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Background: The World Health Organization (WHO) has declared the multi-drug resistant (MDR) Klebsiella pneumoniae as one of
the critical bacterial pathogens. The dearth of new antibiotics and inadequate therapeutic options necessitate finding alternative
options. Bacteriophages are known as enemies of bacteria and are well-recognized to fight MDR pathogens.

Methods: A total of 150 samples were collected from different clinical specimens through a convenient sampling technique. Isolation,
identification, and antibiotic susceptibility testing (AST) of K. pneumoniae were done by standard and validated microbiological
procedures. Molecular identification of virulence factors and antibiotic resistance genes (ARGs) was carried out through polymerase
chain reaction (PCR) by using specific primers. For bacteriophage isolation, hospital sewage samples were processed for phage
enrichment, purification, and further characterization ie, transmission electron microscopy (TEM) and stability testing, etc. followed by
evaluation of the lytic potential of the phage.

Results: Overall, a total of 41% of isolates of K. pneumoniae were observed as hypervirulent K. pneumoniae (hvKp). Among hvKp, a
total of 12 (42%) were detected as MDR hvKp. A total of 37% of all MDR isolates were found resistant to colistin, and 66% of the
colistin resistance isolates were recorded as mcr-1 positive. Isolated phage KpnM had shown lytic activity against 53 (79%) K.
pneumoniae isolates. Remarkably, all 8 mcr-1 harboring MDR hvKp and non-hvKp isolates were susceptible to KpnM phage.
Conclusion: Significant distribution of mcr-1 harboring hypervirulent Klebsiella pneumoniae was observed in clinical specimens,
which is worrisome for the health system of the country. Characterized phage KpnM exhibited encouraging results and showed the
lytic activity against the mcr-1 harboring hvKp isolates, which may be used as a prospective alternative control strategy to fight this
ominous bacterium.
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Introduction

At present, resistance to all classes of antibiotics is a serious health threat across the globe. The emergence of multidrug-
resistant (MDR) bacterial pathogens is linked with different infections that are difficult to treat and pose a substantial
economic effect on the healthcare settings of low-and middle-income countries (LMICs) like Pakistan. Moreover, various
healthcare regulatory bodies of the world like the World Health Organization (WHO), Centers for Disease Control and
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Prevention USA, and the European Center for Disease Prevention and Control have listed and prioritized these MDR
bacteria, which are considered significant health concerns worldwide.'

Klebsiella pneumoniae is one of these listed and prioritized bacteria, which is a frequent etiology of nosocomial
infections. It is a member of Enterobacteriaceae, a non-motile, gram-negative bacterium with metabolic flexibility and a
comparatively large genome that permits it to cause a variety of infections.”* In addition to a classical K. pneumoniae
(cKp) recently emerged hypervirulent phenotype of K. pneumoniae is also considered a health challenge. The cKp is an
important opportunistic nosocomial pathogen and is associated with hospital-acquired infections like wound infections,
urinary tract infections (UTIs), and pneumonia. Various clinical manifestations linked with hypervirulent K. pneumoniae
(hvKp) include eye or lung infection and liver abscess which may be developed into metastasis. Moreover, severe skin
and soft tissue infections, epidural abscesses, and bone infections are considered some common clinical conditions of
hvKp as well.** Therefore, WHO declared that MDR K. pneumoniae has epidemic potential in health care systems.

In clinical settings, K. pneumoniae is a proven resistant pathogen against almost every antibiotic class by harnessing
both intrinsic as well as acquired mechanisms of resistance. It has chromosomal mediated gene blasyy which is
responsible for intrinsic resistance, whereas, in the case of acquired resistance, K. pneumoniae use to produce
extended-spectrum -lactamase (ESBLs) and carbapenemases that are associated with the resistance to different genera-
tions of cephalosporins and carbapenems.®” Moreover, K. pneumoniae displayed resistance against colistin due to the
presence of plasmid-mediated mobilized colistin resistance (mcr) genes.® Due to the emergence of resistant variants and a
dearth of new antibiotics, treatment options for MDR K. prneumoniae are limited. This limited therapeutic regime
warrants the exploitation of alternative approaches.

Bacteriophages are natural predators of bacteria with the self-replicating ability and rigorous specificity to spot and
destroy the bacterial host by taking over the cellular machinery. Different structural components of bacteriophages
responsible for the lysis of host bacterium include endolysins, holins, and spanins. These play a significant part in the
assembly and release of the bacteriophages from host bacteria. The endolysins degrade the peptidoglycans, whereas
holins and spanins disrupt the cell membrane. These specific particles efficiently kill the bacteria without doing any harm
to the microbiota, so unlike antibiotics, they have no side effects eg, antibiotic-associated diarrhea. Additionally,
bacteriophages neither produce any type of toxins nor disseminate antibiotic resistance genes (ARGs).”!°

Current incidence and inadequate treatment choices for MDR hvKp necessitate finding potential alternative
approaches. The use of phages has been well reported and is a proven strategy across the globe to fight MDR pathogens.
So, the present study was designed to estimate the distribution of mcr-1 harboring hypervirulent K. pneumoniae in
clinical specimens and to evaluate the lytic potential of bacteriophages against the isolates, which may be a promising
future therapeutic strategy against MDR K. pneumoniae.

Materials and Methods

Ethical Consideration

The study was approved by the Ethical Review Board (ERB), Government College University, Faisalabad Pakistan (letter
No. GCUF/ERB/21/47). As the isolates in this study were a part of the routine laboratory procedure, the ERB exempted
this research from informed consent.

K. pneumoniae Isolation and Identification

A total of 150 samples were collected through convenient sampling by employing standard microbiological sterile
conditions. Sterile containers were used to collect the samples from different clinical sources including pus exudates,
sputum, tracheal aspirates, catheters, and diabetic wound swabs. Initially, samples were inoculated on Petri dishes of
MacConkey agar, plates were incubated for 24 hours at 37°C Figure 1A."" Pink mucoid colonies that appeared on
MacConkey agar were transferred on the selective K. pneumoniae agar (HiCrome™ Klebsiella selective agar M1573-
500G) Petri plates, which were incubated for 24 hours at 37°C Figure 1B.'? Purified Purple colonies from the selective
base were utilized for phage/host characterization. Biochemical characterization of K. pneumoniae was performed
through API 20E kit API (BioMérieux, France).
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Figure | (A) purified purple colonies of K. pneumoniae on Klebsiella selective agar. (B) Pink mucoid colonies of K. pneumoniae on MacConkey agar. (C) Identification of
hypervirulent phenotype through string test. (D) Results of Antimicrobial Susceptibility testing (AST) by disk diffusion method.

Identification of Hypervirulent K. pneumoniae Isolates

Phenotypic identification of hypervirulent isolates was done through the string test method previously described.' Briefly,
overnight broth culture was streaked over MacConkey agar and incubated at 37°C for 24 hours. Fresh colonies were then
touched and stretched gently over the surface by a sterilized platinum loop. The extended string was observed from the edge of
the bacterial colony. For positive results, a string length of >5mm was observed for each isolate Figure 1C.

Virulence Genes Detection

For molecular detection, isolates were subjected to PCR. Different genes which were included in the study were wzy,
rmpA, and fimH, details are given in the (Table 1). Subsequently, agarose gel electrophoresis, and documentation were
performed for the analysis of PCR amplicons using a gel documentation system (BioRad®™, USA).

Antimicrobial Susceptibility Testing (AST)

Kirby Bauer Disc diffusion test was used for the AST of the isolates.'* Briefly, suspensions were prepared from overnight
grown bacterial culture. Exactly, a 0.5 McFarland standard (approximately 1-2x10® CFU/mL) was attained by mixing the
bacterial colonies in sterile (0.85%) saline. The concentration was measured in HITACHI UH5300 UV-Vis/NIR
Spectrophotometer according to the manufacturer’s instructions. The bacterial lawn was made over Muller—Hinton
agar (Oxoid, UK) plates for further testing Figure 1D."

Antibiotic susceptibility was determined against different classes of antibiotics. After the placement of antibiotic
disks, the plates were incubated at 37 °C for 24 hours. Already characterized MDR K. pneumoniae isolates with
GenBank no. MF953600 & MF953599 were kept as positive control. The zones of inhibition were observed for different
antibiotics and analyzed according to CLSI 2020 criteria for interpretation of results as shown in Figure 1D.
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Table | Distribution of Virulence Genes and ARGs Among hvKp Isolates Along with the
Details of the Primer Used in the Study

Name Primer’s Sequence Annealing Percentage
of the Temp (°C) Prevalence Out of
Gene 28 hvKp
Virulence Genes
wzy (KI) GGTGCTCTTTACATCATTGC 48 09 (32%)
GCAATGGCCATTTGCGTTAG
rmpA ACTGGGCTACCTCTGCTTCA 49 08 (28%)
CTTGCATGAGCCATCTTTCA
fimH GCTCTGGCCGATACCTACCGACGG 48 24 (85%)
GCGAATAGATAACGTCGCCTGACGG
ARGs
blatem TCAACATTTCCGTGTCG 42 25 (89%)
CTGACAGTTACCAATGCTTA
blagy ATGCGTTATATTCGCCTGTG 47 26 (93%)
AGATAAATCACCACAATGCGC
PANcTx-m GGATATCGTTGGTGGTGCCATA 60 25 (89%)
TTTGCGATGTGCAGTACCAGTAA
blakpc TGCAGAGCCCAGTGTCAGTTT 52 08 (28%)
CGCTCTATCGGCGATACCA
blaymp GGAATAGAGTGGCTTAATTCTC 55 02 (7%)
CCAAACCACTACGTTATC
blaym GATGGTGTTTGGTCGCATA 52 03 (10%)
CGAATGCGCAGCACCAG
blagim TCGACACACCTTGGTCTGAA 52 Not Detected
AACTTCCAACTTTGCCATGC
blanpm-1 TGCCCAATATTATGCACCCGG 60 19 (68%)
CGAAACCCGGCATGTCGAGA
blaoxa-4s TTGGTGGCATCGATTATCGG 56 20 (71%)
GAGCACTTCTTTTGTGATGGC
gnrA ATTTCTCACGCCAGGATTTG 52 02 (7%)
GATCGGCAAAGGTTAGGTCA
qnrB GATCGTGAAAGCCAGAAAGG 50 17 (61%)
ACGATGCCTGGTAGTTGTCC
qnrS ACGACATTCGTCAACTGCAA 52 15 (53%)
TAAATTGGCACCCTGTAGGC
tetA GTGAAACCCAACATACCCC 52 13 (46%)
GAAGGCAAGCAGGATGTAG
tetB CCTTATCATGCCAGTCTTGC 52 14 (50%)
ACTGCCGTTTTTTCGCC
sull CGGCGTGGGCTACCTGAACG 67 16 (57%)
GCCGATCGCGTGAAGTTCCG
(Continued)
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Table | (Continued).

Name Primer’s Sequence Annealing Percentage

of the Temp (°C) Prevalence Out of
Gene 28 hvKp

sul2 GCGCTCAAGGCAGATGGCATT 67 15 (53%)

GCGTTTGATACCGGCACCCGT

Mobilized Colistin Resistance Gene

mer-| AGTCCGTTTGTTCTTGTGGC 6l 8 (28%)
AGATCCTTGGTCTCGGCTTG

Detection of ARGs

Extracted and quantified DNA (NanoDrop™) of K. preumoniae was subjected to PCR and a number of ARGs were
amplified by using specific primers. The PCR reaction mixture contained; 5 uL of sample DNA, 2 uL of 100 pM primers
(F&R), 10 pL of 2X DreamTaq (Thermo-Scientific™), and 8 puL of Nuclease-free water (Ambion- AM9932) to adjust the
final volume of 25 pL. The PCR reaction was carried out according to the specific annealing temperature for each of the
ARGs listed in (Table 1). Afterward, agarose gel electrophoresis was performed to examine the PCR amplicons in a gel
analyzer (BioRad, USA).

Rapid Polymyxin Test for Colistin-Resistant Isolates

The test was previously designed to detect colistin resistance associated with plasmid-acquired mcr-1 and mcr-2 genes.'®
Briefly, 0.2 mg/mL colistin solution was prepared in Muller Hinton broth (MHB). The pH indicator phenol red at a
concentration of 0.0125 g was in rapid polymyxin NP solution. Further, the pH of the rapid solution was maintained at
6.7 and confirmed by a litmus paper test. Filtered 10% anhydrous D-glucose was added in a rapid solution. Just before
starting the procedure, colistin was added to the rapid polymyxin NP solution to attain a colistin-concentrated solution @
5 ng/150uL. For this purpose, C1v1=C2V2 was applied to calculate the volume V1 of the stock solution having an initial
concentration C1 of 0.2 mg/mL required to produce 5 pg /mL final colistin concentration C2 with a final volume V2 of
250 mL.

PCR Confirmation of mcr-1 Harboring of Klebsiella pneumoniae

Briefly, The PCR was performed in T3000 Thermocycler-48 (Biomerta, Germany) with the following conditions specific
for mcr-1: 5 minutes of initial DNA denaturation at 94°C followed by 25 cycles of denaturation for 1 minute at 94°C.
Primer Annealing for 90 secs at 61 °C followed by primer-specific extension for 1 minute at 72°C. The final extension
was done for 10 minutes at 72°C."”

Bacteriophage Isolation

Sample Collection

To isolate the bacteriophages, hospital wastewater samples were collected from hospitals located in different localities of
District Faisalabad Punjab Pakistan. Concisely, 500 mL of wastewater was collected in sterile containers and transported
to the lab. Samples were placed to wait for 3 hours which facilitated the debris to settle down. Further, samples were
treated with 1% chloroform, which destroy the unwanted bacterial contamination and facilitated the phage detachment
from the contaminants.'®

Bacteriophage Enrichment Assay

The bacteriophage enrichment assay was performed with several modifications as described previously.'” Briefly, 10 mL
of already prepared 10X L.B broth media was first transferred to a 250 mL conical flask. 90 mL of wastewater containing
potential bacteriophages was poured into each flask with 1X the final concentration of LB broth. A total of 50 pL of each
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bacterial broth grown at the early exponential phase was inoculated. The flasks were placed into a shaking incubator at
50-70 rpm with a temperature of 37 °C for 24 hours. After 24 hours of incubation 1.5 mL of broth from each flask was
transferred to sterile Eppendorf tubes. The tubes were centrifuged at 12,000 rpm for 10 minutes. After centrifugation, the
supernatant without filtration at this initial stage was utilized for spot test and plaque Assay explained further in later
sections.

Host Range Determination

A spot test was performed to determine the host range of bacteriophages. Briefly, freshly grown overnight K. pneumoniae
isolates were inoculated over LB agar plates. A total of SuL of bacteriophage suspension was spotted over a freshly
inoculated bacterial lawn. After drying the plates were placed in an incubator at 37 °C for 24 hours. The clear inhibition
zones were observed after 8,16 and 24 hours.”® For the determination of inter-species hot range spot test was also
performed against E. coli, P. aeruginosa, and S. Typhi.

Plaque Assay and Phage Purification

Plaque assay was performed for purification of bacteriophage and determination of average plaque formation time and
plaque size through the double agar overlay method.*' Briefly, bacteriophage suspension from the enrichment assay was
subjected to filtration through a 0.22 pum size cellulose filter. The filtrate was diluted by adding PBS till 10", A total of
900 pL of diluted phage suspension along with K. pneumoniae (100 pL) isolate was dispensed to LB soft 0.5% agar and
poured onto the bottom 1.5% agar, this whole content was incubated for 24 hours at 37 °C. Afterward, the single plaques
with different morphologies were picked with a sterile syringe and propagated with susceptible bacterial isolate for 24
hours at 37°C. After propagation centrifugation was done at 12,000 rpm for 10 minutes followed by filtration through
0.22 um size filters for further characterization.””

Transmission Electron Microscopy (TEM)

To study the morphological characteristics of isolated bacteriophages TEM was performed. The TEM analysis was
carried out at the National Institute of Biotechnology and Genetic Engineering (NIBGE), Punjab Pakistan. The filtered
phage suspension was fixed over a formvar-carbon coated grid Cu Mesh 300, fixed with glutaraldehyde (1%), stained

with the standard negative staining using uranyl acetate (2%), and examined by an EM 10C microscope (Zeiss, Germany)
at 100 kv.**

Bacteriophage Stability
To check the bacteriophage stability various ranges of pH, temperature, and chloroform were used as previously
described with minor adjustments.>* Different temperature ranges to observe the thermal stability include 0 °C, 4 °C,
15 °C, 37 °C, 48 °C, 55°C. Bacteriophage at 10° PFU/mL for 4 hours was incubated at these temperature ranges.
Downstream, the double agar overlay method was performed to estimate the phage titer.*
The pH stability was determined at various pHs like 2, 4, 7, 9, and 11. The phage suspension 10® PFU/mL at these pH
ranges was incubated for 4 hours. Likewise, the double agar overlay method was performed to determine the phage titer.
Bacteriophage stability was tested against various concentrations of chloroform as well which include 1%, 1. 5%, and
2%. A total of 100 pL of phage suspension (10° PFU/mL) was dispensed in 900 uL PBS along with these chloroform
concentrations separately and survived phage titer was determined as PFU/mL.

Phage Adsorption Assay

The grown culture of phage susceptible K. pneumoniae was maintained at 10 CFU/mL in Mueller Hinton broth.** This
culture was mixed with an equal volume of phage (10° PFU/mL) suspension and incubated for 5- and 10-minutes
intervals at 37°C. Subsequently, centrifugation at 10,000 X g for 5 min was done, followed by filtration (0.22 pum). Again
double-layer agar method was performed to estimate the free phages. The reduced phage titer was taken as phage
adsorption to the host bacterium.
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One-Step Growth Curve

For this purpose, K. pneumoniae culture at exponential phase (~2x 10® CFU/mL) was used. At this point, phage with
MOI of 0.1 was mixed with the culture and incubated for 10 minutes at 37°C. Afterward, centrifugation was performed
to discard the unadsorbed phages and K. pneumoniae culture was resuspended in LB, then incubation was done in a
shaking incubator @ 180 rpm at 37°C. The release of intracellular phages was facilitated by adding 1% chloroform,

double-layer agar plate method was carried out to quantify the phage titer.”®

Biofilm Inhibition and Eradication Assay

The phages isolated against K. pneumoniae were also tested for their ability to inhibit and eradicate biofilm production in
vitro as previously described.?’ Briefly, freshly grown bacterial culture at ODggo = 0.5 diluted with L.B broth at factor
10:100 was added to the first column of 96 well micro-titer plates followed by 100 pL of phage suspension at MOI of
0.01 to each well of the first column.”® The plates were incubated for 8 hours at 37°C. Biofilm eradication ability was
determined by direct treatment of bacteriophage to mature biofilm. First, the planktonic cells were removed from the first
column of 96 well plates after 8 hours of incubation. A total of 200 uL of phage suspension at 10* PFU/mL was added to
each well of the first column and incubated again for 8 hours. After 8 hours the columns were washed three times with
distilled water and air-dried for 10 minutes. A 2% crystal violet suspension was added to each well and incubated for 15
minutes followed by washing with distilled water. A total of 200 uL of ethanol was then added to each well to extract the
absorbed CV onto biofilm. For positive control, bacterial suspension broth was added to column 2. The ODgq, was then
determined by using an ELISA plate reader (Multiskan™ FC Microplate Photometer Thermo Scientific™). The decrease
in OD as compared to the positive control was analyzed.*

Results

Distribution of K. pneumoniae
Overall, K. pneumoniae was isolated from 67 (44%) samples. The highest incidence (48%) was estimated among catheter
tips followed by pus samples and tracheal aspirates (47%) respectively. Whereas 42% of incidence was recorded from
infectious wound swabs and 35% was detected in sputum samples, which was the lowest among various sample sources.
A total of 28 (41%) K. pneumoniae isolates were observed as hypervirulent K. pneumoniae (hvKp) Figure 1. Sample-
wise distribution depicted that hvKp 9 (52%) isolates were from catheter tips followed by 8 (44%) from pus.
Furthermore, 6 (35%) hvkp isolates were detected from infectious wound samples. Only 2 (28%) hvKp isolates were
obtained from sputum and 3 (37%) were from tracheal aspirates (Table 2). Molecular detection of virulence factors was

done through PCR; the incidence of virulence genes is given in Table 1.

Table 2 Sample-Wise Distribution of Mcr-1 Harboring K. Pneumoniae (hvKp/Non-hvKp)

Sample Site No of Positive | hvKp No. MDR MDR mcr-1 Harboring

Sample | Isolates | ISOLATES | Among Positive hvKp (hvKp/non-hvKp)

Isolates Isolates
Pus exudates 38 18 8 9 4 I hvKp | non-hvKp
Sputum 20 7 2 2 0
Catheter tips 35 17 9 8 4 I hvKp | non-hvKp
Infectious wounds 40 17 6 10 3 2 hvKp 2 non-hvKp
Tracheal Aspirates 17 8 3 3 I
Total 150 67 32 12 8
Infection and Drug Resistance 2022:15 htps: 5801
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Antibiotic Susceptibility Profiling

Among All 67 K. pneumoniae isolates 32 (47%) isolates were detected as MDR Klebsiella pneumoniae Figure 1D.
Sample-wise distribution of MDR isolates revealed that a total of 10 (58%) MDR K. pneumoniae were detected from
infectious wounds followed by 9 (50%) from pus and 8 (47%) from catheter tips. Overall, 2 (28%) isolates were detected
as MDR from sputum, and 3 (37%) were from tracheal aspirates. Additionally, among 28 hvKp isolates total of 12 (42%)
were detected as MDR hvKp. Whereas the sample-wise distribution of MDR hvKp isolates showed that a total of 3
(50%) were from infectious wounds and 4(50%) were from pus samples. A total of 4 (44%) MDR hvKp were detected
from catheter tips and 1 (33%) MDR hvKp isolate was detected from sputum and tracheal aspirates (Table 2). All the
isolates were subjected to the detection of ARGs, detailed distribution of ARGs is described in Table 1.

Among different classes of antibiotics used in this study maximum resistance was determined against ampicillin 92% and
amoxicillin (88%). Furthermore, among cephalosporins, the maximum resistance was recorded against cefoxitin and
cefotaxime which was (82%) and (81%) respectively. However, the minimum resistance was recorded against colistin
(37%), imipenem, and gentamicin (48%) and (54%) respectively Figure 2A. Additionally, all 32 MDR isolates were subjected
to a rapid polymyxin test. The color of the rapid polymyxin NP solution changed from orange to yellow after 56 hours of
incubation. A total of 12 (37%) of all MDR isolates were resistant to colistin in the rapid polymyxin test Figure 2B.

120.00% -
100.00% -
80.00% -

60.00% -
° m Resistant (%)

Isolates percentage

= Intermediate (%)

- iti %
40.00% Sensitive (%)

20.00% -

Figure 2 (A) Comparative analysis of resistance against different antibiotics maximum resistance in (Gray) against ampicillin. While least was against colistin shown in (Blue).
(B) Determination of colistin resistance through rapid polymyxin NP test. (C) Detection of PCR product for mcr-1 gene through gel electrophoresis.
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Genotypic Characterization of Colistin Resistance

All 12 colistin resistance isolates were further characterized for the detection of the genotypic determinant of colistin
resistance ie, the mcr-1 gene. A total of 8 (66%) of the colistin resistance isolates were positive for the mcr-1 gene
Figure 2C. Among 12 MDR hvKp isolates 5 (41%) were detected as mer-1 harboring MDR hvKp. Whereas a total of 3
(25%) mer-1 harboring K. pneumoniae were among non-hvKp MDR isolates.

Bacteriophage Isolation and Host Range Determination

Overall, 15 (30%) wastewater samples were positive for K. pneumoniae lytic bacteriophage. All bacteriophages isolated
from different samples were subjected to spot tests for the determination of the host range Figure 3B. The bacteriophage
with maximum host range was then selected for further characterization Figure 3C and D. Phage KpnM had shown
maximum host range against K. pneumoniae isolates. Among all 67 isolates, phage KpnM had shown lytic activity
against 53 (79%) K. pneumoniae isolates. Furthermore, among 32 MDR K. pneumoniae, 26 (81%) were susceptible to
KpnM phage while the other 33 phage-susceptible isolates were non-MDR K. pneumoniae. Remarkably, all 8 mcr-1
harboring MDR hvKp and non-hvKp isolates were susceptible to KpnM phage (Table 3). The comparative analysis of
phage titer against colistin-resistant MDR Klebsiella pneumoniae isolates is shown in Figure 3F.

Plaque Assay

The susceptible isolates were also subjected to plaque assay by the double agar overlay method. The average plaque
formation time was determined as 8—10 hours. The average plaque size was 0.5 to 3 mm Figure 3A. The Plaque Assay
against the colistin-resistant MDR hvKp isolates is shown in Figure 3E.

1.7x 10"PFU/ml

M dilution factor 10-7

3.5x 10°PFU/ml

2,6x10° PFU/ml
22x10°PFU/ml

Phage Titer

88x10°PFU/ml

17 $3 S32 $29 S6
K pneumoniaeisolates

Figure 3 (A) Plaque assay after bacteriophage purification. (B) Detection of bacteriophages in wastewater sample through spot test. (C) Determination of host range by
spot test. (D) TEM analysis of isolated bacteriophage shows icosahedral-isometric head with neck connected to a long, rigid and contractile tail as located in Myoviridae
family. (E) Plaque Assay for Colistin resistant MDR hvKp isolates. (F) Comparative analysis of phage titer against colistin resistant MDR Klebsiella pneumoniae isolates.
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Table 3 Comparative Analysis of Colistin Resistance with PCR Results of Mcr-1 Gene,
Spot Test, and hvKp Isolates

Sr. No. Isolate mcr-1 Colistin hvKp Spot
ID Gene Resistance test
| S32 +Ve +Ve +Ve +Ve
2 S3 +Ve +Ve +Ve +Ve
3 S29 +Ve +Ve +Ve +Ve
4 S4 +Ve +Ve +Ve +Ve
5 S9 +Ve +Ve -Ve +Ve
6 S17 +Ve +Ve -Ve +Ve
7 Sé6 +Ve +Ve +Ve +Ve
8 S21 +Ve +Ve -Ve +Ve
9 S24 -Ve +Ve -Ve +Ve
10 SI19 -Ve +Ve -Ve +Ve
I SI3 -Ve +Ve -Ve +Ve
12 S23 -Ve +Ve -Ve +Ve

Phage Stability Test

The stability of KpnM was determined under various environmental conditions including various ranges of pH, and
temperature. In addition to that, chloroform stability was also determined. The bacteriophages were treated at various pH
ranges 2, 4, 7, 9, and 11. After four hours of incubation at various pH ranges, bacteriophages were then directly subjected
to plaque assay and the number of live phages was determined. At pH=2 No plaques were observed, while few plaques
PFU/mL were observed at pH=4. At pH=7 highest titer was which is comparable with the titer at pH=9, whereas at
pH=11 no plaques were developed Figure 4A.

Temperature

The KpnM were incubated at various ranges of temperature 0, 4 °C, 15 °C, 37 °C and 55 °C. After incubation, the titer of
live phages was determined by using a plaque assay. No plaques were seen at 0 °C. Phages incubated at 4 °C resulted in a
lower titer. At 15 °C for four hours a considerable number of plaques were produced. A higher phage titer was obtained
when incubated at 37°C for four hours. Interestingly no plaques were seen at 48°C. Bacteriophages preserved at —20 °C
after their attachment to a susceptible host with 50% glycerol produced high titer of bacteriophages in plaque assay after
6 months of preservation Figure 4B.

Chloroform
KpnM were also tested for their ability to tolerate Chloroform. After 4 hours of incubation (@ 0.5-1.5% chloroform
conc.) bacteriophages were remain stable and plaques were shown in Figure 4C.

One-Step Growth Curve

The bacteriophage infection activity was determined by a one-step or single-step growth curve using plaque assay
Figure 5A. The method resulted in the determination of adsorption time, latent period, and burst size. The adsorption
time for isolated bacteriophages was 6 minutes. The sudden early rise in phage titer at Ty = 18 minutes after re-
suspension, was determined as a latent period. The latent period of the phage was 24 minutes including 6 minutes of
adsorption period. The burst size is defined as PFU/cell and is calculated as the ratio of PFU/mL at the plateau to PFU/
mL at the start of the first rise. The burst size of the isolated phage was determined as 230 PFU/cell Figure 5B.
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Figure 4 (A) Comparative analysis of phage titer at various ranges pH. (B) Comparative analysis of phage titer at various ranges temperatures. (C) Comparative analysis of
phage titer at various concentrations of chloroform.

Biofilm Inhibition Assay

K. pneumoniae biofilm production was challenged by treatment with KpnM. The KpnM biofilm inhibition (B.I) and
eradication (B.E) activity was determined against all MDR phage susceptible K. pneumoniae isolates. After 8 hours of
incubation, the 96-well microtiter plate was examined through an ELISA plate reader at ODgg, and values of biofilm
inhibition and eradication assay were compared with positive control (ODs of biofilm assay B.A) Figure 6A. The mean
value of ODgg obtained for the Biofilm assay was 0.401 while the mean value obtained for biofilm inhibition and
eradication assay was 0.138 and 0.208. Interestingly, the comparison of means has shown strong biofilm inhibition and

eradication ability of isolated bacteriophage KpnM Figure 6C.

Determination of Association of Phage Infection with mcr-I Gene

The results of the biofilm inhibition assay were analyzed to determine the association between bacteriophage infection
ability with the presence of the mcr-1 gene in susceptible isolates. The results showed a positive relation between phage
infection and mcr-1 presence. All the isolates with mcr-1 genes were more efficiently inhibited by the KpnM than non-
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Figure 5 (A) Determination of one step growth curve through plaque assay. (B) Graphical analysis of phage titer at several time periods of one step growth curve.

mcr-1 isolates. However, the presence or absence of the mer-1 gene in isolates that already produced mature biofilm was
observed as intermediately vulnerable to the same bacteriophages Figure 6B.

Discussion
Hypervirulent K. pneumoniae (hvKp) is a serious health challenge and difficult to treat. Recently, hvKp is disseminated
globally as a community-acquired pathogen causing life-threatening infections. Furthermore, the emergence of colistin
resistance hypervirulent K. pneumoniae is a major public health concern worldwide keeping in view that colistin is a last-
resort antibiotic against carbapenem resistance hvKp.*® The purpose of our study was to estimate the occurrence of mcr-1
harboring hvKp and to find out an alternate approach to combat mcr-1 harboring MDR hvKp. The use of bacteriophages
to control MDR bacteria may offer a non-antibiotic-based approach to treating infections caused by these pathogens.
However, a detailed understanding of phage—host interactions is crucial to exploring the potential success of phage
therapy for treatment.’’

Overall, a significant incidence rate of MDR K. pneumoniae (Table 2) was estimated among different sample sources.
In the study, maximum resistance rates were observed against ampicillin and amoxicillin as K. preumoniae is considered
naturally resistant to ampicillin and amoxicillin due to the intrinsic expression of the penicillinase enzyme. Similar
findings have recently been documented for ampicillin amoxicillin resistance rates.>> The resistance ratio to imipenem,
ciprofloxacin, and gentamicin was analyzed higher than reported in previous studies conducted in South Korea.*>* As a
previous intercontinental study demonstrates, higher resistance to carbapenems, fluoroquinolones, aminoglycosides, and
colistin are directly associated with K. pneumoniae ability to cause HAIs and its dissemination.’® The resistance profiling
of the present investigation is comparable with a recently executed study in Pakistan in which it was found that K.
pnuemoniae showed maximum resistance against ceftriaxone ie 71%, then 40% against carbapenems. The least resistant
15% was observed in the case of colistin about 15%, however, is contrary to that in the case of colistin, we have observed
a much high level of resistance ie 37% Figure 2A.>> Overall, for colistin limited data is available in the region, our study
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Figure 6 (A) Comparative analysis of bacteriophage susceptibility between mcr-1 negative (in red) and mcr-1 positive (in blue) isolates. (B) Biofilm assay (BA) in blue
represents ODgq of biofilm assay. Biofilm inhibition assay (BIA) in red represents ODgq of Biofilm inhibition assay and biofilm eradication assay (BEA) in green represents
ODgq of biofilm eradication assay. The comparative analysis of means at absolute right shows significance decrease in biofilm production.

showed a significantly higher resistance rate than the previous investigation showing the resistance profiling of

fosfomycin and colistin.*® Colistin resistance was determined using a rapid polymyxin NP test. Total 12 (37%) isolates
were detected as colistin-resistant Figure 2B. The rapid polymyxin test had shown 98% sensitivity for the detection of
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resistant (positive control) isolates and 100% specificity for previously determined susceptible strains (negative control).
Similar results with 100% specificity were obtained in a previously conducted study.’” In another study where
carbapenem-resistant K. pneumoniae were subjected to various colistin resistance determination tests including the
rapid NP polymyxin test, ColiSpot test, and the SuperPolymyxin medium. Aligned with our findings the results had
shown 90% sensitivity and 94% specificity.'® Furthermore, genotypic analysis of colistin resistance was performed
through the detection of the mcr-1 gene Figure 2C. Among 12 colistin resistance isolates 8 isolates were positive for the
mcr-1 gene while 4 were not harboring mcr-1 gene. The more logical explanation of non-mcr-1 associated colistin
resistance in 4 out of 12 isolates is probably due to some genetic mutation ie mgrB gene. A similar finding was
previously documented for the mgrB-associated colistin resistance in K. pneumoniae isolates.>® Recent studies demon-
strated that non-mcr-1 associated colistin resistance is particularly dependent on mgrB gene alterations, and variations in
crrB, pmrB, phoQ, pmrd, and phoP genes.*> However, mcr-1 is not solely associated with colistin resistance other
determinants including mcr-2 to 7 and more recently mcr-8 gene, located on a transferrable 95,983-bp IncFlIl-type
plasmid may also be associated with colistin resistance in K. pneumoniae.*’

The dearth of new antibiotics and the emergence of MDR strains warrant the search for potential alternative
therapeutic approaches. Bacteriophages are considered one of the potential alternative strategies to fight MDR K.
pneumoniae. The isolated and characterized Phage of the study ie KpnM had shown maximum host range (79%) against
K. pneumoniae isolates. Our findings suggest that the phage isolation site may produce a great impact on the host range
of bacteriophages because the isolation of bacteriophages from the environment where co-evolution of both phage and
host occurs increases the chances of isolation of phages with a higher host range.*' As previously described exposure to
multiple hosts may increase the host range of a particular bacteriophage.*> Keeping in view the aforementioned
hypothesis the bacteriophage was first isolated from hospital waste where exposure to multiple capsular types of K.
pneumoniae could have occurred. Additionally, the enrichment assay with multiple isolates of K. pneumoniae allowed
more exposure. Also, phage-encoded depolymerases are directly associated with the phage host range. Previous studies
have demonstrated that bacteriophages can be equipped with multiple depolymerases which individually augment the
phage host range (polyvalency).*> As previously demonstrated, along with phage lytic activity degradation of capsular
polysaccharides by depolymerases facilitates complement-mediated lysis and phagocytosis by macrophages.*> Therefore
the broad host range with possibly multiple depolymerases makes our bacteriophage a potential candidate for in vivo
phage therapy. However, sometimes the term broad host range is overestimated the lytic activity of other bacteria may be
due to the production of lysins by nearby phages our lysis occurs due to media components.**

Furthermore, other key features of our isolated bacteriophage include an average plaque formation time of 8—10 hours
with plaque size ranging from 0.5-3mm. One-step growth analysis had shown an adsorption period of 6 minutes
followed by a latent period of 24 minutes with a burst size of 230 phage particles per bacterial cell. Similar results
are also obtained in a recent study, phage vB_KpnM-VAC66 efficiently lysed K. pneumoniae host while aligned to our
study phage vB_KpnM-VAC66 had a short adsorption time of 4 minutes and a latent period of 15 minutes.*> The short
latent period and higher burst size are considered fundamental characteristics of bacteriophages suitable for phage
therapy while the phage efficiently satisfies both these characteristics.*® In contrast, another investigation demonstrated
that bacteriophage against Klebsiella had a 20 minutes latent period, which is aligned with this study whereas the burst
size was different which was 80 PFU/cell and three times lower than the burst size obtained in our study. Additionally,
our phage had shown stability under various broad ranges of environmental conditions. Phage KpnM remained stable at
various concentrations of chloroform (0.5%—1.5%). In comparison to our study previously it has been demonstrated that
the tail phages especially those belonging to the Siphoviridae family are chloroform-resistant.*’ Similarly, maximum
phage titer in PFU/mL was obtained at pH 7 while slightly lower titer was obtained at pH 9 and 11. Collectively the
phage titer remained reasonably stable from pH 4—11 with maximum titer at pH 7. Similar results to our findings have
previously been obtained for isolated bacteriophages which had shown stability to a wide range of pH 5-9 and retain
residual activity at pH 3.*® Phage KpnM also showed thermal stability at various ranges of temperature while the
maximum titer was obtained at 37 °C. However, in the present study phage genomics was not investigated which is a
limitation of the study. Detailed genomics of the isolated phage may be conducted in the future to decipher the different
molecular aspects and resistant or toxic genes exhibited in the phage genome.
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The isolated bacteriophage KpnM was also tested for its ability to inhibit biofilms. The bacteriophage had successfully
inhibited biofilm formation against all hvKp isolates. However, the ability of bacteriophages to eradicate mature biofilm
was slightly moderate as compared to its activity for biofilm inhibition. The means of ODgqq for biofilm inhibition assay
and biofilm eradication assay were compared with the mean of O.Dggy for biofilm formation assay. The mean O.Dggq
value of the biofilm formation assay was 0.401. The mean of O.Dg, for biofilm inhibition assay was 0.138 with an S.D
value. While the mean of O.Dg( for biofilm eradication assay was 0.208, comparative analysis of means demonstrates
effective biofilm inhibition and eradication ability of phage KpnM. The previous hypothesis about the association of the
mcr-1 gene with the high susceptibility of bacteria towards bacteriophage was also analyzed by comparing the data of
biofilm inhibition and eradication assay Figure 6C. The resulting plot demonstrates the association of the mcr-1 gene with
higher susceptibility towards bacteriophage as reflected in more efficient clearance of biofilms by our isolated bacter-
iophage against mcr-1 positive K. pneumoniae isolates. Aligned to our findings the results from a previous study had
shown the large plaque size in mcr-1 cultures.

Taking it together, it is concluded that the emergence of hvKp in the health setting is a serious health threat that needs
to be addressed resourcefully. Due to limited antibiotic options especially the ineffectiveness of potent antibiotics like
colistin, alternative approaches to control hvKp are indispensable. Characterized phage KpnM showed promising results
and killed the mcr-1 harboring hvKp isolates, which may be used as a potential alternative therapeutic strategy against
this pathogen. However, further studies are required to decipher the molecular basis of mechanisms opted by the phage to
kill this ominous host bacterium.
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