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ABSTRACT Enterohemorrhagic Escherichia coli (EHEC) causes serious foodborne dis-
ease worldwide. It produces the very potent Shiga toxin 2 (Stx2). The Stx2-encoding
genes are located on a prophage, and production of the toxin is linked to the syn-
thesis of Stx phages. There is, currently, no good treatment for EHEC infections, as
antibiotics may trigger lytic cycle activation of the phages and increased Stx produc-
tion. This study addresses how four analogs of vitamin K, phylloquinone (K1),
menaquinone (K2), menadione (K3), and menadione sodium bisulfite (MSB), influ-
ence growth, Stx2-converting phage synthesis, and Stx2 production by the EHEC
O157:H7 strain EDL933. Menadione and MSB conferred a concentration-dependent
negative effect on bacterial growth, while phylloquinone or menaquinone had little
and no effect on bacterial growth, respectively. All four vitamin K analogs affected
Stx2 phage production negatively in uninduced cultures and in cultures induced
with either hydrogen peroxide (H2O2), ciprofloxacin, or mitomycin C. Menadione and
MSB reduced Stx2 production in cultures induced with either H2O2 or ciprofloxacin.
MSB also had a negative effect on Stx2 production in two other EHEC isolates
tested. Phylloquinone and menaquinone had, on the other hand, variable and
concentration-dependent effects on Stx2 production. MSB, which conferred the
strongest inhibitory effect on both Stx2 phage and Stx2 production, improved the
growth of EHEC in the presence of H2O2 and ciprofloxacin, which could be ex-
plained by the reduced uptake of ciprofloxacin into the bacterial cell. Together, the
data suggest that vitamin K analogs have a growth- and potential virulence-
reducing effect on EHEC, which could be of therapeutic interest.

IMPORTANCE Enterohemorrhagic E. coli (EHEC) can cause serious illness and deaths
in humans by producing toxins that can severely damage our intestines and kidneys.
There is currently no optimal treatment for EHEC infections, as antibiotics can
worsen disease development. Consequently, the need for new treatment options is
urgent. Environmental factors in our intestines can affect the virulence of EHEC and
help our bodies fight EHEC infections. The ruminant intestine, the main reservoir for
EHEC, contains high levels of vitamin K, but the levels are variable in humans. This
study shows that vitamin K analogs can inhibit the growth of EHEC and/or produc-
tion of its main virulence factor, the Shiga toxin. They may also inhibit the spreading
of the Shiga toxin encoding bacteriophage. Our findings indicate that vitamin K ana-
logs have the potential to suppress the development of serious disease caused by
EHEC.
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Enterohemorrhagic Escherichia coli (EHEC) is a zoonotic pathogen responsible for
food- and waterborne outbreaks of bloody diarrhea and hemolytic uremic syn-

drome (HUS), a disease with severe complications and 2 to 5% fatality (1). The World
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Health Organization (WHO) estimates that 10% of patients with EHEC infection develop
HUS. EHEC infections affect young children most severely and are difficult to treat, as
administration of antibiotics may worsen the disease (1). The Shiga toxin (Stx) is
considered the main virulence factor of EHEC. Stx binds to the globotriaosylceramide
(Gb3) receptor, a glycolipid particularly abundant on kidney cells that is also present on
endothelial cells and in the brain (2, 3). It causes cell damage by inhibiting protein
synthesis in its target cells, which is the main cause of the development of HUS and
neurological symptoms during an EHEC infection (4).

There are two antigenically distinct main types of Stx. Stx1, produced by Shigella
dysenteriae and some Stx-producing E. coli (STEC) strains, and Stx2, which is produced
mainly by STEC/EHEC (5). Epidemiological data indicate that STEC strains that produce
Stx2 are more strongly associated with severe human disease than those that produce
only Stx1 (6–9). Stx2 is encoded by a chromosomally integrated (lysogenic) Stx-
converting prophage (Stx phage) (10, 11). DNA damage, including that induced by
antibiotics or reactive oxygen species (ROS), will trigger the bacterial SOS response. This
induces the lysogenic Stx2 phage to enter the lytic (proliferative) cycle, leading to the
synthesis and release of phage particles and Stx2 (12, 13). Single STEC cells in a
population can start the production of Stx phages even in the absence of an external
trigger. This phenomenon is called “spontaneous prophage induction” and occurs at
different frequencies in different STEC strains (14).

Ruminants are considered the major reservoir of EHEC (reviewed in reference 15).
Adult cattle, with a mature rumen and ruminal microbiota, are usually unaffected by
EHEC colonization (16). Neonatal calves (�28 days old) may, however, develop symp-
toms from exposure to EHEC, such as enterocolitis (17).

It is unknown why EHEC infections manifest differently among infected individuals.
It has been reported that various small molecules in the gastrointestinal tract influence
the pathogenicity of EHEC. Fucose, cleaved from mucins, inhibits EHEC adhesion to the
human epithelial cells (18), succinate enhances EHEC adhesion to human epithelial cells
(19), vitamin B12 enhances Stx production (20), vitamin A deficiency exacerbates
damage to the intestine and increases EHECs survival in mice (21), vitamin D strength-
ens tight junctions and, consequently, the intestinal barrier function (22), vitamin B7

(biotin) influences the target site for colonization in the human intestine (23), and
manganese blocks intracellular trafficking of Stx and protects against Shiga toxicosis
(24).

Vitamin K occurs in various forms and at various levels in the human intestine. The
amount of vitamin K present in the intestine is influenced by the diet, the composition
of the gut microbiota, and the age of the infected individual (25–27). Vitamin K exists
in three main forms, phylloquinone (vitamin K1), menaquinone (vitamin K2), and
menadione (vitamin K3) (Fig. 1). Phylloquinone is found in all organisms that perform
photosynthesis, as it acts as an electron acceptor in photosystem 1 (28). Therefore, it is
available to humans through the diet; fruits and leafy green vegetables are particularly
rich in phylloquinone (29–32). Vitamin K is particularly abundant in the intestine of
ruminants, mostly since they acquire nutrients from plant-based food, especially grass,
which has a high content of phylloquinone, but also because the ruminal microbiota
produces large amounts of menaquinone (33). Menaquinone is bacterially produced
and, therefore, can be present in fermented foods such as cheese and yogurt (26, 34).
Menaquinone is also present in meats and organ meats, as phylloquinone is converted
to menaquinone in tissues (35). The human intestinal microbiota also contains bacterial
species that produce menaquinones (25, 36). Menadione is the simplest form of vitamin
K and an intermediate in the biosynthesis of menaquinone in bacteria (37). It is also an
intermediate molecule in the metabolic conversion of phylloquinone to menaquinone
in the metabolism of vertebrates (37). Furthermore, menadione is the main vitamin K
analog found in enterocytes (38–40). Different forms of menadione, such as menadione
and menadione sodium bisulfite (MSB), can also be produced synthetically.

The levels of different types of vitamin K that are present in the intestine, entero-
cytes, and blood varies between individuals and during different times of life (25).
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Vitamin K deficiency is quite uncommon in adult humans, but subclinical deficiency can
easily be induced by limiting phylloquinone intake and by treatment with antibiotics
(41, 42). Although healthy children rarely suffer from vitamin K deficiency, defined with
respect to blood clotting, the blood levels of vitamin K in children are much lower than
those in adults (43, 44). It has also been reported that menadione inhibits growth and
exotoxin production by Staphylococcus aureus, Bacillus anthracis, Streptococcus pyo-
genes, and Streptococcus agalactiae at a concentration of 10 to 200 �g/ml (45). This was,
however, not observed for menaquinone and phylloquinone (45). Furthermore, it was
previously shown that menadione exhibits an antibacterial activity against the gastric
pathogen Helicobacter pylori (46).

Treatment recommendations for EHEC infections are still mainly supportive in
character, despite the serious nature of the disease. As antibiotic treatment remains a
controversial issue, there is a dire need for alternative treatment procedures that can
restrict the production of Stx and decrease the risk of developing HUS. In this work, we
have studied how different vitamin K analogs influence the growth and virulence
potential of EHEC. The rationale for studying the role of vitamin K in the complex
interplay between EHEC and their Stx phages lies in the fact that vitamin K is partic-
ularly abundant in the intestine of ruminants, the main natural habitat for EHEC, and
that it is a relevant biomolecule in the human intestine. Additionally, menadione has
been shown to have an antibacterial and/or antivirulence effect on several other
pathogenic bacteria. Our study addresses how the four vitamin K analogs, phylloqui-
none, menaquinone, menadione, and menadione sodium bisulfite (MSB), influence
growth, Stx2 production, Stx2 phage release, and bacterial survival during the induc-
tion of the phage lytic cycle, using the EHEC O157:H7 strain EDL933, which carries the
Stx2-converting bacteriophage BP933W, as a model organism. The effect of MSB was
also analyzed for the Norwegian EHEC O103:H7 outbreak strain NIPH-11060424 and the
O157:H7 NVH-E7 strain.

RESULTS
The effect of vitamin K analogs on growth of EHEC. As a first step to explore the

effect of different vitamin K analogs on EHEC, we cultured the EHEC strain EDL933 in
the presence and absence of different concentrations of phylloquinone, menaquinone,
menadione bisulfite (MSB), or menadione. As shown in Fig. 2A and B and Table S1 in
the supplemental material, phylloquinone and menaquinone had no discernible effect
on bacterial growth, as measured by the number of CFU per milliliter, at all concen-
trations tested, except for the highest concentration of phylloquinone (724 �M), which

FIG 1 Chemical structure of phylloquinone (vitamin K1), menaquinone (vitamin K2), menadione (vitamin
K3), and menadione sodium bisulfite (vitamin K3).
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reduced the maximum rate of growth (Vmax) by 25% compared to that of the negative
control (culture without phylloquinone). The presence of menadione did not influence
Vmax significantly at any of the concentrations tested. However, the presence of 36 �M
menadione caused a significant reduction of the number of CFU per milliliter at both
2 and 6 h of growth (Fig. 2C and Table S1). MSB reduced the Vmax significantly at all
concentrations from 36 �M and above (Fig. 2D and Table S1). Similar results were
obtained with strains EDL933, NIPH-11060424, and O157:H7 NVH-E7 when growth was
assessed by measuring the optical density at 600 nm (OD600) (Fig. S1A to D and S2 and
Table S1).

Effect of vitamin K analogs on Stx production. To investigate how different
vitamin K analogs influence the production of Stx2, we grew EDL933 in the presence or
absence of phylloquinone, menaquinone, MSB, or menadione. After 3 h of growth,
BP933W was induced to enter the lytic cycle, with concomitant Stx2 expression, with
either H2O2, ciprofloxacin, or MMC. The total level of Stx2 released in bacterial cultures
6, 8, and 20 h postinduction was assessed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS), and the effect of vitamin K was determined through com-
parison with cultures induced with the same agents but without vitamin K. In unin-
duced cultures (i.e., no added inducing compound), the level of Stx2 was below the
detection level (i.e., below 10 ng/ml). Without added vitamin K analogs, ciprofloxacin-
induced cultures showed a higher level of released Stx2 than MMC- and H2O2-induced
cultures (Fig. 3A to C).

Of the vitamin K analogs tested, MSB demonstrated the strongest reducing effect on
Stx2 production. In the presence of MSB, Stx2 production was significantly reduced in
samples collected 6, 8, and 20 h postinduction with H2O2 (between 81 and 86%
reduction), 6 and 8 h postinduction with ciprofloxacin (56 and 60%, respectively), and
8 h postinduction with MMC (37%) (Fig. 3A to C and Table S3). Menadione-treated
samples from 20 h postinduction with H2O2 also showed a 61% reduction in Stx2
production (Fig. 3A and Table S3).

No significant inhibitory effect was seen for the other combinations of inducing
agents and vitamin K analogs tested, although cultures containing menaquinone or

FIG 2 Effect of four different vitamin K variants on the growth of EDL933, as measured by the increase in the number of CFU/ml. (A) Phylloquinone; (B)
menaquinone; (C) menadione; (D) MSB. The solvents used for solubilization of the different types of vitamin K were used as negative controls. DMSO was used
at a concentration of 0.05%. Results are given as means from three independent experiments, with bars showing � standard deviations (SD).
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phylloquinone showed a dose-dependent effect on Stx2 production during induction
with H2O2 and ciprofloxacin. The highest concentration (181 �M) of phylloquinone
showed a significantly inhibitory effect (47% to 55%) on Stx2 production in H2O2- and
ciprofloxacin-induced samples compared to lower concentrations (Fig. 3A and B). Such
an effect was not observed in samples induced with MMC (Fig. 3C). In contrast to
phylloquinone, the lower concentration of menaquinone showed a trend toward a
stronger inhibitory effect on Stx2 production compared to that of the higher concen-
tration in samples induced with ciprofloxacin and MMC (Fig. 3B and C).

The effect of MSB on Stx release was also tested for EHEC O103:H25 NIPH-11060424
and EHEC O157:H7 NVH-E7 using a VTEC-RPLA kit. Similar to what was observed for
strain EDL933, these strains showed approximately 2- and 6-fold reduced Stx produc-
tion during treatment with MSB (Fig. S3A).

The effect of vitamin K on production of the Stx2-converting phage BP933W.
As Stx2 production is linked to the induction of the lytic cycle and release of Stx-
converting phages, we wanted to test how different vitamin K analogs influence phage
production under uninduced conditions and after induction with either H2O2, cipro-
floxacin, or MMC in EDL933. By using a plaque assay for phage enumeration, we found
that MMC acted as the most efficient inducer of BP933W production, while H2O2 and
ciprofloxacin demonstrated similar, but lower, induction capabilities (Fig. S4). All vita-
min K analogs tested reduced the BP933W titer in uninduced cultures, and the
strongest reducing effect was observed in cultures containing menadione or MSB
(88.4% � 5.6% and 85.0% � 13.9%, respectively) (Fig. 4A). In H2O2-induced cultures, the
presence of phylloquinone or menaquinone resulted in variable and much weaker

FIG 3 Stx2 production by EDL933 in the presence or absence of vitamin K analogs. Stx2 production under H2O2-induced (A),
ciprofloxacin-induced (B), and MMC-induced (C) conditions, in the presence or absence of menadione, MSB, menaquinone, or
phylloquinone, was measured by LC-MS/MS. The error bars represent the SD from three independent experiments. An asterisk
indicates statistically significant difference (P � 0.05) in Stx2 levels compared to negative-control cultures with the same inducing
agent and same solvent as those used for solubilization of the vitamin K variants, i.e., DMSO or water. *, P � 0.05; **, P � 0.01; ***,
P � 0.001 (Student’s t test).
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reducing effects on the BP933W titer (33.4% � 26.9% and 39.0% � 30.8%, respectively)
than H2O2-induced cultures containing menadione or MSB (97.6% � 1.6% and 97.2% �

1.7%, respectively) (Fig. 4B). MSB also exhibited a strong inhibitory effect on BP933W
production in ciprofloxacin-induced cultures (94.2% � 2.5%), while the other vitamin K
analogs showed similar inhibitory effects (from 60% to 74% inhibition) (Fig. 4C). Of the
vitamin K analogs tested, menadione and MSB showed the strongest inhibitory effects
on BP933W titers in cultures induced with MMC (83.8% � 11.4% and 82.4% � 11.1%,
respectively) (Fig. 4D).

The reduced BP933W titers observed in cultures containing vitamin K analogs could
be due to either reduced bacterial growth, reduced synthesis of phages, or a direct
effect of these compounds on released phages, affecting their ability to infect the
recipient E. coli strain. To determine the effect of vitamin K analogs on the infectivity of
BP933W, phage filtrates were incubated with high concentrations of phylloquinone,
menaquinone, menadione, or MSB before they were used in the plaque assay. The
results showed that both menaquinone and phylloquinone reduced the infectivity of
BP933W, i.e., reduced plaque formation. MSB did, on the other hand, cause an increased
infectivity of the Stx-converting phage, while no positive or negative effect on phage
infectivity was observed for menadione (Fig. 5).

Effect of vitamin K on stx2 and recA transcription. Since vitamin K analogs
inhibited the production of BP933W, we wanted to explore if they affected the
induction of the SOS response and, thereby, stx2 transcription. EDL933 was grown in

FIG 4 Effect of vitamin K analogs on production of BP933W. The level of BP933W produced by EDL933
was investigated under uninduced (A), H2O2-induced (B), ciprofloxacin-induced (C), and MMC-induced
(D) conditions, in the presence or absence of different types of vitamin K analogs. The concentrations of
vitamin K analogs used were 36 �M for MSB, 72 �M for phylloquinone, 72 �M for menaquinone, and
7 �M for menadione. The error bars represent the SD from three independent experiments. *, P � 0.05;
**, P � 0.01; ***, P � 0.001 (Student’s t test).

FIG 5 Effect of the four vitamin K analogs on the infectivity of BP933W on E. coli DH5�. The concen-
trations of vitamin K analogs used were 362 �M for MSB, 724 �M for phylloquinone, 724 �M for
menaquinone, and 72 �M for menadione, and the phage filtrate was treated with the analogs for 2 h. The
error bars represent the SD from three independent experiments. *, P � 0.05; **, P � 0.01 (Student’s t
test).
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the presence or absence of vitamin K analogs and induced with either H2O2, cipro-
floxacin, or MMC. Quantitative real-time PCR (qRT-PCR) was used to examine the effect
of the different vitamin K analogs on recA (indicative on SOS response activation) and
stx2 transcription 2 h postinduction. The results from the qRT-PCR analyses are shown
in Fig. 6.

Both MSB and menadione had a reducing effect on recA transcription when H2O2

was used as the phage-inducing agent. At the examined time point, the different
vitamin K analogs had little or no effect on recA transcription during ciprofloxacin or
MMC treatments. MSB had a reducing effect on stx2 transcription, regardless of the
inducing agent, while menadione only showed a reducing effect on stx2 transcription
during induction with H2O2. Phylloquinone and menaquinone did not confer any
noticeable effect on stx2 or recA expression at the time point tested, regardless of
phage-inducing agent used (Fig. 6). MSB also conferred an inhibitory effect on both stx2

and recA transcription in EHEC strains NIPH-11060424 and NVH-E7 (Fig. S3B).
The presence of menadione or MSB prevents antibiotic-induced morphological

changes. Previous reports have shown that exposure to ciprofloxacin and mitomycin
induces morphological and biochemical changes in E. coli cells (47, 48). Similar to these
reports, we observed that EHEC cells demonstrated elongated (filamentous) morphol-
ogy when grown in the presence of ciprofloxacin or mitomycin. Ciprofloxacin-induced
samples containing menadione or MSB did, on the other hand, contain fewer filamen-
tous cells or much shorter filaments (Fig. 7). MMC-treated cells showed an even more
elongated appearance than ciprofloxacin-treated cells; also, the presence of menadione
or MSB reduced the level of cell elongation. Cells induced with H2O2 did not show a

FIG 6 Relative fold change in transcript levels of stx2 and recA in vitamin K-treated EHEC cultures
compared to untreated cultures. The concentrations of vitamin K used were 72 �M for phylloquinone
and menaquinone, 36 �M for MSB, and 7 �M for menadione. Data represent means from three individual
experiments. The error bars represent the SD from three independent experiments.

FIG 7 Microscopy analysis of EHEC cultured with four vitamin K variants and their respective controls induced with ciprofloxacin and mitomycin C. Slightly
different shades were observed between quadrants in all images. The reason for this is a mismatch in the graphic board requirements between the camera
and the laboratory computer. This artifact does not influence the aim of this figure, which is to show differences in cell morphology.
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markedly different morphology, and there was no obvious difference between H2O2-
induced samples with or without vitamin K (data not shown).

Menadione and MSB influence the survival of EHEC in the presence of phage-
inducing agents. As some vitamin K analogs had a negative effect on the production
of BP933W, it seemed likely that these compounds also prevent phage-mediated lysis
of the bacterial cells (i.e., bacterial death). A decline in bacterial growth, as measured by
the number of CFU per milliliter, was observed in all cultures immediately after addition
of H2O2. The decline in bacterial growth was, however, much less pronounced in
cultures containing menadione or MSB (Fig. 8A). As the exposure of EHEC to cipro-
floxacin or MMC made EHEC grow into unseptated filaments, it was not relevant to
measure bacterial growth in cultures containing these antibiotics by counting the
number of CFU per milliliter, since one filament containing multiple bacterial genomes
will count as one colony. As the measurement of optical density provided results similar
to those of measurement of the number of CFU per milliliter (Fig. 2 and Fig. S1B and
C), the effect of vitamin K analogs on bacterial survival was determined by the
measurement of OD600 in cultures containing ciprofloxacin or MMC. The addition of 1�

MIC of ciprofloxacin or 0.5 �g/ml of MMC did not confer an immediate negative effect
on bacterial growth (Fig. 8B and C). The presence of MSB slowed down growth after
induction with ciprofloxacin (Table S5). After 5 to 6 h of growth, there was a strong
decline in OD600 in both ciprofloxacin- and MMC-induced cultures, indicating cell lysis
(Fig. 8B and C). In MMC-induced cultures, MSB seemed to have a slight positive effect

FIG 8 Effect of vitamin K analogs on the growth and survival of strain EDL933 in the presence of H2O2, ciprofloxacin, and MMC. (A) H2O2

(measured by the increase in the number of CFU/ml); (B) ciprofloxacin (measured by the increase in OD600); (C) MMC (measured by the
increase in OD600). Phylloquinone and menaquinone were used at a concentration of 72 �M, menadione at a concentration of 7 �M, and
MSB at a concentration of 36 �M. The results are given as means from three independent experiments, with bars showing �SD.
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on bacterial survival (Fig. 8B). This was not seen for the other types of vitamin K tested.
MSB also conferred a positive effect on bacterial survival when strains NIPH-11060424
and NVH-E7 were treated with 0.5 �g/ml MMC in the presence or absence of 72 �M
MSB (Fig. S5).

MSB reduces uptake of ciprofloxacin into the bacterial cells. To test whether the
vitamin K analogs decreased phage and/or Stx2 production by reducing the uptake of
ciprofloxacin into the bacterial cell, we cultured strain EDL933 in the presence or
absence of different types of vitamin K and induced the cultures with 1� MIC
(0.06 �g/ml) of ciprofloxacin. The presence of MSB in the growth medium caused an
approximately 6� reduction in the intracellular level of ciprofloxacin. Both menaqui-
none and menadione reduced uptake of ciprofloxacin (48.9% � 9.6% and 40.5% �

11.4%, respectively). No significant effect on ciprofloxacin uptake was observed for
phylloquinone (P � 0.42) (Fig. 9).

DISCUSSION

In this work, we have studied the effect of four vitamin K analogs on the growth,
Stx2 production, infectivity of the Stx2 phage, and survival of the EHEC O157:H7 strain
EDL933 during the induction of the phage lytic cycle. The study was done as part of the
search for novel treatment regimens for EHEC infections. Our strategy was to study the
vitamin K analogs, as previous data have shown that these biomolecules could limit
the growth and virulence of other pathogenic bacteria. First, we showed that two of the
vitamin K analogs tested, menadione and MSB, inhibited growth of strain EDL933, while
the presence of phylloquinone or menaquinone did not seem to have a pronounced
effect on growth under the tested conditions. Menadione generates reactive oxygen
species, such as superoxide anions (O2

�), which are toxic for the bacteria, and this could
explain the negative effect of these compounds on bacterial growth (49).

The effects of the various vitamin K analogs on the production of the Stx2-
converting phage and Stx2 were tested under uninduced conditions and by using
H2O2, ciprofloxacin, or MMC as phage-inducing agents. H2O2 represents a natural
inducing agent in the host, as it is produced by neutrophils and other cells in infected
humans and by protists that prey on bacterial cells (50, 51). Ciprofloxacin is clinically
relevant, as it is used to treat different types of E. coli infections, but for fear that
antibiotic treatment will exacerbate the symptoms, it is not used to cure EHEC infec-
tions (52, 53). MMC is an efficient inducer of the SOS response in E. coli and is frequently
used in research to induce phages to enter the lytic cycle, but normally it is not used
for treating human infections due to its toxicity and mutagenicity (54–58). The presence
of MSB reduced the levels of released Stx2 in H2O2-induced cultures, and the same
outcome was observed for MSB in ciprofloxacin-induced cultures. A similar reducing

FIG 9 Influence of vitamin K on the intracellular concentration of ciprofloxacin. The concentrations of
vitamin K used were 72 �M for phylloquinone and menaquinone, 36 �M for MSB, and 7 �M for
menadione. The error bars represent the SD from three independent experiments. *, P � 0.05; **, P � 0.01
(Student’s t test).
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effect of MSB on Stx2 production was also observed in two other EHEC strains tested,
which suggests that this effect is a general response among EHEC strains. Results from
the plaque assay showed that the presence of all four types of vitamin K reduced
plaque formation independently of which inducing agent was used to trigger the
activation of the lytic cycle. MSB exhibited the strongest reducing effect on plaque
production. The reduction in plaque formation was not due to MSB treatment reducing
the ability of BP933W to infect the recipient strain, as the plaque count increased when
phage filtrates were treated with MSB. The mechanism for the positive effect of MSB on
the infection rate of BP933W is unknown. However, as phage production results in lysis
and death of the bacterial cell, the reduced production of phages in cultures containing
menadione or MSB could explain why menadione and MSB had a positive effect on
bacterial growth/survival in the presence of H2O2 and that MSB had a slight positive
effect on bacterial survival in cultures containing MMC.

The reduced Stx2 phage synthesis and Stx2 production led us to the hypothesis that
vitamin K analogs could inhibit the uptake of molecules into the bacterial cell. Indeed,
by LC-MS/MS measurements, we could show that the intracellular level of ciprofloxacin
taken up into the bacterial cell was reduced when strain EDL933 was grown in the
presence of MSB, menadione, and menaquinone. In E. coli, exposure to redox cycling
drugs, such as menadione, leads to the activation of the OxyR protein, a global
transcriptional regulator important in oxidative stress resistance (reviewed in reference
59). This leads to increased expression of the homologous MarA, SoxS, and Rob proteins
that are involved in the regulation of the adaptive response of E. coli to chemical
stresses, oxidative stressors, and antibiotic compounds (60–62). Their upregulation is
associated with the altered expression of genes involved in the efflux of antibiotics
(acrAB and tolC), decrease in outer membrane permeability (ompF), and superoxide
resistance (fpr and sodA) (63–68). The reduced uptake of ciprofloxacin suggests that the
mar-sox-rob regulon is involved in the increased tolerance against H2O2 and the
reduced uptake of ciprofloxacin in MSB-treated EHEC strains observed in the present
study. Furthermore, the increased tolerance against H2O2 and reduced uptake of
antibiotics could inhibit the activation of the SOS response and induction of the lytic
cycle of the Stx2 phage, followed by reduced production of Stx2.

A previous study showed that nitric oxide (NO) exhibits an inhibitory effect on the
production of Stx-converting phages, stx expression, and MMC-induced killing of strain
EDL933 (69). This effect resembles the menadione- and MSB-mediated resistance to the
growth-inhibitory/killing effect of H2O2 and MMC observed in our study. Like menadi-
one, NO also activates the SoxRS response system in E. coli, which confers protection
against subsequent exposure to harmful compounds, such as H2O2 and antibiotics,
which induce the lytic cycle of Stx phages (69). However, further studies are required
to elucidate the mechanisms behind the antibacterial/antivirulence effects of menadi-
one, MSB, and vitamin K on EHEC. Nontargeted proteomic or transcriptomic methods
could be employed to get a global view on the biological processes behind their effects
on EHEC. Further studies should also include strains of different serotypes and Stx
profiles.

Earlier studies suggested that Stx-converting phages exhibit a diverse host range
and are able to infect commensal E. coli strains (14, 70). Gamage et al. showed that
commensal non-O157 E. coli strains were susceptible to both lytic and lysogenic
infections by Stx2-converting phages from an EHEC O157:H7 strain (70). Based on their
findings, they suggested that commensal E. coli strains can amplify Stx production if
they are susceptible to infection by Stx phages. Similarly, the Stx2 phage (�734) from
the Norwegian outbreak strain NIPH-11060424 was shown to lysogenize commensal E.
coli strains from healthy children below 5 years of age (14). When commensal �734
lysogens were induced to enter the lytic cycle by H2O2, most of the commensal strains
produced more �734 phages than the donor NIPH-11060424 strain. Notably, five of the
commensal strains spontaneously (not induced) produced more �734 phages than the
NIPH-11060424 strain did under either H2O2- or MMC-induced conditions (14). Alto-
gether, the reports by Gamage and Iversen suggest that phages that are released by
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EHEC and subsequently infect commensal strains can increase the pathogenic potential
of EHEC during infection. With this in mind, it is tempting to speculate that if vitamin
K analogs, from the diet and from the metabolism of the host intestinal microbiota,
inhibit the production and dissemination of infective Stx phages, they may also restrict
the development of severe disease. A similar effect could be achieved by using MSB or
menadione therapeutically. It is also tempting to speculate that the high concentra-
tions of vitamin K in the ruminant intestine contribute to the persistence and long-term
carriage of EHEC by ruminants by preventing phage induction with concomitant lysis
of the EHEC cells.

Menadione has been shown to produce carbon monoxide (CO) endogenously in
vivo in rat brain microsomes and also in vitro (71). CO has a reputation primarily as a
toxic gas when inhaled in large quantities. It does, however, have important anti-
inflammatory, cytoprotective, and vasodilatory properties in vivo that are beneficial to
health and have many therapeutic applications. CO also has antimicrobial properties,
and CO-releasing molecules (CORMs) are pointed out as potential antimicrobial agents
in a postantibiotic era (72–75). It could be that the inhibitory effect of menadione and
MSB we see on the growth of EHEC could, at least partly, be due to CO production.

Together, our results suggest that MSB, menadione, phylloquinone, and menaqui-
none function as supportive agents to prevent severe outcomes from EHEC infections
by reducing the virulence of the infecting EHEC strain. In theory, by targeting virulence
factors, the resilience of EHEC within the human host could be impaired, allowing the
host immune system to combat the infection. To evaluate the potential of vitamin K
analogs as therapeutic agents, we need an increased understanding of the effects of
these compounds on the interaction between EHEC and the human host. By studying
the effect of vitamin K analogs on the interaction between EHEC and cultured cells, we
could gain increased knowledge on how these compounds affect the initial infection
process, colonization, and pathogenesis. However, the intestinal environment is com-
plex and cannot be adequately simulated in vitro. For example, the host immune
response and the normal microbiota are factors that are not considered in in vitro
models and are probably of utmost importance for the outcome of EHEC infections. The
use of in vivo models is, therefore, necessary to further evaluate if vitamin K analogs
could be used to treat EHEC infections.

MATERIALS AND METHODS
Bacterial strains and growth conditions. EHEC O157:H7 strain EDL933 (76) was used to study the

effect of vitamin K on the growth and virulence potential of EHEC. EDL933 carries both stx1 and stx2

genes, but it has previously been shown that stx1 is poorly expressed in this strain and not upregulated
under MMC treatment (69). The E. coli laboratory strain DH5� (77) was used as a recipient strain in the
plaque assay. The Norwegian outbreak strain NIPH-11060424 of serotype O103:H25 (78), and NVH-E7, a
non-sorbitol-fermenting O157:H7 strain belonging to MLST type 11, were also used to test the effect of
MSB on growth and Stx2 production. NIPH-11060424 is Stx1 negative and Stx2 positive, while NVH-E7 is
both Stx1a and Stx2 positive. The stx2-negative EHEC O157:H7 strain NVH-E961 was used as an Stx2
negative matrix in LC-MS/MS samples. EDL933 and DH5� were grown under agitation (200 rpm) in
Luria-Bertani (LB) broth at 37°C. Strains NIPH-11060424 and NVH-E7 were grown in brain heart infusion
(BHI) broth (Oxford Limited, Basingstoke, UK) under agitation (225 rpm) at 37°C. Ciprofloxacin (Appli-
Chem, Darmstadt, Germany) at 0.03 �g/ml (1/2 MIC for EHEC EDL933 [79]), MMC (Sigma-Aldrich) at
0.5 �g/ml (80), or H2O2 (NAF, Oslo, Norway) at 3 mM was used to induce the phage lytic cycle when the
cultures had reached an optical density at 600 nm (OD600) of 0.5, i.e., when the cultures had reached the
exponential growth phase. After the addition of inducing agents, the cultures were incubated in the dark.

To determine the dose-response effect of menadione sodium bisulfite (MSB) (Sigma-Aldrich, St. Louis,
MO), menaquinone (Supelco, Bellefonte, PA), phylloquinone (Supelco, Bellefonte, PA), and menadione
(Sigma-Aldrich, St. Louis, MO), the EHEC strains were grown overnight at 37°C under agitation. Twenty
microliters of the overnight culture was inoculated into an Erlenmeyer flask containing 20 ml of LB broth,
when appropriate, a defined concentration of menadione, MSB, or either of the two types of vitamin K
tested. MSB was solved in water, while phylloquinone, menaquinone, and crystalline menadione are lipid
soluble and, therefore, were solved in dimethyl sulfoxide (DMSO). The final concentration of DMSO in the
cultures was 0.05%. The OD600 was monitored every 30 min for 10 h, and samples were taken every 2 h
for 10 h for the enumeration of the number of CFU per milliliter.

Sampling for Stx measurements. EDL933 was grown in the presence or absence of the different
forms of vitamin K and induced as described above. The induced cultures were incubated at 37°C in the
dark with shaking at 200 rpm, and samples were collected at 6, 8, and 20 h postinduction. The samples
collected after 6 and 8 h were kept at 0°C on ice overnight for minimal loss of Stx during storage. The
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choice of storing the samples on ice was done after examining what temperatures were ideal for storing
Stx overnight with minimal loss of toxin. The temperatures tested were �80°C, �20°C, 0°C, and 4°C.
Storage at 0°C (in the dark) on ice showed the best yield of Stx2 toxin.

Protein reduction, alkylation, and digestion. Protein reduction, alkylation, and digestion were
done using a modified version of the method previously described by Silva et al. in 2014. (81). After
harvesting EDL933 cells at 20 h postinduction, 100 �l of the bacterial cultures was added to a 1.5-ml
centrifuge tube and diluted with 20 �l of MilliQ water. A volume of 100 �l of the Stx-negative matrix
strain was spiked with 20 �l of MilliQ water with 0, 10, 28, 52.5, 70, and 140 ng/ml the peptide standard
YNEDDTFTVK (Biomatik, Cambridge, Canada) to create a calibration curve. Thereafter, the EDL933
samples and the calibration standards were treated identically throughout the preparation for LC-MS
analysis. Disulfide bond reduction was performed by adding 2 �l of 100 mM dithiothreitol (DTT;
Sigma-Aldrich), solved in 25 mM ammonium bicarbonate (buffer A), to the samples and incubating them
for 1 h at 37°C. To ensure alkylation of the free sulfhydryl groups on cysteine residues in the toxin, the
samples were cooled to room temperature, and 8 �l of 100 mM iodoacetamide (IAA; Sigma-Aldrich)
solved in buffer A was added. The samples were then incubated in darkness at room temperature for 1
h. Subsequently, 4 �l of 100 mM DTT, solved in buffer A, was added to quench excess iodoacetamide,
followed by the addition of 10 �l of sequencing-grade modified trypsin (100 �g/ml; Promega). The
samples were incubated at 37°C for 2 h (82). All samples then were transferred to 0.3-ml PP short-thread
microvials (VWR) and capped. Samples that were expected to have Stx2 levels above the highest point
in the calibration curve were diluted 1/5 in an Stx2-free matrix. An MS standard and a spiked matrix blind
were also created to ensure the accuracy of the analyses.

LC-MS analysis. The quantification of Stx2 was done by LC-MS/MS. The analysis was performed using
an Agilent 1290 Infinity high-performance LC (HPLC) system (Agilent Technologies, Waldbronn, Ger-
many) coupled with an Agilent G6490 MS/MS (Agilent Technologies, Santa Clara, CA, USA) containing an
Agilent jet stream electrospray ion source. Separation was done using a 2.1- by 50-mm Agilent Zorbax
SB-C18 column (1.8 �m). The chromatographic method was 5.5 min. The gradient started at 98% mobile
phase A, and that within 2 min was decreased to 60% A. Mobile phase B was increased to 100% in
0.2 min, held for 1.8 min, and then returned to 98% mobile phase A, which was held for 1.5 min. The flow
was held constant at 0.6 ml/min. Mobile phase A consisted of 0.5% acetic acid in water, and mobile phase
B consisted of 0.5% acetic acid in 90% acetonitrile. The column compartment and autosampler were held
at 25°C and 4°C, respectively. Stx2 was detected using multiple reaction monitoring (MRM), with mass
transitions set at 616.3 m/z¡135.9 m/z for quantification and 616.3 m/z¡277.9 m/z as the qualifier
transition.

Semiquantification of Stx2 levels using VTEC RPLA kit. The VTEC RPLA toxin detection kit (Oxford
Limited, Basingstoke, United Kingdom) was used to determine Stx2 production in culture supernatants
of strains NIPH-11060424 and NVH-E7. The assay was performed according to the manufacturer’s
instructions. The cultures were induced by MMC as described above, and the samples were harvested 4 h
after induction. The amount of toxin in each test well was reduced 2-fold at each dilution. The reciprocal
of the highest dilution causing latex agglutination was considered the Stx titer.

Plaque assay. The plaque assay used for quantification of infectious phage particles was modified
from a method previously described by O’Brien et al. (10). Briefly, cultures of EDL933, grown to an OD600

of 0.3 to 0.6, were induced with either ciprofloxacin, H2O2, or mitomycin and incubated overnight under
dark conditions. The cultures were centrifuged (3,900 � g for 10 min) and filtered using 0.22-�m pore
filters (Minisart syringe filters; Sartorius, Göttingen, Germany). To eliminate the bias of cell lysis by colicins
(83), tryptic digestion of the phage filtrates were performed using 0.1 mg/ml trypsin-EDTA (Gibco, Fischer
Scientific, Loughborough, England) for 1 h at 37°C with shaking (200 rpm). A volume of 100 �l of the
phage filtrate was mixed with 900 �l of a culture of the E. coli strain DH5� (OD600, 0.3 to 0.6), and the
mixture was added to 3 ml of liquid soft agar (0.7% agar, 55°C) supplemented with 10 mM CaCl2 and
overlaid on LB agar plates. The plates were incubated at 37°C overnight, and the phage titers were
determined by visual plaque recognition and counting the following day.

Vitamin K’s effect on the infectivity of BP933W. A phage stock was made by inoculating 150 ml
of LB broth in an Erlenmeyer flask with 1.5 ml of overnight culture of EDL933. After growth to an OD600

of 0.3 to 0.6, the cultures were induced with 0.5 �g/ml mitomycin C, covered with aluminum foil to
deprive the cultures of light, and incubated at 37°C with shaking at 200 rpm for 24 h. The cultures then
were centrifuged (10 min, 4,000 � g, 4°C) and sterile filtered with 0.22-�m Minisart syringe filters. The
different vitamin K variants and solvents were added to 20 ml of the phage filtrates. DMSO was added
to a final concentration of 0.05%, the same concentration as that in the cultures with vitamin added. The
vitamin K concentrations were 724 �M for phylloquinone and menaquinone, 36 �M for MSB, and 72 �M
for menadione. The samples were incubated for 2 h at 37°C, in the dark, under shaking at 200 rpm. The
vitamin K-treated phage stocks were treated with trypsin as described above and tested with a plaque
assay.

qPCR. Quantitative real-time PCR (qRT-PCR) was used to measure the expression level of stx2 and
recA. EDL933 was cultured in the presence or absence of different forms of vitamin K and induced as
described above. Two hours after induction, the cultures were mixed with ice-cold methanol and kept
at �80°C before isolation of RNA. Total RNA was extracted using the PureLink RNA minikit (Life
Technologies, Carlsbad, CA), and the DNA was removed using the Turbo DNA-free kit (Invitrogen,
Carlsbad, CA) according to the manufacturer’s instructions. The quantity (A260) and purity (A260/280) of the
RNA were measured in a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA),
and an Agilent 2100 bioanalyzer was used to assess the quality of the RNA. Only mRNA samples with a
purity (A260/280) of 1.90 to 2.10 and with integrity over RIN 9 were used for cDNA synthesis. cDNA then
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was synthesized from 500 ng of RNA using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, Carlsbad, CA) according to the manufacturer’s instructions. Five-microliter samples of a 1:100
dilution of the cDNA preparations were used as the templates for qPCR amplification in a total volume
of 25 �l containing 12.5 �l of PowerUp SYBR green master mix (Applied Biosystems, Carlsbad, CA) and
primers at a concentration of 400 nM. The primers used for qPCR are listed in the supplemental material
(Table 1). The qPCR amplification was performed using a StepOne system (Applied Biosystems, Carlsbad,
CA). The thermal cycling conditions were 2 min at 50°C, 2 min at 95°C, and then 40 cycles of 15 s at 95°C
and 30 s at 60°C. The fluorescence was recorded during each extension phase, and a melting curve
analysis was carried out after each run to verify the amplification of specific transcripts. Each assay was
performed in three biological replicates and three technical replicates. Samples containing no cDNA
template functioned as negative controls. The slope of the standard curve and PCR efficiency for each
primer pair were obtained by amplifying serial dilutions of genomic DNA of EDL933 containing the target
sequence. The mRNA level for each gene was determined relative to the reference gene gapA
(glyceraldehyde-3-phosphate dehydrogenase), and the results were analyzed using the Pfaffl method
(84).

Microscopy. The EDL933 strain was grown in the presence or absence of different forms of vitamin
K and induced as described above. The samples were incubated for 20 h postinduction, and the samples
were immediately prepared for microscopy analysis. The microscopy was done with an Olympus BX51
microscope, and the pictures were taken with an Olympus UC-90 color camera (Olympus, Tokyo, Japan)
and examined with cellSens software (Olympus, Tokyo, Japan). Slightly different shades were observed
between quadrants in all images. The reason for the different shades is due to a mismatch in the graphic
board requirements between the camera and the laboratory computer connected to the camera. The
computer connected to the camera has too low a capacity (Windows VGA 1,920 � 1,080 � 32 bit
compared to what the camera requires (3,840 � 2,160 pixels at 30 Hz). However, this should not
influence the results presented.

Survival assay. EHEC was grown overnight in LB broth, and the next day 20 �l was inoculated into
20 ml LB in Erlenmeyer flasks. Vitamin K variants were used in the following concentrations: phylloqui-
none and menaquinone (72 �M), MSB (36 �M), and menadione (7 �M). The OD600 was determined every
hour, and H2O2 (3 mM) or ciprofloxacin (0.06 �g/ml, i.e., 1� the MIC) and 0.5 �g/ml MMC were added
when the cultures had reached an OD600 of 0.5 � 0.05. The OD600 was measured every hour after
induction for eight hours, and samples were taken for enumeration of CFU per milliliter every second
hour.

LC-MS/MS quantification of intracellular ciprofloxacin. Cytoplasmic extracts were prepared from
EDL933 grown in LB with or without vitamin K analogs (phylloquinone and menaquinone, 72 �M; MSB,
36 �M; menadione, 7 �M) at 37°C. The cultures were induced with 0.06 �g/ml ciprofloxacin when they
reached an OD600 of 0.5. After 20 min of growth, 6-ml aliquots of the cultures were harvested and
pelleted by centrifugation at 18,000 � g for 30 s and washed three times in PBS (pH 7.4). Prior to the last
wash, a 10-�l portion of the sample was harvested, diluted, and plated on LB agar for enumeration. The
samples were pelleted and vacuum dried (Savant Spd 121P speed vac concentrator; Thermo Scientific,
Waltham, MA, USA) for 5 to 10 min at 35°C. The pellets were solubilized in a solution of 200 �l water and
10 �l chloroform and centrifuged for 8 min at 18,000 � g. The supernatants were transferred to 0.3-ml
PP short-thread microvials (VWR) and capped. Aliquots of 5 �l were analyzed for the concentration of
ciprofloxacin with LC-MS/MS as described previously (85). The instrumentation used was an Agilent 1200
SL HPLC system equipped with an Agilent G6490 triple-quadrupole mass spectrometer with an electro-
spray ion source. An Agilent Zorbax Rx C18 column, 150 mm by 3.0 mm (inner diameter) with 3.5-�m
particles, was used for separation. Calibration standards were prepared in a filtered cell extract matrix of
EDL933 without ciprofloxacin added and ciprofloxacin at concentrations of 0, 0.5, 1, 5, 7.5, and 10 ng/ml.
The calibration curve was forced through zero and was linear, with a correlation coefficient above 0.99.
The values from the MS analysis were normalized according to the number of CFU per milliliter counted,
and relative percentages of the uptake of ciprofloxacin were calculated.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.

TABLE 1 Primers used in this study

Gene

Primer sequence

Slopea % EffbForward (5= to 3=) Reverse (5= to 3=)
stx2 GAACGTTCCGGAATGCAAA CCATTAACGCCAGATATGATGA �3.40 98.00
recA TTGACCTGGGCGTAAAAGAG CGGTTTCCGGGTTATCTTTC �3.10 90.00
gapA AGGTCTGATGACCACCGTTC AACGGTCAGGTCAACTACGG �3.30 99.70
aThe slope was calculated from the regression line of the standard curve.
bThe efficiency (Eff) was calculated using the slope of the regression line of the standard curve.
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