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Abstract
In these days that we are drifting into the post-antibiotic era, antibiotics called "last-resort" are begun to be used more frequently. Colistin is 

one of the last-resort antibiotics that act on Gram-negative bacteria. The aim of the study was to investigate antibiotic re-sensitization effect of 

lytic bacteriophages on colistin resistant E. coli O157:H7 in-vitro. In the study, four E. coli O157:H7 isolates (encoded 25KA, 44RA, 120RA, 

and 168KA) were included. These isolates had different features such as harboring some of the mcr genes but not showing resistance to colis-

tin, or demonstrating resistance to colistin without carrying any mcr genes. A lytic bacteriophage cocktail was prepared with three Myovir-

idae family member phages. In order to determine the effect of lytic bacteriophage application on the colistin resistance of E. coli O157:H7 

strains before, during and after bacteriophage treatment, minimum inhibitory concentrations (MIC) of the isolates were determined by broth 

microdilution method. The results were interpreted according to EUCAST. According to the results, up to 3.6 log cfu/ml reductions in colis-

tin-resistant E. coli O157:H7 were detected within 6h incubation at 23°C. Colistin and phage combination showed synergistic effect. While 

strains 25KA and 168KA became susceptible to colistin, 44GA and 120RA were totally eliminated. The survivors of the phage treatment also 

became sensitive to colistin. Phage-resistant mutants of 25KA and 168KA showed susceptibility to colistin (1 µg/ml and 0.5 µg/ml, respective-

ly). In addition, 44GA and 120GA remained susceptible. The findings of this study highlight that in addition to taking advantage of the lytic 

activity of phages in biocontrol area, phages also play a major role in re-sensitization to a last-resort antibiotic like colistin. The results show 

the synergy between phage–antibiotic combination treatment and give the promising idea that this approach has the potential to extend the 

effective lifetime of antibiotics.
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Introduction
Antibiotics have played a significant role in health care 
since their first discovery. These antibacterial chemo-
therapeutics have served for many years in improving the 
quality of life and expanding the life span. However, today 
human health is threatened by the emergence of antibiot-
ic-resistant bacteria due to the unsuitable and misuse of 
antibiotics. WHO estimates that the deaths caused by anti-
biotic-resistant bacteria will result in 10 million deaths per 
year by 2050.1 In these years that we are drifting into the 

post-antibiotic era, antibiotics called "last-resort" are be-
gun to be used more frequently in the fight against bacteria 
that show resistance to multiple antibiotics. Colistin is one 
of such antibiotics that act on Gram-negative bacteria by 
altering cell membrane permeability.2 Colistin, which was 
not among the first choice antibiotics because of its toxic 
effect on the kidney, has been used in the last two decades 
due to the increase in infections caused by multi-drug re-
sistant bacteria.3 Unfortunately, bacteria rapidly developed 
resistance against this last-resort antibiotic, and since 2015 
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ten plasmid-mediated colistin genes have been reported in 
various species belonging to the Enterobactericea.4,5

As the number of antibiotic-resistant bacteria increases 
day by day, it has become inevitable to seek alternative 
methods in combating pathogens. Bacteriophages, which 
were discovered at the beginning of the 19th century but 
lost their popularity with the discovery of antibiotics, have 
been gaining importance again.6 These natural killers of 
bacteria have been used in many fields including biocon-
trol of foodborne pathogens, phage therapy, biosanitation 
and biopreservation.7 The use of phages in combination 
with antibiotics is a practice that has come to the fore in 
recent years and has applied in various case studies.8 In 
this context, the combination of antibiotics and phage is 
expected to create a synergistic effect and show a detrimen-
tal effect on antibiotic-resistant bacteria. Herein, we aimed 
to investigate antibiotic re-sensitization effect of lytic bac-
teriophages on colistin-resistant E. coli O157:H7 in-vitro.

Materials and Method

Isolates
Four E. coli O157:H7 isolates (coded as 25KA, 44RA, 
120RA and 168KA) were included in the study. The isolates 
were part of a collection obtained from cattle carcass (K) 
and recto-anal mucosal swap (R) samples.9 Among these 
isolates: i) E. coli O157:H7 25KA is sorbitol fermentative, 
harboring none of the mcr-1, mcr-2, mcr-3, mcr-4, and 
mcr-5 genes but carrying 62 different antimicrobial resis-
tance genes including β-Lactams, aminoglycosides, fluoro-
quinolones, tetracyclines, macrolides, phenicols, penams 
(individual data sequence is available at GenBank under 
BioProject accession number ID PRJNA503568. Review 
link to the data: https://www.ncbi.nlm.nih.gov/nuccore/
CP033605.1). At the same time, 25Ka is a colistin resistant 
isolate with a MIC value of 128 µg/ml. ii) E. coli O157:H7 
168KA is a sorbitol non-fermentative isolate that, harbor-
ing both of the mcr-2 and mcr-3 genes, and resistant to 
colistin with a MIC value of 128 µg/ml. iii) E. coli O157:H7 
44GA is a non-sorbitol fermentative, carrier of both mcr-2 
and mcr-3 genes, and colistin susceptible with a MIC value 
of 0.25 µg/ml. iv) E. coli O157:H7 120GA is a non-sorbitol 
fermentative isolate, harboring none of the mcr-1, mcr-2, 
mcr-3, mcr-4, mcr-5 genes, and colistin susceptible isolate 
with a MIC value of 0.25 µg/ml.10

A lytic phage cocktail was prepared with Myoviridae fam-
ily members (M8AEC16, M11AEC16, and M12AEC50) in 
order to use in the in-vitro analysis. The lytic activities of 
these phages were previously described.11

In-vitro bacteriophage treatment to E. coli O157:H7 
strains 
E. coli O157:H7 strains were diluted in Tryptic Soy Broth 
(TSB, Oxoid CM0129, UK) for the expected concentration 
of 102 cfu/ml according to previously determined OD600 
values and infected with a final titer of 108 pfu/ml phage, 
then incubated at 37°C for 24 h. Colony counts of E. coli 
O157:H7 strains were detected at various times (0., 1., 3., 
6. and 24. h) on Chrom-EHEC agar (CHROMagarTM 
STEC, LF-EXT-033, France) after incubation at 37°C for 
24 h.11 Up to 5 colonies that survived and showed resis-
tance to lytic bacteriophage application were re-suspended 
in caution-adjusted Mueller Hinton broth (caMHB, Ther-
mo Scientific, UK) for minimum inhibitory concentrations 
(MIC) test. 

Minimum inhibitory concentrations (MIC) profiles of 
E. coli O157:H7 strains
In order to determine the effect of lytic bacteriophage 
application on the colistin resistance of E. coli O157:H7 
strains before, during, and after bacteriophage treatment, 
minimum inhibitory concentrations (MIC) of the isolates 
were determined by broth microdilution method using the 
FRCOL kit (Thermo Scientific, Sensititre FRCOL, West 
Sussex, UK) following the manufacturer’s instructions. For 
this purpose, firstly E. coli O157:H7 strains were subject-
ed to MIC test before bacteriophage treatment. In parallel, 
bacteria and phage combination with 103 MoI were sub-
jected to MIC test in order to compare the MIC values of 
the strains with and without bacteriophage application. On 
the same day, E. coli O157:H7 strains that were survived 
and showed resistance to lytic bacteriophage after 6 hours 
were also subjected to MIC test with the same conditions 
to find out the changes of phenotypic colistin resistance af-
ter bacteriophage application. The plate was incubated at 
35-37°C for 18-24 h.

The range of colistin in the test was between 0.12-128 µg/
ml. The results were interpreted according to the European 
Committee on Antimicrobial Susceptibility Testing (EU-
CAST) (Table 2) and MIC values higher than 2 µg/ml were 
defined as resistant. The MIC test was repeated three times.

Results 
In the study, bacteriophage cocktail (M8AEC16, 
M11AEC16 and M12AEC50) was detected as highly effec-
tive for the biocontrol of colistin-resistant E. coli O157:H7 
strains. According to the in-vitro analyses, up to 3.6 log 
cfu/ml reductions were detected within a 6 h incubation 
period at 23°C. The reductions were shown in Table 1. 
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After 24 h incubation at 23°C, an increase in E. coli O157:H7 
counts was determined for phage treated inoculums. Bac-
teriophage-resistant E. coli O157:H7 strains were inoculat-
ed to Chrom-EHEC agar overnight at 37°C and then these 
resistant colonies were subjected to microdilution test to 
found out the MIC values to colistin.

In our previous study, isolates were subjected to PCR, and 
it was determined that two of the E. coli O157 isolates 
(44GA and 168KA) were both mcr-2 and mcr-3 genes car-
riers. However, in the other two E. coli O157:H7 isolates 
(25KA and 120RA) none of the mcr genes (from mcr-1 to 
mcr-5) were detected. 

MIC test results of the isolates before the bacteriophage 
treatment showed that despite the absence of mcr genes, 
25KA showed resistance to colistin with a high MIC val-
ue of 128 µg/ml. Besides, mcr-2 and mcr-3 genes harbored 
168KA were also found to be resistant to colistin with a 
MIC value of 128 µg/ml. In contrast, mcr-2 and mcr-3 car-
riers 44GA and 168KA were found to be susceptible to 
colistin with a MIC value of 0.25 µg/ml and 0.5 µg/ml re-
spectively, before bacteriophage treatment (Table 2).
MIC test results of colistin and phage combination showed 
a different profile compared to untreated strains. Strains 
25KA and 168KA became susceptible to colistin with a 
MIC value of 0.5 µg/ml and 0.25 µg/ml, respectively. On 
the other hand, MIC values of 44GA and 120RA could not 
be detected because of the lytic activity of the bacterio-
phage cocktail.

The survivals of the phage treatment became susceptible to 
colistin. According to the microbroth dilution test results, 
phenotypically resistant 25KA and 168KA showed suscep-

tibility to colistin with a MIC value of 1 µg/ml and 0.5 µg/
ml, respectively. In contrast, MIC values of the susceptible 
strains 44GA and 120GA were increased to 1 µg/ml, but 
remained under 2 µg/ml (breakpoint of susceptibility) (Ta-
ble 2). 

Discussion and Conclusion
In the study, four E. coli O157:H7 isolates were chosen 
to display the bacteriophage effect on colistin resistance. 
These isolates had different features such as harboring some 
of the mcr genes but not showing resistance to colistin, or 
demonstrating resistance to colistin without carrying any 
mcr genes. Among them, 25KA has a distinct place be-
cause it does not harbor any mcr genes, but showing a high 
resistance to colistin (128 µg/ml), also unlike other E. coli 
O157 isolates it ferments sorbitol as an energy source. The 
whole-genome sequence (WGS) analysis of 25KA previ-
ously revealed that this isolate had chromosomal-mediated 
colistin resistance associated two-component systems, pm-
rAB and phoPQ, and the regulator mgrB.12,13 In addition, 
25KA has harbored the eptA gene, which plays a significant 
role in polymyxin resistance. Consequently, this isolate can 
acquire colistin resistance. On the other hand, WGS anal-
ysis also showed that 25KA has shiga toxin subunit A and 
B, HlyD family type I secretion periplasmic adaptor sub-
unit, and also eaeA gene encoding gamma intimin which 
are all signs of 25KA is a typical enterohemorrhagic E. coli 
(EHEC) causing hemorrhagic colitis (HC) and haemolytic 
uremic syndrome (HUS).10 In the light of this knowledge, 
it is a very promising situation that an isolate, which can 
have very devastating effects when it infects humans, can 
be sensitized to an antibiotic used as “last-resort”. It should 
also be emphasized that 25KA was isolated from the bo-
vine carcass. In cases where the conditions necessary for 
the eradication of the pathogen are not provided, it is very 
likely that such strains are passed to humans via food.

25KA and 168KA became susceptible to colistin when 
treated with phage. The synergistic effect was seen in both 
of the situations where antibiotic and phage were co-in-
cubated, and in phage-resistant mutants. In both circum-
stances, it was obvious that bacteria became sensitive to 
colistin as they tried to evade phage attacks. This situation 
can be attributed to “trade-off ” which simply means that 
the bacteria lose one quality or trait in return for gaining 
one aspect.14 In different pathogens various mechanisms of 
trade-offs were reported such as impaired production of 
capsules 15,16, deprivation of virulence17, and increased sen-
sitivity to antibiotics.18,19 Chan et al (2016) used a lytic phage 
against Pseudomonas aeruginosa which utilize an outer 
membrane porin (oprM) of the multidrug efflux system as 
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Table 1. Mean reductions of bacteriophage applied colistin-resistant E. 

coli O157:H7 strains.

Table 2. Mcr genes characteristics of the strains, and their MIC values 

before, during and after in-vitro analysis.
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a receptor. They revealed the development of resistance to 
phage resulted in evolution of the efflux pump mechanism; 
consequently resulting in susceptibility to most preferred 
antibiotics in the infection caused by multi-drug resistant 
P. aeruginosa. Another good example for a “trade-off ” in 
terms of antibiotic sensitivity was displayed by Altamirano 
et al (2021). The WGS analysis of phage-resistant mutants 
of Acinetobacter baumannii showed the loss-of-function 
mutation in genes, which play role in the biosynthesis of 
the bacterial capsule. As a result the pathogen became 
more vulnerable to the human immune system, unable to 
form biofilms, and became sensitive to beta-lactam anti-
biotics as well as to additional phages. In our study, while 
increased colistin sensitivity was observed in resistant iso-
lates, susceptible isolates remained susceptible. The reason 
for this can be explained by one of the aforementioned 
mechanisms. Further studies such as WGS analysis of the 
phage-resistant mutants should be performed in order to 
fully understand the underlying cause of this antibiotic 
sensitivity. 

Discordance in genotypic and phenotypic antibiotic resis-
tance is a common occurrence.10,20,21 Despite the existence 
of resistance genes bacteria may not show phenotypic resis-
tance to antimicrobials or vice versa. Mcr-2 and mcr-3-car-
rier 44RA was found susceptible to colistin in MIC test 
(0,25 µg/ml). This isolate was also unable to survive when 
co-incubated with phage cocktail and colistin. Interest-
ingly, phage-resistant mutants emerged after six hours of 
incubation in the antibiotic-free environment. However, 
susceptibility to colistin remained for this. The same is val-
id for non-mcr harboring and colistin susceptible isolate 
120RA. Thus, while the synergistic effect of colistin and 
phage in resistant strains increased sensitivity, no antag-
onist effect was observed in susceptible strains since they 
did not become resistant.

The ultimate goal of our study was to reveal whether the 
use of phages could increase antibiotic susceptibility in 
antimicrobial-resistant bacteria. The findings of this study 
highlight that in addition to taking advantage of the lytic 
activity of phages in the biocontrol area, phages also play 
a major role in re-sensitization to a last-resort antibiotic 
like colistin. Consequently, the results show the synergy 
between phage–antibiotic combination treatment and give 
the promising idea that this approach has the potential to 
extend the effective lifetime of antibiotics.
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