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Purpose: The use of lytic bacteriophages for the control or elimination of pathogenic multidrug-resistant (MDR) bacteria is the 
promising alternative. However, the emergence of resistant bacterial variants after phage application may challenge its therapeutic 
benefit. In this study, we aimed to isolate candidate phages from sewage samples against two MDR Escherichia coli as well as their 
phage-resistant variant.
Methods: MDR E. coli isolates (n = 10) obtained from Jimma Medical Center that had been properly identified and stored were used 
to isolate bacteriophages. Two lytic coliphages were isolated from hospital sewage samples following standard protocols. Upon single 
phage infection, phage-resistant variant quickly evolved serving as a new host for the isolation of a third lytic phage. This virulent 
phage’s lytic activity against both its host and the wild host was investigated. The host infectivity of the various cocktails was assessed, 
and each phage’s biological properties were studied.
Results: Out of the first round of phage isolation process, two lytic phages were identified as VBO-E. coli 4307 and VBW-E. coli 
4194. When exposed to VBO-E. coli 4307, the wild-type E. coli 4307 developed resistant variants. A third phage (VBA-E. coli 4307R) 
was isolated specific to this resistant variant (E. coli 4307R) under optimum condition. For VBO-E. coli 4307, VBW-E. coli 4194, and 
VBA-E. coli 4307R, the plaque assays generated under comparable conditions were 2.13 × 1010 PFU mL−1, 9.17 × 1012 PFU mL−1, 
and 3.3 × 1010 PFU mL−1, respectively. These phages have nearly identical stability and lytic ability but differ greatly in their host 
ranges for VBA-E. coli 4307R.
Conclusion: While the wild-type MDR pathogen could easily evolve resistance when exposed to a single phage infection by VBO- 
E. coli 4307, it is still possible to isolate a novel bacteriophage from environmental samples that is effective against the phage-resistant 
variants. This indicates that it is possible to manage the effects of phage resistance pathogens even if they are MDR.
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Introduction
Globally, antimicrobial resistance has reached an alarming stage leading to a declaration by the World Health 
Organization (WHO) as one of the most critical threats confronting human health.1 Recently, the spread of resistance 
genes has become a public health concern particularly among members of Enterobacteriaceae, with most of the cases 
reported are due to Escherichia coli, as causes of both community and hospital acquired infections2 such as gastro-
intestinal tract infection, wound infection, sepsis, neonatal meningitis, and mainly urinary tract infections (UTI).3

Infection and Drug Resistance 2024:17 293–303                                                              293
© 2024 Fikadu et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 12 October 2023
Accepted: 22 January 2024
Published: 25 January 2024

http://orcid.org/0000-0001-9414-6104
http://orcid.org/0000-0002-0397-5810
http://orcid.org/0000-0003-4050-8370
http://orcid.org/0000-0002-6833-6665
http://orcid.org/0000-0001-5259-2245
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Besides its causation of multiple infections, E. coli is becoming an increasingly antimicrobial resistant.4 The effect of 
E. coli resistance is not only limited to itself but also to other related or unrelated species by the transfer of resistance 
genes through conjugation, transformation, and transduction by mobile genetic elements such as plasmids, transposons, 
and integrons.5 The report from WHO in 2019 stated that the rate of E. coli resistance to ciprofloxacin, an antibiotic 
commonly used to treat UTI, varied from 8.4% to 92.9%, while resistance to fluoroquinolone was also widespread, 
resulting in ineffectiveness in more than half of patients in different countries of the world.6 The significant increase of its 
resistance to the third-generation cephalosporin and aminoglycoside is exerting a great burden on healthcare systems, 
which complicates the management of infections.7 A systematic review on drug-resistant pathogens of UTI among 
pregnant women in Africa and Asia from 2005 to 2016 shows that the pooled mean resistance of E. coli to ampicillin, 
nalidixic acid, amoxicillin, trimethoprim-sulfamethoxazole, gentamicin, norfloxacin, nitrofurantoin, ciprofloxacin, and 
ceftriaxone was 77.9, 68.7, 57.2, 52.8, 50.6, 36.9, 34.7, 34 and 14.9%, respectively.8

A study conducted in Ethiopia utilizing different clinical specimens reported increased level of resistance of E. coli to 
trimethoprim-sulfamethoxazole (77.6%) followed by amoxicillin-clavicle acid (70.0%), norfloxacin (64.3%), and ciprofloxacin 
(64.0%). In addition, its resistance level to cefotaxime, cefepime, and ceftazidime was 54.8, 53.5, and 53.1%, respectively, with 
the lowest level of resistance observed to meropenem (3.5%) and amikacin (11.8%).9 Treating patients infected with this strain is 
becoming increasingly difficult due to E. coli’s growing resistance to the gram-negative bacteria’s last-resort treatment, colistin, 
in over 20 countries across several continents, including Europe, Asia, South America, North America, and Africa.10 

Unfortunately, antibiotic resistance in E. coli is spreading at a faster rate than new antibiotics being developed. Because of 
this, it is critical to take into account alternative antibacterial agents with essentially distinct modes of action. Phage therapy is one 
of the current approaches being employed to combat the rise of AMR besides careful utilization of available antibiotics, methods 
to restore indigenous microbiota, and the discovery of microbiome-sparing antimicrobial therapy.11 The use of bacteriophages to 
treat bacterial infections dates back to the early pre-antibiotic era, after their discovery independently by Frederick Twort and 
Felix d’Hérelle.12 Bacteriophages (shortly phages) are viruses that infect bacterial cells, and they are the most abundant biological 
entities reaching an overall abundance of 1031 viral particles on earth. Every known bacterial strain in the world is thought to have 
at least one type of specific phage.13 Phages are more host-specific than antibiotics and so are less likely to cause collateral 
damage. Phages, as opposed to antibiotics, do not need to be administered repeatedly because they can multiply in the human 
body for extended periods of time by exploiting the bacterial host machinery.14 However, the evolution of phage-resistant 
variants of bacteria is a challenge encountered in the application of phage therapy even though it does not parallel with the 
development of bacterial resistance to antibiotics.15 The mechanisms of bacterial resistance to bacteriophage include blocking 
phage adsorption, inhibiting phage DNA injection, blocking phage DNA replication, the CRISPR-Cas system, and the abortive 
system.16 Therefore, it is essential to attempt to search for bacteriophages against bacterial strains that are resistant to phages in 
the same manner as the original from environmental samples. In this way, it might be ideal to guard the emergence of potential 
phage resistance by combining it with the original lytic phage in a cocktail form to reduce the likelihood of emergence of phage 
resistant bacterial strains.16 In this study, we aimed to isolate, and biophysically characterize bacteriophages against MDR E. coli. 
Additionally, it was intended to isolate phages with different infection strategies from an environmental sewage sample using the 
rapidly evolving phage-resistant E. coli variant.

Materials and Methods
Bacterial Strains and Growth Conditions
Clinical isolates of E. coli were obtained from the microbiology laboratory at Jimma Medical Center (JMC, Ethiopia). 
E. coli that was identified as pathogenic isolates from extra-intestinal specimens of patients such as from urine, wound 
abscess, blood, cerebrospinal fluid (CSF), and eye discharge and that was stored in a deep freezer at −80°C were used. 
Using various conventional biochemical reactions, ten isolates were re-identified as E. coli isolates after being refreshed 
on MacConkey agar (Oxoid Ltd, Hampshire, UK). After their multidrug resistance characteristics were examined, pure 
cultures were suspended in sterile 0.85% NaCl and stored at 4°C in the refrigerator until the phage assay was conducted. 
Table 1 displays the source and matching MDR profile of every E. coli isolate utilized in the investigation.
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Isolation of Bacteriophages from Sewage
Isolation of bacteriophages specific to E. coli from sewage sources (JMC) was carried out according to the standard 
protocol described earlier by Twest and Kropinski17 with some modifications. Briefly, sewage samples were collected in 
sterile 500 mL bottles and quickly transported to the medical microbiology laboratory of Jimma University in a cold box. 
To remove particulate matter, fifty milliliters of each hospital sewage sample was centrifuged at 10,000 rpm for 10 
minutes at 4°C using a refrigerated centrifuge (Laby, Ambala, India). The supernatant was filter sterilized by passing 
through a 0.45 µm membrane filter (Merck Euro Lab 0.45μm PTTE, Germany) and mixed with equal volume (50 mL) of 
sterile double strength Nutrient Broth (Oxoid Ltd, Hampshire, UK) containing 2mM MgCl2, alongside 5 mL log phase 
grown host bacteria (E. coli 4307 and E. coli 4194 strains were chosen randomly and used as the host strains for phage 
isolation). After an overnight aerobic incubation at 37°C with frequent shaking, the lysate was centrifuged at 10,000 rpm 
and 4°C for 10 minutes, the supernatant was filter sterilized through 0.45 μm membrane filters and enriched for 
the second round with the same host strain to amplify the filtrate.

Spot Assay
The amplified filtrates obtained above were tested for phage activity using spot assay method previously described by 
Ullah and his team.5 After thoroughly mixing 5 mL of molten 0.8% soft agar with 100 μL of exponentially grown host 
strains, the mixture was poured over a fresh Nutrient Agar base plate (Oxoid Ltd, Hampshire, UK). Following 
solidification, 10 μL of the amplified filtrates were spotted, and the plates were then allowed to dry (absorb) at room 
temperature (RT) for approximately 15 minutes and incubated overnight at 37°C. The presence of phages was 
presumptively identified by the formation of clearance at the sites of lysate application compared with a normal saline 
used as control. For positive spotted phage activities, the central part was picked aseptically with the use of sterile 
toothpick and transferred into a tube containing 5 mL broth, followed by the addition of 100 μL of log phase-grown 
indicator host. Another tube containing the indicator strain was left as control without adding the plaque material. Both 
tubes were incubated at 37֩C under shaking conditions until complete lysis was seen in the test preparation. Afterwards, 
the tube was centrifuged at 10,000 rpm for 15 minutes at 4°C. The supernatant was filter sterilized and serially diluted for 

Table 1 The Antimicrobial Resistance Profile, and Sample Source of MDR E. coli from Clinical 
Isolates Obtained from Jimma Medical Center

Lab. SN Clinical Specimen  
Sources

Antibiotic Resistance Profile

4307 Urine AMP, AMC, CN, NIT, CRO, CIP, TZP

4422 Urine AMP, AMC, CRO, CIP, CN, NIT, TZP, CTX, MEM

4252 Urine AMP, AMC, CRO, CIP, CN, NIT, TZP, CTX. NIT

4206 Wound abscess AMP, AMC, AMK, CRO, CXM, CHL, SXT, CN, MEM

4194 Wound abscess AMP, AMC, CFZ, CAZ, CTX, CXM, CHL, CRO, CIP, TZP, NIT

4237 Blood AMP, AMC, CFZ, CAZ, CTX, CXM, CHL, CRO, CIP, TZP

4207 Eye discharge AMP, AMC, CFZ, CAZ, CTX, CXM, CHL, CRO, CIP, TZP

4321 Eye discharge AMP, AMC, CFZ, CAZ, CTX, CXM, CHL, CRO, CIP, TZP

4195 Eye discharge AMP, AMC, CFZ, CAZ, CTX, CXM, CHL, CRO, CIP, TZP, CTX

4365 CSF AMP, AMC, CN, CRO

Abbreviations: AMP, ampicillin; AMC, amoxicillin-clavulanic acid; AMK, amikacin; CAZ, ceftazidime; CFZ, cefazolin; CHL, 
chloramphenicol; CIP, ciprofloxacin; CN, gentamicin; CRO, ceftriaxone; CTX, cefotaxime; CXM, cefuroxime; MEM, 
meropenem; NIT, nitrofurantoin; SXT, sulfamethoxazole-trimethoprim; TZP, piperacillin-tazobactam.
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plaque assay following the standard protocol described by Twest and Kropinski.17 The procedure was repeated at least 
twice to ascertain the isolation of a single plaque, the purity of the phage, and the titration and activity of isolated phages.

Isolation of Candidate Bacteriophage Against Phage-Resistant Variant
The bacteriophage-resistant E. coli was identified by using the double agar overlay method of plaque assay described 
previously.16 One hundred μL of E. coli isolate adjusted to the turbidity of a 0.5 McFarland standard and equal volume of 
the specific coliphage was pipetted into the tube and incubated for 15 minutes for the phages to attach to host cells. The 
mixture was added to 5 mL of top agar and poured over an already solidified Nutrient Agar base plate and incubated for 
48 hr at 37°C. The overgrowth of bacteria after the susceptible variants were lysed by the lytic bacteriophage indicated 
the emergence of resistant variants to the phage infection. The resistant variant was further confirmed by spot assay 
where there was no clearance and plaque formation. Re-identification of the grown colonies was performed on 
MacConkey agar and different biochemical media. Using the standard protocol previously mentioned, this resistant 
variant pure colonies were used as a host to isolate virulent phages from dirty water samples taken from Awetu River 
intersecting Jimma town, located in southwest Ethiopia.17 Then after, the lytic activity of this phage on the wild host as 
well as the resistant variant bacterial host were checked first by the spot assay followed by the plaque assay for spot 
positive result using the double agar overlay method described earlier.

Host Range Determination of Phages
The host range of propagated phages were tested for phage activity following the standard spot test procedure described 
earlier18 against E. coli strains and other non-E. coli bacteria. One hundred μL of each of the host cells at log phase were 
added to 5 mL of sterile molten soft agar (0.8%) and poured over a previously prepared Nutrient Agar plate surface. Ten 
μL of the purified phage lysates were spotted on each plate peripherally on the labelled area with their respective code. 
Sterile normal saline drop was employed as a control in each plate. The plates were allowed to dry at room temperature 
and incubated at 37°C for 24 hours. Bacterial sensitivity to phages was presumptively identified by the presence of a zone 
of clearance at the sites of phage application. Spot positive test was further assayed for plaque assay to verify the lysis 
was due to the phage particles. According to the degree of clarity, the observed results were differentiated into clear 
plaques (++), turbid plaques (+), or no plaques (–).

External Factors Stability Tests on Phages
The stability of phages to different physical and chemical factors, including temperature, pH, and organic solvents was 
tested according to the protocols described earlier with some modifications.5 All assays were performed in triplicates and 
plating was done by double agar overlay procedure.

Temperature Stability Assay
Thermal stability test of isolated phage was done by incubating 100 μL of phage lysate in duplicate tubes at the specified 
temperature including 4°C (control), 25°C, 37°C, 50°C, 70°C or 90°C for 1 hour. Then, the phage suspensions were 
serially diluted and plated by double agar overlay technique. The percentage of viable phages able to survive the exposed 
temperature was determined. The initial plaque count of phages kept at 4°C was taken as control for comparison.

pH Stability Assay
Phages were exposed to a different pH value of 2, 4, 7, 10 and 12 by adjusting SM buffer with 1M of hydrochloric acid or 1M 
of sodium hydroxide and incubated at 37°C for 1 hour. Then, the phage suspension was serially diluted and plated by the 
double agar overlay techniques indicated previously. The percentage of viable phage particles after exposure to the respective 
pH was calculated using plaque assay. The plaque count incubated in an SM buffer at pH 7.0 was taken as control.

Organic Solvents Tolerance
The stability of phage particles was tested against three different organic solvents: ethanol, acetone, and chloroform. 
A stock solution of phage lysates was added to SM buffer, 99% chloroform, pure acetone, 96% and 48% ethanol. The 
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mixture was incubated for 1hr at room temperature, and the phage tolerance was checked by the double agar overlay 
techniques indicated previously. The percentage of viable phages after chemical exposure was estimated compared with 
the SM control tube which was handled in the same way as the experiment.

Results
Phage Isolation from Sewage Sources
The lytic bacteriophages named as VBO-E. coli 4307 and VBW-E. coli 4194 were isolated from JMC sewage sources 
using the corresponding host, E. coli 4307 and E. coli 4194, respectively. Both species of E. coli were MDR with the first 
was uropathogenic E. coli isolated from a urine sample, and the latter one was isolated from a wound abscess. The 
phages with the first VBO-E. coli 4307 were isolated from emergency outpatient department drained sewage source, and 
the second VBW-E. coli 4194 was isolated from medical ward drained sewage point. JMC bacteriology laboratory 
assigned code number to the host bacteria were used throughout this study (E. coli 4307 and E. coli 4194).

Screening of Phage-Resistant Host Variant and Its Phage Isolation
Plaque assay of VBO-E. coli 4307 resulted in the emergence of resistant variant colonies grown for 48 hr surrounding the 
plaques of killed E. coli 4307 (Figure 1A). The spot assay of phage VBO-E. coli 4307 infections of its host showed lysed 
bacteria on lawn of E. coli 4307 at sites it was applied (Figure 1B). The resistant variant colonies were isolated to make 
pure culture, and it was confirmed as E. coli by inoculating on Eosin methylene blue (EMB) agar plate as well as on 
conventional biochemical tests. The biochemical tests showed the characteristic reaction with Gram-negative bacilli, 
Kligler Iron agar (Acid slant/Acid butt, Gas +), urease (-), indole and motility test (+), Citrate utilization (-), and Methyl 
red and VP (±), respectively. Its colonies on EMB were lactose fermenter with a typical metallic shine. This single phage 
resistant variant E. coli was named E. coli 4307R.

A spot assay result of the previously isolated bacteriophage against this variant did not show lytic activity 
(Figure 1C), thus indicating that phage VBO-E. coli 4307 was not adsorbed onto E. coli 4307R. Using the phage- 
resistant E. coli 4307R as indicator host, lytic phage was isolated and named as VBA E. coli 4307R (Figure 1D).

Figure 1 Resistant variant development and its spot assays with VBO-E. coli 4307 and VBA-E. coli 4307R. 
Notes: (A) The acquisition of the phage-resistant colonies of E. coli 4307 from double agar overlay method of plaque assay, arrows indicate resistant variants (named E. coli 
4307R), (B) spot tests for phage VBO-E. coli 4307 infections of its host, (C) spot tests for phage VBO-E. coli 4307 infections on E. coli 4307R (mutant variant), (D) spot tests 
for phage VBA-E. coli 4307R infections of E. coli 4307R, (E) plaque assay for phage VBA-E. coli 4307R.
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Based on plaque assay, the phages were classified as lytic (virulent) bacteriophage. The plaques of the purified phages 
were uniform in shape and size and transparent without halos (Figure 1E). The physicochemical properties of the third 
phage were not different from the previously purified phages which is summarized in Figure 2.

Plaques Morphology and Quantitative Assay of Bacteriophages
The phages were propagated against their respective host strain (MDR E. coli 4307 and 4194) by the double agar overlay 
method forming a visible plaque. Subjecting the phage lysates to further analysis revealed that both phages formed clear 
plaques on the lawn of the host and produced mean countable number of plaques: 2.13 × 1010 PFU/mL for VBO-E. coli 
44307, 3.3 × 1010 PFU/mL for VBA-E. coli 4307R and 9.17 × 1012 PFU/mL for VBW-E. coli 4194 (Figure 2A). The 
plaques of VBO-E. coli 4307 (Figure 2B) and VBW-E. coli 4194 (Figure 2C) had a diameter of about 1 to 2 mm size.

Host Range Determination
The host ranges of phages VBO-E. coli 4307, VBW-E. coli 4194 and VBA-E. coli 4307R were determined using spot 
assay. The phages were tested against clinical isolates of MDR E. coli and non-E. coli strains, and the lysis spectra were 
indicated in Table 2. Strikingly, VBO-E. coli 4307 and VBW-E. coli 4194 lysed 50% of the E. coli isolates tested but did 
not lyse non-E. coli strains (Pseudomonas aeruginosa ATCC-27853, Klebsiella pneumoniae ATCC-700603, 
Staphylococcus aureus ATCC-25923, and Enterococcus faecium ATCC-29212) (Table 2). Furthermore, the isolates 
which could be killed by VBO-E. coli 4307 and VBW-E. coli 4194 were not at all lysed by phage of the later one 
(VBA-E. coli 4307R).

B C

Figure 2 Titration plaque assay of Phages VBO-E. coli 4307, VBW-E. coli 4194 and VBA-E. coli 4307R with their respective host in the same condition. Key: (A) Quantitative 
study of phages, (B) plaque formation for VBO-E. coli 4307, (C) plaque formation for VBW-E. coli 4194.
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Stability Tests for the Phages Against Different Factors
The stability of isolated phages to various physical and chemical factors, including different temperatures, pH ranges, and 
organic solvents, was tested. They appeared stable over various temperatures and pH ranges. Phages incubated at 50°C 
resulted in a lower titer. At 70°C, a considerable number of plaques were produced. A higher phage titer was obtained 
when incubated at 37°C with its specific host. Remarkably, no plaques were seen at 90°C as shown in Figure 3A.

The bacteriophages were treated at various pH ranges of 2, 4, 7, 9, and 12. No plaques were observed at pH = 2 and 
12, while few PFU/mL plaques were observed at pH = 4 which shows that virions cannot tolerate extreme conditions. At 
pH = 7, highest titer was comparable with the considerable titer, and plaques were developed at pH = 10 (Figure 3B).

The virions exhibited a moderate effect in 48% ethanol, but they were unable to survive in absolute acetone or 96% 
ethanol. Phages treated with chloroform exhibit less effect than as compared to the SM buffer control sample (Figure 3C).

The Bactericidal Effect of the Phage Mixture in vitro Against Each Host
The four different phage combinations were designed using these three phages, and their lytic ability was investigated 
against two of bacterial hosts: E. coli 4307 and E. coli 4307R (named cocktail I = VBO-E. coli 4307 and VBW-E. coli 
4194; cocktail II = VBW-E. coli 4194 and VBA-E. coli 4307R; cocktail III = VBO-E. coli 4307 and VBA-E. coli 4307R; 
and cocktail IV = VBO-E. coli 4307, VBW-E. coli 4194 and VBA-E. coli 4307R) have shown different effects on the 
E. coli 4307 and E. coli 4307R hosts. The combinations were used to compare infection strategy and plaque formation. 
The combination produced lytic effect showing synergistic effect on E. coli 4307 and E. coli 4194, but it was shown the 
antagonistic effect on a resistant variant of E. coli 4307 (Figure 4).

Table 2 Lytic Activity of Phages VBO-E. coli 4307, VBW-E. coli 4194 and VBA-E. coli 4307R Against Their 
Corresponding Hosts and Other Different Bacterial Species

S/N Bacterial Species Lytic Activity of Phages

VBO-E. coli 4307 VBW-E. coli 4194 VBA-E. coli 4307R

1 E. coli 4307 ++ + -

2 E. coli 4194 + ++ -

3 E. coli 4422 ++ ++ -

4 E. coli 4252 ++ ++ -

5 E. coli 4237 - - -

6 E. coli 4365 ++ ++ -

7 E. coli 4321 - - -

8 E. coli 4195 ++ ++ -

9 E. coli 4207 - - -

10 E. coli 4206 - - -

11 Pseudomonas aeruginosa ATCC - - -

12 Klebsiella pneumoniae ATCC - - -

13 Staphylococcus aureus ATCC - - -

14 Enterococcus faecium ATCC - - -

Notes: (++), clear plaques or complete lysis; (+), turbid plaque or partial lysis and (-), no plaque or lysis.
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4⁰C* 25⁰C 37⁰C 50⁰C 70⁰C 90⁰C 

A. Temperature stability test

B. pH stability test

C. Organic solvents stability test

Figure 3 Stability of Phages at different External Physical and Chemical Factors. Key: (A) Stability test at different temperature ranges, (B) stability test at different pH 
ranges, (C) stability test in different organic solvents. 
Note: (*), controls.

Figure 4 Spot assay of phage cocktails on each of E. coli strain. The plate on (A) is E. coli 4307; (B) is E. coli 4194 and plate (C) is phage resistant variant E. coli 4307R. Key: 
Cocktails named on the Petri plates represents as 1 = VBO-E. coli 4307 and VBW-E. coli 4194; 2 = VBW-E. coli 4194 and VBA-E. coli 4307R; 3 = VBO-E. coli 4307 and VBA- 
E. coli 4307R; and 4 = VBO-E. coli 4307, VBW-E. coli 4194 and VBA-E. coli 4307R.
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Discussion
In our study, the first two E. coli bacteriophages (VBO4307 and VBW4194) were isolated from hospital sewage sources. 
It is estimated that there are approximately 1031 phage particles on earth, ten-fold more than the bacterial population, 
making them the most abundant biological entities in the biosphere including in ocean, soil, freshwater, and in another 
complex living environments. Hospital sewage is a favorite niche for the bacteriophages as it contains a wide variety of 
microbes due to contamination with different clinical sources and organic wastes.19,20 On repeated assay, the clear 
plaques formed on the lawn of host strain indicated that the isolated phages were virulent bacteriophages and they can be 
candidate in phage therapy. The therapeutic application of bacteriophages in human emerged at the beginning of the 20th 
century but was progressively replaced by the use of antibiotics in most parts of the world after the Second World War. 
Nowadays it is getting attention due to the antibiotic crises associated with the spread of MDR bacteria. Among those 
known MDR bacteria, E. coli is one, and it is the most prevalent causes of community and hospital-acquired infections 
across the globe.21

The greater phage titers (1010–1012 PFU/mL) obtained in this investigation compared to earlier studies5,22,23 can be 
explained by the quantitative assay of these phages through three rounds of bacteriophage enrichment. Their unique 
architecture and viral family membership may account for their high degree of similarity in how they react to 
environmental stimuli. When stability or shelf life and purification processes are taken into account, this production 
level corresponds with the production required for therapeutic or biocontrol reasons (>1 × 1010 PFU mL-1).

The VBO-E. coli 4307 and VBW-E. coli 4194 phages showed a narrow host range with activities on clinical MDR 
E. coli isolates from different patient sources, while VBA-E. coli 4307R was only lytic to its own host. Differentiation 
between bacteriophage binding in Gram-negative bacteria may be caused by their difference in the somatic O, flagellar or 
other surface antigens that serve as a receptor. Strain-specificity of the isolated phage may suggest that it has the potential 
to further develop as a candidate for phage typing, phage therapy or as a bio-control agent on abiotic materials.24 When 
used in phage therapy, the preservation of beneficial microflora may be an added advantage to antibiotics used to combat 
pathogens.23

Several studies have reported that bacteriophage effectiveness may vary in different environmental conditions (pH, 
temperature ranges, and organic solvents) that play important roles in bacteria-phage interactions. Our investigation 
revealed a tolerance to a wide range of temperatures, from 4°C to 50°C, but the stability was rapidly dropped at 70°C, but 
all phages were inactivated at 90°C. These findings were in agreement with other previous studies,25,26 suggesting that 
the phages could be stored at room temperature, particularly in resource-limited settings. It could be applied, with 
minimal denaturation on surfaces of inanimate objects or animate as physiologic systems do not change abruptly.

The phages also showed stability over a wide pH ranges from pH 4 to 10, with maximum stability at pH 7 which is in 
agreement with earlier studies.25,26 The native virion stability and activity were maintained throughout this pH value. The 
isolated phages were inactivated rapidly at very low pH values of 2 and very high pH values of 12. Bacteriophages are 
usually less stable in acidic environments due to denaturation of their proteins.27 The human gastrointestinal tract acidity 
in particular may be endured by the addition of neutralizing agents for oral administration of phages. Oral phage dosing 
in mice along with the addition of 0.025% CaCO3 was found effective in keeping phage activity from acidic body sites 
such as the urinary tract and gastrointestinal tract.21 On the other hand, the phages exhibited tolerance to chloroform 
treatment justifying that all the phages did not possess lipid covering envelope residue. Chloroform may be used to 
preserve the phages from contamination for prolonged use.25

The main challenges regarding phage therapy are related to the possible emergence of phage-resistant bacterial 
variants, which should not be underestimated. In this regard, efforts were being made to develop methodologies for 
monitoring this challenge.28 One study isolated bacteriophages against the phage-resistant variants and subsequently 
mixed them with the original lytic phage to prevent resistance.16 In our finding, a candidate lytic phage was isolated 
against the original phage-resistant variants of E. coli 4307 (E. coli 4307R). Importantly, this bacteriophage was 
successively tested and successful in destroying it in vitro. This third phage was isolated from riverside water sample, 
and its physicochemical characteristics were almost similar to the first two phages isolated. The E. coli 4307R variant 
was the only host that was lysed by VBA-E. coli 4307R thus justifying the high specificity toward the receptors of its 
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host. The reason for the remarkable specificity of VBA-E. coli 4307R phage targeting host receptors is because it only 
lysed the E. coli 4307R variant, even leaving E. coli 4307 unaffected.

Cocktails of these phages (named category I = VBO-E. coli 4307 and VBA-E. coli 4194; II = VBO-E. coli 4194 and 
VBW-E. coli 4307R; III = VBA-E. coli 4307 and VBW-E. coli 4307R; and IV = VBO-E. coli 4307, VBW-E. coli 4194 
and VBA-E. coli 4307R) have shown different effects on the E. coli 4307 and E. coli 4307R hosts. For the phage- 
resistant variant (E. coli 4307R), there was no lytic effect observed in all combination categories of bacteriophages used. 
This may indicate that receptors of the phage-resistant bacterium were competitively attached to the receptor-binding 
proteins of the first phages and blocked the binding of its candidate bacteriophage.29 The combinations of VBO-E. coli 
4307 and VBW-E. coli 4194, VBW-E. coli 4194 and VBA-E. coli 4307R, VBW-E. coli 4307 and VBA-E. coli 4307R 
were worsened in its lytic potential than the single phage (VBA-E. coli 4307R) to infect the resistant variants of E. coli 
(Figure 4C). This may indicate that those different phage mixtures were recognized by the same host receptors. In all 
those combinations, VBA-E. coli 4307R faces resistance for its lost adsorption capability on its host. The application of 
multiple phages in combinations could also affect the lytic activity of the susceptible bacterial hosts. Sequential exposure 
assessment may be important for cocktail application of phages that may share same receptors for adsorption.30,31

Conclusion
In this study, two bacteriophages were isolated from a medical center sewage water and their capabilities of lysing 
clinical MDR E. coli strains were investigated. The obtained results showed that the isolated bacteriophages were highly 
specific and lytic coliphages and are promising candidates for the treatment of MDR E. coli infections. However, phage- 
resistant strains still occur despite the use of phage to infect MDR E. coli. It was possible to get candidate novel 
bacteriophages specific to a resistant strain from environmental sources. This made it possible to solve resistance 
problems of bacteria which could hinder phage therapy. However, still attention should be given to assess their combined 
(cocktail) activity as there exist antagonistic or interference action to destruct their bacterial hosts.
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