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Abstract: The worldwide increase in serious infections caused by multidrug-resistant (MDR) K. pneumoniae
emphasizes the urgent need of new therapeutic strategies for the control of this pathogen. There
is growing interest in the use of bacteriophages (or phages) to treat K. pneumoniae infections, and
newly isolated phages are needed. Here, we report the isolation and physical /biological /molecular
characterization of a novel lytic phage and its efficacy in the control of MDR K. pneumoniae. The phage
vB_KpnS_Uniso31, referred to hereafter as phage Kpn31, was isolated from hospital wastewater
using K. pneumoniae CCCD-K001 as the host. Phage Kpn31 presents a siphovirus-like morphotype
and was classified as Demerecviridae; Sugarlandvirus based on its complete genome sequence. The
113,444 bp Kpn31 genome does not encode known toxins or antimicrobial resistance genes, nor does it
encode depolymerases related sequences. Phage Kpn31 showed an eclipse time of 15 min and a burst
size of 9.12 PFU/host cell, allowing us to conclude it replicates well in K. pneumoniae CCCD-KO001
with a latency period of 30 min. Phage Kpn31 was shown to be effective against at least six MDR
K. pneumoniae clinical isolates in in vitro antibacterial activity assays. Based on its features, phage
Kpn31 has potential for controlling infections caused by MDR K. preumoniae.

Keywords: bacteriophage; Demerecviridae; Sugarlandvirus; Klebsiella pneumoniae; antibacterial
phage activity

1. Introduction

The worldwide emergence of infections caused by multidrug-resistant (MDR) pathogens
is a terrifying problem for human health and is predicted to cause 10 million antimicrobial
resistance-related deaths per year globally by 2050 [1]. The most common multidrug-
resistant pathogens, Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acine-
tobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp., which have been inte-
grated within the acronym “ESKAPE”, are the leading cause of hospital-acquired infections
throughout the world [2,3]. For instance, K. pneumoniae accounts for approximately 3-8%
of all nosocomial bacterial infections in the USA [4]. K. pneumoniae causes infections in
the urinary tract, respiratory tract, lung, wound sites, and blood, mainly in individuals
with debilitating diseases, typically colonizing the surface of the nasopharynx and gas-
trointestinal tract mucosa [5]. Various virulence factors contribute to the infectivity of
K. pneumoniae strains, including their capsular polysaccharides, lipopolysaccharides, and
exopolysaccharides, which provides a protection against the host immune response [6,7].
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Moreover, K. pneumoniae forms a biofilm and displays intrinsically and acquired resistance
to several antibiotics [8].

The increasingly high percentage of antimicrobial-resistant K. pneumoniae reflects the
continuous loss of effectiveness of the antimicrobial therapies and emphasizes the need
for the prudent use of antibiotics, as treatment options for MDR bacterial infections are
diminishing [8-10], and the discovery of new antibiotics for MDR Gram-negative ESKAPE
pathogens remains largely elusive [11]. Hence, new therapeutic and prophylactic strategies
for the control of MDR K. pneumoniae infection are needed, such as the combined use
of antibiotic therapies, antibacterial antibodies, enzyme-based antibacterials, and phage
therapy [12,13]. Indeed, human patients and animal models with K. pneumoniae infections
have been successfully treated with phage therapy, combined or not with conventional
antibiotic strategies [14-23].

In contrast with conventional antibacterial therapies, phage therapy seems not to
damage the host commensal microbiota, presents a lower toxicity, and has relatively low
cost, among other advantages [24]. Newly isolated phages are needed to meet the growing
interest in the use of phages to treat K. pneumoniae infections [23]. Therefore, the aim of the
study reported herein was to isolate (from hospital wastewater) and select a phage based
on its ability to form clear lysis plaques, to characterize (regarding physical, biological,
and genome sequence characteristics) and evaluate its in vitro efficiency to control MDR
K. pneumoniae clinical isolates, in order to assess its potential application in the treatment of
infections caused by MDR K. pneumoniae.

2. Materials and Methods
2.1. Bacterial Strains and Culture Conditions

Lyophilized stocks of K. pneumoniae CCCD-KO001, Escherichia coli CCCD—EQ03, Salmonella
enterica CCCD—S004, Pseudomonas aeruginosa CCCD—P004, Proteus mirabilis CCCD—P001,
Enterococcus faecalis CCCD—EOQ02, Bacillus subtilis CCCD—BO010, Staphylococcus epidermidis
CCCD—S5010, Staphylococcus aureus CCCD—S009, and Acinetobacter baumanii ATCC 16606
were purchased from Cefar Diagnostica (Sao Paulo, SP, Brazil).

Bacterial suspensions (Brucella Broth containing 15% (v/v) glycerol) of clinical isolates
of K. pneumoniae were provided by Dr. Priscilla Carmona, Technical Coordinator of the
Laboratory of Microbiology and Urinalysis of Hospital UNIMED Miguel Soeiro, Sorocaba,
SP, Brazil.

Bacteria were cultured on Tryptic Soy Agar (TSA, Sigma-Aldrich, St. Louis, MO, USA)
and incubated for 24 h at 37 °C. One isolated colony was aseptically picked from the TSA
plate, resuspended in 5 mL of sterile Tryptic Soy Broth (TSB, Gibco Diagnostics, Madison,
WI, USA), and incubated at 37 °C under orbital shaking at 100 rpm until reaching log phase
or stationary phase (up to 24 h).

2.2. Antibiotic Susceptibility Assays

Overnight cultures (100 puL) of K. pneumoniae strains in TSB were mixed with 4 mL of
molten top agar TSB (MTA-TSB) in a 15 mL test tube, and were tapped gently and poured
onto an agar plate with TSA, which was then gently swirled. The plates were allowed to
dry for 1-2 min, after which the antibiotic discs were gently placed using sterile tweezers.
The discs impregnated with antibiotics at the indicated concentration (nalidixic acid 30 pg,
amikacin 30 pug, amoxicillin/clavulanic acid 20/10 pg, ampicillin 10 pg, cephalothin 30 ug,
cefepime 30 ug, ceftriaxone 30 ug, cefuroxime 30 ug, cefuroxime acetyl 30 ug, ciprofloxacin
5 ug, ertapenem 10 pg, gentamicin 10 pg, meropenem 10 pg, nitrofurantoin 300 pg, nor-
floxacin 10 pg, piperacillin/tazobactam 100/10 pg, trimethoprim/sulfamethoxazole 25 pg,
ceftazidime 30 pg, colistin 10 pg, imipenem 10 ug, tigecycline 30 pg, ampicillin/sulbactam
10/10 g, and cefoxitin 30 ug) were purchased from Diagndsticos Microbiologicos Especial-
izados (Aracatuba, SP, Brazil).
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2.3. Phage Enrichment, Isolation and Enumeration

Phage enrichment from hospital wastewater was performed according to
Harada et al. [25]. A wastewater/sewage sample (50 mL) collected from Hospital UNIMED
Miguel Soeiro, Sorocaba, SP, Brazil on 16 January 2018 and 22 February 2018, was mixed
with an overnight culture of K. pneumoniae CCCD-K001 (50 uL) and supplemented with
50 mL of TSB. After incubation at 37 °C for 24 to 48 h, the enriched sample was centrifuged
(9000x g, 4 °C, 10 min), and the supernatant was collected and filtered through a sterile
0.22 pm filtration system (Stericup™-GP, Merck-Millipore, Darmstadt, Germany).

The presence of phages in the enriched supernatant was verified by spot-testing. Ten
microliter droplets of filtered supernatant were poured onto a lawn of the K. pneumoniae
CCCD-KO001, the plates were left to dry out and were subsequently incubated at 37 °C
during the night. After the incubation period, the plates were checked for either clear or
turbid lysis zones, indicative of the presence of phages.

Isolation of phage plaques was carried out using the conventional double-layer agar
method according to Harada et al. [25], Silva et al. [26], and Adams [27]. A K. pneumoniae
CCCD-K001 overnight culture (100 pL) was mixed with 5 mL of molten top agar TSB (MTA-
TSB) in test tubes and a phage suspension prepared from a single plaque resuspended in
TSB, tapped gently, and poured onto TSA plates which were gently swirled and allowed
to dry out for 1-2 min, followed by overnight incubation at 37 °C. The procedure was
repeated until all phage plaques exhibited the same morphology. The plates were stored at
4 °C as phage stocks.

Titres of phage suspensions (PFU/mL (plaque forming units/mL)) were deter-
mined by plating serially diluted phage suspensions using the double-layer agar method
described above.

2.4. PEG Precipitation of Phage Suspensions

High titre (10’3 PFU/mL) phage suspensions were concentrated by mixing (2:1, v/v)
with 10% (w/w) polyethylene glycol 8000 (PEG 8000, Sigma-Aldrich, St. Louis, MO, USA)
and 1 M NaCl (Labsynth, Diadema, SP, Brazil), and were incubated overnight at 4 °C.
The mixture was then centrifuged at 11,000 rpm at 4 °C for 45 min, the supernatant was
discarded, and the pellet was resuspended in 5 mM MgSQOy (Labsynth, Diadema, SP, Brazil).

2.5. Transmission Electron Microscopy (TEM)

PEG-concentrated phage suspensions were negatively stained with uranyl acetate
(Sigma-Aldrich, St. Louis, MO, USA). Glow-discharged carbon film-coated 3-mm cop-
per grids (Ultrathin Formvar/Carbon on a 400-mesh copper grid, CF400-Cu, Electron
Microscopy Sciences, Hatfield, PA, USA) were sequentially dipped in droplets of (i) concen-
trated phage suspension (15 min), (ii) ultrapure water (3x droplets, 10 s in each), (iii) uranyl
acetate (2%, w/v; pH 7.0) (5 min). The grids were then imaged out in a transmission electron
microscope from JEOL (model JEM 1011, Tokyo, Japan), at an acceleration voltage of 60 kV
using a CCD camera from GATAN Inc. (model 830 J46W44, serial no. 11042801W0830,
Pleasanton, CA, USA).

2.6. Purification of Phage DNA and Whole Genome Sequencing

The PEG-concentrated phage suspension (500 pL) was treated with 1.25 uL DN Ase-I
(20 mg/mL, Transgen Biotech, Beijing, China) and 1.25 uL. RNAse (10 mg/mL, Transgen
Biotech, Beijing, China) at 37 °C for 1 h. Following incubation, 1.25 pL Proteinase K (Trans-
gen Biotech, 20 mg/mL), 25 puL aqueous SDS (Sigma-Aldrich, St. Louis, MO, USA) (10%,
w/w) (final SDS concentration of 0.5%, w/w), and 20 pL. aqueous EDTA (Sigma-Aldrich,
St. Louis, MO, USA) (0.5 M, pH 8.0) (final EDTA concentration of 20 mM) were added to
the samples, followed by incubation at 60 °C for 1 h, after which the mixture was allowed to
cool down to room temperature. DNA extraction was performed using phenol/chloroform
(Sigma-Aldrich, St. Louis, MO, USA) protocol, as briefly described. Phenol was added in a
1:1 (v/v) proportion. After centrifugation at 6000 rpm for 5 min, an equal volume of chloro-
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form was added to the supernatant, and this last step repeated twice. After centrifugation
(6000 rpm for 5 min), the aqueous phase was collected. DNA was precipitated by mixing
the supernatant to 1/10 volume 3 M NaOAc (Sigma-Aldrich, St. Louis, MO, USA) (pH 7.5)
and 2.5x volume of cold absolute ethanol (Sigma-Aldrich, St. Louis, MO, USA). The mix-
ture was incubated overnight at —20 °C, at —86 °C for 30 min, and was centrifuged at
14,000 rpm for 20 min. The pellet was allowed to dry, after which it was dissolved in 50 uL
nuclease-free ultrapure water (ThermoScientific, Waltham, MA, USA). Purified phage
DNA was subjected to a final clean-up step using QIAamp mini spin columns (Qiagen,
Germantown, MD, USA) and was stored at —20 °C. DNA purity and concentration were
evaluated on a ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington,
DE, USA) at 260 nm, 280 nm, and 230 nm. Further quantification was performed with
Quant-iT Picogreen dsDNA assay kit (Life Technologies, Carlsbad, CA, USA). The DNA
integrity was examined with a DNA 7500 chip using a 2100 Bioanalyzer (Agilent, Palo Alto,
CA, USA).

Purified phage DNA (20-30 ng) was used to prepare the shotgun genomic library
with an Illumina Nextera DNA library preparation kit (Illumina, San Diego, CA, USA).
The DNA fragment library was cleaned up with Agencourt AMPure XP beads (Beckman
Coulter, Indianapolis, IN, USA) and the average fragment size (400-700 bp) was verified
by running in the 2100 Bioanalyzer using an Agilent High Sensitivity DNA chip (Agilent,
Palo Alto, CA, USA). Quantification of the Illumina sequencing library, normalization, and
sequencing were performed following standard protocols for sequencing in the Illumina
MiSeq platform. The library was subjected to one run using the MiSeq Reagent kit v3
(600-cycle format, paired-end (PE) reads).

2.7. Phage Genome Assembly and Annotation

Raw PE sequencing reads data were quality inspected and as the quality of the R1 reads
was higher than that of the R2 reads, only R1 reads were used for genome assembly. R1 reads
were trimmed and quality filtered using fastp [28], with a sliding window quality cutoff of
Q15. Bacterial host residual contaminant sequences were filtered out by mapping R1 reads
against a K. pneumoniae complete genome (Genbank accession number NC_016845.1) using
BBSLPIT tool (version 38.18). The filtered reads were de novo assembled with SPADES
using different kmer lengths (with the flag -k 21, 33, 55, 77, 99, 113, 121, and 127) (version
3.13.1) [29]. BOWTIE2 (version 2.3.4.1) [30] was used to map the reads to the genome
assemblies. The assembled phage genome was inspected for repeat sequences using the
Generic Repeat Finder [31].

The phage genome sequence was annotated with the Hmmer tool (version 3.3.2) using
the pVOGs [32] and PHROG [33] databases (downloaded in their last version on 15 April
2022, in the HMM aminoacid profile). The tool DeepCapTail [34] was used to predict viral
structural proteins (capsid and tail). A circular map of the annotated phage genome was
generated using CG view (version 2.0.2) [35].

2.8. Proteome-Based Clustering and Phylogenetic Analysis

A subset of 233 phage genomes close to the phage Kpn31 genome was selected from
the complete Millard Lab phage genome database (~21,000 genomes) [36], whoch was
downloaded in January 2022. The selection was based on the frequency of kmers with a
distance of <0.5 using the Mash tool [37]. This subset of 233 genomes was subjected to
shared proteome clustering analysis using the vConTACT?2 tool [38]. The resulting network
graph was visualized and annotated with Cytoscape (v3.8.0) [39].

A core of protein clusters was retrieved from the phages belonging to the Kpn31
cluster, each protein sequence from each phage was aligned, concatenated, and the result
was used to calculate a maximum likelihood phylogenetic tree using the FastTree [40] with
1000 bootstraps. The resulting tree was visualized using the FigTree (https://github.com/
rambaut/figtree/releases/tag/v1.4.4 (accessed on 26 May 2022)) program.
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2.9. Evaluation of the Host Range

The phage host range was evaluated with 39 bacterial strains using spot testing. Briefly,
4 mL of MTA-TSB were added with 300 uL of bacterial culture and overlaid on solid TSA,
which were allowed to dry out and were spotted with 10 pL-droplets of serial diluted phage
suspensions, and were then incubated at 37 °C for 24 h. Bacterial sensitivity to the phage
was inferred from the presence of clear lysis (+) or no-lysis (—) zones where the phage
suspension was spotted. In bacteria in which the occurrence of lysis zones was observed,
the plating efficiency was determined.

The efficiency of plating (EOP) was calculated based on the relative number of plaques
that a phage stock suspension produces on a certain bacterial strain, using the double
agar-layer method described above. After incubation at 37 °C for 24 h, the number of
PFUs/strain was determined. The EOP for each bacterial strain was calculated considering
an EOP value of 100% for K. pneumoniae CCCD-KO001 (strain used for phage isolation).
The values displayed for the EOP are the mean of three independent determinations. The
EOP was scored as high, moderate, or low, when the relative phage titres for each strain
represented 50% or more, 10-0.1%, and 0.1-0.001%, respectively, of the PFUs found for the
primary host. An EOP equal to or under 0.001 was classified as inefficient [41].

2.10. One-Step Growth Curve (OSGC)

The growth parameters for phage Kpn31 were obtained from the OSGC using K. pneu-
monige CCCD-K001 and Kpn31 at MOI < 0.001, as described by Harada et al. [25], with three
independent experiments. The experimental results were then plotted to determine the
eclipse, latent, and intracellular accumulation periods and the burst size of the phage. A typ-
ical sigmoidal (or four-parameter logistic regression, 4-PL) model (Log (Py) = p + ﬁ)
was then adjusted to the OSGC experimental data via nonlinear fitting, where Py represgnts
the concentration of phage (PFU/mL) at time t, « is the phage concentration att =0,  is
the phage concentration at t = oo, 11 is the inflection point of the sigmoidal curve, v is the
Hill’s slope (steepness) of the curve, and t is the time (min). Nonlinear fitting of the phage
growth data to the 4-PL model was carried out using the Solver function of Microsoft Excel

(Microsoft, Redmond, WA, USA).

2.11. Adsorption Rate

The phage adsorption rate was determined as described by Harada et al. [25], with
three independent assays. Phage adsorption was expressed as the decrease of phage
titre in the supernatant (%) compared with the time zero. Assuming that the phage par-
ticles have the ability to adsorb onto susceptible bacterial cells and form a reversible
phage-bacteria complex that may or may not lead to an infected bacterium, then the

5-Xo
model Free phage (P) + bacteria (Xg) = Reversible {phage — bacteria} complex (A),
¢
postulated by Watanabe et al. [42] and Moldovan et al. [43], leads to the set of
4P = —5P-Xo+ A
P+A =10

5-Xpt+¢
(=6

equations { , whose solution yields the mathematical model

Py _ ¢ 5Xg — ¢
R B e S R

tion rate via nonlinear fitting to the experimental data, where P; and P, represent the phage
concentrations (PFU mL 1) at times t and 0, respectively, 5 represents the (first order)
phage adsorption rate onto susceptible bacterial host cells (PFU~! CFU~! mL~! min~1), ¢
represents the (first order) phage desorption rate from reversible phage-bacteria complexes
(mL min—1), X represents the initial concentration of uninfected (susceptible) bacterial cells
(CFU/mL), and t is the infection time (h). Nonlinear fitting of the phage adsorption data
to the negative exponential model was carried out using the Solver function of Microsoft
Excel (Microsoft, Redmond WA, USA).

)'t} [42,44], which was used to estimate the adsorp-
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2.12. Bacterial Kill Assay

Inactivation of planktonic bacterial cells (10° CFU/mL) by phage Kpn 31 was studied
at MOI 1 (10° PFU/mL) and MOI 1000 (108 PFU/mL). Control assays were performed
with no phage added (bacterial control (BC)) or no bacterium added (phage control (PC)).
Controls and test samples (bacterium plus phage (BP)) were incubated under the same
conditions, and aliquots were withdrawn after 0, 2, 4, 6, 8, 10, 12 and 24 h of incubation.
In all of the assays, the phage titre was determined in triplicate using the double agar-
layer method, followed by incubation for 24 h at 37 °C. The bacterial concentration was
determined in triplicate in a solid TSA medium by plating 10 uL, followed by an incubation
period at 37 °C for 24 h. Three independent assays were performed.

2.13. UV-Vis Spectral Scans

The spectrophotometric assay was performed according to the procedure described
elsewhere [25,45]. Five dilutions of PEG-concentrated phage suspensions were prepared in
an SM phage buffer (200 mM NaCl, 10 mM MgSOy, 50 mM Tris-HCl, pH 7.5) up to a final
volume of 2000 pL, and absorbance was determined at 254.5 nm and 320 nm.

2.14. X-ray Diffraction Analysis

X-ray diffractograms of PEG-concentrated phage suspensions were obtained in an
X-ray Diffractometer (XRD) from Shimadzu (model XRD7000, Kyoto, Japan), using X-ray
radiation filtered through a Cu target. X-ray scanning was carried out at diffraction angles
of 2-Theta (5-90°, increments of 0.02 degrees and rate of 2° min—'), at a voltage of 40 kV,
electric current of 30 mA, and X-ray power of 3 kW. The data from X-ray diffractograms
were used in the Scherrer equation [46] (T(nm) = W@OS(B)), where T and A have nm
as the units of measurement, FWHM is the full width at the half maximum of the peak (rad),
K is a dimensionless shape factor (0.94), and 6 is half of Bragg angle (rad). The Scherrer
equation is useful for qualitative comparisons, and only for crystallites smaller than 1000 A.

2.15. Statistical Analyses

Statistical analysis of the experimental data was carried out using GraphPad Prism
7.04 (GraphPad Software, San Diego, CA, USA). The experimental data were assessed for
normal distribution using the Kolmogorov—-Smirnov test, whereas the homogeneity of the
variance was assessed using the Levene’s test. The significance of bacterial and phage
concentrations between MOI values and along the assays was determined using a two-way
analysis of variance (ANOVA) and the Bonferroni post hoc test. For different MOI values,
the significance of the differences was evaluated by comparing the results produced in
the test samples with the results produced for the corresponding control samples, for the
different inactivation times. p-values < 0.05 were considered statistically significant.

3. Results
3.1. Phage Isolation and Purification

One phage clear lysis plaque was selected among the clear and turbid plaques of
the same size obtained from the enrichment of a wastewater sample (sewage) collected
at Hospital UNIMED Miguel Soeiro, Sorocaba, Sao Paulo, Brazil, using K. pneumoniae
CCCD-KO001 as the host strain. This is a commercial collection strain derived from hu-
man urine clinical isolate, and it is reported as an MDR strain [unpublished]. After three
rounds of purification on a K. pneumoniage CCCD-K001 lawn, the isolated phage produced
clear and translucent plaques with diameters of ~1.0 mm (Figure 1). The isolated phage
was named vB_KpnS_Uniso31, hereafter referred to as Kpn31. High concentration sus-
pensions (10'3 PFU/mL) of phage Kpn31 were obtained for further assays, aiming at
its characterization.
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Figure 1. Lysis plaques of phage vB_KpnS_Uniso31 (Kpn31) in a K. pneumoniaze CCCD-K001 lawn.
Plaques present the same morphology without secondary halos around clear zones of lysis.

3.2. Virion Morphology

The TEM photomicrograph (Figure 2) clearly shows that the Kpn31 virion has a polyhe-
dral head and a long flexible, non-contractile tail of the Siphoviridae-like tail morphotype [47]
belonging to the Caudovirales order of dsDNA viruses.

Figure 2. Negative-staining TEM photomicrograph of phage Kpn31 at x100,000 magnification,
allowing to clearly observe the nucleocapsid, the non-contractile thin tail, the tail tube, and the central
tail spike at the distal part of the tail.
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3.3. Genomic Characterization of Phage Kpn31

The genome of phage Kpn31 was sequenced and assembled, resulting in a contig of
113,444 bp. The contig had 141 bp direct terminal repeats, indicating that the assembled
phage genome is complete. The GC content of the Kpn 31 genome is 45.3%, whereas that
of the K. pneumoniae is 57.5% [48]. The overall characteristics of the assembly and of the
genome annotation are summarized in Table 1.

Table 1. Genomic features of the phage Kpn31 genome.

Feature Phage vB_KpnS_Uniso31

(Phage Kpn31)
NCBI/Genbank accession number ON637170
Genome size 113,444 bp
Number of PE reads in the final assembly 491,866
Average sequencing coverage 1000x
GC content 45.3%
tRNA genes 14
Protein-coding genes (CDS) predicted 188
e  With function assigned 44/188 (23.4%)
e  Hypothetical/unknown function 144/188 (76.6%)
e  Hypothetical with predicted functional description 54/144 (37.5%)

The genome of phage Kpn31 encodes 14 tRNAs and 188 protein coding genes (CDS,
coding sequences) (Supplementary Table S1). A comparison of the annotated CDS with
different databases revealed that 144 CDS are predicted as proteins of an unknown function
or hypothetical proteins. Nevertheless, further investigation suggests that 54 of the hypo-
thetical proteins have a predicted functional description, mostly as capsid or tail proteins
(Supplementary Table S1). Several structural proteins, such as capsid, tail, and baseplate
proteins, were annotated along with DNA metabolism-related proteins and host lysis
proteins (holin, endolysin, and spanin). We did not detect genes related to depolymerases,
toxins, virulence factors, antibiotic resistance, or integrases among the Kpn31 CDS with
predicted functions (Supplementary Table S1). A circular map of the annotated Kpn31
genome is shown in Figure 3.

The proteome clustering and network analysis performed with vConTACT?2 [38] as-
signed the Kpn31 genome to a viral cluster with 12 phages (Figure 4 and Table 2), all of them
currently classified as Demerecviridae or Sugarlandvirus. Therefore, phage vB_KpnS_Uniso31
(phage Kpn31) can be assigned to the Sugarlandvirus genus. The taxonomic classification
of Kpn31 agrees with the TEM analysis (Figure 2), which showed a siphovirus-like mor-
photype, which is typical of Demerecviridae phages such as the T5 coliphage [47]. Moreover,
the Kpn31 genome nucleotide sequence is greatly similar (~95%) to most of the 12 phage
genomes that clustered together in the proteome network analysis (Table 2).

The core protein clusters from the 12 phages determined as the closest to Kpn31 by the
network analysis (Table 2), along with Kpn31 itself (Supplementary Table S2), were used for
the phylogenetic analysis. While some phages are grouped, such as phages Sugarland and
Spivey, phages Shaphc-TDM-1124-4 and Kpn31 appear isolated in an branch (Figure 5).

3.4. Host Range of Phage Kpn31

The susceptibility of 39 bacterial strains to phage Kpn31 was inferred by spot test
(Table 3). As expected, bacterial species such as E. coli, S. enterica, P. aeruginosa, P. mirabilis,
E. faecalis, B. subtilis, S. epidermidis, S. aureus, and A. baumanii were not susceptible to phage
Kpn31. On the other hand, 11 out of 26 strains of K. pneumoniae derived from clinical
isolates were susceptible to Kpn31 on spot test (Table 3), forming completely cleared zones.
The EOP for these 11 K. pneumoniae clinical isolates in relation to K. pneumoniae CCCD-K001
varied from 89.21% to 0.9% (Table 3). Strains 1, 2, 4, 5, 13, and 24 presented EOPs >50%
and <90%.
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Figure 3. Annotated genome map of phage Kpn31. GC skew, G + C content, and predicted CDS are
shown. The middle ring indicated the GC content (black), and the innermost ring represented the
GC skew of Kpn31 genome. Blue arrows in the outer ring are annotated coding sequences (CDSs)
numbered according to the annotation in Supplementary Table S1. Red arrows correspond to tRNAs.
The arrows represent the direction of transcription (strand + or —).

Table 2. Phages that clustered together with phage Kpn31 in the network analysis performed.

% Nucleotide Query Cover

NCBI _—r Genome ;
Accession Description Size (bp) Identlt.y Reference
Relative to Knp31 Genome

KX845404 Klebsiella phage vB_Kpn_IME260 123,490 95.89 95 [49]
MG459987 Klebsiella phage Sugarland 111,103 96.72 85 [50]
MK521907 Klebsiella phage vB_KpnS_FZ41 106,104 95.74 87 [51]
MK630230 Klebsiella phage Spivey 110,659 93.84 84 unpublished
MN101228 Klebsiella phage KPN4 108,916 96.82 89 unpublished
MN163280 Klebsiella phage KpGranit 122,710 96.68 95 [52]
MN434094 Klebsiella phage AmPh_EKS80 112,215 95.82 82 [53]
MN434096 Klebsiella phage JIPh_Kp127 113,671 95.35 93 [53]
MN478377 Bacteriophage Eos 109,015 76.89 24 unpublished
MT380195 Klebsiella phage vB_Kpn_B01 113,227 96.14 96 [54]
MW?713578  Klebsiella phage Shaphc-TDM-1124-4 112,841 95.93 96 unpublished

MZ079855 Klebsiella phage vB_Kpn_3 112,003 89.56 77 unpublished
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Figure 4. Proteome-based network analysis calculated with vConTACT2. The predicted proteome
of phage Kpn31 was clustered with the proteome of its closest 233 annotated phages pre-selected
from the Millard phage database. The Kpn31 cluster encompassing the 12 phages listed in Table 2 is
highlighted by a red box. The numbers in the nodes correspond to the NCBI accession of each phage
genome. The edges between nodes represent shared proteins.

Table 3. Host range of phage Kpn31 determined on 39 bacterial strains. Numbered strains of K.
pneumoniae were derived from clinical isolates from human patients (see Supplementary Table S3
for antibiotic susceptibility profile). Clear lysis zone (+) and no-lysis zone (—) on the spot tests.
An efficiency of plating (EOP) value of 100% was considered for the host strain K. pneumoniae
CCCD—KO001. n.d.—not determined.

Phage Kpn31
Bacterial Strains Source
Spot Test EOP (%)

Escherichia coli CCCD—EO003 Collection - n.d.
Salmonella enterica CCCD—S004 Collection - n.d.
Pseudomonas aeruginosa CCCD—P004 Collection - n.d.
Proteus mirabilis CCCD—P001 Collection - n.d.
Enterococcus faecalis CCCD—E002 Collection — n.d.
Bacillus subtilis CCCD—B010 Collection — n.d.
Staphylococcus epidermidis CCCD—S010 Collection - n.d.
Staphylococcus aureus CCCD—S009 Collection — n.d.
Acinetobacter baumanii ATCC 16606 Collection - n.d.
K. pneumoniae CCCD—KO001 Collection (Urine) + 100

K. pneumoniae strain 1 Anal swab + 84.64

K. pneumoniae strain 2 Urine + 71.23
K. pneumoniae strain 3 Urine — n.d.

K. pneumoniae strain 4 Anal swab + 89.21

K. pneumoniae strain 5 Urine + 70.18

K. pneumoniae strain 6 Urine — n.d.

K. pneumoniae strain 7 Urine — n.d.

K. pneumoniae strain 8 Anal swab + 45.36

K. pneumoniae strain 9 Anal swab — n.d.
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Table 3. Cont.
Phage Kpn31
Bacterial Strains Source
Spot Test EOP (%)
K. pneumoniae strain 10 Anal swab + 9.54
K. pneumoniae strain 12 Femur secretion + 0.90
K. pneumoniae strain 13 Urine + 59.64
K. pneumoniae strain 14 Urine - n.d.
K. pneumoniae strain 15 Hemoculture — n.d.
K. pneumoniae strain 16 Catheter tip + 12.89
K. pneumoniae strain 17 Urine - n.d.
K. pneumoniae strain 18 Anal swab - nd.
K. pneumoniae strain 19 Urine - n.d.
K. pneumoniae strain 20 Urine - n.d.
K. pneumoniae strain 21 Anal swab - n.d.
K. pneumoniae strain 22 Urine - n.d.
K. pneumoniae strain 23 Anal swab - n.d.
K. pneumoniae strain 24 Anal swab + 55.12
K. pneumoniae strain 26 Urine - n.d.
K. pneumoniae strain 29 Anal swab + 23.66
K. pneumoniae strain 30 Anal swab - n.d.
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Figure 5. Phylogenetic tree calculated using the core protein clusters from 12 phages connected
with phage vB_KpnS_Uniso31 (highlighted in red). Sequences of protein clusters were used for a
maximum likelihood (ML) phylogenetic reconstruction using 1000 bootstrap replicates.
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It is important to mention that all K. pneumoniae clinical isolates evaluated in the host
range tests were found to be resistant to many antibiotics exclusively utilized in hospital
settings (Table S3).

3.5. Determination of Burst Size and Phage Adsorption Rate

The phage eclipse, latent, and intracellular accumulation periods and burst size were
estimated as being 15 min, 30 min, 15 min, and 9.12 PFUs/host cell (Figure 6), respectively.
19.00 -
18.80 +

18.60

1840 T ] T
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= £
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.
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Figure 6. One-step growth curve of phage Kpn31 using K. pneumoniae CCCD-KO001 as the host. The
assay was performed with K. pneumoniae CCCD-K001 in the late exponential phase (10 CFU/mL)
and phage Kpn31 at a titre of 10> PFU/mL (MOI <0.001). The phage growth data were adjusted
via nonlinear fitting to a typical sigmoidal (or four-parameter logistic regression) model to estimate
the phage eclipse (ep), latent (Ip), and intracellular accumulation (iap) periods and burst size (bs)
as indicated. Values are the means of three independent assays. Error bars represent the standard
deviations. Ip: 30 min; ep: 15 min; iap: 15 min; bs: 9.12 PFUs/host cell.

The ability of phage Kpn31 to bind to K. pneumoniae CCCD-K001 cells was evaluated
by the adsorption assay displayed in Figure 7. The adsorption rate was estimated via
nonlinear fitting of the phage adsorption model to the experimental data, producing a
value for the adsorption rate of the phage particles equal to & = 1.700 x 10~ PFU~!
CFU ! mL~! h™! and a value for the phage desorption rate equal to ¢ = 0.00110 h™!
(Xo = 1.0 x 108 CFU/mL). Thus, within 10 min after phage-host mixture, ~90% of the
phage particles were adsorbed to the bacterial cells (Figure 7).

3.6. In Vitro Inactivation of K. Pneumoniae CCCD-K001

The in vitro inactivation of K. pneumoniae CCCD-K001 by phage Kpn31 was assessed
by means of bacterial kill curves at a MOI of 1 and of 1000 (Figure 8a). The maximum
inactivation of K. pneumoniae with phage Kpn31 was 5.6 and 7.5 log CFU/mL for MOI 1
and 1000 (Figure 8a), respectively, after a period of incubation of 6 h. While in the first 4 h of
incubation, the inactivation factor was similar for MOI 1 and 1000 (ANOVA, p > 0.05), in the
first 8 h of incubation, the inactivation factor was higher for MOI 1000 (ANOVA, p < 0.05).
At a MOI of 1000, after 6, 8, 10, and 12 h of incubation, the reduction in K. pneumoniae
counts (7.5, 8.1, 7.5, and 6.8 log CFU/mL, respectively) was significantly larger (ANOVA,
p < 0.05) than that produced with MOI 1 (5.6, 4.8, 4.2, and 4.5 log CFU/mL, respectively).
K. pneumoniae regrowth was observed after 6 h of incubation. However, at the end of the
experiment, the rate of bacterial regrowth with a MOI of 1 and 1000 (reduction of 3.0 and
3.5 log CFU/mL, respectively) was significantly lower (ANOVA, p < 0.05) than the one
obtained with the bacterial control (Figure 8a). The bacterial reduction for the two MOI
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values at the end of incubation timeframe (24 h) was statistically similar (ANOVA, p > 0.05)
(Figure 8a).

1.00 ©
0.90

0.80 1
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Infection time (min)

Figure 7. Adsorption curve of the phage Kpn31 onto K. pneumoniae CCCD-K001 cells, displaying
the non-linear fitting of a negative exponential function to the experimental data. Values represent
the means of three independent assays. Error bars represent the standard deviations. The values of
the parameters obtained from the nonlinear fitting of the adsorption model to the experimental data
were § = 1.700 x 1072 PFU~! CFU~! mL~! h~! (phage adsorption rate) and ¢ = 0.00110 h—! (phage
desorption rate) (Xo = 1.0 x 108 CFU/mL).
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Figure 8. In vitro inactivation of K. pneumoniae by phage Kpn31. (a) Inactivation of K. pneumoniae
CCCD-K001 was evaluated at a MOI of 1 and of 1000 by determining the bacterial concentration
(CFU/mL) (a) and phage titre (PFU/mL) (b) during 24 h. BC, bacterial control (no phage added);
BP, bacteria with phage; PC, phage control. Values represent the mean of three independent assays,
whereas error bars represent the standard deviation.
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Throughout the 24 h of incubation, the bacterial concentration in the control sam-
ple (no phage added) increased 5.1 log CFU/mL (Figure 8a), whereas the concentration
of phage particles in the phage control sample decreased (0.7 and 1.0 log PFU/mL) for
MOI 1 and 1000, respectively (Figure 8b). When phage Kpn31 and its bacterial host were
incubated together, one could observe a statistically significant increase in phage concen-
tration (5.9 and 3.0 log PFU/mL, ANOVA, p < 0.05) for MOI 1 and MOI 1000, respectively
(Figure 8b).

The effect of the MOI value was more pronounced during the first 8-10 h of bacterial
inactivation (Figure 8a), with MOI 1000 promoting a higher reduction in bacterial levels
relative to MOI 1. However, this difference was significantly reduced by the end of the
inactivation assays, with a difference in attained levels of bacteria of only 0.5 log CFU/mL.

3.7. Physicochemical Characterization

Physicochemical properties of concentrated suspension of phage Kpn31l
(1.165 x 103 virions/mL) were studied via UV-VIS spectral scans and X-ray diffraction
(XRD) analysis. Figure 9a shows that the UV-VIS spectral scan of the phage particles sus-
pension produced a maximum absorption at 254.51 nm and a minimum absorption around
245 nm, which is indicative of very low contamination with bacterial cell debris [25,45].
Subtracting the absorbance at 320 nm (where phage chromophores virtually do not absorb
light) aimed at correcting for light scattering from phage particles and non-phage particu-
late contaminants [25,26,45,55]. Fitting the Beer—-Lambert equation to the data displayed
in Supplementary Table 54, we determined the molar extinction coefficient of the phage
particles as expn31 = 2.2877 X 10712 (PFU’s/mL)~! cm~!, allowing for calculating the phage
particle concentration based on the resulting calibration curve (Figure 9b).
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Figure 9. UV-VIS spectral scan of Kpn31 phage particles (a) and the relationship between the
concentration of phage Kpn31 and its corrected absorbance (b).

The normalized X-ray diffractogram of phage Kpn31 is displayed in Figure 10, allow-
ing to observe a generalized amorphous behavior with two peaks of crystallinity. In XRD
studies, the Scherrer equation [46] relates the size of sub-micrometre particles, or crystallites,
with the widening of a peak in a diffractogram, and it is used for determining the size
of the particles of crystals as well as the size and shape of small crystalline regions. The
diffractogram of bacteriophage Kpn31 exhibited very small noise, with very well-defined
peaks in the region of 28.00 < 26 < 33.00, with quite a tall peak at 20 = 31.70°, probably
related to external structures of the isolated phage particles. Using the Scherrer equation
(see Section 2.14.), the crystallites observed in the X-ray diffractogram (Figure 10) had the
probable sizes of Tyg - 25380 = 85.65 nm and Tyg - 3170 = 43.16 nm. These values are in close
agreement with previous results published for Pseudomonas aeruginosa phages [25]. The
produced sharp peaks in the diffraction pattern of phage Kpn31 by the scattering of X-rays
by crystalline structures may thus serve as a signature [56] for the phage particles.
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Figure 10. Normalized X-ray diffractogram (XRD) of a sample of the concentrated suspension of
phage Kpn31. Diffractogram obtained at an X-ray wavelength of 1.5418 Angstrom.

4. Discussion

K. pneumoniae is among the leading bacterial species that cause opportunistic noso-
comial infections and is considered a worldwide threat to public health [57]. There is
increasing incidence of multi-drug resistant K. pneumoniae strains with the accompanying
loss of effectiveness of the antimicrobial therapies [58]. Thus, there is an urgent need for
new therapeutic strategies for the control of this pathogen, and the use of bacteriophages
has resurged as a useful approach to treat MDR K. pneumoniae infections [23].

This work focused on the isolation and characterization of a phage that infects MDR
K. pneumoniae strains. Phage Kpn31 has a siphovirus-like morphotype according to trans-
mission electron microscopy and was classified as Demerecviridae or Sugarlandvirus based
on its genome sequence. Dozens of K. pneumoniae phages, spanning most of the Cau-
dovirales families, have been isolated from various sources, such as sewage, wastewater,
river, and marine water [23,59,60]. However, not a lot of K. pneumoniae phages currently
classified as Demerecviridae have been reported [60]. Given that Demerecviridae phages
present a siphovirus morphotype, we reasoned that this number might increase as genome
sequences of K. pneumoniae phages previously classified as Siphoviridae are available. For
instance, the K. pneumoniae phage Sugarland was previously classified as Siphoviridae [23].
Kpn31 has a genome of 113,444 bp, which is quite similar to the genome size of phages
from Sugarlandvirus genus. Moreover, the Kpn31 genome does not encode known toxins
or antimicrobial resistance genes, which is a required property for phage therapy appli-
cations [61]. The taxonomic lineage of phage vB_KpnS_Uniso31 was thus established as:
Viruses > Duplodnaviria » Heunggongvirae » Uroviricota > Caudoviricetes > Caudovirales >
Demerecviridae > Sugarlandvirus [62].

The phage Kpn31 genome does not appear to encode depolymerases-related sequences,
as has been observed for several Klebsiella phages, including Sugarlandvirus [60]. Accord-
ingly, Kpn31 lysis plaques does not present the typical halos around the clear zones of lysis
observed for depolymerase-producing phages [63].

One (if not the major) advantage of antimicrobial phage treatment lies in the high
specificity of phage particles, even though they should be able to promote the lysis of the
majority of strains of a given bacterial species [23,64—-66]. Phage Kpn31 infected about 46%
of the MDR K. pneumoniae clinical isolates tested (Table 3). However, phage Kpn31 did not
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infect other bacterial strains of the Enterobacteriaceae genera, nor other strains belonging to
other bacterial families. Among the 26 strains of MDR K. pneumoniae derived from clinical
isolates, 11 were susceptible to Kpn31 on spot test, out of which two strains scored low
EQOP (Table 3), indicating that phage Kpn31 particles were able to bind to these strains and
promote bacterial death either via an abortive infection or lysis from without [67,68], but
were unable to yield sufficient progeny virions. On the other hand, six MDR K. pneumoniae
strains exhibited a high EOP (>50%). An EOP of 100% means that every phage particle
adsorbing to a susceptible bacterial cell can inject its DNA and produce a lysis plaque
under ideal conditions [67]. Zurabov and Zhilenkov (2021) observed that two K. prneumoniae
phages (vB_KpnS_FZ10 and vB_KpnP_FZ12) were active against a high percentage of K.
pneumoniae strains (57% and 71%, respectively) [69]. However, the lytic activity of the
phages vB_KpnS_FZ41 and vB_KpnM_FZ14 was only about 29% [69]. In another study,
the lytic spectra of 32 K. pneumoniae phages showed that phages of the Siphoviridae and
Podoviridae families lysed about 7-15% of strains, and only one phage of the Podoviridae
family was effective against 22% of the strains tested [59]. Phages of the Myoviridae family
were active against 4-22% of K. pneumoniae strains [59]. Phage Kpn31 showed a rather high
lytic activity against K. pneumoniae strains, which confirms its potential for prophylaxis
and for the treatment of bacterial infections caused by this bacterium. In the future, new
phages need to be isolated and tested together with phage Kpn31 in order to produce
a cocktail with a broader spectrum of activity against K. pneumoniae and other human
pathogenic bacteria.

Before applying phages to control bacterial pathogens, the dynamics of phage—host
replication should be well characterized in vitro. The first step in the phage infection
process is the adsorption of the phage virion onto a susceptible bacterial cell [43,70-72].
Such adsorption can be usually described by mass-action kinetics [44], implicitly assuming
equal influences of the density of bacterial host cells and the adsorption rate [70,71,73].
Hence, a microenvironment with a high bacterial host cell density may mimic a phage
displaying a high adsorption rate. The adsorption of a phage particle to its bacterial host cell
is a combination of diffusion, biochemical interactions at the host cell surface, and reaction-
induced three-dimensional conformational changes in surface receptor proteins [44,74,75].
According to Bull et al. (2014) [76], in phages used to treat infections, 70% or more of
the phage particles should be adsorbed onto the target host cells in the first 10 min, and
the adsorption constant should be 1078-10~% mL/min. Approximately 90% of phage
Kpn31 particles adsorbed to K. prneumoniae CCCD—KO01 cells after 10 min, and 100% of
the phage particles adsorbed after 30 min, which confirms its potential for the treatment
and prevention of bacterial infections. The adsorption rate of phage Kpn31 particles
(1.700 x 10~ PFU~! CFU~! mL~! h™!) closely agrees with the results published by
Zurabov et al. (2021) [69] for K. pneumoniae phages (phages vB_KpnS_FZ10, vB_KpnS_FZ41,
vB_KpnP_FZ12, and vB_KpnM_FZ14).

The growth parameters of Kpn31 phage particles showed a burst size of 9.12 PFU /host
cell, allowing to conclude that the phage replicates well in K. pneumonine CCCD-K001 with
a short latency period (30 min). The latent period of phage Kpn31 correlates well with
published data on K. pneumoniae phages [59,69,77]. The latent period of phage Kpn31
was similar to that of phage vB_KpnS_FZ10 (30 min), phage vB_KpnP_FZ12 (30 min),
phage vB_KpnM_FZ14 and phage vB_KpnS_FZ41 (35 min) [69], phage Z (24 min) [77],
and phage vB_KpnM_KP15 and phage vB_KpnM_KP27 (25 min) [59]. The burst size of
phage Kpn31 was similar to that of phage vB_KpnM_KP15 and phage vB_KpnM_KP27
(10-15 PFU /host cell) [59], but lower than that of phages vB_KpnS_FZ10 (80 & 2 PFU/host
cell), vB_KpnP_FZ12 (80 & 7 PFU/host cell), vB_KpnS_FZ41 (118 £ 3 PFU /host cell), and
vB_KpnM_FZ14 (120 £ 5 PFU /host cell) [69]. Despite its relatively low burst size, phage
Kpn31 promoted a significant decrease in the growth of K. pneumoniae, but its effect only
started after 4 h of incubation. K. pneumoniae was effectively inactivated by phage Kpn31,
reaching a maximum inactivation of 5.6 log CFU/mL and 7.5 log CFU/mL after 6 h of
incubation at MOI 1 and 1000, respectively. After this time, although some host cells were
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not inactivated by phage Kpn31, after phage treatment, the cell growth was much slower.
Between 8 h and 24 h of treatment with phage Kpn31 at MOI 1 and 1000, the concentration
of host cells was significatively lower than that observed for the control.

At MOI 1, the phage concentration increased by approximately 10-fold (from 10°
to 10® PFU/mL, Figure 8b), whereas at MOI 1000, the phage concentration increased
by approximately 10,000 fold (from 10® to 10'> PFU/mL, Figure 8b) over the first 4 h of
treatment. Yet, the bacterial growth was essentially the same for the control and MOI 1
culture, and almost the same for the MOI 1000 culture, from 10° to 10! and from 10° to
10%* CFU/mL, respectively, during the first 4 h of treatment (Figure 8a). To produce a
phage titer of ca. 10’2 PFU/mL (Figure 8b) with a burst size of 9.12 PFU/host cell, it would
have required the infection of approximately 10! bacterial cells during that timeframe.

An important issue when inactivating bacteria with phages is the appearance of
bacterial cells resistant to the phage, a phenomenon particularly common to
K. pneumoniae [23,55,64,66,78-80]. Phage Kpn31 did not fully prevent the regrowth of
bacteria during the treatment. According to several studies, the drawback of bacterial
resistance to the phage can be surpassed by using phage cocktails [55,66,79,81-85].

Increasing the MOI from 1 to 1000 for phage Kpn31 significantly increases the treat-
ment efficiency. Although bacterial reduction with phage Kpn31 was higher at a MOI of
1000 (with a decrease of 7.5 log CFU/mL after 6 h of incubation (Figure 8a)), the initial dose
of phage Kpn31 was not essential because of the self-perpetuating nature of phage particles,
which was revealed by a high increase of phage titers along with bacteria at MOI 1. The
number of phage particles during the 12 h of incubation in the presence of the host at a
MOI of 1 increased more (by 5.9 log PFU/mL) than at a MOI of 1000 (by 3.0 log PFU/mL)
(Figure 8b). In line with the kinetic theory of antibacterial phage treatment, which states
that MOI may be of the utmost importance for the effectiveness of bacterial inactivation by
the phage, with the inactivation of pathogenic bacterial host increasing side by side with
the value of MOI or starting sooner at bigger values of MOI, other researchers [83,85] have
reported that well defined initial amounts of phage may not be absolutely necessary due
to the self-replicating nature of phages. In fact, this is probably the biggest advantage of
antibacterial phage treatment when compared to the conventional antimicrobial therapy.
In addition, high MOI values may be even deleterious for the success of antibacterial
phage treatment, as the target bacterial host might be killed before replicating the phage
particles. This may occur when a bacterium is infected simultaneously by a large number
of phage particles and lysis occurs due to the presence of lysins in large concentrations, a
phenomenon known as “lysis from without” [67,68]. In fact, by the end of phage treatment,
the difference in bacterial inactivation was only of 0.5 log CFU/mL for both MOI values.

The phage Kpn31 host range was initially evaluated by spot test to assess if it was able
to produce clear plaques on strains of different bacterial genera and of MDR K. pneumoniae
clinical isolates. However, the spot test may produce false positives due to bacterial cell
lysis, without them being infected by the phage [86], either due to a high number of
phage particles adsorbing to the bacterial cell or to residual endolysins present in the
bacteriophage suspensions [68,87,88]. In addition, the isolated phages will not always
infect only the isolation host, infecting in general bacterial hosts that display the same types
of receptors at the surface as the isolation host [89].

The high bacterial inactivation efficiency of phage Kpn31 combined with the safety of
the phage and its efficiency against K. pneumoniae strains paves the way for new studies,
especially in vivo studies, aiming at the development of strategies to control infections
caused by K. pneumoniae. The results of this study highlight the importance of isolating,
characterizing, and testing the effectiveness of new phages to inactivate bacteria in clinically
relevant settings.



Pharmaceutics 2022, 14, 1421 18 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /pharmaceutics14071421/s1. Table S1: Antibiotics susceptibility
of Klebsiella pneumoniae strains derived from clinical isolates from human patients. Table S2: Data
utilized to determine the molar extinction coefficient of phage Kpn31. Table S3: Annotation of
phage Kpn31 genome. Table S4: Core protein clusters from the 12 phages closest to Kpn31 by the
network analysis.

Author Contributions: Conceptualization, V.M.B.; methodology, FP.N.R., LEM. and VM.B.; for-
mal analysis, A.M.d.S., M.M.D.C.V. and VM.B,; investigation: B.G.B., E.C.S., EC.M. and EPN.R;
writing—original draft preparation, V.M.B.; writing—review and editing, VM.B., AM.d.S. and C.P;
visualization, EPN.R. and V.M.B.; supervision, V.M.B.; funding acquisition, V.M.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Sao Paulo Research Foundation (FAPESP), grants
2016/08884-3 (Project PneumoPhageColor) and 2016/12234-4 (Project TransApplIL). Funding was
provided by FCT/MCTES to CESAM (UID/AMB/50017/2019). V.M.B. was visiting researcher fellow
from FAPESP (2018/05522-9, Project PsaPhageKill). V.M.B. and A.M.D.S. received research fellowship
awards from the National Council for Scientific and Technological Development (CNPq) (grants
306113/2014-7, 308208/2017-0, and 314701/2020-6). EP.N.R. was supported by a fellowship from the
Coordination for the Improvement of Higher Education Personnel (CAPES). C.P. was supported by a
Junior Research contract (CEEC Individual/03974/2017), financed by the Portuguese Foundation for
Science and Technology (FCT).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The phage genome sequence described in this work has been deposited
in GenBank NCBI (National Center for Biotechnology Information) under accession number ON637170.

Acknowledgments: We would like to thank the Technical Coordinator of the Laboratory of Mi-
crobiology and Urinalysis of Hospital UNIMED Miguel Soeiro, Sorocaba, SP, Brazil, for providing
K. pneumoniae clinical isolates.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in study
design, data collection, and analysis; in the decision to publish; or in the preparation of the manuscript.

References

1. Murray, C.J,; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Aguilar, G.R.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al. Global
burden of bacterial antimicrobial resistance in 2019: A systematic analysis. Lancet 2022, 399, 629-655. [CrossRef]

2. Ayobami, O.; Brinkwirth, S.; Eckmanns, T.; Markwart, R. Antibiotic resistance in hospital-acquired eskape-e infections in low-
and lower-middle-income countries: A systematic review and meta-analysis. Emerg. Microbes Infect. 2022, 11, 443-451. [CrossRef]
[PubMed]

3. Diene, S.M.; Rolain, J.-M. Investigation of antibiotic resistance in the genomic era of multidrug-resistant Gram-negative bacilli,
especially Enterobacteriaceae, Pseudomonas and Acinetobacter. Expert Rev. Anti-Infect. Ther. 2013, 11, 277-296. [CrossRef]
[PubMed]

4. Ashurst, J.V.; Dawson, A. Klebsiella Pneumonia. Available online: https://www.ncbinlm.nih.gov/books/NBK519004/
(accessed on 5 June 2022).

5. Chang, D.; Sharma, L.; Cruz, C.S.D.; Zhang, D. Clinical Epidemiology, Risk Factors, and Control Strategies of Klebsiella
pneumoniae Infection. Front. Microbiol. 2021, 12, 750662. [CrossRef]

6. Bengoechea, ].A.; Pessoa, ].S. Klebsiella pneumoniaeinfection biology: Living to counteract host defences. FEMS Microbiol. Rev.
2018, 43, 123-144. [CrossRef] [PubMed]

7. Chung, PY. The emerging problems of Klebsiella pneumoniae infections: Carbapenem resistance and biofilm formation. FEMS
Microbiol. Lett. 2016, 363, fnw219. [CrossRef]

8.  Wyres, K.; Holt, K. Klebsiella pneumoniae as a key trafficker of drug resistance genes from environmental to clinically important
bacteria. Curr. Opin. Microbiol. 2018, 45, 131-139. [CrossRef] [PubMed]

9.  Russo, A.; Giuliano, S.; Ceccarelli, G.; Alessandri, F.; Giordano, A.; Brunetti, G.; Venditti, M. Comparison of Septic Shock Due to
Multidrug-Resistant Acinetobacter baumannii or Klebsiella pneumoniae Carbapenemase-Producing K. pneumoniae in Intensive
Care Unit Patients. Antimicrob. Agents Chemother. 2018, 62, €02562-17. [CrossRef] [PubMed]

10. Agodi, A; Barchitta, M.; Quattrocchi, A.; Maugeri, A.; Aldisio, E.; Marchese, A.E.; Mattaliano, A.R.; Tsakris, A. Antibiotic trends

of Klebsiella pneumoniae and Acinetobacter baumannii resistance indicators in an intensive care unit of Southern Italy, 2008-2013.
Antimicrob. Resist. Infect. Control 2015, 4, 43. [CrossRef]


https://www.mdpi.com/article/10.3390/pharmaceutics14071421/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14071421/s1
http://doi.org/10.1016/S0140-6736(21)02724-0
http://doi.org/10.1080/22221751.2022.2030196
http://www.ncbi.nlm.nih.gov/pubmed/35034585
http://doi.org/10.1586/eri.13.1
http://www.ncbi.nlm.nih.gov/pubmed/23458768
https://www.ncbi.nlm.nih.gov/books/NBK519004/
http://doi.org/10.3389/fmicb.2021.750662
http://doi.org/10.1093/femsre/fuy043
http://www.ncbi.nlm.nih.gov/pubmed/30452654
http://doi.org/10.1093/femsle/fnw219
http://doi.org/10.1016/j.mib.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29723841
http://doi.org/10.1128/AAC.02562-17
http://www.ncbi.nlm.nih.gov/pubmed/29555630
http://doi.org/10.1186/s13756-015-0087-y

Pharmaceutics 2022, 14, 1421 19 of 21

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31.

32.

33.

34.

35.

36.

Miethke, M.; Pieroni, M.; Weber, T.; Bronstrup, M.; Hammann, P; Halby, L.; Arimondo, P.B.; Glaser, P; Aigle, B.; Bode, H.B.; et al.
Towards the sustainable discovery and development of new antibiotics. Nat. Rev. Chem. 2021, 5, 726-749. [CrossRef]

Mulani, M.S.; Kamble, E.; Kumkar, S.N.; Tawre, M.S.; Pardesi, K.R. Emerging Strategies to Combat Eskape Pathogens in the Era
of Antimicrobial Resistance: A Review. Front. Microbiol. 2019, 10, 539. [CrossRef] [PubMed]

Azeredo, ].; Garcia, P; Drulis-Kawa, Z. Targeting biofilms using phages and their enzymes. Curr. Opin. Biotechnol. 2021, 68,
251-261. [CrossRef] [PubMed]

Eskenazi, A.; Lood, C.; Wubbolts, J.; Hites, M.; Balarjishvili, N.; Leshkasheli, L.; Askilashvili, L.; Kvachadze, L.; van Noort, V.;
Wagemans, J.; et al. Combination of pre-adapted bacteriophage therapy and antibiotics for treatment of fracture-related infection
due to pandrug-resistant Klebsiella pneumoniae. Nat. Commun. 2022, 13, 302. [CrossRef]

Fang, Q.; Feng, Y.; McNally, A.; Zong, Z. Characterization of phage resistance and phages capable of intestinal decolonization of
carbapenem-resistant Klebsiella pneumoniae in mice. Commun. Biol. 2022, 5, 48. [CrossRef] [PubMed]

Chadha, P; Katare, O.P.; Chhibber, S. Liposome loaded phage cocktail: Enhanced therapeutic potential in resolving Klebsiella
pneumoniae mediated burn wound infections. Burns 2017, 43, 1532-1543. [CrossRef] [PubMed]

Hung, C.-H.; Kuo, C.-F,; Wang, C.-H.; Wu, C.-M.; Tsao, N. Experimental Phage Therapy in Treating Klebsiella pneumoniae -Mediated
Liver Abscesses and Bacteremia in Mice. Antimicrob. Agents Chemother. 2011, 55, 1358-1365. [CrossRef]

Nir-Paz, R.; Gelman, D.; Khouri, A.; Sisson, B.M.; Fackler, J.; Alkalay-Oren, S.; Khalifa, L.; Rimon, A.; Yerushalmy, O.;
Bader, R.; et al. Successful Treatment of Antibiotic-resistant, Poly-microbial Bone Infection with Bacteriophages and Antibi-
otics Combination. Clin. Infect. Dis. 2019, 69, 2015-2018. [CrossRef]

Singh, A.; Singh, A.N.; Rathor, N.; Chaudhry, R.; Singh, S.K; Nath, G. Evaluation of Bacteriophage Cocktail on Septicemia Caused
by Colistin-Resistant Klebsiella pneumoniae in Mice Model. Front. Pharmacol. 2022, 13, 778676. [CrossRef]

Fayez, M.S.; Hakim, T.A.; Agwa, M.M.; Abdelmoteleb, M.; Aly, R.G.; Montaser, N.N.; Abdelsattar, A.S.; Rezk, N.; El-Shibiny,
A. Topically Applied Bacteriophage to Control Multi-Drug Resistant Klebsiella pneumoniae Infected Wound in a Rat Model.
Antibiotics 2021, 10, 1048. [CrossRef]

Cano, EJ.; Caflisch, KM.; Bollyky, P.L.; Van Belleghem, J.D.; Patel, R.; Fackler, J.; Brownstein, M.].; Horne, B.; Biswas, B,;
Henry, M.; et al. Phage Therapy for Limb-threatening Prosthetic Knee Klebsiella pneumoniae Infection: Case Report and In Vitro
Characterization of Anti-biofilm Activity. Clin. Infect. Dis. 2020, 73, e144—e151. [CrossRef]

Hesse, S.; Malachowa, N.; Porter, A.R.; Freedman, B.; Kobayashi, S.D.; Gardner, D.J.; Scott, D.P.; Adhya, S.; DeLeo, FR.
Bacteriophage Treatment Rescues Mice Infected with Multidrug-Resistant Klebsiella pneumoniae ST258. MBio 2021, 12, e00034-21.
[CrossRef]

Herridge, W.P; Shibu, P.; O’Shea, J.; Brook, T.C.; Hoyles, L. Bacteriophages of Klebsiella spp., their diversity and potential
therapeutic uses. J. Med. Microbiol. 2020, 69, 176-194. [CrossRef]

Loc-Carrillo, C.; Abedon, S.T. Pros and cons of phage therapy. Bacteriophage 2011, 1, 111-114. [CrossRef] [PubMed]

Harada, L.K;; Silva, E.C.; Rossi, EP.; Cieza, B.; Oliveira, T.].; Pereira, C.; Tomazetto, G.; Silva, B.B.; Squina, EM.; Vila, M.M.; et al.
Characterization and in vitro testing of newly isolated lytic bacteriophages for the biocontrol of Pseudomonas aeruginosa. Future
Microbiol. 2022, 17, 111-141. [CrossRef] [PubMed]

Silva, E.C.; Oliveira, T.].; Moreli, EC.; Harada, L.K.; Vila, M.M.; Balcao, V.M. Newly isolated lytic bacteriophages for Staphylococ-
cus intermedius, structurally and functionally stabilized in a hydroxyethylcellulose gel containing choline geranate: Potential for
transdermal permeation in veterinary phage therapy. Res. Vet. Sci. 2020, 135, 42-58. [CrossRef] [PubMed]

Adams, M.H. Bacteriophages; Interscience Publishers: London, UK, 1959.

Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. fastp: An ultra-fast all-in-one fastq preprocessor. Bioinformatics 2018, 34, i884-i890. [CrossRef]
Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, VM.; Nikolenko, S.I.; Pham, S,;
Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol.
2012, 19, 455-477. [CrossRef] [PubMed]

Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359. [CrossRef] [PubMed]
Shi, ].; Liang, C. Generic Repeat Finder: A High-Sensitivity Tool for Genome-Wide De Novo Repeat Detection. Plant Physiol. 2019,
180, 1803-1815. [CrossRef]

Grazziotin, A.L.; Koonin, E.V.; Kristensen, D.M. Prokaryotic Virus Orthologous Groups (pVOGs): A resource for comparative
genomics and protein family annotation. Nucleic Acids Res. 2016, 45, D491-D498. [CrossRef]

Terzian, P.; Olo Ndela, E.; Galiez, C.; Lossouarn, J.; Pérez Bucio, R.E.; Mom, R.; Toussaint, A.; Petit, M.-A.; Enault, F. PHROG:
Families of prokaryotic virus proteins clustered using remote homology. NAR Genom. Bioinform. 2021, 3, 1qab067. [CrossRef]
[PubMed]

Abid, D.; Zhang, L. DeepCapTail: A Deep Learning Framework to Predict Capsid and Tail Proteins of Phage Ge-nomes. bioRxiv
2018, 477885. [CrossRef]

Grant, J.R.; Stothard, P. The CGView Server: A comparative genomics tool for circular genomes. Nucleic Acids Res. 2008, 36,
W181-W184. [CrossRef]

Cook, R.; Brown, N.; Redgwell, T.; Rihtman, B.; Barnes, M.; Clokie, M.; Stekel, D.J.; Hobman, J.; Jones, M.A.; Millard, A.
INfrastructure for a PHAge REference Database: Identification of Large-Scale Biases in the Current Collection of Cultured Phage
Genomes. Phage 2021, 2, 214-223. [CrossRef]


http://doi.org/10.1038/s41570-021-00313-1
http://doi.org/10.3389/fmicb.2019.00539
http://www.ncbi.nlm.nih.gov/pubmed/30988669
http://doi.org/10.1016/j.copbio.2021.02.002
http://www.ncbi.nlm.nih.gov/pubmed/33714050
http://doi.org/10.1038/s41467-021-27656-z
http://doi.org/10.1038/s42003-022-03001-y
http://www.ncbi.nlm.nih.gov/pubmed/35027665
http://doi.org/10.1016/j.burns.2017.03.029
http://www.ncbi.nlm.nih.gov/pubmed/28502784
http://doi.org/10.1128/AAC.01123-10
http://doi.org/10.1093/cid/ciz222
http://doi.org/10.3389/fphar.2022.778676
http://doi.org/10.3390/antibiotics10091048
http://doi.org/10.1093/cid/ciaa705
http://doi.org/10.1128/mBio.00034-21
http://doi.org/10.1099/jmm.0.001141
http://doi.org/10.4161/bact.1.2.14590
http://www.ncbi.nlm.nih.gov/pubmed/22334867
http://doi.org/10.2217/fmb-2021-0027
http://www.ncbi.nlm.nih.gov/pubmed/34989245
http://doi.org/10.1016/j.rvsc.2020.12.013
http://www.ncbi.nlm.nih.gov/pubmed/33440244
http://doi.org/10.1093/bioinformatics/bty560
http://doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1104/pp.19.00386
http://doi.org/10.1093/nar/gkw975
http://doi.org/10.1093/nargab/lqab067
http://www.ncbi.nlm.nih.gov/pubmed/34377978
http://doi.org/10.1101/477885
http://doi.org/10.1093/nar/gkn179
http://doi.org/10.1089/phage.2021.0007

Pharmaceutics 2022, 14, 1421 20 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ondov, B.D.; Treangen, T.J.; Melsted, P.; Mallonee, A.B.; Bergman, N.H.; Koren, S.; Phillippy, A.M. Mash: Fast genome and
metagenome distance estimation using MinHash. Genome Biol. 2016, 17, 132. [CrossRef]

Bin Jang, H.; Bolduc, B.; Zablocki, O.; Kuhn, J.H.; Roux, S.; Adriaenssens, E.M.; Brister, J.R.; Kropinski, A.M.; Krupovic, M.;
Lavigne, R.; et al. Taxonomic assignment of uncultivated prokaryotic virus genomes is enabled by gene-sharing networks. Nat.
Biotechnol. 2019, 37, 632-639. [CrossRef] [PubMed]

Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of Biomolecular Interaction Networks. Genome Res. 2003, 13, 2498-2504. [CrossRef]
Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree: Computing Large Minimum Evolution Trees with Profiles instead of a Distance
Matrix. Mol. Biol. Evol. 2009, 26, 1641-1650. [CrossRef]

Mirzaei, M.K.; Nilsson, A.S. Isolation of Phages for Phage Therapy: A Comparison of Spot Tests and Efficiency of Plating Analyses
for Determination of Host Range and Efficacy. PLoS ONE 2015, 10, e0118557. [CrossRef]

Watanabe, K.; Takesue, S.; Ishibashi, K.; Nakahara, S. A Computer Simulation of the Adsorption ofLactobacillusPhage PL-1 to
Host Cells: Some Factors Affecting the Process. Agric. Biol. Chem. 1982, 46, 697-702. [CrossRef]

Moldovan, R.; Chapman-McQuiston, E.; Wu, X. On Kinetics of Phage Adsorption. Biophys. J. 2007, 93, 303-315. [CrossRef]
[PubMed]

Storms, Z.].; Sauvageau, D. Modeling tailed bacteriophage adsorption: Insight into mechanisms. Virology 2015, 485, 355-362.
[CrossRef]

Rios, A.C.; Vila, M.M.; Lima, R.; Del Fiol, ES.; Tubino, M.; Teixeira, J.A.; Balcdo, V.M. Structural and functional stabilization of
bacteriophage particles within the aqueous core of a W/O/W multiple emulsion: A potential biotherapeutic system for the
inhalational treatment of bacterial pneumonia. Process Biochem. 2018, 64, 177-192. [CrossRef]

Scherrer, P. Bestimmung der Grof8e und der inneren Struktur von Kolloidteilchen mittels Rontgenstrahlen. Nachr. Von Der Ges.
Der Wiss. Zu Gottingen 1918, 1918, 98-100.

Zinke, M.; Schroder, G.F,; Lange, A. Major tail proteins of bacteriophages of the order Caudovirales. J. Biol. Chem. 2021, 298,
101472. [CrossRef] [PubMed]

Liu, P; Li, P; Jiang, X; Bi, D.; Xie, Y.; Tai, C.; Deng, Z.; Rajakumar, K.; Ou, H.-Y. Complete Genome Sequence of Klebsiella
pneumoniae subsp. pneumoniae H511286, a Multidrug-Resistant Strain Isolated from Human Sputum. J. Bacteriol. 2012, 194,
1841-1842. [CrossRef]

Xing, S.; Pan, X.; Sun, Q.; Pei, G.; An, X.; Mi, Z,; Huang, Y.; Zhao, B.; Tong, Y. Complete Genome Sequence of a Novel
Multidrug-Resistant Klebsiella pneumoniae Phage, vB_Kpn_IME260. Genome Announc. 2017, 5, €00055-17. [CrossRef]

Erickson, S.G.; Lessor, L.; O'Leary, C.; Gill, ].J.; Liu, M. Complete Genome Sequence of Klebsiella pneumoniae Siphophage
Sugarland. Microbiol. Resour. Announc. 2018, 7, e01014-e01018. [CrossRef]

Zurabov, F.; Zhilenkov, E. Complete Genome Sequences of Lytic Polysaccharide-Degrading Klebsiella pneumoniae Bacteriophages
vB_KpnS_FZ10, vB_KpnP_FZ12, vB_KpnM_FZ14, and vB_KpnS_FZ41. Microbiol. Resour. Announc. 2019, 8, e€00914—-e00919.
[CrossRef]

Yerushalmy, O.; Coppenhagen-Glazer, S.; Nir-Paz, R.; Tuomala, H.; Skurnik, M.; Kiljunen, S.; Hazan, R. Complete Genome
Sequences of Two Klebsiella pneumoniae Phages Isolated as Part of an International Effort. Microbiol. Resour. Announc. 2019, §,
€00843-19. [CrossRef]

Venturini, C.; Ben Zakour, N.L.; Bowring, B.; Morales, S.; Cole, R.; Kovach, Z.; Branston, S.; Kettle, E.; Thomson, N.; Iredell,
J.R. Fine capsule variation affects bacteriophage susceptibility in Klebsiella pneumoniae ST258. FASEB ]. 2020, 34, 10801-10817.
[CrossRef]

Luo, Z.; Geng, S.; Lu, B,; Han, G.; Wang, Y,; Luo, Y.; Yang, Z.; Cao, S.; Yao, X. Isolation, Genomic Analysis, and Preliminary
Application of a Bovine Klebsiella pneumoniae Bacteriophage vB_Kpn_B01. Front. Vet. Sci. 2021, 8, 622049. [CrossRef] [PubMed]
Pinheiro, L.A.M.; Pereira, C.; Frazao, C.; Balcao, V.M.; Almeida, A. Efficiency of Phage @6 for Biocontrol of Pseudomonas syringae
pV. syringae: An in Vitro Preliminary Study. Microorganisms 2019, 7, 286. [CrossRef] [PubMed]

Mbonyiryivuze, A.; Omollo, I.; Ngom, B.D.; Mwakikunga, B.; Dhlamini, S.M.; Park, E.; Maaza, M. Natural Dye Sensitizer for
Grétzel Cells: Sepia Melanin. Phys. Mater. Chem. 2015, 3, 1-6. [CrossRef]

Choby, J.E.; Howard-Anderson, J.; Weiss, D.S. Hypervirulent Klebsiella pneumoniae—Clinical and molecular perspectives. J.
Intern. Med. 2019, 287, 283-300. [CrossRef] [PubMed]

Ali, S.; Alam, M.; Hasan, G.M.; Hassan, I. Potential therapeutic targets of Klebsiella pneumoniae: A multi-omics review
perspective. Brief. Funct. Genom. 2021, 21, 63-77. [CrossRef]

Kesik-Szeloch, A.; Drulis-Kawa, Z.; Weber-Dabrowska, B.; Kassner, J.; Majkowska-Skrobek, G.; Augustyniak, D.; Lusiak-
Szelachowska, M.; Zaczek, M.; Gorski, A.; Kropinski, A.M. Characterising the biology of novel lytic bacteriophages infecting
multidrug resistant Klebsiella pneumoniae. Virol. J. 2013, 10, 100. [CrossRef]

Townsend, EM.; Kelly, L.; Gannon, L.; Muscatt, G.; Dunstan, R.; Michniewski, S.; Sapkota, H.; Kiljunen, S.J.; Kolsi, A;
Skurnik, M.; et al. Isolation and Characterization of Klebsiella Phages for Phage Therapy. Phage 2021, 2, 26-42. [CrossRef]
Kakasis, A.; Panitsa, G. Bacteriophage therapy as an alternative treatment for human infections. A comprehensive review. Int. J.
Antimicrob. Agents 2018, 53, 16-21. [CrossRef]

The UniProt Consortium. UniProt: The universal protein knowledgebase in 2021. Nucleic Acids Res. 2021, 49, D480-D489.
[CrossRef]


http://doi.org/10.1186/s13059-016-0997-x
http://doi.org/10.1038/s41587-019-0100-8
http://www.ncbi.nlm.nih.gov/pubmed/31061483
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1093/molbev/msp077
http://doi.org/10.1371/journal.pone.0127606
http://doi.org/10.1080/00021369.1982.10865142
http://doi.org/10.1529/biophysj.106.102962
http://www.ncbi.nlm.nih.gov/pubmed/17434950
http://doi.org/10.1016/j.virol.2015.08.007
http://doi.org/10.1016/j.procbio.2017.09.022
http://doi.org/10.1016/j.jbc.2021.101472
http://www.ncbi.nlm.nih.gov/pubmed/34890646
http://doi.org/10.1128/JB.00043-12
http://doi.org/10.1128/genomeA.00055-17
http://doi.org/10.1128/MRA.01014-18
http://doi.org/10.1128/MRA.00914-19
http://doi.org/10.1128/MRA.00843-19
http://doi.org/10.1096/fj.201902735R
http://doi.org/10.3389/fvets.2021.622049
http://www.ncbi.nlm.nih.gov/pubmed/34540928
http://doi.org/10.3390/microorganisms7090286
http://www.ncbi.nlm.nih.gov/pubmed/31450735
http://doi.org/10.12691/pmc-3-1-1
http://doi.org/10.1111/joim.13007
http://www.ncbi.nlm.nih.gov/pubmed/31677303
http://doi.org/10.1093/bfgp/elab038
http://doi.org/10.1186/1743-422X-10-100
http://doi.org/10.1089/phage.2020.0046
http://doi.org/10.1016/j.ijantimicag.2018.09.004
http://doi.org/10.1093/nar/gkaa1100

Pharmaceutics 2022, 14, 1421 21 of 21

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

Hughes, K.; Sutherland, I.; Clark, J.; Jones, M. Bacteriophage and associated polysaccharide depolymerases—novel tools for study
of bacterial biofilms. J. Appl. Microbiol. 1998, 85, 583-590. [CrossRef]

Rios, A.C.; Moutinho, C.G.; Pinto, E.C.; Del Fiol, ES.; Jozala, A.; Chaud, M.V,; Vila, M.M.; Teixeira, J.A.; Balcao, V.M. Alternatives
to overcoming bacterial resistances: State-of-the-art. Microbiol. Res. 2016, 191, 51-80. [CrossRef] [PubMed]

Hawkins, C.; Harper, D.; Burch, D,; Anggérd, E.; Soothill, J. Topical treatment of Pseudomonas aeruginosa otitis of dogs with a
bacteriophage mixture: A before/after clinical trial. Vet. Microbiol. 2010, 146, 309-313. [CrossRef] [PubMed]

Pereira, C.; Moreirinha, C.; Lewicka, M.; Almeida, P; Clemente, C.; Romalde, J.L.; Nunes, M.L.; Almeida, A. Characterization and
in vitro evaluation of new bacteriophages for the biocontrol of Escherichia coli. Virus Res. 2017, 227, 171-182. [CrossRef]

Kutter, E. Phage Host Range and Efficiency of Plating. In Bacteriophages; Humana Press: New York, NY, USA, 2009; Volume 501,
pp. 141-149. [CrossRef]

Abedon, S.T. Lysis from without. Bacteriophage 2011, 1, 46—49. [CrossRef] [PubMed]

Zurabov, F.; Zhilenkov, E. Characterization of four virulent Klebsiella pneumoniae bacteriophages, and evaluation of their
potential use in complex phage preparation. Virol. J. 2021, 18, 9. [CrossRef] [PubMed]

Jin, J.; Li, Z.; Wang, S.; Wang, S.; Huang, D.; Li, Y.; Ma, Y.; Wang, J.; Liu, F.; Chen, X; et al. Isolation and characterization of ZZ1, a
novel lytic phage that infects Acinetobacter baumannii clinical isolates. BMC Microbiol. 2012, 12, 156. [CrossRef]

Ceyssens, P-J. Isolation and Characterization of Lytic Bacteriophages Infecting Pseudomonas Aeruginosa; Katholieke Inuversiteit Leuven:
Leuven, Belgium, 2009.

Hyman, P.; Abedon, S.T. Practical methods for determining phage growth parameters. In Bacteriophages: Methods and Protocols,
Volume 1: Isolation, Characterization, and Interactions; Clokie, M.R.J., Kropinski, A.M., Eds.; Humana Press: New York, NY, USA,
2009; Volume 501, pp. 175-202. ISBN 9781603271646.

Shao, Y.; Wang, L.-N. Bacteriophage Adsorption Rate and Optimal Lysis Time. Genetics 2008, 180, 471-482. [CrossRef]

Harada, L.K;; Silva, E.C.; Campos, W.E; Del Fiol, ES.; Vila, M.; Dabrowska, K.; Krylov, V.N.; Balcdo, V.M. Biotechnological
applications of bacteriophages: State of the art. Microbiol. Res. 2018, 212-213, 38-58. [CrossRef]

Rakhuba, D.V.; Kolomiets, E.I.; Szwajcer Dey, E.; Novik, G.I. Bacteriophage receptors, mechanisms of phage ad-sorption and
penetration into host cell. Pol. ]. Microbiol. 2010, 59, 145-155. [CrossRef]

Bull, J.J.; Gill, ].J. The habits of highly effective phages: Population dynamics as a framework for identifying therapeutic phages.
Front. Microbiol. 2014, 5, 618. [CrossRef] [PubMed]

Jamal, M.; Hussain, T.; Das, C.R.; Andleeb, S. Characterization of Siphoviridae phage Z and studying its efficacy against
multidrug-resistant Klebsiella pneumoniae planktonic cells and biofilm. J. Med. Microbiol. 2015, 64, 454—462. [CrossRef] [PubMed]
Mateus, L.; Costa, L.; Silva, Y.; Pereira, C.; Cunha, A.; Almeida, A. Efficiency of phage cocktails in the inactivation of Vibrio in
aquaculture. Aquaculture 2014, 424425, 167-173. [CrossRef]

Pereira, C.; Moreirinha, C.; Lewicka, M.; Almeida, P; Clemente, C.; Cunha, A ; Delgadillo, I.; Romalde, J.L.; Nunes, M.L.;
Almeida, A. Bacteriophages with potential to inactivate Salmonella Typhimurium: Use of single phage suspensions and phage
cocktails. Virus Res. 2016, 220, 179-192. [CrossRef]

Lima, R.; Del Fiol, ES.; Balcao, V.M. Prospects for the Use of New Technologies to Combat Multidrug-Resistant Bacteria. Front.
Pharmacol. 2019, 10, 692. [CrossRef] [PubMed]

Gu, J.; Liu, X; Li, Y.; Han, W,; Lei, L.; Yang, Y.; Zhao, H.; Gao, Y,; Song, J.; Lu, R.; et al. A Method for Generation Phage Cocktail
with Great Therapeutic Potential. PLoS ONE 2012, 7, €31698. [CrossRef] [PubMed]

Chadha, P; Katare, O.P,; Chhibber, S. In vivo efficacy of single phage versus phage cocktail in resolving burn wound infection in
BALB/c mice. Microb. Pathog. 2016, 99, 68-77. [CrossRef] [PubMed]

Duarte, J.; Pereira, C.; Moreirinha, C.; Salvio, R.; Lopes, A.; Wang, D.; Almeida, A. New insights on phage efficacy to control
Aeromonas salmonicida in aquaculture systems: An in vitro preliminary study. Aquaculture 2018, 495, 970-982. [CrossRef]
Costa, P; Pereira, C.; Gomes, A.T.P.C.; Almeida, A. Efficiency of Single Phage Suspensions and Phage Cocktail in the Inactivation
of Escherichia coli and Salmonella Typhimurium: An In Vitro Preliminary Study. Microorganisms 2019, 7, 94. [CrossRef]
Pinheiro, L.A.M.; Pereira, C.; Barreal, M.E.; Gallego, P.P,; Balcao, V.M.; Almeida, A. Use of phage ¢6 to inactivate Pseudomonas
syringae pv. actinidiae in kiwifruit plants: In vitro and ex vivo experiments. Appl. Microbiol. Biotechnol. 2019, 104, 1319-1330.
[CrossRef]

Emeaden, S.; Ekoskella, B. Exploring the risks of phage application in the environment. Front. Microbiol. 2013, 4, 358. [CrossRef]
Ross, A.; Ward, S.; Hyman, P. More Is Better: Selecting for Broad Host Range Bacteriophages. Front. Microbiol. 2016, 7, 1352.
[CrossRef] [PubMed]

Hyman, P.; Abedon, S.T. Bacteriophage Host Range and Bacterial Resistance. Adv. Appl. Microbiol. 2010, 70, 217-248. [CrossRef]
Hyman, P. Phages for Phage Therapy: Isolation, Characterization, and Host Range Breadth. Pharmaceuticals 2019, 12, 35. [CrossRef]
[PubMed]


http://doi.org/10.1046/j.1365-2672.1998.853541.x
http://doi.org/10.1016/j.micres.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27524653
http://doi.org/10.1016/j.vetmic.2010.05.014
http://www.ncbi.nlm.nih.gov/pubmed/20627620
http://doi.org/10.1016/j.virusres.2016.09.019
http://doi.org/10.1007/978-1-60327-164-6_14
http://doi.org/10.4161/bact.1.1.13980
http://www.ncbi.nlm.nih.gov/pubmed/21687534
http://doi.org/10.1186/s12985-020-01485-w
http://www.ncbi.nlm.nih.gov/pubmed/33407669
http://doi.org/10.1186/1471-2180-12-156
http://doi.org/10.1534/genetics.108.090100
http://doi.org/10.1016/j.micres.2018.04.007
http://doi.org/10.33073/pjm-2010-023
http://doi.org/10.3389/fmicb.2014.00618
http://www.ncbi.nlm.nih.gov/pubmed/25477869
http://doi.org/10.1099/jmm.0.000040
http://www.ncbi.nlm.nih.gov/pubmed/25681321
http://doi.org/10.1016/j.aquaculture.2014.01.001
http://doi.org/10.1016/j.virusres.2016.04.020
http://doi.org/10.3389/fphar.2019.00692
http://www.ncbi.nlm.nih.gov/pubmed/31293420
http://doi.org/10.1371/journal.pone.0031698
http://www.ncbi.nlm.nih.gov/pubmed/22396736
http://doi.org/10.1016/j.micpath.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27498362
http://doi.org/10.1016/j.aquaculture.2018.07.002
http://doi.org/10.3390/microorganisms7040094
http://doi.org/10.1007/s00253-019-10301-7
http://doi.org/10.3389/fmicb.2013.00358
http://doi.org/10.3389/fmicb.2016.01352
http://www.ncbi.nlm.nih.gov/pubmed/27660623
http://doi.org/10.1016/s0065-2164(10)70007-1
http://doi.org/10.3390/ph12010035
http://www.ncbi.nlm.nih.gov/pubmed/30862020

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Antibiotic Susceptibility Assays 
	Phage Enrichment, Isolation and Enumeration 
	PEG Precipitation of Phage Suspensions 
	Transmission Electron Microscopy (TEM) 
	Purification of Phage DNA and Whole Genome Sequencing 
	Phage Genome Assembly and Annotation 
	Proteome-Based Clustering and Phylogenetic Analysis 
	Evaluation of the Host Range 
	One-Step Growth Curve (OSGC) 
	Adsorption Rate 
	Bacterial Kill Assay 
	UV-Vis Spectral Scans 
	X-ray Diffraction Analysis 
	Statistical Analyses 

	Results 
	Phage Isolation and Purification 
	Virion Morphology 
	Genomic Characterization of Phage Kpn31 
	Host Range of Phage Kpn31 
	Determination of Burst Size and Phage Adsorption Rate 
	In Vitro Inactivation of K. Pneumoniae CCCD-K001 
	Physicochemical Characterization 

	Discussion 
	References

