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Abstract

Background: Based on the WHO, multidrug-resistant Klebsiella pneumoniae is a priority pathogen that causes opportunistic infec-
tions and is widely spread in the environment. Phage therapy is considered a natural, safe, and very efficient alternative to treat
difficult-to-treat infections.
Objectives: This study aimed to isolate highly virulent, lytic bacteriophages and evaluate their efficacy for lysing multidrug-
resistant K. pneumoniae.
Methods: Municipal wastewater samples were collected and filtered using 0.22 µm syringe filters and cultivated with log-phase
cultures of K. pneumoniae using enrichment media. After 48 h of incubation, the cultures were centrifuged, and the resultant super-
natant was filtered (0.22 µm). The detection of the phage was done using the spot assay with K. pneumoniae as the host. One-step
growth kinetics and bacterial reduction tests were conducted to assess the growth kinetics of the isolated phage. The stability of
the isolated phage was characterized by subjecting it to various temperature and pH conditions. The chemical stability of the K.
pneumoniae phage was determined by exposing it to various organic compounds. A panel of 20 bacterial strains was tested using
the spot assay, as well as double agar overlying assay, to determine the host range of the isolated phage.
Results: Out of 40 wastewater samples tested, only one sample was tested positive for the K. pneumoniae phage (2.5%) that was lytic
against the host strain. The K. pneumoniae phage had a latent period of 15 min and a burst size of 100 virions per infected cell. It was
most stable at 37°C and pH range of 6.0 to 10.0. Chemically, the K. pneumoniae phage was resistant to 10% chloroform treatment.
Transmission electron micrograph indicated that the K. pneumoniae phage belonged to the order Caudovirales, family Siphoviridae,
morphotype B1.
Conclusions: Most of the characteristic features of the K. pneumoniae phage indicated the potential of this phage to be used in
phage therapy. Hence, a comprehensive study is highly recommended to characterize the K. pneumoniae phage genome, detect its
molecular interactions with the host cell, and determine its lytic activity in combination with other phages, which may lead to the
efficient utilization of this phage in phage therapy against K. pneumoniae infections.
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1. Background

Resistance to antimicrobial agents is a paradigm of
evolution. Antimicrobial resistance develops as a conse-
quence of misuse, abuse, and / or excessive use of antibi-
otics. The collective effect of different mechanisms of re-
sistance leads to the development of multidrug-resistant
bacterial pathogens, which may result in life-threatening
infections that are extremely hard to treat. Nowadays,
the rise of multi-drug resistant bacterial pathogens is of

global public health concern, particularly in hospital set-
tings (1). One of the most important bacteria is multidrug-
resistant Klebsiella pneumoniae (2). Multidrug-resistant
(MDR) K. pneumoniae is considered by the WHO as a pri-
ority pathogen, which causes opportunistic and nosoco-
mial infections in hospital settings and has a broad en-
vironmental distribution. Klebsiella pneumoniae is the
principal cause of hospital-acquired infections such as
bloodstream infections, pneumonia, newborns’ infection,
and infections associated with immunocompromised pa-
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tients (3). Besides, community-acquired pyogenic liver
abscess caused by MDR K. pneumoniae convoluted with
endophthalmitis and metastatic meningitis has emerged
worldwide, particularly in Asia (4). Many K. pneumoniae
strains have been recognized to be unresponsive to the
last resort of antimicrobial agents like carbapenem, fluo-
roquinolones, cephalosporin, and colistin (2).

Phage therapy is considered a natural, safe, and very
efficient alternative to counteract the increasing prob-
lems associated with multidrug-resistant bacterial infec-
tions (5). Individual lytic phages, as well as cocktails of
phages targeting different pathogenic bacteria, including
K. pneumoniae, Enterococcus spp., Pseudomonas aeruginosa,
Escherichia coli, staphylococci, and other pathogenic bacte-
rial strains, have been successful at controlling the bacte-
rial density in in vivo and in vitro experiments (6-8). Phage
therapy could provide substantial protection against res-
piratory and other infections caused by K. pneumoniae,
such as bacteremia and liver abscesses in the mice model
(9). Phage therapy has also been used to cure K. pneumo-
niae-infected burn wounds in mice (10). Intranasal deliv-
ered lytic phage reduced the load of K. pneumoniae in the
lung of mice (11, 12). Recently, a significant reduction of the
bacterial load has been reported by using a lytic Myoviri-
dae phage, vB_KpnM- Teh, after an intranasal injection of K.
pneumoniae to BALB/c mice (13). Several other studies have
identified different types of lytic bacteriophages against K.
pneumoniae and investigated their efficacy in in vitro and in
vivo studies (14, 15).

Despite the enormous benefits of phage therapy, the
evolution of phage resistance poses an inevitable threat
to the efficacy of phage therapy. Currently, it has been
reported that phage-resistant K. pneumoniae mutants be-
came unresponsive to specific phage treatments (16).
Hence, isolating a new potently lytic bacteriophage is very
crucial in combating MDR and phage-resistant bacterial in-
fections simultaneously.

2. Objectives

This study aimed to isolate highly virulent, lytic bacte-
riophages and evaluate their efficacy in lysing MDR K. pneu-
moniae.

3. Methods

3.1. Bacterial Isolates and Culture Conditions

The clinical strains of K. pneumoniae were obtained
from King Abdulaziz University Hospital. The identifica-
tion of the bacterial strain was conducted by cultural char-
acteristics (shape and morphology of its colony, odor, and

pigment production), Vitek 2 and API-20E (BioMerieux In-
dustry, Hazelwood, MO, USA) bacterial identification tools
(BioMarieux, Inc. Durham, NC). Lastly, the colonies were
confirmed by 16s rRNA sequencing using specific (univer-
sal) primers. Purified colonies were picked up from the nu-
trient agar plate and grown on nutrient broth (Oxoid, ®
Hampshire, England). After overnight incubation, the bac-
terial suspension was preserved in 50% (v/v) glycerol and
kept at -20°C for further use.

3.2. Antibiotic Susceptibility Test

Drug sensitivity tests were conducted using the Kirby-
Bauer disc diffusion method on Mueller-Hinton agar me-
dia according to the CLSI (2014) guidelines (17). Hi-media
antibiotic discs tested were ciprofloxacin (CIP; 5 µg), gen-
tamicin (CN; 10 µg), piperacillin (PRL; 100 µg), amikacin
(AK; 30 µg), tobramycin (TOB; 10 µg), neomycin (NEO; 15
µg), streptomycin (STR; 5 µg), cefotaxime (CTX; 30 µg), ce-
furoxime (CXM; 30µg), ciprofloxacin (CIP; 5µg), imipenem
(IPM; 10 µg), ceftriaxone (CRO; 30 µg), ticarcillin (TCR; 75
µg), ceftazidime (CAZ; 30 µg), levofloxacin (LEV; 5 µg), col-
istin (10 µg), and meropenem (MEM; 10 µg). In this test,
the K. pneumonia ATCC 700603 strain was used as a pos-
itive control. Those K. pneumoniae strains that were re-
sistant to all antimicrobial agents were considered Pan-
drug-resistant (PDR). However, if they were resistant to at
least one drug in three or more antimicrobial categories,
they were considered MDR. Likewise, those isolates that
were non-susceptible to at least one agent in two or fewer
categories were characterized as Extensive drug-resistant
(XDR) isolates (18).

3.3. Wastewater Sample Collection and Transportation

The study was conducted between November 2019 and
March 2020. During the study period, a total of 40 different
raw wastewater samples (each 20 mL) were collected from
four different sites located in Jeddah, Saudi Arabia (Jeddah
wastewater treatment plant, Al-Nakalile, Al-Nawras, and Al-
Arbeen districts). The sample collection sites were selected
based on the level of the contamination of water samples
and the proximity of the site to our laboratory. All samples
were collected in clean screw cap bottles and transported
to the King Fahd Medical Research Center, Jeddah, Saudi
Arabia (KFMRC), in an icebox. The collected samples were
kept in a refrigerator until processed within 24 h of collec-
tion (19). All of the samples were assessed individually for
the existence of lytic bacteriophages using PDR K. pneumo-
niae as a host organism.
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3.4. Host Bacterial Strains

Pan drug-resistant K. pneumoniae 7 was used as a host
organism for the isolation of bacteriophages from munic-
ipal wastewater samples.

3.5. Enrichment and Isolation of Bacteriophages

The isolation and enrichment of the phages were con-
ducted based on (20) with minor modifications. Briefly,
20 mL of wastewater sample was centrifuged at 9,500 × g
(700 rpm) for 12 min to remove any debris and suspended
solids. The supernatant (20 mL) was transferred to a ster-
ile 250 mL Erlenmeyer flask containing 20 mL of 24 h host
grown culture and an equal volume of double-strength nu-
trient broth supplemented with 2 mM CaCl2. The mixture
was incubated for 24 - 48 h with slight shaking at 100 rpm,
37°C. Thereafter, the suspension was spun down at 9,500
× g for 12 min at 4°C, and the supernatant was filtered
with 0.22µm syringe filters (Fischer Scientific, Ottawa, ON,
Canada) to remove bacterial debris. Finally, the filtrates
were stored at 4°C.

The spot assay was used to determine the lytic activ-
ity of phages against the host strains (21). Briefly, 100 µL
of an exponential phase bacterial culture grown in fresh
nutrient broth was mixed with 5 mL of molten soft agar
(0.7% w/v agar) held at 55ºC in a warm water bath and then
poured quickly onto sterile solid nutrient agar plates to
form a lawn of the host bacteria. The bacteriolytic activity
of the phage lysate was tested by spotting 10µL of the crude
extract (1 × 107 PFU/mL) on the top of soft agar and incu-
bated for 20 min to allow viral adsorption. Plates were la-
beled and incubated at 37ºC for 24 h. Thereafter, each plate
was observed for the presence of the defined lytic zones
at the spots where the lysate was pipetted. The phages
that produced a clear plaque were considered the virulent
phages and were selected for further analysis.

3.6. Purification of Phages

The purification of phages was conducted using the
soft agar overlay method as described by (22). Shortly, the
plates that were positive for plaques (dispersed plaques)
were selected, and one plaque was picked up from the
top layer by touching them using a 1-mL pipette tip and
placed separately in 2-mL Eppendorf tubes containing 500
µL Phosphate-buffered Saline (PBS) solution (pH 7.4). The
suspension was incubated overnight at 4ºC to allow the
phages to diffuse out from the soft agar into the suspen-
sion. Three successive experiments were conducted until
getting single plaques with similar morphologies. Lastly,
a 10-fold serial dilution was prepared, and the double-
layered technique was used to determine the phages’
titers. The purified phage filtrate was stored at 4ºC for fur-
ther use.

3.7. Phage Stability Tests

3.7.1. Temperature

The thermal stability of the K. pneumoniae phage was
carried out according to the method described by (23).
Shortly, 100µL phage lysates (108 PFU/mL) were suspended
in different sterile Eppendorf tubes containing an equal
volume of PBS (pH 7.4) and incubated in water baths set at
different temperatures ranging between 37ºC and 90ºC for
60 min. Then, the phage titer was determined using the
double agar layer assay. The percentage stability was calcu-
lated by the ratio of surviving phage titers after treatment
to the phage titer before treatment, multiplied by 100. The
thermal stability curve (the mean of triplicate experiments
versus time) was plotted using GraphPad Prism.

3.7.2. pH

The stability of the K. pneumoniae phage to different
thermal treatments was conducted based on (24) with a
very minor modification. Concisely, 1 M HCl and NaOH
were added dropwise into the fresh nutrient broth and set
at different pH values. Nine milliliters of pH-adjusted me-
dia were mixed with one-milliliter phage suspension and
incubated for 2 h at 37ºC. The phage titer of each suspen-
sion was assessed by the double-layer agar method. The
percentage stability was calculated by the ratio of surviv-
ing phage titers after treatment to the phage titer before
treatment, multiplied by 100. The pH stability curve (the
mean of triplicate experiments versus time) was plotted
using GraphPad Prism.

3.7.3. Organic Solvents

The stability of the K. pneumoniae phage was assessed
in the presence of organic solvents as indicated by (23).
Briefly, 1,000µL (6× 107 PFU/mL) of phage suspension was
mixed with an equal volume of organic solvents (10% chlo-
roform, 70%, and 99% ethanol, and isopropanol) separately
in sterile tubes and incubated at 37ºC for 2 - 8 h with gen-
tle shaking. Thereafter, the mixtures were centrifuged at
9,500 × g for 12 min, and the phage titer in the aqueous
phase was determined by the double-layer agar method.
An equal volume of the phage lysate suspended in suspen-
sion mixture buffer was used as a control.

3.8. One-round Growth Pattern

A single-round growth pattern was done to assess the
burst size and the latent period as stated by (21), with mi-
nor modifications. Briefly, 6 mL of the host cell suspen-
sion in the mid-exponential phase (OD600 = 0.4) was spun
down at 9,500 × g for 5 min. The pelleted cell mass was re-
suspended in 300µL of fresh nutrient broth medium, and
then 600 µL of purified lytic phage suspension was added
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to get a 0.01 MOI. Five minutes later, the mixture was spun
down at 9,500 × g for 12 min to remove any un-adsorbed
phages. Then, the pellet was re-suspended in 6,000 µL of
fresh nutrient broth medium and incubated with shaking
(100 rpm min-1) at 37ºC for 24 h. The aliquots were collected
at 10 min intervals over a 40 min period. These aliquots
were diluted with the phage buffer, and the phage titers
were determined using the soft agar overlying method.
These experiments were carried out at least in triplicate.

3.9. Bacterial Reduction Assay

The in vitro lytic activity of the purified phage was as-
sessed as formerly stated by (25) with minor modifications.
Shortly, 100 µL of the concentrated phage lysate (1 × 109

PFU/mL) was mixed with an equal volume of broth culture
at MOI values of 100, 10, 1, and 0.1 in a 96 well-microliter
plate and incubated at 37ºC. Then, the bacterial reduc-
tion rate was assessed by measuring the OD at 600 nm at
one-hour intervals for 30 h using a multimode microplate
reader (Tecan Spark 10M, USA). One well-containing log
phage bacterial culture and PBS (equal proportions) served
as a negative control. The results are displayed as mean
± Standard Deviation (SD) from three individual experi-
ments, and the growth curve (OD600 vs. time) was plotted
using GraphPad Prism.

3.10. Phage Host Range

The host range of the lytic phage isolated in this study
was determined by the spot test described by (23) in a
panel of 20 bacterial strains belonging to different genera
(Table 1). Shortly, 5 µL of the purified lytic phage lysate
(108 PFU/mL) was spotted onto the lawn of the selected
host bacterium, which was produced by mixing 1 mL of
overnight culture with 0.7% molten soft agar. It was ul-
timately poured over the surface of a modified nutrient
agar plate. After overnight incubation, the lytic ability of
the phage lysate was determined by the presence of clear
plaques produced. According to the presence and absence
of plaques, the results were classified into two categories:
(-) no plaques and (+) positive-clear plaques.

3.11. Transmission Electron Microscopy

The K. pneumoniae phage was prepared for transmis-
sion electron microscopic (TEM) analysis by adhering the
virion onto the carbon film, stained with the negative
staining technique with uranyl acetate (2% (w/v), pH 5.0)
(26). The concentrated phage lysate (1 × 108) was observed
using a TEM 910 microscope (Carl Zeiss, Oberkochen, Ger-
many) at 80 kV acceleration voltage at King Abdulla Science
and Technology University, Jeddah, Saudi Arabia. Images

were captured at optimal magnifications. The phage mor-
phology was determined using the benchmarks defined
by the International Committee of Taxonomy of Viruses
(ICTV). The diameter of the head and tail of the captured
phage image was measured using Image J software. Lastly,
we classified the phage based on the criteria proposed by
(27).

3.12. Statistical Analysis

The data were recorded as mean± SD. GraphPad Prism
version 6 (GraphPad Software Inc. USA) was used to analyze
the data. The Kolmogorov-Smirnov test was used to check
the normal distribution of the data. A Student’s t-test or
one-way analysis of variance with post hoc Tukey’s multi-
ple comparison test was used to determine differences be-
tween two or multiple groups, respectively. Besides, P <
0.05 (∗) was considered statistically significant.

4. Results

4.1. Characteristics of Klebsiella pneumoniae

A total of seven clinical strains of K. pneumoniae (7/30)
were obtained from King Abdulaziz University Hospital,
Jeddah, Saudi Arabia. The isolated strains were identified
by colony characteristics, Vitek 2, and PAI-20E systems. The
bacterial isolates showed two distinct colony characteris-
tics. The first six isolates showed dry, rough, and transpar-
ent colonies, whereas the last one (K. pneumoniae 7) showed
mucoid, moist, and sticky colonies in in vitro cultivation
(Table 2). The seven-digit profile number (2212000) ob-
tained from the API-20E test indicated that the organism
was 97% identical to K. pneumoniae. In addition, the par-
tial sequence of the 16S rRNA gene revealed that K. pneumo-
niae 7 was 100% identical to K. pneumoniae (Accession no.
AP025038.1).

4.2. Antibiotic Sensitivity Test

The antimicrobial sensitivity results indicated that
three isolates (K. pneumoniae 1, 2, and 3) were resistant to
three antibiotics (Table 2) whereas three isolates (K. pneu-
moniae 4, 5, and 6) were resistant to two antibiotics. How-
ever, one isolate (K. pneumoniae 7) was resistant to almost
all of the tested antibiotics, which was later used as the
host organism for the isolated phage from wastewater (Fig-
ure 1).

4.3. Isolation of Phage, Plaque, and Virion Morphology

A total of 40 municipal wastewater samples were
screened separately for the presence of bacteriophages us-
ing MDR K. pneumoniae 7 as the host. Out of 40 samples
tested, only one was tested positive for the phage (2.5%)
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Table 1. Host Range of Klebsiella pneumoniae Phage Against 20 Bacterial Isolates

Bacterial Strains Source Spot Test Result a Confirmation with Plaque Assay a

Escherichia coli ATCC25922 - -

Streptococcus progenies ATCC19615 - -

S. bovis ATCC49147 - -

S. pneumoniae ATCC49619 - -

Hemophilus influenzae ATCC49766 - -

Enterobacter cloacae ATCC23355 - -

E. faecalis ATCC29212 - -

Shigella sonnei ATCC25931 - -

Klebsiella oxytoca ATCC49131 + +

Staphylococcus saprophyticus ATCC15305 - -

Moraxella catarrhalis ATCC16605 - -

K. pneumonia clinical isolate KFMRC + +

S. aureus clinical isolate KFMRC - -

S. sonnei clinical isolate KFMRC - -

Salmonella typhi clinical isolate KFMRC - -

E. faecalis clinical isolate KFMRC - -

S. agalactia ATCC12386 - -

S. epidermidis ATCC12281 - -

Proteus vulgaris ATCC49132 - -

S. aureus ATCC25923 - -

Pseudomonas aeruginosa ATCC27853 - -

K. pneumonia ATCC700603 + +

H. parainfluenza ATCC79011 - -

MRSA ATCC43330 - -

Abbreviations: KFMRC, King Fahad medical research center; ATCC, American type culture collection.
a -: No clear zone (negative result), +: clear zone formed (positive result).

Table 2. Morphological and Drug Resistance Profiles of Klebsiella pneumoniae Isolates

Isolates Colony Characteristics Patterns of Drug Resistance Level of Resistance Remarks

Klebsiella pneumoniae 1 Dry, rough, and transparent CN, CAZ, CAP MDR -

K. pneumoniae 2 Dry, rough, and transparent CN, CAZ, CAP MDR -

K. pneumoniae 3 Dry, rough, and transparent CN, CAZ, CAP MDR -

K. pneumoniae 4 Dry, rough, and transparent CN, CAZ XDR -

K. pneumoniae 5 Dry, rough, and transparent CN, CAZ XDR -

K. pneumoniae 6 Dry, rough, and transparent CN, CAZ XDR -

K. pneumoniae 7 Mucoid, moist, and sticky All tested antibiotics including Carbapenem and
Colistin

PDR Selected for phage isolation

Abbreviations: CN, gentamicin; CAZ, ceftazidime; CIP, ciprofloxacin; PDA, non-susceptible to all antimicrobial agents listed; XDR, extremely drug resistan; MDR, resistant
to at least one agent in three or more classes of antibiotics.
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Figure 1. Radar plot of antibiotic susceptibility profiles of Klebsiella pneumoniae isolates. The inhibition zones were recorded in mm.

that was lytic against the host strain. The morphology of
K. pneumoniae phage plaques was determined by the dou-
ble agar overlying test. Small, clear, round, and non-halo
plaques with an average diameter of ≤ 1 ± 0.2 mm were
recorded (Figure 2B). The TEM images indicated that the K.
pneumoniae phage had a long, non-contractile tail (145 ±
1.2 nm length) with transverse striation, icosahedral head,
and non-prolate capsid (57 ± 1.2 nm diameter). The diam-
eter of the tail was found to be 12 nm (Figure 2C). No tail
fibers were observed in the TEM images. According to ICTV,
the observed morphology indicated that the phage was a
member of the Siphoviridae family, B1 morphotype.

4.4. One-step Growth

The single-round growth cycle analysis was performed
to assess the latent period and burst size of the K. pneu-
moniae phage as presented in Figure 3. A growth curve
with three phases (latent phase, log phase, and stationary
phase) was obtained. Accordingly, the burst size of the K.
pneumoniae phage was found to be 100 phages per infected
cell with a latent period of 15 min.

4.5. Bacterial Challenge Test

The bacterial challenge assay showed that the bacterial
cells’ growth was inhibited in the presence of the K. pneu-
moniae phage at different MOIs. The growth of the host bac-
teria infected with the K. pneumoniae phage was reduced

for 4 h at MOI 0.1, 1, and 100, and was efficiently inhibited
for 16 h at MOI 10 (optimal multiplicity of infection). In con-
trast, normal growth was observed at MOI 0 (control) and
the optical density (OD600) increased continuously during
the incubation period (Figure 4).

4.6. Stability of K. pneumoniae Phage to Thermal, pH, and Or-
ganic Solvent Treatments

The thermal stability test showed that the K. pneumo-
niae phage was relatively stable at temperatures ranging
from 37 to 60°C for 60 min. However, the K. pneumo-
niae phage survival rate steadily declined at 90°C where it
reached zero after 30 min of incubation (P < 0.05) (Figure
5A). In addition, we found that greater stability of the K.
pneumoniae phage was recorded between pH 6 and pH 10
for at least 2 h. However, the K. pneumoniae phage was fully
inactivated at pH≤5 and≥ 12 (P < 0.05) (Figure 5B). Chem-
ically, the K. pneumoniae phage was stable when treated
with 10% chloroform. However, we observed that the sur-
vival rate of the K. pneumoniae phage was adversely affected
in the presence of 70% and 99% ethanol and isopropanol
treatment (P < 0.05) (Figure 5C).

4.7. Host Range

The host range of the lytic phage isolated in this
study was determined by the spot assay on a panel of
20 strains belonging to different genera (Table 1). The
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Figure 2. Bacteriophage isolated against multidrug-resistant Klebsiella pneumoniae. A, Spot assay on a lawn of MDR K. pneumoniae; B, Plaques of K. pneumoniae phage formed
on a lawn of MDR K. pneumoniae using double-layer agar technique; C, Transmission electron micrograph of K. pneumoniae phage. The bar represents 100 nm.

spot test results indicated that the K. pneumoniae phage
had no lytic activity against the non-targeted bacterial
strains tested. The lytic activity of the K. pneumoniae phage
was specific to clinical isolates of K. pneumoniae, K. oxy-
toca (ATCC 49131), and K. pneumoniae (ATCC 700603). Dur-
ing the cultivation process of K. pneumoniae coupled with
its phage, a re-growth of bacteria (phage-resistant mu-

tants) was noticed in the lytic zone in a few culture plates
mostly 48 h post-incubation. The bacterial colonies colo-
nizing the lytic zone were sub-cultured in Cysteine-lactose-
electrolyte-deficient (CLED) agar and showed distinct char-
acteristics of K. pneumoniae. The API-20E test indicated that
the organism was K. pneumoniae.
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Figure 3. One-step growth curve of Klebsiella pneumoniae phage. Values are the means of triplicate assays. Note that error bars are not visible due to their small sizes.
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5. Discussion

Currently, the spread of MDR K. pneumoniae poses a se-
rious threat to public health globally (28). In this study, we
identified different K. pneumoniae isolates from samples
obtained from King Abdulaziz University Hospital. The an-
timicrobial sensitivity test results indicated that one of the
isolates (K. pneumoniae 7) was resistant to a wide range of
antibiotics including carbapenem and colistin. This find-
ing is in harmony with the former findings, which indi-
cated that K. pneumoniae was the most frequently isolated
strain from patients treated in hospitals (2). Moreover,
several studies indicated that hospitals and/or clinics are
the potential sites for emerging MDR bacterial strains (29,
30). Bacteriophages are promising alternative therapeu-
tic agents against multidrug-resistant bacterial pathogens
(31). In this study, a lytic bacteriophage against MDR K.

pneumoniae was isolated from municipal wastewater sam-
ples. Similarly, in a study by Kumari et al., five bacterio-
phages (K. pneumoniae 5, 12, 13, 17, and 22), lytic against K.
pneumoniae strain B5055, were isolated from sewage sam-
ples (32). Recently, a potentially lytic Myoviridae phage, vB_-
KpnM-Teh.1, was also isolated from wastewater samples,
which exhibited its efficacy against a clinical strain of K.
pneumoniae (13).

The isolated K. pneumoniae phage had a unique three-
phase growth pattern: latent phase, exponential phase,
and stationary phase. The growth profile of this phage
showed a moderate latent period (15 min) and burst size
(100 virions/infected cell). A former study on a Klebsiella
species-infecting phage belonging to the Podoviridae fam-
ily showed nearly similar growth patterns with a latent pe-
riod of 15 min and burst size of ≈ 50 – 60 virions / infected
cell (33). A similar latent period (15 min) was reported by
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others for the K. pneumoniae phage, KP34 (ϕKMV-like bacte-
riophage), isolated from sewage samples. The burst size of
this phage was ~ 40 – 50 virions/infected cell (34). However,
this was not the case of the Myoviridae K. pneumoniae phage,
vB_KpnM_KP27, isolated from the communal wastewater
treatment plant, which revealed a lower burst size of 10 –
15 PFU per infected cell and a longer latent period (25 min)
(35). Dalmasso et al. reported that the burst size of phages
mainly depends on the number of susceptible host cells
available (36). Santos et al. confirmed that the lytic activ-
ity of phages is determined by the latent period, as well as
the burst size of the phage (37). The shortest latent period
accompanied by the largest burst size led to a quick phage
replication cycle, which could result in high progeny viri-
ons released outside from the infected host cells (38).

The stability of the K. pneumoniae phage was studied at
different pH values to obtain very crucial data on its suit-
ability for phage therapy. The results obtained related to
the effect of pH on K. pneumoniae phage stability agreed
with those of Anand et al. on phage BPA43, which showed
moderate stability between pH 4 and 10 (11). The wide or
moderate pH range tolerance of phages is advantageous
when used in oral phage therapy after passing the clinical
trials (39, 40). The results on thermal stability were com-
parable with those of Wintachai et al., who reported that
the Siphoviridae K. pneumoniae phage, K. pneumoniae 1801,
showed stability over a wide range of temperature from 80
to 60°C (41). Contrary, the K. pneumoniae phage Bp5, was
found to be active at temperatures not exceeding 50°C (42).
The variations in thermal phage stability could be due to
differences in strains, structures of the phage, or the sites
of phage isolation (43). However, most studies have indi-
cated that phage viability is affected by high temperatures
(44, 45).

The results on the effects of organic compounds on K.
pneumoniae phage stability are in parallel with those of
Pallavi et al., indicating that phage vB-AhyM-AP1 showed
stability after treatment with chloroform for 10 min incu-
bation (46). Concerning the bacterial killing assay, a high
level of K. pneumoniae reduction was noted at an MOI of 10,
which is consistent with what was mentioned elsewhere
(47). The K. pneumoniae phage showed a narrow host range,
lysing only 55.5% (3 out of 20) of bacterial isolates. Similar
to our results, Soleimani Sasani et al. reported a Siphoviri-
dae phage, designated as vB_KpnS-Teh.1, which showed a
narrow range of lytic activity against K. pneumoniae, and
lysed only 15.7% (8 out of 51) of extended-spectrum beta-
lactamase-positive isolates (48). In other studies, the mem-
bers of Siphoviridae were reported to exhibit similar activ-
ity against K. pneumoniae, lysing 7 - 15% of MDR isolates (35,
49-51). These phages multiply more efficiently and show
faster elimination of their bacterial hosts (35). The narrow

host range can be advantageous in phage therapy since it
lowers the possibility of affecting other members of the
normal flora. Contrary, the narrow activity spectrum limits
the application of the isolated phages to very specific bac-
terial infections. However, this problem can be solved by
using different phages together as a cocktail, which broad-
ens the range of bacteriolytic activity against the targeted
and non-targeted bacterial pathogens (52).

In our study, we detected phage-resistant mutant bac-
terial colonies after overnight incubation of the K. pneu-
moniae phage with the host bacterial strain. This finding
agrees with the findings of Hesse et al., who reported that
a total of 57 phage-resistant K. pneumoniae mutants evolved
after prolonged co-culture in vitro (16). The re-growth of
bacteria after phage treatment is mostly associated with
the emergence of phage-resistant mutants, which compli-
cates the clinical trials of phage therapy (53). This phe-
nomenon has been attributed to phenotypic and genetic
changes, which allow bacterial cells to maintain their via-
bility in the presence of phages (54, 55). Phage resistance
is rarely encountered in in vivo conditions as compared to
in vitro environments, which could be due to the immune
system that scavenges the mutants (56). Several research
findings have revealed that the development of phage re-
sistance can be mitigated by using phage cocktails and/or
phage antibiotic combinations. However, the reduction
rate or the effectiveness of these approaches depends on
the efficiency of the phage and the potency of the antibi-
otic selected (57, 58).

5.1. Conclusions

In conclusion, the lytic virulent phage, which was iso-
lated against MDR K. pneumoniae, had a narrow host range
spectrum, which makes it more advantageous with fewer
adverse effects on the normal flora. The K. pneumoniae
phage showed a good (moderate) survival rate in pH and
thermal treatments. In addition, the latent period and the
burst size of the K. pneumoniae phage indicated the possi-
bility of its potential use in phage therapy. Based on that, it
would be suggested that the in vivo activity of the K. pneu-
moniae phage be elucidated to better understand the inter-
actions of the phage with the host organism and the un-
derlying mechanisms by which it evades the host defense
system. The K. pneumoniae phage should also be character-
ized at the molecular level, which will provide a more com-
prehensive insight into the biology of the phage. Besides,
phage-resistant K. pneumoniae mutants have been encoun-
tered during our study. This phenomenon needs to be elu-
cidated further. Future work should focus on the use of the
isolated phage in combination with other potential lytic
phages as a cocktail and / or with conventional antibiotics.
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