et al. (2007) with some modifications.
Host strains were grown at 37°C from stock cryogenic vials in
3 mL of LB broth until the early exponential phase, from which
100 pL aliquots were transferred to 3 mL of LB broth tubes con-
taining 100 uL of 1 M CaCl, (0.02 M final concentration) and
500 uL of each phage stock, and incubated overnight at 37°C
without shaking. Infected cells were recovered by centrifugation
at 6000 x g (20 min, 4°C), and cell pellets were washed three
times with phosphate buffer saline (PBS) and one time with 0.1
M Glycine-HCI (pH 2.3) to remove non-specifically bound phage
particles (Maaf3 et al. 2014), and avoid false stx-positive PCR re-
sults. The washed pellets were then suspended in 3 mL of LB
broth, serially 10-fold diluted in 0.1% sterile PW, plated onto LB
plates and incubated overnight at 37°C. At least 10 well-isolated
colonies (designated as Ty colonies) from duplicate plates of
each host strain were screened by PCR for the presence of stxie
and/or stxia genes. Tp colonies were maintained on LB plates,
stored at 4°C and subcultured on LB agar 24 h prior experimen-
tal analysis.

PCR analyses

PCR assays were conducted to detect the presence/absence of
stxie and stxia in bacterial genomic DNA, colonies of each lyso-
genized recipient, phage plaques and the stx;,- and stxie-phage
stock solutions as previously described (Skinner et al. 2013) with
a few modifications. Single colonies and phage plaques were
suspended in 1 mL of DNase-free water in sterile eppendorf
tubes, heated to 95°C for 10 min and centrifuged, from which
2 pL was used as a template for PCR amplification. For puri-
fied phage stock solutions and genomic DNA, 2 uL were di-
rectly heated to 95°C for 10 min, and used as templates for PCR
amplifications. PCR amplifications were performed using a Bio-
rad T100 Thermal cycler, in 25 pL volume with 12.5 uL Taqg-
Green master mix (Promega, Madoson, WI), 9.5 L DNase-free
water and 1 uL (from a 20 M stock) of either stxie-specific or
stxia-specific primers (forward, 5'-TATTGATGATTTTCAGGGGG-
3’; reverse, 5'-GCGTAAATTGTCAAACCGTT-3' and forward, 5-
CCTTTCCAGGTACAACAGCGGTT-3'; reverse, 5-GGAAACTCATC
AGATGCCATTCTGG-3' respectively) (Scheutz et al. 2012; Skinner
et al. 2016). The PCR program used was as follows: 95°C denat-
uration for 1 min, 32 cycles of 94°C denaturation for 30 s, 65°C
annealing for 30 s, 68°C extension for 75 s and a final step of
68°C extension for 7 min. A 5 L portion of each amplified prod-
uct was resolved by electrophoresis on 1.0% (w/v) agarose gel,
stained with gel red, visualized using a UV transilluminator at
a wavelength of 420 nm and documented with a Gel Doc 2000
Fluorescent Imaging System (U:Genius, UK).

Stability of stx in lysogenized strains

Ten colonies resulting from each phage-infected host strain (To)
that were confirmed stx positive by PCR were grown overnight at
37°C in LB broth, where equal aliquots from each culture were
combined, and subcultured daily (0.1% v/v) in 10 mL of fresh LB
at 37°C for 10 days. Subcultures of the tenth day were serially di-
luted 10-fold in 0.1% sterile PW, spread on LB agar plates and in-
cubated overnight at 37°C, where 10 colonies (designated as T1o
colonies) were tested for the presence of stx genes by PCR. Ten
stx-positive colonies were grown overnight in LB broth and equal
aliquots from each culture were combined and subcultured daily
(0.1% v/v) for 10 additional days, spread on LB agar plates, and
again 10 colonies (designated as T, colonies) were examined
for stx by colony PCR. The stability of stx;e or stxi, genes in each
lysogenized host strain was assessed based on the percentage
of stx-positive colonies (Bielaszewska et al. 2007). The wild-type
donor strains (originally harboring the stx-encoding prophages)
and the stx-negative host strains (Table 1) were used as positive
and negative controls respectively in all PCR experiments.

Evaluation of Stx1 production by bacteria using
enzyme-linked immunosorbent assays (ELISAS)

Sandwich ELISAs were performed as previously described (He
et al. 2016) with some modifications. Briefly, plates were
coated with monoclonal antibody (mAb) Stxle-2 or Stxla-1
(100 uL well-1, 5 ug mL~" in PBS), and incubated overnight at 4°C
after washing and blocking steps (Skinner et al. 2016). Bacterial
culture supernatants were added (80 1L well™!) to each well and
incubated for 1 h at RT, followed by six washes with TBST. Stx1
polyclonal antibody (200 ng mL~! in blocking solution) was then
added (80 uL well™?), incubated for 1 h at RT and plates were
again washed six times with TBST. HRP-conjugated goat anti-
rabbit IgG (1:10 000; Promega) in blocking solution was added to
the plates and incubated for 1 h at RT, followed by six washes
with TBST. Finally, TMB substrate (Sigma-Aldrich, St. Louis, MO)
was added (80 uL well?), and the reaction was stopped after
10 min with 80 uL well~! of 0.3 N HCL. The ELISA signals (Aasso)
were measured using a Victor 3 plate reader (Perkin-Elmer, Shel-
ton, CT). All ELISAs were repeated at least twice. Results were
considered Stx1 positive when ELISA signal-to-noise ratio (s/n)
was >3 and Stx1 negative when s/n < 3.

Western immunoblot analysis

Western blots were conducted as previously described (He et al.
2016). Briefly, pure Stxle toxoid and bacterial culture super-
natants (7 uL) were denatured at 72°C for 10 min in 1X Nu-
Page LDS loading buffer, and then separated on a 4%-12%
NuPAGE Novex Bis-Tris mini gel (Invitrogen, Carlsbad, CA). The
proteins were transferred to a PVDF membrane (pore size, 0.45
um), blocked with 2% ECL Prime blocking agent (GE Healthcare,
UK) in PBST and washed three times with PBST. Stxle-specific
mADb, Stxle-3 (Skinner et al. 2016), was diluted to 1 ug mL~! in
blocking solution and incubated with the blots for 1 h at RT.
After washing three times, the blots were incubated with HRP-
conjugated goat anti-mouse IgG (Promega) at 5 ng mL~! for 1 h
atRT. The blots were developed using Lumigen TMA-6 (Lumigen,
Southfield, MI) substrate and visualized using a FluorChem HD2
(Alpha Innotech, San Leandro, CA).
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Figure 1. Detection of phage-encoded stx genes by PCR analysis. (A) Lane 1, DNA ladder; lanes 2-3, PCR products of stx;. from DNase-treated supernatants of Ent.
cloacae M12X01451 under non-inducing (lane 2) and inducing (lane 3) conditions; lane 4, stx;e PCR products from DNase-treated supernatants of Ent. cloacae 13047
under inducing conditions; lanes 5-6, stx;e PCR products from Ent. cloacae M12X01451 genomic DNA with (lane 5) and without (lane 6) DNase treatment. (B) Lane 1,
DNA ladder; lanes 2-3, stx;, PCR products from DNase-treated supernatants of RM8530 under non-inducing (lane 2) and inducing (lane 3) conditions; lanes 4, stxi,
PCR products from DNase-treated supernatants of E. coli 465-97 under inducing conditions; lane 5-6, stx;, PCR products from RM8530 genomic DNA with (lane 5) and
without (lane 6) DNase treatment. The sizes of the stx;. and stx;, PCR products are indicated at the left and right side of the figure.

Sequencing of stxie

The full stx;e operon in E. coli O157:H7 strain (RM8530) lyso-
genized by the stxi.-phage stock solution was sequenced.
Genomic DNA was prepared using 5 mL cultures derived
from 10 colonies of the lysogenized strain which had been
subcultured 20 times using a DNA Stool Mini kit (Qiagen,
Valencia, CA). The stx;. operon was analyzed by PCR using Phu-
sion polymerase (New England Biolabs), Stxle-A-F1 (Stxle-A-F1:
GGAATTCATATGATGATATTGATGATTTTCAGGG and Stxle-B-R1
(Stx1le-B-R1: GTGGTGCTCGAGGCGAAAAATCACCTCAC) primers
and genomic DNA (diluted 1:100) as a template. The result-
ing PCR products were then gel extracted (Qiagen) and cloned
into the pCR 4.0 vector using a Zero-Blunt cloning kit (Qiagen).
Plasmid DNA was extracted from 35 colonies (from 10 cloning
plates), and the stx;. operon was sequenced using M13-F and
M13-R primers (Elim Biopharmaceuticals, Hayward, CA).

Statistical analysis

Statistical analysis of the OD method’s data was performed us-
ing IBM-SPSS software v. 20.0 (SPSS Inc., Chicago, IL, 207 USA). A
one-way analysis of variance and post hoc least significant dif-
ference were used for the analysis of normally distributed data.
Significance differences between measurement means were ac-
cepted at P < 0.05 level. Results are presented as mean =+ stan-
dard deviation (SD) of readings from three independent experi-
ments (n = 3).

RESULTS

Confirmation of the presence of stx temperate
bacteriophages in host strains

To confirm that stx;, and stxie genes in RM8530 and M12X01451
strains were prophage encoded, DNA from representative phage
plaques and phage stock solutions prepared using these strains
were used as templates for PCR amplification of the stx;, and
stx1e genes, where both genes were detected (Fig. S1A and B, Sup-
porting Information, lanes 7 and 8).

To ensure that these PCR products were not amplified from
contaminated genomic DNA, supernatants of M12X0145 and

RMB8530 cultures were treated with DNase before PCR analysis.
Figure 1 shows that PCR products (stxia and stxie) were obtained
from both M12X0145 and RM8530 strains with or without mito-
mycin C treatment, suggesting that some phage particles were
spontaneously induced by the two host strains. Formation of
stable lysogens in these two strains was also examined by PCR
using genomic DNA as templates. PCR products (stxie and stxia)
were detected using genomic DNA of M12X01451 and RM8530
strains without DNase treatment, confirming the incorporation
of the phages into the hosts’ genomic DNA. No PCR products
were obtained using genomic DNA when treated with DNase,
which confirms that the genomic DNA used for PCR was not con-
taminated with the stx phages.

Infectivity of the stx;, and stx;. phages to different host
strains

The spot test and the OD method were conducted to assess the
ability of the stx;, and stx;e phages to infect a range of host
strains (Table 1). Small turbid plaques were observed on overlay
plates of Ent. cloacae 13047, E. coli DH5q«, E. coli 465-97 and RM8530
spotted with stx;.-phage stock solution, and overlay plates of
M12X01451, and 13047 strains, E. coli DH5« and E. coli 465-97
spotted with stxi,-phage stock solution. No lytic areas were ob-
served in plates seeded with cultures of the two donor strains
spotted with their own phage stocks, or E. coli K-12, or E. coli ATCC
25922 strains spotted with either stx-phage stocks. The two lat-
ter strains were therefore excluded from further investigations.

The infectivity of stxi,- and stx;.-phage stock solutions to a
range of host strains was additionally confirmed based on the
final ODs and the corresponding final population counts of each
infected culture after 5 h of incubation (Fig. 2). Negative con-
trol cultures of each host strain that did not receive either stx-
phage stock solution had OD values ranging from 0.7 to 0.8 (~9
log CFU mL™!) after 5 h of incubation, significantly higher than
those of cultures infected with the stx phages (P < 0.05). The sus-
ceptibility of host strains to the two phage stock solutions var-
ied significantly, and host strains grown in the stx;.-phage stock
solution recorded generally lower final ODs than those grown
in the stx;,-phage stock solution (P < 0.05). Based on their final
culture ODs, phage-infected cultures were subjectively classified
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m Average counts in control cultures @ Counts in presence of stx1a-phage O Counts in presence of stx1e-phage

Log CFU mL™

0 SN SN
Ent. cloacae Ent. cloacae 13047
M12X01451

Bacterial strains

E. coli DH5a

E. coli 465-97

Figure 2. Susceptibility of different bacterial strains to lysis by stx;, and stx;e phages. Each host strain was grown from a single colony in LB at 37°C with shaking to an
ODgqo of approximately 0.05 (~6 log CFU mL~!), then mixed with 100 pL of CaCl, and each phage stock solution (MOI = 0.5). Growth/cell lysis of each infected culture
was monitored spectroscopically (ODggo) every hour for up to 5 h without the presence of inducing agent. The corresponding phage-free cultures were grown to serve
as controls. Y-error bars represent the standard error of the mean population counts of host strains from three independent experiments (n = 3). An asterisk denotes
statistically different values (P < 0.05) of average population counts of each strain grown in the presence of each phage lysate.

into highly susceptible (final ODs < 0.1, including Ent. cloacae
13047 and E. coli 465-97), intermediately susceptible (final ODs
between 0.2 and 0.3, including E. coli DH5«) and non-susceptible
(final OD > 0.3, including RM8530) host strains.

Enterobacter cloacae M12X01451 was the most susceptible
strain to its original phage stock solution (stx;e positive), where
the infected cultures had final population counts of 3.93 log
CFU mL~! (more than 5 log units of reduction). In contrast, the
growth reduction of the RM8530 strain in the presence of stxie
phage was significantly (P < 0.05) less (approximately 2 log units
of reduction). Enterobacter cloacae 13047 and E. coli 465-97 strains
were highly susceptible to both stx;,- and stx;.-phage stock so-
lutions, as indicated by the sharp drop in their culture ODs
compared to their controls, and their corresponding CFU mL~?
(Fig. 2). Susceptibility of E. coli DH5« to stxia- and stxj.-phage
stock solutions (5.93 and 5.5 log CFU mL~?, respectively) was sta-
tistically similar (P > 0.05), although both infected cultures ex-
hibited significantly lower ODs and population counts compared
to the control culture (not infected by either stx phage).

Stability of the stx phages in lysogenized strains

According to the spot test and the OD experiments, the stxia
phage carried by RM8530 and the stx;e phage carried by
M12X01451 were able to lysogenize the selected host strains
with different incidences. To check if stable lysogens were pro-
duced, the presence of stx phages was examined by PCR am-
plification of the stx genes using 10 colonies randomly picked
from the culture plates immediately after phage infection (Ty),
after 10 (T10) and 20 (To) generations. Table 2 indicates that the
stx1, and stxie phages were able to lysogenize all bacterial strains
listed, and that stx;e gene was stably maintained in almost all
cells of lysogenized strains up to 20 subcultivation steps, except
for E. coli DH5¢, in which the stxie gene was lost in all colonies
examined after Tyg.

The stx;, gene in hosts lysogenized by the stx;, phage was
not as stable compared to the stx;. gene, especially in the host

M12X01451 (originally carries the stx;e prophage), where the
stxia gene was completely lost after Tyo. In contrast, stxi;, was
still retained in lysogens of Ent. cloacae 13047 strain up to 10 sub-
cultures, but 40% of colonies lost the gene at the Ty (Table 2).
Subculturing of E. coli DH5« and E. coli 465-97 lysogenized by stx1,
phage for 10 days resulted in 30% (7/10) and 10% (9/10) stx, loss,
and the loss increased to 90% and 100% respectively after 10 ad-
ditional subcultivation steps (Table 2).

Lysogenization of Ent. cloacae M12X01451 and RM8530 donor
strains (originally carrying stx;e and stx;, prophages) by stx1, and
stx1e phages respectively resulted in their acquisition of an addi-
tional stx phage, hence the production of lysogens with two stx-
harboring prophages. To examine the effect of acquiring a new
phage on the stability of the existing phage in the lysogenized
bacterial cells, the newly formed double lysogens were tested by
the colony PCR for the presence of their original stx gene at Tyo.
stx1e gene was stably maintained in all T, colonies of Ent. cloacae
12X01451 strain lysogenized by the stx;, phage, whereas 20% of
Too colonies lost the stx;, gene originally carried by the RM8530
strain after infection by the stx;e phage (Table 2).

To further investigate the stability of the acquired stx;. gene
in anew host that already has a stxla-encoded prophage, the full
Stx1e operon in Ty progenies of the RM8530 lysogen (stxia pos-
itive) was sequenced. Of the 35 randomly picked colonies from
10 cloning plates, all of them were identical to the original se-
quence of the stx;. gene (Probert, McQuaid and Schrader 2014),
and no DNA recombination or mutations were found.

Production of Stx1le and Stx1la in hosts lysogenized by
stx phages

The production of Stxle in strains of Ent. cloacae 13047, E. coli
DH5« and E. coli 465-97 lysogenized by stxi. phage was evalu-
ated by ELISA (Table 3). Stxle was detected in all three strains
(Table 3), although the percentage of colonies that produced the
toxin varied from one host to another (Table S1, Supporting In-
formation). For the E. coli DH5« lysogen, Stxle was only detected
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Table 2. Detection of stx;. and stxj, genes in strains immediately (To), at 10 (T10) and 20 (Tyo) subcultivation steps after infection by stxie and
stx;, phages. Ten colonies were randomly picked from all Ty, T1o and Ty cultures respectively, and colony PCR was performed for the presence

of stx;. and/or stxi, genes.

No. of colonies containing a stx gene/total no. of
colonies tested (n = 10)

stx; phage Lysogenized strains To T1o Tao
stxie phage Enterobacter cloacae 13047 10/10 9/10 9/10
Escherichia coli DH5« 10/10 10/10 0/10
Escherichia coli 465-97 10/10 10/10 10/10
Escherichia coli 0157 RM8530 10/10 10/10 10/10

stxy, phage Enterobacter cloacae M12X01451 10/10 0/10 0/10
Enterobacter cloacae 13047 10/10 10/10 6/10

Escherichia coli DH5« 10/10 7/10 1/10

Escherichia coli 465-97 10/10 9/10 0/10

stxi. phage Escherichia coli 0157 RM8530? 10/10 10/10 8/10
stx;. phage Enterobacter cloacae M12X014512 10/10 10/10 10/10

aDenotes the stability of the stx gene carried on the original prophage in E. coli 0157 RM8530 (stx1,-positive) and Ent. cloacae M12X01451 (stx;e positive) strains after

being lysogenized with the stx;. and stx;, phage, respectively.

Table 3. Detection of Stx1le toxin in supernatants of host strains lysogenized by stxi. phage at different subcultivation steps by ELISA. Results

were considered Stxle positive when ELISA signal to noise (s/n) > 3.

Lysogenized strains

Subcultivation step

No. of Stxle-positive colonies/total no. of
colonies tested (n = 10)

Enterobacter cloacae 13047 To

Escherichia coli DH5« To

Escherichia coli 465-97 To

5/10
7/10
8/10
0/10
9/10
0/10
10/10
8/10
8/10

in culture supernatants of T19 (90%), but not in those of Ty or Tyo;
however, their s/n values seemed very low compared to those
recorded for other Stxle-positive supernatants of the other lyso-
genized strains. Stxle was detected in 50% of cells tested from
the Ty lysogen culture of Ent. cloacae 13047, and subsequent sub-
culturing resulted in more Stxle-positive colonies (70% at To,
and 80% at Ty). For lysogen E. coli 465-97, Stx1e was detectable in
most colonies, including those from Ty (100%), T10 (80%) and Ty
(80%) cultures. Notably, higher levels of Stxle, as demonstrated
by the ELISA s/n data (Table S2, Supporting Information), were
detected in E. coli 465-97 cells from Ty, cultures, compared to
those from Ty and T, cultures.

To avoid the cross-reaction between Stx1a and Stx1e, produc-
tion of Stx1e in RM8530 lysogenized by stx;. phage was evaluated
by western blot analysis, instead of ELISA, using a Stxle-specific
monoclonal antibody. Figure 3 indicates that Stx1e was detected
in all 10 colonies picked from the Ty, T1o and Ty plates; however,
levels of Stxle varied significantly as shown by the intensity of
the protein bands.

For strains Ent. cloacae M12X01451, 13047, E. coli DH5« and
E. coli 465-97 lysogenized by the stx;, phage, Stxla was not de-
tected either by ELISA or western blot analyses in any represen-
tative colonies after mitomycin C induction, despite confirming
the presence of the stxi, gene by PCR analysis (Table 2). The
RMB8530 strain did express detectable levels of Stxla (s/n > 3,
data not shown).

(A) e Stxle

(B) <« Stxle

©) Bttt d L LTI =+ Stxle

1234 5 6 7 8 9101112

Figure 3. Western blot analysis of Stxle produced by strain RM8530 infected
with the stx;e phage. Lanes 1-10 were loaded with supernatants (7 uL) of bac-
terial cultures from 10 colonies randomly picked from Tg (A), T1o (B) and T (C)
plates. Lanes 11-12 were loaded with 0.2 ug of purified Stxla and Stx1le, respec-
tively. Proteins were separated by SDS-PAGE and probed with a Stxle-specific
monoclonal antibody, Stxle-3. The Stx1le positions on the blots are indicated by
arrows.

DISCUSSION

Lysogenic phage conversion constitutes an efficient mecha-
nism for rapid dissemination of phage-encoded virulence genes
(Krylov 2003; Feiner et al. 2015). While in vitro transmission of
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Stx1 phages between different bacteria within the same species
has been described (Svab et al. 2015), studies that provide in-
formation on cross-genera conversions involving toxigenic and
non-toxigenic strains are still limited, in particular, those re-
garding susceptibility of commensal strains to Stx1-converting
phages from non-E. coli strains. In this study, bacterial strains
from two genera, RM8530 (Escherichia) and M12X01451 (Enter-
obacter), were analyzed and the presence of Stxla- and Stxle-
encoding phages, both in their lysogenic and virion forms, in
these strains was confirmed by PCR analysis of the stx; genes us-
ing genomic and phage DNA with or without DNase treatment.
Gene products of stx;; in RM8530 and stx;e in M12X01451 were
detected in both genomic and phage DNA preparations without
antibiotic induction, suggesting the occurrence of spontaneous
induction of stx-encoding phages (Veses-Garcia et al. 2015). No
attempts were made to investigate the presence of converting
phages other than the stx;, or stx;e phages in the donor strains.

Reproducibility of plaque assays is dependent on both the
host strain and the lytic capacity of the phage, and has
been shown to be severely limited for Stx-converting phages
(Grau-Leal et al. 2015). Despite the efforts to select the opti-
mal conditions for high phage titers in this study, the basal
titer in stxe-positive phage stock solutions was <10% PFU mL~?
(Muniesa et al. 2004). Plaques formed by both stx;-encoding
prophages (though the stxi. was more readily identifiable than
the stxi,) were very small and turbid on agar plates (data not
shown), which is consistent to the characteristic feature of Stx-
converting phages described by others (Saunders et al. 2001;
Muniesa et al. 2003). The plaque assay may have not been the
ideal method for stx phages enumeration in this study, there-
fore culture-independent methods (McDonald et al. 2010; Rooks
et al. 2010) would be considered for improving the quantification
of stx phages in future investigations.

The infectivity of the stx;, and stx;. phages to host strains
including Ent. cloacae 13047, Ent. cloacae M12X01451, E. coli DH5«,
E. coli 465-97, RM8530, E. coli K-12 and E. coli 25922 was deter-
mined using the spot test based on the development of lysis
areas and the OD method (except for the two latter strains),
which compares the final ODs of infected cultures and the cor-
responding counts of the surviving populations 5 h after phage
infection. All host strains responded differently to the infection
by the stx-phage stock solutions in terms of formation of clear
lysis plaques and the reduction in population counts (Holguin
et al. 2015). The decrease in the culture OD is a relevant qualita-
tive measurement of prophage induction and Stx-phage produc-
tion (Tyler, Mills and Friedman 2004), and the higher the level of
phage production, the lower was the OD value due to bacterial
lysis. In this study, the most susceptible hosts to the stx;e and
stxia phages were Ent. cloacae 13047 and E. coli 465-97 strains,
which was in line with previously published findings suggesting
that Enterobacter and O157:H7 are the origins of the respective
prophages (McDonough and Butterton 1999; Strauch, Lurz and
Beutin 2001). To better understand the mechanisms and evolu-
tionary forces that extend the genetic spectrum of phages from
different bacterial genera, each donor strain (RM8530 from E.
coli and M12X01451 from Enterobacter) was respectively grown
in the presence of its original phage stock solution (prepared
from each strain’s induced culture) and the phage stock solu-
tion of the opposite donor strain. A sharp decrease in culture
OD of M12X01451 strain grown in its original phage stock solu-
tion was observed; however, this decrease was not found for the
STEC (RM8530) strain grown in the stxi, phage, possibly due to
a mechanism of superinfection immunity present in the stxi,
phage.

Susceptibility of stx lysogens to new phages was observed to
be greatly dependent on the absence of a highly related bacterio-
phage within their genome, which confers immunity against the
new infecting phage (Bielaszewska et al. 2007). This may serve
as a plausible explanation to the spot test data and the OD re-
sults, where only 1 log reduction in final population counts of
M12X01451 culture after infection by stx;, phage was observed.
M12X01451 was not easily lysed in presence of stx;a phage,
which could be attributed to the spontaneous release of its own
prophage (confirmed by PCR) in concentrations that masked the
effect of the stx;, phage (Muniesa et al. 2003).

In this study, the E. coli K-12 and E. coli ATCC 25922 strains
failed to produce any visible lysis areas on overlays seeded with
these strains after being spotted with stxj,- and stxie-phage
stock solutions. Presence of glucose moieties instead of galac-
tose residues in the terminal position of cell wall lipopolysac-
charides (Rakhuba et al. 2010), lack of receptors for the stx phages
recognition or presence of cryptic phages that mediate immu-
nity (Shaikh and Tarr 2003; Besser et al. 2007) may have con-
tributed to the non-specific phage infection to the cells of these
strains.

The ability of Stx1 temperate phages from E. coli and non-
E. coli strains to convert a range of non-pathogenic bacteria into
Stx-producing bacteria over a prolonged period of time may have
clinical implications, if this process takes place in the human
GIT. In this study, we determined the stability of transduced stx
genes based on the ability of the lysogenized strains to retain
the acquired genes up to 20 daily passings in LB broth. The stxie
gene was stably maintained in progenies of most hosts lysog-
enized by stx;e phage as examined by PCR, and PCR products
were detected in at least 90% of colonies picked from Ty and
Too cultures of Ent. cloacae 13047, E. coli 465-97 and RM8530. On
the other hand, the stx;. gene was completely lost in E. coli DH5«
cells after 20 subcultivation steps. It is possible that the stxie
phage is more likely maintained within the genome of closely
related bacteria (similar serotypes). In contrast, the stx;, gene
was less stable in progenies of host strains infected with the stxia
phage and seemed to be carried transiently in subcultured cells
(Tozzoli et al. 2014). The instability of stx genes has been noted
among STEC strains (Grotiuz et al. 2006; Yang 2014) and appears
to be a fairly common characteristic of non-E. coli Stx-producing
microorganisms. Subtle differences in phage coat proteins may
have an impact on phage stability in these host genomes (Lima
et al. 2004).

The ability of the stx;e phage to infect RM8530 and form
stable double lysogens provides an ideal intracellular environ-
ment for recombination to expand diversity among Stx phages
(Allison et al. 2003; Allison 2007). The generation of double lyso-
gens in the GIT may be of clinical significance, as it contributes
to the spread of stx genes among different serotypes, and fosters
the emergence of new STEC pathotypes with elevated virulence.
Additionally, the presence of several stx gene copies within the
same host may lead to the production of more Stx upon lysis,
resulting in severe disease pathology. In this particular study,
we randomly picked 35 colonies from the T,y cultures of the
RMB8530 double lysogens and sequenced the stx;e gene. No re-
combination or sequence variation was found in the acquired
stxie gene isolated from these colonies that were originally
Stx1a positive and repeatedly subcultured over 20 consecutive
days.

It is well known that the capacity of Stx-producing bacteria
to cause severe disease in humans is closely associated with the
Stx production. We studied the ability of lysogens to produce
Stx by ELISA and western blot using culture supernatant. The



production of Stxle was detected by ELISA in all strains lysog-
enized by stx;. phage, including Ent. cloacae 13047, E. coli DH5«,
E. coli 465-97 and RM8530, although the percentage of cells ex-
pressing the Stxle varied by hosts and subcultivation steps.
Stxle was not detected in some colonies that were tested stxqe
positive by PCR, which could be reasoned to differences in host
response to mitomycin induction (Vethanayagam and Flower
2005). It was reported that the amount of stx mRNAs in 0157:H7
strains was significantly higher than in strains belonging to
other serotypes (de Sablet et al. 2008). This was in agreement
with our observation that the amount of Stxle produced by the
Stxie-positive E. coli 0157:H7 465-97 cells was much higher than
that produced by their E. coli DH5« counterparts. Choi et al. (2010)
reported that larger cells have higher proportion of protein syn-
thesis machinery than smaller cells due to the difference in cell
volume, which was not in accordance with our results, where
the smaller cells of E. coli 0157:H7 lysogenized strain generally
seemed to produce more protein than the relatively larger lysog-
enized cells of Ent. cloacae at the time of infection and throughout
the repeated passings.

The lack of Stxle expression in Ty colonies of E. coli DH5«
could be associated with a possible abortive infection in the
strain (Emond and Molineau 2007). The lysogenized host cells
after the primary infection may have experienced interrupted
phage development, resulting in the release of few or no progeny
particles and the death of the infected cells prior to mitomycin
induction. Babu and Aravind (2006) reported that E. coli adapts
to different growth conditions by fine-tuning protein levels, and
that initial mutations on the path to adaptation may alter the
mRNA levels of some genes. This may serve as an interpretation
to why Stxle was not detected or at non-detectable levels in the
T, colonies of E. coli DH5« strain, where the cells were not yet
adapted to the growth medium; however, after 10 days of adapt-
able transfers, the Stxle was detected in the supernatants of the
Tyo cells. It should be mentioned that, overall, DH5« strain was a
Stxle-low expresser, and based on ELISA data (Table S1, Support-
ing Information), the Stxle levels were much lower compared
to those of other lysogenized strains although 90% of the cells
at Typ are Stxle positive. It is also possible that the T, colonies
were expressing the protein as well, but with minor levels that
were below the detection limit by ELISA. Optimizing growth con-
ditions for DH5« lysogens may improve the expression levels
of the target protein, which warrants future investigations. The
lack of Stxle expression in T20 colonies was simply due to the
loss of the stxle gene discussed above.

Surprisingly, Stxla was not detected in any colonies from
strains lysogenized by the stx;, phage, even in those confirmed
stx1, positive by PCR. Factors such as the location of stxi, gene
in the prophage genome (Aertsen, Faster and Michiels 2005),
promoter (Neely and Friedman 1998), host transcription fac-
tors (Wagner et al. 2001; Wagner and Waldor 2002; Koitabashi
et al. 2006) or other unknown defects in the phage may ac-
count for the impaired Stxla production in the generated lyso-
gens. The failure to detect Stxla may be associated with an
iron-regulated phage promotor, and less iron concentration
in the growth medium may enhance the Stxla production
(Wagner et al. 2002). Further studies to compare the morphol-
ogy, sequence and genomic structure of the stx;; and stxie
phages are necessary to address the impaired Stxla produc-
tion in the stx;, lysogens, which may provide interesting per-
spectives on whether phage control of virulence gene expres-
sion is unique to stx or can serve as a paradigm that explains
regulation of expression of other phage-encoded virulence
factors.
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CONCLUSIONS

Enterobacter cloacae M12X01451, a strain recently isolated from
a human clinical specimen of a patient with a mild diar-
rheal illness, produces a new subtype of Stx1, named as Stxle,
of prophage origin. The clinical relevance and the role of
this strain in human pathogenicity have not yet been ad-
dressed. This is the first report of the lysogenization of non-
toxigenic/laboratory strains with a stx;e-encoding phage in-
duced from the M12X01451 strain, in comparison with a stxi,-
encoding phage induced from a foodborne pathogenic E. coli
0157:H7 strain; RM8530. The results obtained are of clinical im-
portance, and demonstrate an enormous possibility of occur-
rence of HGT between clinical strains carrying the stx-encoding
prophages and bacteria from different genera resembling those
colonizing the human GIT. Consequences of this HGT over ex-
tended periods of time (frequency of gene acquisition upon
transduction, gene stability and Stx production) may result in
the conversion of commensal bacterial hosts to pathogens with
multiple stx-encoding prophages, which is a matter of great clin-
ical concern.
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