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Potentiation of Antibiotics by 
a Novel Antimicrobial Peptide 
against Shiga Toxin Producing 
E. coli O157:H7
Juan Puño-Sarmiento1,2,6, Erin M. Anderson3,4,6, Amber J. Park3, Cezar M. Khursigara   3,4 & 
Debora E. Barnett Foster1,5 ✉

Infection with Shiga toxin-producing Escherichia coli (STEC) results in hemorrhagic colitis and can lead 
to life-threatening sequelae including hemolytic uremic syndrome (HUS). Conventional treatment is 
intravenous fluid volume expansion. Antibiotic treatment is contraindicated, due in part to the elevated 
risk of HUS related to increased Shiga toxin (Stx) release associated with some antibiotics. Given the 
lack of effective strategies and the increasing number of STEC outbreaks, new treatment approaches 
are critically needed. In this study, we used an antimicrobial peptide wrwycr, previously shown to 
enhance STEC killing without increasing Stx production, in combination with antibiotic treatments. 
Checkerboard and time-kill assays were used to assess peptide wrwycr-antibiotic combinations for 
synergistic STEC killing. Cytotoxicity and real-time PCR were used to evaluate Stx production and 
stx expression, respectively, associated with these combinations. The synergistic combinations that 
showed rapid killing, no growth recovery and minimal Stx production were peptide wrwycr-kanamycin/
gentamicin. Transmission electron microscopy revealed striking differences in bacterial cell morphology 
associated with various treatments. This study provides proof of principle for the design of an antibiotic-
peptide wrwycr combination effective in killing STEC without enhancing release of Shiga toxins. It also 
offers a strategy for the repurposing of antibiotics for treatment of STEC infection.

Shiga toxin-producing Escherichia coli (STEC) is a major food- and water-borne pathogen that causes bloody 
diarrhea, hemorrhagic colitis and can lead to life-threatening sequelae including hemolytic uremic syndrome 
(HUS)1–3,4. This pathogen has been associated with numerous outbreaks and constitutes a serious global public 
health threat. Of the over 380 STEC serotypes, O157:H7 is the serotype most highly associated with outbreaks 
and severe disease sequelae in North America. Furthermore, the number of multi-state foodborne outbreaks 
linked to this serotype have been increasing, according to the Centers for Disease Control and Prevention (CDC) 
and the U.S. Food and Drug Administration (FDA). STEC infection typically begins with vomiting, watery diar-
rhea and abdominal cramping that progresses to bloody diarrhea. In the majority of people, the infection typically 
resolves within 7–10 days. However, in 5–7% of infected persons, the infection leads to a systemic, sometimes 
life-threatening complication known as HUS, a development which is mediated by the bacterial expression of 
Shiga toxins, Stx1 and Stx2, encoded by the stx1 and stx2 genes5–8. HUS is characterized by thrombocytopenia, 
hemolytic anemia and acute renal failure. Currently, treatment consists primarily of intravenous fluid volume 
expansion and supportive therapy9–11, while antimicrobials generally used to treat bacterial infections are often 
contraindicated. The reason for this counter-intuitive practice is that in vitro studies have shown that, at least for 
STEC O157, sublethal doses of different antibiotics and classes of antibiotics, including ampicillin, ciprofloxacin, 
ceftazidime, trimethoprim-sulfamethoxazole, furazolidone and the quinolones can promote the production and 
release of Shiga toxins that may enhance the risk of progression to HUS5,12–15. On the other hand, in vitro STEC 
treatment with macrolides, carbapenems, aminoglycosides, rifampin, rifaximin, and fosfomycin have been found 
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to have either no effect on Stx production or to result in a decrease in Stx production16,17. Furthermore, a number 
of clinical studies have shown that patients on antibiotic therapy for STEC induced-hemorrhagic colitis have 
a higher risk of developing HUS14. However, the relevance of these findings is limited by small sample sizes in 
those studies and in some cases, by the advanced stage of illness of the patients. Other therapeutic treatments 
that are often used to treat gastrointestinal infections including antimotility agents, narcotics and non-steroidal 
anti-inflammatory medications are also not recommended for STEC infection. Given the increasing number of 
STEC outbreaks and HUS complications and the lack of available therapeutic strategies, there is a critical need for 
new approaches to the treatment of STEC infection. Recent studies looking at potential treatment strategies have 
identified forms of antibody therapy, plasmapheresis, zinc-based salts, small peptide molecules and probiotics18–22 
but to date none have been adopted in clinical treatment of STEC infection.

We have previously reported that an antimicrobial peptide, wrwycr in its D isomer form, is able to significantly 
enhance acid-induced killing of all STEC seropathotypes associated with HUS and does so without increasing Stx 
release23. This peptide wrwycr has been shown to inhibit mechanisms of DNA damage repair and recombination 
that proceed through Holiday Junction (HJ) intermediates24,25. Further studies have expanded the list of potential 
intracellular bacterial targets of the peptide wrwycr, indicating that it causes cells to phenotypically starve for 
iron26. Consequently, wrwycr is a potent, broad-spectrum antimicrobial that is able to inhibit bacterial growth in 
a dose-dependent manner and as a D isomer should be resistant to intestinal proteases23,27,28.

We have also shown that this peptide wrwycr dramatically ameliorates Citrobacter rodentium infection in a 
mouse model of enterohemorrhagic E. coli (EHEC) infection, without disrupting the commensal flora profile29. 
Furthermore, repeated challenge does not increase resistance of the pathogen to the peptide wrwycr. Together, 
these studies suggest that the peptide wrwycr is a useful bacteriocidal agent that can potentiate gastric acid killing 
of the pathogen, making it a promising preventative agent.

However, we are also interested in pursuing whether the peptide wrwycr could serve as a treatment strategy 
for STEC O157:H7 infection. Our earlier work indicates that on its own, micromolar concentrations of the pep-
tide wrwycr are not sufficient to eradicate all STEC O157:H7 and that minimum inhibitory concentrations (MIC) 
were relatively high. However, it is possible that if combined with a second antimicrobial/antibiotic, especially one 
that does not increase Stx, the peptide wrwycr may potentiate the activity of the second antimicrobial/antibiotic 
(or vice versa) and may do so at a lower combined dose of both peptide wrwycr and antibiotic. Simultaneously, 
the specificity of two different antimicrobial compounds coupled with a lower therapeutic dose may minimize 
the development of antimicrobial resistance arising from the use of either one. In this paper, we evaluate pairwise 
combinations of the peptide wrwycr with several antibiotics for synergistic activity determining the fractional 
inhibitory concentration index (FICI) using a standard checkerboard assay. The antibiotics selected include sev-
eral that have been reported to have either no change or a decrease in Stx production allowing us to determine 
how the combination of each of these antibiotics with peptide wrwycr alters Stx production/release. We also eval-
uate two antibiotics that have been reported to increase Stx production/release to establish whether it is possible 
to find a combination of peptide wrwycr with these antibiotics that could produce a bactericidal effect without 
increasing Stx production. In this way, we may be able to explore the repurposing of antibiotics for treatment of 
STEC infection. Finally, we also examine the impact of peptide wrwycr on pathogen morphology and ultrastruc-
ture through transmission electron microscopy (TEM) of treated cells. The micrographs offer insights into the 
mechanisms of action of the peptide wrwycr and the impact of peptide wrwycr-antibiotic combinations on cellu-
lar integrity. This paper provides a proof of principle for the design of an antibiotic-peptide wrwycr combination 
that is effective in completely killing STEC without enhancing release of Shiga toxins.

Results
Antimicrobial activity of peptide wrwycr and selected antibiotics.  We first determined the MIC 
values for the individual antimicrobials, including the peptide wrwycr and selected antibiotics (Table 1). The MIC 
value for the peptide wrwycr was 128 μg/mL against both STEC strains, 86–24 and EDL933. Antibiotics selected 
for this study include those reported to have either no change or a decrease in Stx production (gentamicin, kan-
amycin, meropenem) as well as two reported to cause an increase in Shiga toxin production (ciprofloxacin, chlo-
ramphenicol)13,16,17. MIC values determined for the selected antibiotics (Table 1) agree with previous reports for 
STEC O157:H7 strains30.

Treatment

MIC ranges (μg/mL) for strain 86–24
MIC ranges (μg/mL) for strain 
EDL933

Min. Max. Median Mode Min. Max. Median Mode

Peptide 128.00 256.00 128.00 128.00 64.00 256.00 128.00 128.00

Gentamicin 2.00 8.00 4.00 4.00 2.00 4.00 4.00 2–4

Kanamycin 4.00 16.00 8.00 8–16 4.00 16.00 8.00 8.00

Chloramphenicol 8.00 16.00 8.00 8.00 4.00 8.00 6.00 4–8

Ciprofloxacin 0.06 0.06 0.06 0.06 0.03 0.06 0.06 0.06

Meropenem 0.03 0.06 0.06 0.06 0.02 0.06 0.06 0.06

Table 1.  MIC values for the peptide and selected antibiotics, as determined by a standard MIC assay. All assays 
were carried out in triplicate and on at least two different occasions.
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Evaluating peptide wrwycr-antibiotic treatment combinations for synergistic effects.  We next 
determined MIC values for various combinations of peptide with antibiotics and calculated FICI values to estab-
lish whether there was evidence of synergy in the combination treatment. We found synergistic FICIs for at least 4 
of the 5 antibiotic-peptide wrwycr combinations for both strains STEC 86–24 and EDL933 (Table 2, Fig. S1 in the 
supplemental material). FICI values for both strains were remarkably similar. For STEC 86–24, combinations of 
peptide wrwycr and gentamicin produced FICI values of 0.19–0.50 (with ≤0.5 indicating synergy, as described in 
materials and methods) with combinations of peptide wrwycr between 8.00–32.0 μg/mL and gentamicin at 0.06–
1.00 μg/mL (well below the gentamicin MIC of 4.00 μg/mL). In the case of kanamycin, FICI values ranging from 
0.25–0.50 were achieved with peptide wrwycr ranging from 2.00–32.0 μg/mL and kanamycin from 0.13–4.00 μg/
mL (well below the kanamycin MIC of 8.00–16.0 μg/mL). For chloramphenicol, FICI values of 0.28–0.50 were 
produced with combinations of peptide wrwycr (32.0 μg/mL) and chloramphenicol (0.25–2.00 μg/mL) (below the 
chloramphenicol MIC of 8.00 μg/Ml). Combinations of peptide wrwycr and ciprofloxacin produced FICI values 
of 0.31–0.50, where concentrations of peptide wrwycr were between 8.00–32.0 μg/mL (well below the peptide 
wrwycr MIC of 128 μg/mL) and ciprofloxacin concentrations were between 0.004–0.016 μg/mL (well below the 
ciprofloxacin MIC of 0.06 μg/mL). Finally, combinations of peptide wrwycr and meropenem produced an addi-
tive mean FICI of 0.51, with synergistic FICI values of 0.31–0.50 using a peptide wrwycr concentration of 32.0 μg/
mL and 0.004–0.016 μg/mL meropenem which was well below the MIC value of 0.06 for meropenem alone. These 
results provide convincing evidence that several antibiotics potentiate the killing effect of the peptide wrwycr for 
both STEC strains and at substantially lower concentrations than the individual treatments.

To further investigate the impact of treatment combinations on STEC survival and the potential for recovery 
or development of resistance in STEC strain 86–24, we evaluated combinations of peptide wrwycr and antibiotic 
in time-kill assays over 24 hr (Table 3). The first section shows the time-kill results for MIC concentrations of the 
individual antimicrobials. The second section provides the time-kill results for subMIC concentrations of the 
individual antimicrobials. The next five sections show the time-kill results over 24 hr for synergistic combinations 
of the peptide wrwycr with each of the antibiotics at concentrations below their subMIC values. The log reduction 
in bacterial numbers is shown in the final right-hand column of Table 3. In all cases, with the exception of two 
combinations of chloramphenicol and peptide wrwycr, the synergistic combinations (with their corresponding 
FICI values reported in the second column) resulted in at least a 3-log reduction from the starting CFU/mL val-
ues, a decrease which is an accepted standard for bactericidal agents according to the CLSI guidelines, M26-A, 
vol. 19.

For synergistic gentamicin-peptide wrwycr treatment combinations, killing was more rapid than any of the 
individual treatments, provided that FICI values were 0.31–0.38 (i.e. when peptide wrwycr concentrations were 
32.0 μg/mL). When FICI values were lower than 0.28 (i.e. when peptide wrwycr concentrations were lower than 
32.0 μg/mL), the rate of killing was reduced at the lowest combined concentration and there was some evidence of 
growth recovery after 7–12 hours with one exception (combination P:16 + G:1 μg/mL; FICI 0.25).

For kanamycin-peptide wrwycr treatments, killing was more rapid and effective than that for the individual 
MIC or subMIC treatments, when FICI values were 0.31–0.38 when peptide wrwycr concentrations were 16.0–
32.0 μg/mL and the kanamycin concentrations were 2.00–4.00 μg/mL. For combinations that generated lower 
FICI values ranging from 0.31–0.25 and when the peptide wrwycr and kanamycin concentrations were below 
32.0 μg/mL and 4.00 μg/mL respectively, there was some evidence of growth recovery after 12 hr.

For chloramphenicol, all combinations identified by checkerboard as synergistic showed killing rates simi-
lar to the same concentration of peptide wrwycr and there was evidence of some recovery after 7–12 hr treat-
ment. These data indicate the bacteriostatic rather than bactericidal activity of chloramphenicol on its own. 

Treatment

FICI Ranges FICI 
Mean InteractionMin. Max.

86–24 strain

Gentamicin + Peptide 0.19 0.52 0.40 Synergistic

Kanamycin + Peptide 0.25 0.51 0.32 Synergistic

Chloramphenicol + 
Peptide 0.28 0.63 0.48 Synergistic

Ciprofloxacin + 
Peptide 0.31 0.53 0.46 Synergistic

Meropenem + Peptide 0.31 0.63 0.51 Additive

EDL933 strain

Gentamicin + Peptide 0.16 0.50 0.30 Synergistic

Kanamycin + Peptide 0.16 0.51 0.32 Synergistic

Chloramphenicol + 
Peptide 0.28 0.75 0.49 Synergistic

Ciprofloxacin + 
Peptide 0.27 0.52 0.36 Synergistic

Meropenem + Peptide 0.31 0.63 0.50 Synergistic

Table 2.  Fractional inhibitory concentration indices calculated for peptide antibiotic combinations that 
inhibited STEC strains 86–24 and EDL933. All assays were carried out in triplicate and on at least two different 
occasions.
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Interestingly, for the subMIC combination of chloramphenicol with peptide wrwycr of P:32 + C:2 μg/mL (FICI 
0.50), STEC killing was enhanced 3.4 log fold, achieving a bactericidal effect in marked contrast to the MIC chlo-
ramphenicol treatment alone.

For ciprofloxacin, in the case of all four combinations identified as synergistic, the rate of killing was rela-
tively slow but still more effective than corresponding subMIC concentrations of the individual antimicrobials. 
However, there was evidence of growth recovery after 12 hr treatment.

Antimicrobial doses (µg/
mL)d

FICI 
values

Viable cell count in specific time points over 24 h incubation in log10 CFU/mL ± SDa

TKb0 h 0.5 h 1 h 2 h 3 h 5 h 7 h 12 h 24 h

MIC Doses

PEP 128 (MIC) --- 6.0 ± 0.1 4.9 ± 0.1S 4.3 ± 0.1S 2.2 ± 0.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.8|2h

GEN 4 (MIC) --- 6.0 ± 0.1 4.5 ± 0.4S 3.2 ± 0.1S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 6.0|2h

KAN 16 (MIC) --- 6.0 ± 0.1 6.0 ± 0.0 5.2 ± 0.0S 3.8 ± 0.7S 0.7 ± 1.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 5.3|3h

CHL 8 (MIC) --- 5.9 ± 0.1 6.0 ± 0.1 6.0 ± 0.0 5.9 ± 0.1S 5.8 ± 0.1S 5.7 ± 0.1S 5.6 ± 0.1S 5.6 ± 0.0S 5.4 ± 0.1S No-TK

CIP 0.063 (MIC) --- 5.7 ± 0.1 6.0 ± 0.1 5.8 ± 0.1 3.1 ± 0.0S 1.3 ± 1.2S 0.7 ± 1.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 4.4|3h

MER 0.063 (MIC) --- 5.8 ± 0.1 6.0 ± 0.1 5.1 ± 0.1S 2.7 ± 0.2S 0.7 ± 1.2S 0.7 ± 1.2S 0.7 ± 1.2S 0.0 ± 0.0S 0.0 ± 0.0S 3.1|2h

SubMIC Doses

PEP 64 (subMIC) --- 6.0 ± 0.1 6.1 ± 0.0 6.1 ± 0.1 5.7 ± 0.0S 5.2 ± 0.1S 4.2 ± 0.1S 3.7 ± 0.2S 3.2 ± 0.1S 4.9 ± 0.1S No-TKc

GEN 2 (subMIC) --- 6.0 ± 0.1 5.8 ± 0.1 4.8 ± 0.1S 0.7 ± 1.2S 0.7 ± 1.2S 3.3 ± 0.1S 4.5 ± 
0.1S 5.8 ± 0.1S 8.8 ± 0.2S 5.3|2hc

KAN 8 (subMIC) --- 6.0 ± 0.1 6.1 ± 0.0 6.3 ± 0.1 5.4 ± 0.0S 2.4 ± 0.1S 2.4 ± 0.1S 1.4 ± 1.3S 0.7 ± 1.2S 4.0 ± 0.1S 3.6|3hc

CIP 0.031 (subMIC) --- 5.7 ± 0.1 6.2 ± 0.1 6.2 ± 0.1 5.1 ± 0.1S 4.2 ± 0.1S 3.7 ± 0.0S 3.2 ± 0.1S 5.2 ± 0.1S 7.8 ± 0.1S No-TKc

MER 0.031 (subMIC) --- 5.8 ± 0.1 6.1 ± 0.1 5.9 ± 0.1 5.4 ± 0.0S 4.7 ± 0.1S 2.9 ± 0.1S 2.6 ± 0.2S 2.5 ± 0.1S 3.9 ± 0.1S 3.2|7hc

Gentamycin + Peptide Combinations

GEN 0.50 + PEP 32 0.38 6.0 ± 0.1 3.3 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 6.0|1h

GEN 0.25 + PEP 32 0.31 6.0 ± 0.1 3.6 ± 0.1S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 6.0|1h

GEN 0.13 + PEP 32 0.28 6.0 ± 0.1 5.0 ± 0.1S 2.8 ± 0.8S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.4 ± 0.1S 3.2|1hc

GEN 0.50 + PEP 16 0.25 6.0 ± 0.1 4.6 ± 0.3S 2.7 ± 0.6S 0.7 ± 1.2S 0.7 ± 1.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.3|1h

GEN 0.25 + PEP 16 0.19 6.0 ± 0.1 5.7 ± 0.1 4.7 ± 0.1S 3.0 ± 0.0S 2.4 ± 0.1S 1.6 ± 1.4S 2.3 ± 0.2S 3.0 ± 0.1S 4.2 ± 0.1S 3.0|2hc

Kanamycin + Peptide Combinations

KAN 2 + PEP 32 0.38 6.0 ± 0.1 5.0 ± 0.1S 2.7 ± 0.1S 0.7 ± 1.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.3|1h

KAN 4 + PEP 16 0.38 6.0 ± 0.1 6.0 ± 0.0 3.9 ± 0.0S 2.5 ± 0.1S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.5|2h

KAN 4 + PEP 8 0.31 6.0 ± 0.1 6.1 ± 0.0 5.0 ± 0.1S 3.5 ± 0.0S 2.8 ± 0.1S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.2|3h

KAN 1 + PEP 32 0.31 6.0 ± 0.1 5.9 ± 0.1 4.5 ± 0.0S 2.7 ± 0.2S 0.7 ± 1.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.9 ± 0.1S 3.3|2hc

KAN 4 + PEP 4 0.28 6.0 ± 0.1 6.1 ± 0.0 4.5 ± 0.0S 2.7 ± 0.2S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 3.8 ± 0.0S 3.3|2hc

KAN 2 + PEP 16 0.25 6.0 ± 0.1 5.7 ± 0.2 5.0 ± 0.1S 3.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 0.0 ± 0.0S 5.0 ± 0.1S 3.0|2hc

Chloramphenicol + Peptide Combinations

CHL 2 + PEP 32 0.50 5.9 ± 0.1 5.7 ± 0.1 5.4 ± 0.0 4.8 ± 0.0S 4.4 ± 0.1S 4.2 ± 0.0S 3.9 ± 0.1S 3.1 ± 0.1S 2.5 ± 0.2S 3.4|24h

CHL 1 + PEP 32 0.38 5.9 ± 0.1 5.9 ± 0.0 5.8 ± 0.1 5.5 ± 0.0S 5.3 ± 0.1S 4.8 ± 0.1S 4.1 ± 0.1S 4.3 ± 0.1S 4.7 ± 0.0S No-TKc

CHL 0.5 + PEP 32 0.31 5.9 ± 0.1 6.0 ± 0.0 5.9 ± 0.0 5.3 ± 0.1S 4.4 ± 0.0S 4.3 ± 0.0S 4.3 ± 0.1S 4.4 ± 0.1S 4.7 ± 0.0S No-TKc

Ciprofloxacin + Peptide Combinations

CIP 0.016 + PEP 32 0.50 5.7 ± 0.1 6.0 ± 0.1 5.9 ± 0.1 5.2 ± 0.1S 4.2 ± 0.0S 1.3 ± 1.2S 1.3 ± 1.2S 0.0 ± 0.0S 1.3 ± 1.2S 4.4|5hc

CIP 0.008 + PEP 32 0.38 5.7 ± 0.1 5.9 ± 0.1 6.0 ± 0.1 5.3 ± 0.1S 4.5 ± 0.1S 2.6 ± 0.1S 1.5 ± 1.3S 0.0 ± 0.0S 3.2 ± 0.1S 3.1|5hc

CIP 0.004 + PEP 32 0.31 5.7 ± 0.1 6.0 ± 0.2 5.8 ± 0.1 5.7 ± 0.1S 5.3 ± 0.1S 3.3 ± 0.0S 3.1 ± 0.1S 2.5 ± 0.1S 6.7 ± 0.0S 3.2|12hc

CIP 0.016 + PEP 16 0.38 5.7 ± 0.1 6.0 ± 0.1 6.0 ± 0.2 5.1 ± 0.0S 4.1 ± 0.0S 3.1 ± 0.0S 2.7 ± 0.1S 0.0 ± 0.0S 2.5 ± 0.2S 3.0|7hc

Meropenem + Peptide Combinations

MER 0.016 + PEP 32 0.50 5.8 ± 0.1 6.1 ± 0.1 6.1 ± 0.1 5.7 ± 0.1S 5.2 ± 0.0S 4.7 ± 0.0S 4.7 ± 0.1S 0.0 ± 0.0S 0.0 ± 0.0S 5.8|12h

MER 0.008 + PEP 32 0.38 5.8 ± 0.1 6.0 ± 0.1 6.1 ± 0.1 5.7 ± 0.0S 5.3 ± 0.1S 4.7 ± 0.0S 4.8 ± 0.0S 1.5 ± 1.3S 3.3 ± 0.1S 4.3|12hc

Table 3.  Kinetics of STEC 86–24 killing using peptide, antibiotics and synergistic combinations. Data are 
expressed as means ± standard deviation. All assays were carried out in triplicate and on at least two different 
occasions. aEvaluation of time-kill assay in bacterial cultures treated with peptide, antibiotic and synergistic 
combinations. Data are expressed in log10 CFU/mL as means ± standard deviations of two independent 
experiments in triplicate. SOne-way ANOVA and Tukey’s test were used to determine means statistically 
significant compared to the no-antimicrobial control (p < 0.05). bTK (Time-kill) = log decrease|bactericidal 
effect hr (at least 3-log10 reduction in the original inoculum according CLSI guidelines, M26-A, vol. 19). cSigns 
of bacterial recovery from subMIC treatments and the lowest FICI values (data are shown in bold). dPEP, 
peptide; GEN, gentamicin; KAN, kanamycin; CHL, chloramphenicol; CIP, ciprofloxacin; MER, meropenem.
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Similarly, for meropenem, the combinations identified as synergistic showed a similar rate of killing relative 
to individual subMIC treatments. When the FICI value was lower than 0.50 (i.e. when the meropenem concen-
tration within the combination was 0.008 μg/mL), there was evidence of some recovery of growth after 12hr 
treatment.

In Fig. 1, we have highlighted specific time-kill curves showing combinations of peptide wrwycr with each of 
the antimicrobials relative to the time-kill curves for the individual antimicrobials at the same subMIC concen-
trations. In each case, we used a consistent subMIC peptide wrwycr concentration of 32.0 μg/mL and a FICI value 
of 0.38 so as to provide relevant comparisons. Figure 1 clearly shows that the synergistic combinations of peptide 
wrwycr with gentamicin (Fig. 1A) or peptide wrwycr with kanamycin (Fig. 1B) are significantly more effective 
at bacterial killing than the individual antimicrobials at the same subMIC concentrations as in the synergistic 
combinations. For chloramphenicol, the killing curve clearly confirms the bacteriostatic rather than bacteriocidal 
activity of chloramphenicol on its own and reveals that the combination was no more effective than the peptide 
wrwycr on its own (Fig. 1C). For ciprofloxacin and meropenem, the combinations with peptide wrwycr showed 
similar or slightly improved rates of killing relative to the individual antimicrobials (Fig. 1D,E).

Taken together, the results of the killing assays provide valuable insight into the subMIC peptide 
wrwycr-antibiotic combination treatments and indicate that the most effective synergistic combinations, i.e. those 
that show rapid killing and no growth recovery, are combinations of peptide wrwycr with either kanamycin or 
gentamicin. These results also demonstrate the critical importance of complementing standard checkerboard 
assays with killing assays over a prolonged time course to permit the detection of growth recovery. This is espe-
cially important for combinations that have been identified as synergistic by checkerboard assay.

Since the peptide-gentamicin combination (P:16 + G:1 µg/mL) produced a synergistic response for both 
strains STEC 86–24 and EDL933, we extended this evaluation to a panel of strains, including K12 (control) and 
14 additional clinical STEC isolates including both O157 and nonO157 strains and representing all 5 seropatho-
types previously characterized by Karmali et al.31. Of the total of 15 strains tested, the majority were susceptible to 
all three treatments (peptide, gentamicin, or peptide-gentamicin), indicating low/no resistance of clinical isolates 
to peptide (alone or in combination) (Table S1 in the supplemental section). Results also revealed that while there 
was variation in susceptibility to individual and combination treatment across the strains tested, it was clear that 
all strains were susceptible to the P:16 + G:1 combination that was shown to be synergistic in 86–24.

Effect of peptide wrwycr-antibiotic combinations on Stx release, production and expression.  
We then sought to determine whether the peptide wrwycr-antibiotic combination treatments altered the pro-
duction of active Stx. To do so, we used the well-established Vero cell cytotoxicity assay to determine the extent 
of Stx-mediated cytotoxicity resulting from various synergistic combination treatments relative to the individual 
antimicrobial treatments. In each case, we assessed the level of Vero cell cytotoxicity resulting from each of the 
secreted Stx (released) and periplasmic Stx (produced but not released) extracts produced by STEC 86–24. Based 
on the time-kill assay results, we chose to evaluate cytotoxicity levels at 6 hr of treatment, the time typically asso-
ciated with maximum pathogen killing and 15 hr of treatment, the time where STEC growth recovery was occa-
sionally noted during the time kill assays. It should be noted that STEC 86–24 only produces Stx2. The standard 
curve showing levels of Vero cell cytotoxicity induced by various concentrations of purified Stx2 is provided in 
Fig. S2 in the supplemental material.

In the first set of experiments, we compared levels of cytotoxicity resulting from STEC treatment with MIC 
versus subMIC concentrations of each of the antimicrobial (Fig. 2). Since the synergistic combination treatments 
all consisted of subMIC concentrations of both peptide wrwycr and antibiotic, it was important to evaluate and 
compare the levels of cytotoxicity associated with MIC versus subMIC levels for individual antimicrobials and 
then to compare cytotoxicity levels for the subMIC combination treatments. Figure 2 shows profound differ-
ences in cytotoxicity levels at both time points for MIC versus subMIC (Fig. 2A,B) treatments with each of the 
antimicrobials for both secreted (SE) and periplasmic (PE) extracts. In most cases, significantly higher levels of 
cytotoxicity were associated with individual subMIC antimicrobial treatments. Treatment of STEC with MIC 
concentrations of peptide wrwycr resulted in 10–24% Vero cell death for both 6 and 15 hr treatments, which 
is consistent with relatively low levels of Stx release for both secreted and periplasmic extracts, as previously 
reported (12). However, at subMIC concentrations of peptide wrwycr alone, cytotoxicity levels were dramatically 
increased, ranging from 42–98% Vero cell death, depending on the time point selected. Similarly, STEC treatment 
with MIC concentrations of gentamicin or kanamycin resulted in low levels of Vero cell death, both from secreted 
or periplasmic Stx (gentamicin: 10–17%; kanamycin: 1–17%), but showed significant increases in cytotoxicity 
for subMIC treatments, in some cases reaching almost 100%. Treatment with MIC concentrations of chloram-
phenicol, which has been reported to trigger increased Stx production/release, was found to generate 28–38% 
cell death via secreted Stx and 16–22% cell death through periplasmic Stx extracts. By contrast, treatment with 
subMIC chloramphenicol showed significant increases in cytotoxicity for the 6 hr secreted extract and both 15 hr 
extracts. STEC treatment with either MIC or subMIC concentrations of ciprofloxacin, known to trigger increased 
Stx release, resulted in very high levels of Vero cell death (93–98%) from each of secreted or periplasmic Stx at 
both time points. Finally, meropenem MIC treatment of STEC resulted in variable levels of cell death with higher 
levels of cell death produced by secreted Stx (89–94%) relative to periplasmic Stx extracts (4–62%). Similar levels 
of cytotoxicity were generated by treatment with subMIC levels of meropenem.

Next, the cytotoxicity levels mediated by subMIC peptide wrwycr-antibiotic combinations treatments were 
tested (Figs. 3 and S3 in the supplemental material), and in some cases yielded strikingly different data than that 
for the individual treatments (Fig. S3A in the supplemental material).

For gentamicin, treatment with subMIC antibiotic-peptide wrwycr synergistic combinations with FICI values 
between 0.31–0.50 showed significantly lower Stx-mediated cytotoxicity with either secreted or periplasmic Stx 

https://doi.org/10.1038/s41598-020-66571-z


6Scientific Reports |        (2020) 10:10029  | https://doi.org/10.1038/s41598-020-66571-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

extracts for both time points relative to individual subMIC antimicrobial treatments (Fig. 3A)13. However, for 
combination treatments with FICI values of 0.19–0.28 where we noted some bacterial recovery after 7–12 hr of 
treatment in the time-kill assay, there was an increase in cytotoxicity associated with both secreted and periplas-
mic Stx at the 15 hr treatment time. These data suggest that gentamicin-peptide wrwycr synergistic combinations 
with FICI values between 0.31–0.50 provide optimal pathogen killing while minimizing production and release 
of Stx.

Similarly, for kanamycin, there was a significant decrease relative to the individual subMIC treatments in the 
levels of cytotoxicity associated with either secreted or periplasmic extracts at both times points across all syn-
ergistic antimicrobial combinations with one exception (Fig. 3B). The combination treatment with a FICI value 
of 0.31 generated increased Stx production at the 15 hr time point. These results suggest that kanamycin-peptide 
wrwycr combinations, with the one exception noted, are effective against pathogen killing while minimizing 
Stx-mediated cytotoxicity.

For chloramphenicol, combinations with FICI values of 0.38–0.50 produced less cytotoxicity for both secreted 
and periplasmic extracts at both time points relative to the subMIC individual treatments (Fig. S3A in the supple-
mental material). However, combinations with lower FICI values (0.31) resulted in more Stx production/release 
(Fig. S3A in the supplemental material) than the MIC chloramphenicol treatment on its own (Fig. 2A,B). These 
data are also consistent with evidence of bacterial recovery that occurred after 7–12 hours of treatment at this 
lower FICI subMIC combination (Table 3).

Figure 1.  STEC survival over the course of a 24 hour killing assay as determined by serial plate count assay and 
expressed as viable counts per mL of culture. Each graph provides survival curves for STEC treatment with the 
subMIC concentrations of each of antibiotic or peptide or antibiotic-peptide combination relative to growth of 
untreated STEC (bacterial control). In all cases, the peptide dose was 32 µg/mL and the FICI value for peptide-
antibiotic combinations was 0.38. Time kill curves for peptide alone or in combination with (A) Gentamicin 
(0.5 µg/mL) (B) Kanamycin (2.0 µg/mL) (C) Chloramphenicol (1.0 µg/mL) (D) Ciprofloxacin (0.008 µg/mL) (E) 
Meropenem (0.008 µg/mL). All assays were carried out in triplicate and on at least two different occasions.
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For ciprofloxacin, all synergistic combinations generated high levels of cytotoxicity (79–100% cytotoxicity) 
across both extracts and both time points (Fig. S3B in the supplemental material). This was consistent with the 
levels of cytotoxicity seen for the subMIC ciprofloxacin treatment alone and demonstrated that at least in the 
case of this antibiotic, subMIC combinations with peptide wrwycr were not able to generate a more favourable 
outcome.

For meropenem, the results showed considerable variability. At a synergistic combination with a FICI value 
of 0.50, Stx-mediated cytotoxicity was similar to that for subMIC treatment of meropenem alone (Fig. S3C in 
the supplemental material). However, at a FICI value lower that 0.50, there was an increase in cytotoxicity across 
time points and extracts, but particularly so for the 15-hr periplasmic extract which may be associated with the 
bacterial recovery seen after 7–12 hr of this combination treatment. Interestingly, there was also an increase in Stx 
production in the additive combination with a FICI value of 0.75, particularly in the periplasmic extract. These 
results suggest that synergistic or additive combinations of meropenem and peptide wrwycr, while effective in 
pathogen killing, do not minimize Stx production and release.

Finally, we assessed changes in expression of the stx2 gene in STEC 86–24 by real-time PCR for all treatment 
combinations (Fig. S4 in the supplemental material). The real-time results are consistent with the cytotoxicity 
results in Figs. 2 and 3.

These data provide evidence that subMIC combinations of peptide wrwycr-gentamicin and peptide 
wrwycr-kanamycin result in significantly lower levels of cytotoxicity than the individual treatments, suggesting 
that a lower therapeutic dose can enhance STEC killing without increasing Stx production/release. Secondly, 
these data provide valuable new insights into Stx-mediated cytotoxicity by tracking each of secreted (released) 
and periplasmic (produced not released) Stx extracts at two distinct time points. Evaluating both secreted and 
periplasmic Stx-mediated cytotoxicity provides a more detailed picture of potential levels of cytotoxicity and 
more relevant data than transcriptional results alone. Furthermore, multiple time points improves on previous 
studies that provide single measures of Stx-mediated cytotoxicity, with some studies focusing on the 4–6 hr treat-
ment time frame and others looking only at later time points.

Since the peptide wrwycr-gentamicin combination treatment (P:16 + G:1 µg/mL) produced a synergistic 
response for STEC 86–24 with minimal associated cytotoxicity, we evaluated cytotoxicity levels for this same 
combination treatment for EDL933 relative to no treatment or treatment with peptide or gentamicin alone. While 
we saw higher levels of cytotoxicity for secreted extracts from EDL933, we found that the combination treatment 
resulted in less cytotoxicity in response relative to no treatment or treatment with either peptide or gentamicin 
(Fig. S5 in the supplemental data). We also evaluated the cytotoxicity levels of secreted extracts from 16 STEC 

Figure 2.  Vero cell cytotoxicity levels with secreted (SE) and seriplasmic (PE) lysates from STEC 86–24 
following treatment with peptide or antibiotic after (A) 6 hr and (B) 15 hr. Antimicrobial doses included both 
MIC and subMIC doses: peptide (128 µg/mL and 64 µg/mL), gentamicin (4 µg/mL and 2 µg/mL), kanamycin 
(16 µg/mL and 8 µg/mL), chloramphenicol (8 µg/mL and 4 µg/mL), ciprofloxacin (0.063 µg/mL and 0.031 µg/
mL) and meropenem (0.063 µg/mL and 0.031 µg/mL). All assays were carried out in triplicate and on at least 
two different occasions. Data bars represent means ± standard deviation. *Significantly different from subMIC 
treatment; P < 0.05; Unpaired student’s test with Welch’s correction.
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strains treated with the peptide wrwycr-gentamicin (P:16 + G:1 µg/mL) combination. These strains included 
O157 and nonO157 strains and represented all 5 seropathotypes31 as well as K12 (the no toxin control). Results 
revealed variation in the levels of cytotoxicity across the strains (Fig. S6 in the supplemental section). This is likely 
related to high levels of variability in strain-to-strain cytotoxic potential, but suggests that the concentrations of 
combination treatments may require strain-specific titration to maximize effectiveness and minimize associated 
levels of cytotoxicity.

Impact of peptide wrwycr and antibiotic treatment on bacterial cell ultrastructure.  TEM was 
used to visualize physical changes that occurred at the cellular level when STEC 86–24 was treated with each of 
peptide wrwycr, kanamycin or gentamicin alone or in peptide wrwycr-antibiotic combinations. These treatments 
were selected for TEM evaluation because they generated effective synergistic combinations with minimal levels 
of Stx-mediated cytotoxicity. Figure 4 provides representative micrographs of resin-embedded thin sections that 
show the morphology and ultrastructure of the cells and reveals striking differences in bacterial cell morphology 
associated with various antimicrobial treatments. Relative to the no treatment control (Fig. 4A), treatment with 
the MIC concentration of peptide wrwycr (128 μg/mL) revealed an enlarged periplasmic space at the cell pole, 
enclosing a number of membrane-bound structures (Fig. 4B). Treatment with the MIC peptide wrwycr dose 
appears to primarily affect the cell poles and potential division sites. This could suggest that the peptide wrwycr 
works on curved portions of the cell with the outer membrane being compromised. The circular bodies are likely 
portions of the inner membrane and are similar to that previously observed with treatment with polymyxin 
B-nonapeptide.

Treatment with kanamycin (16.0 μg/mL) produced very few and minor disruptions at the poles with no obvi-
ous accumulation of membrane structures or expanded periplasm (Fig. 4C). Treatment with gentamicin (4.00 μg/
mL; Fig. 4D) also produced little notable ultrastructural changes from untreated cells. Kanamycin (4.00 μg/mL) 
in combination with peptide wrwycr (8.00 ug/mL; FICI 0.31) resulted in some expansion of the periplasm and an 
accumulation of membrane structures at the cell poles (Fig. 4E). These changes were again less severe than seen 
with the peptide wrwycr alone at 128 μg/mL (Fig. 4B). Kanamycin (4.00 μg/mL) with a lower concentration of 
peptide wrwycr (4.00 μg/mL) resulted in less severe morphological changes, but typically had an accumulation of 
electron-light regions near the poles (Fig. 4F). Treatment with a low dose of gentamicin (0.25 μg/mL) combined 
with a high concentration of peptide wrwycr (32.0 μg/mL) produced similar structures seen with the peptide 
wrwycr alone, with an enlarged, elaborate periplasm at the poles and numerous membrane structures noted 
(Fig. 4G). Gentamicin concentrations (1.00 μg/mL) with a lower concentration of peptide wrwycr (16.0 μg/mL) 
produced only minor perturbations at the cell poles (Fig. 4H).

Figure 3.  Vero cell cytotoxicity levels with secreted and periplasmic lysates from STEC 86–24 following 
treatment with peptide or antibiotic or peptide-antibiotic combinations after 6 hr and 15 hr. (A) with 
subMIC peptide-gentamicin combinations with specified FICI values (B) with subMIC peptide-kanamycin 
combinations with specified FICI values. All assays were carried out in triplicate and on at least two occasions. 
Data bars represent means ± standard deviation. *Significantly different from both individual treatments 
(peptide or antibiotic); †Significant different from antibiotic treatment. ‡Significantly different from peptide 
treatment; P < 0.05; One-way ANOVA with post hoc Tukey comparisons.
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Discussion
Recently, there has been significant interest in the possibility of repurposing antibiotics through the development 
of antibiotic combinations that generate synergistic effects at lower combined doses of the individual antibiotics. 
The potential benefits of this approach are enhanced antimicrobial activity and a decreased risk of antimicrobial 

Figure 4.  TEM micrographs of resin-embedded thin sections of STEC 86–24 following treatments with (A) 
no treatment (control) (B) peptide (128 μg/mL) (C) kanamycin (16 μg/mL) (D) gentamicin (4 μg/mL) (E) 
kanamycin (4 μg/mL) and peptide (8 μg/mL) (F) kanamycin (4 μg/mL) and peptide (4 μg/mL) (G) gentamicin 
(0.25 μg/mL) and peptide (32 μg/mL) (H) gentamicin (1 μg/mL) and peptide (16 μg/mL). Scale = 1 μm. These 
images are representative of images collected on two different occasions.
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resistance. Here, we provide a proof of principle evaluation of the effectiveness of treatments of the STEC 
O157:H7 strain 86–24 using different combinations of antibiotics with the novel antimicrobial peptide wrwycr. 
We found synergistic effects for 4 of the 5 antibiotic-peptide wrwycr combinations, where the dose required to 
achieve the synergistic effect was well below the individual MIC values. These results, which were the same for 
both O157:H7 strains 86–24 and EDL933, provide convincing evidence that the combinations potentiate the 
activity of the individual antimicrobials and at substantially lower doses than the individual treatments.

We evaluated the impact of treatment combinations on STEC 86–24 survival and the potential for recovery or 
development of resistance to individual and combined antimicrobial treatments. The gentamicin-peptide wrwycr 
and kanamycin-peptide wrwycr combinations yielded effective synergistic combinations with rapid killing and, 
depending on the combinations chosen, no evidence of recovery. It is interesting to note that the two most effec-
tive synergistic peptide wrwycr-antibiotic combinations for STEC 86–24 involve antibiotics that inhibit protein 
synthesis. This may be significant in terms of potentiation of peptide wrwycr mechanism of action. The peptide 
wrwycr-kanamycin and peptide wrwycr-gentamicin combinations provide several benefits over treatment with 
any of these agents on their own. Treatment with either kanamycin or gentamicin at MIC doses are associated 
with increased toxicity which would be minimized at the low dose required for the synergistic combination 
with peptide wrwycr. Furthermore, there are numerous reports of STEC resistance to both kanamycin and gen-
tamicin32–34 that could be circumvented by using a peptide wrwycr-antibiotic combination treatment.

For the other antibiotics tested, it was possible to achieve combinations that would be defined as synergistic 
by checkerboard assay. However, when we examined these combinations using time-kill assays, where we were 
able to track growth recovery for STEC 86–24 over a longer period of time, we found that these “synergistic” 
combinations show evidence of growth recovery, challenging the definition of synergy based on checkerboard 
assays alone. These results demonstrate the critical importance of complementing checkerboard assays with kill-
ing assays over a prolonged time course. Taken together, the results of the killing assays provide valuable insight 
into the subMIC peptide wrwycr-antibiotic combination treatments and indicate that the most effective synergis-
tic combinations, those that show rapid killing and no growth recovery, are combinations of peptide wrwycr with 
either kanamycin or gentamicin.

Our results also indicated that while the gentamicin:peptide combination was synergistically effective for 
the two STEC O157:H7 strains 86–24 and EDL933, there was considerable variability in the response of other 
STEC strains to this combination treatment. However, it was clear that all STEC strains tested were susceptible to 
combination treatment, and in many cases more susceptible than to individual treatments alone. The variability 
of these results suggest that strain-specific titration would be needed to fully optimize the combination dose for 
different STEC strains.

The level of cytotoxicity and Stx production associated with antibiotic treatment is an important considera-
tion for the treatment of STEC infection. Our results show significant differences in cytotoxicity levels of STEC 
86–24 for MIC versus subMIC treatments with each of the antimicrobials, with higher levels of cytotoxicity 
associated with subMIC individual antimicrobial treatments relative to the peptide wrwycr-antibiotic combi-
nation treatments in almost all cases. These findings are consistent with reports that Stx release and production 
is enhanced in subMIC antibiotic treatments where the SOS response is triggered35–37. The major concern with 
antibiotic treatment of STEC infection is the associated increased risk of developing HUS, which has been linked 
to subMIC (rather than MIC) concentrations of several antibiotics. Consequently, it was important to evaluate 
combinations of peptide wrwycr-antibiotics where the individual doses are low, but the combinations are syn-
ergistic and effective at killing STEC. In the case of the peptide wrwycr-antibiotic combinations, the synergis-
tic gentamicin-peptide wrwycr combinations that showed optimal, rapid STEC 86–24 killing (those with FICI 
values between 0.31–0.38) also minimized levels of cytotoxicity associated with both secreted and periplasmic 
Stx at all time points tested. The results indicate that the combination treatment for STEC 86–24 (as well as for 
EDL933) was both more effective at killing and generated less Stx production and release than treatments of 
peptide wrwycr or gentamicin alone. Similar results were achieved with synergistic kanamycin-peptide wrwycr 
combinations where significant decreases in cytotoxicity levels were noted for both secreted and periplasmic 
extracts from STEC 86–24 at both 6 hr and 15 hr time points with one exception. The combination treatment 
with a FICI value of 0.31 generated increased Stx production at the 15 hr time point. This provides a cautionary 
note for the consideration of combinations with lower FICI values that exhibit some growth recovery as a treat-
ment option for STEC infection. However, administration of treatment multiple times per day to reduce patho-
gen recovery could resolve this challenge. For chloramphenicol, the combinations with FICI values of 0.50–0.38 
produced less cytotoxicity for both secreted and periplasmic extracts at both time points relative to the subMIC 
individual treatments but the chloramphenicol-peptide wrwycr combination with FICI value of 0.31 resulted 
in more Stx production/release than the MIC chloramphenicol treatment on its own. Previous in vitro stud-
ies found that chloramphenicol did not influence Stx transcription17,38. Our results show a lower cytotoxicity 
(<40%) for both secreted and periplasmic extracts of chloramphenicol-treated STEC 86–24. More importantly, 
we also note the bactericidal effect of the chloramphenicol-peptide wrwycr combination (FICI 0.50) which shows 
an optimal killing (a reduction of 3.4 log fold (>99.9%) of the original inoculum) has no evidence of bacterial 
recovery. This may provide a useful strategy for antimicrobial treatment for STEC infection. For ciprofloxacin, all 
synergistic combinations generated high levels of cytotoxicity for both extracts at both time points. Finally, the 
results suggest that synergistic or additive combinations of meropenem with peptide wrwycr, while effective in 
pathogen killing, do not minimize Stx production and release. When we evaluated the impact of the synergistic 
gentamicin-peptide wrwycr combination on cytotoxicity levels of a panel of STEC strains, it was apparent that 
there was considerable variability across the strains, emphasizing the importance of tailoring the combination 
treatment for different strains and specifically evaluating these treatments relative to no treatment or to individual 
treatments.
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Our data also provide valuable new insights into Stx cytotoxicity associated with antimicrobial treatments 
through tracking both the secreted (released) and periplasmic (produced not released) Stx extracts at two dis-
tinct time points. Evaluating both secreted and periplasmic Stx-mediated cytotoxicity provides a clearer picture 
of potential levels of cytotoxicity expected and also more relevant data than transcriptional results. Evaluation 
of STEC ultrastructure by TEM provided valuable insights into the effects of each antimicrobial treatment com-
pared with antibiotics used in combination with peptide wrwycr. The images suggest that the synergistic effect 
between peptide wrwycr and either kanamycin or gentamicin is likely associated with enhanced disruption of the 
cell membrane, which could potentially increase access of the antibiotic to the inside the bacterial cell, thereby 
rendering the lower antibiotic concentrations more effective. Interestingly, the synergistic combinations of either 
kanamycin plus peptide wrwycr or gentamicin plus peptide wrwycr appeared to produce more modest changes 
including some periplasmic swelling and membrane bound bodies but certainly much less than that noted with 
the peptide wrwycr alone.

In conclusion, this paper provides an important evaluation of different antimicrobial treatments on in vitro 
STEC survival and associated Stx cytotoxicity. It also provides evidence of highly effective synergistic combina-
tions of peptide wrwycr with each of kanamycin or gentamicin that show rapid killing with no growth recov-
ery and minimal Stx-associated cytotoxicity. Finally, this study provides proof of principle for the design of an 
antibiotic-peptide wrwycr combination that is effective in in vitro killing STEC without enhancing release of 
Shiga toxins.

Materials and Methods
Bacterial strains and growth conditions.  STEC strain 86–24 (serotype O157:H7; kindly provided by 
Dr. M. Karmali, Public Health Agency of Canada) and STEC strain, EDL 933 (serotype O157:H739) were used 
in this study. The STEC 86–24 was isolated during the 1986 Washington state outbreak from a patient who was 
experiencing hemorrhagic colitis40. This strain contains genes encoding only Stx2 and has been associated with 
the development of severe disease in humans including the development of HUS41,42. The EDL933 strain was 
isolated from a raw hamburger patty that was linked to the 1982 outbreaks in Oregon and Michigan43 and carries 
both stx1 and stx2 genes44,45. It has been noted that STEC strains that express only Stx2 have been more highly 
associated with the development of HUS than strains that express both Stx1 and Stx246–48. Furthermore, STEC 
strains that only produced Stx2 were found to be more neurotropic for gnotobiotic piglets than STEC strains that 
produced only Stx1 or both Stx1 and Stx249. Consequently, STEC 86–24 is generally thought to be more virulent 
than EDL933. tThus these two strains provide a good comparison for this study.

Bacterial glycerol stocks were maintained at −80 °C. Prior to use, bacteria were streaked for single colonies on 
Lysogeny Broth (LB) (Bioshop Canada Inc., Burlington, ON, CAN) agar. Single colonies were used to inoculate 
LB broth for overnight culture at 37 °C with shaking and then subcultured into LB and grown to mid-log phase 
(OD600 of 0.38–0.4) with shaking at 37 °C. Fresh cultures from glycerol stocks were prepared for each experiment 
in order to maintain the original clinical characteristics of the stock. Bacterial viability was assessed by serial 
dilution on LB agar.

Synthesis of wrwycr.  The peptide wrwycr was synthesized with a C-terminal amide group, purified to 
>95% purity at Sigma-Genosys (St. Louis, MO, USA) or Biosynthesis (Lewisville, TX, USA) and dissolved in 
50% DMSO as previously described27. A wrwycr stock solution (10 mM) was maintained in 50 or 100% DMSO. 
Final DMSO concentrations were either 0.5% or 1.0% and DMSO at appropriate concentration was added in the 
absence of wrwycr to control for DMSO effects.

Minimal inhibitory concentration assay protocol.  Prior to the MIC assay, cation-adjusted Mueller 
Hinton broth (CAMHB; TEKnova, Hollister, CA, USA) media was inoculated with STEC from the overnight 
LB culture and incubated at 37 °C with 200 rpm shaking to mid-log phase (OD600 of 0.3–0.5). Peptide wrwycr 
and antibiotic concentration ranges were initially selected based on previous reports of MIC values50 and then 
established for this study using the following protocol. Stock solutions (2×) of all antibiotics and peptide solu-
tions are prepared in CAMHB broth and were serially diluted across the microtitre plate, with the last column 
serving as a ‘no antibiotic’ or ‘full-growth’ control. One column containing no culture served as the ‘no growth’ 
control. Subcultures in CAMHB media were added to each well to achieve a 5 × 105 cells/mL suspension and 
incubated statically for 18 hr at 37 °C. The MIC was determined based on the first set of triplicate antibiotic con-
centrations where no bacterial growth was seen (OD600 ≤ 0.01). This protocol is based on CLSI methods for MIC 
determination.

Fractional inhibitory concentration index calculations.  To establish the MIC values for the peptide 
wrwycr-antibiotic combinations, a checkerboard assay approach based on CSLI methods was used. In the case of 
peptide wrwycr-antibiotic combinations, different combinations of peptide wrwycr and antibiotics were prepared 
using a microdilution 2D checkerboard procedure51. The FICI for peptide wrwycr and antibiotic combinations 
was calculated to determine the nature of inhibitory effects observed in the checkerboard assays. The FICI was 
calculated for the first non-turbid well (indicating low/no growth) in each row and column of the checkerboard 
plate, representing the lowest peptide wrwycr/antibiotic combinations that inhibited STEC growth i.e. OD600 
values ≤ 0.01 were considered non-turbid. The following equation was used: FICI = (MICAB/MICA) + (MICAB/
MICB), where MICAB is the MIC of peptide wrwycr and antibiotic together and MICA and MICB are the con-
centrations of each of the peptide wrwycr and antibiotic alone, respectively. An FICI mean value of less than or 
equal to 0.5 was considered synergistic while a value greater than 0.5 to less than 4 was considered no interaction/
additive and a value greater than or equal to 4 was antagonistic. The FICI mean and range were determined for 
data at peptide wrwycr and antibiotic concentrations less than their respective MICs where growth was inhibited.
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Time kill assays.  To evaluate the effect of the peptide wrwycr and its combination with other antibiotics 
on bacterial growth, a timed survival/growth curve was constructed according to the standards of the National 
Committee for Clinical Laboratory Standards (NCCLS). Briefly, an overnight LB culture of STEC was subcul-
tured in CAMHB at 37 °C with shaking to an OD600 = 0.38–0.41 (~1 × 108 cells/mL) and then diluted to 5 × 105 
cells/mL with CAMHB containing one of peptide wrwycr, antibiotic or peptide wrwycr-antibiotic combination. 
Samples were incubated with shaking at 37 °C to defined time points (0, 0.5, 1, 2, 3, 5, 7, 12, 24 hr) after which 
the samples were serially diluted, plated and counted. All assays were carried out in triplicate, and on at least two 
different occasions.

Shiga toxin quantification.  The effect of treatment of STEC 86–24 with individual antimicrobials or com-
binations of antimicrobials on Stx production was measured using a Vero cell cytotoxicity assay as described 
previously52. Purified stock solutions of Stx2 (100 mg ml−1) were kindly provided by Dr. C. Lingwood, Hospital 
for Sick Children, Toronto, ON, Canada. Vero cells (ATCC) were cultured at 37 °C, 5% CO2 in complete medium 
(minimal essential medium supplemented with 5–10% fetal bovine serum), seeded at 20,000 cells in 200 mL 
per well in 96-well plates and cultured overnight to form a monolayer. Serial dilutions of purified Stx2 or Stx 
extracts from STEC 86–24 samples after various antimicrobial treatments (described below) were prepared in 
triplicate in complete medium and 50 mL was added per well. The plates were incubated for 72 h after which 
viable, adherent cells were fixed with 2% formaldehyde in phosphate buffered saline (PBS) and stained with 
0.13% crystal violet as described by Gentry & Dalrymple53. Crystal violet staining was quantified by absorbance 
at 595 nm after solubilization of the dye with 50% ethanol in PBS. To prepare the Stx extract, overnight cultures 
of STEC 86–24 grown in LB broth were subcultured in LB at 37 °C with shaking until mid-exponential phase 
(OD600 = 0.40). 2 ml of LB broth were adjusted with MIC concentrations of either an antibiotics or a peptide 
wrwycr-antibiotic combination and then inoculated with bacteria (5 × 105 cells/mL) and incubated at 37 °C 
with shaking. Supernatants (secreted Stx) and periplasmic Stx extracts were taken at two time points, 6 and 
15 hr, filter-sterilized and stored at −20 °C. Periplasmic Stx extracts were isolated by resuspending bacterial pel-
lets in 0.5x PBS with polymyxin B (0.1 mg mL−1; Sigma Aldrich, Oakville, ON, CAN) and incubating statically 
at 37 °C for 30 min. Stx2 transcription was assessed by quantitative real-time PCR as described previously17. 
Primers RT-stx2F (5′-CGACCCCTCTTGAACATA-3′) and RT-stx2R (5′-TAGACATCAAGCCCTCGTAT-3′) 
were used to amplify stx2, and primers gapA_forward (5′-GTTGTCGCTGAAGCAACTGG-3′) and gapA_
reverse (5′-AGCGTTGGAAACGATGTCC T-3′) were used to amplify the reference gene gapA, encoding 
d-glyceraldehyde-3-phosphate dehydrogenase A, for normalization.

Transmission electron microscopy.  Five mL of Tryptic Soy Broth (TSB; Millipore Sigma, Oakville, ON, 
CAN) were inoculated with bacteria and incubated (200 rpm, 37 °C) overnight and then diluted to 0.0025 OD600 
into 25 mL CAMHB and grown at 37 °C, stationary to OD600 of 0.4. Antibiotics/peptide wrwycr/combinations 
were then added to the bacterial culture and incubated for an additional 2 hr at 37 °C, stationary. Following 
the incubation, the bacterial pellet was then suspended in 800 μL CAMHB and 200 μL of 2% gluteraldehyde in 
CAMHB and incubated with rocking overnight at 4 °C. Bacteria were washed 3 times with 0.1 M HEPES buffer, 
embedded in 2% noble agar and stained for 2 hr in 1% osmium tetroxide. After washing 3 times with 0.1 M 
HEPES buffer, samples were stained with 1% uranyl acetate (UA; Electron Microscopy Sciences, Hatfield, PA, 
USA) for 2 hr followed by two washes in 0.1 M HEPES buffer and one wash with double distilled H2O (ddH2O). 
Samples were dehydrated by washing with increasing concentrations of ethanol, followed by infiltration into LR 
white resin. Samples were then solidified into capsules at 60 °C, sectioned and fixed to copper-coated grids. Grids 
were stained for 10 min with Reynold’s lead citrate (Electron Microscopy Sciences, Hatfield, PA, USA), washed 
with ddH2O, stained with UA for 7 min and finally washed with ddH2O and dried before visualizing with a single 
tilt holder in the FEI Tecnai G2 F20 transmission electron microscope operating at 200 kV and equipped with a 
bottom-mount Gatan 4k charge-coupled device (CCD) camera.

Statistical analysis.  Graphical presentation and statistical analysis of the data were completed using 
RStudio version 1.1.453 (RStudio, Inc., Boston, MA, USA). One-way ANOVA and unpaired student’s test were 
used to differentiate mean values of the time-kill and cytotoxicity assays, respectively. Post hoc comparisons were 
conducted using Tukey’s test. P-values < 0.05 were considered significant.

Ethical approval and informed consent.  There was no work carried out on (i) live vertebrates (or higher 
invertebrates), (ii) humans or (iii) human samples for this study.
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