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ABSTRACT

The increasing incidence of infections attributed to hypervirulent carbapenem-resistant Klebsiella
pneumoniae (Hv-CRKp) is of considerable concern. Bacteriophages, also known as phages, are
viruses that specifically infect bacteria; thus, phage-based therapies offer promising alternatives to
antibiotic treatments targeting Hv-CRKp infections. In this study, two isolated bacteriophages,
Kpph1 and Kpph9, were characterized for their specificity against the Hv-CRKp K. pneumoniae
NUHL30457 strain that possesses a K2 capsule serotype. Both phages exhibit remarkable environ-
mental tolerance, displaying stability over a range of pH values (4-11) and temperatures (up to
50°C). The phages demonstrate potent antibacterial and antibiofilm efficacy, as indicated by their
capacity to inhibit biofilm formation and to disrupt established biofilms of Hv-CRKp. Through
phylogenetic analysis, it has been revealed that Kpph1 belongs to the new species of Webervirus
genus, and Kpph9 to the Drulisvirus genus. Comparative genomic analysis suggests that the tail
fiber protein region exhibits the greatest diversity in the genomes of phages within the same
genus, which implies distinct co-evolution histories between phages and their corresponding
hosts. Interestingly, both phages have been found to contain two tail fiber proteins that may
exhibit potential depolymerase activities. However, the exact role of depolymerase in the inter-
action between phages and their hosts warrants further investigation. In summary, our findings
emphasize the therapeutic promise of phages Kpph1 and Kpph9, as well as their encoded
proteins, in the context of research on phage therapy targeting hypervirulent carbapenem-
resistant Klebsiella pneumoniae.
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Introduction : . .
Various factors contribute to the virulence of

Klebsiella pneumoniae, one of the “ESKAPE” pathogens,
has the capacity to escape the killing ability of antibiotics
through acquiring multiple resistant determinants and lead
to the most widespread, severe infections with significant
morbidity and mortality rates [1]. Carbapenem-resistant
Klebsiella pneumoniae (CRKP), which harbor extended-
spectrum P-lactamases (ESBLs) and/or carbapenemase,
has been listed as one of the “Critical” priority pathogens
by WHO due to a lack of effective antibiotics [2]. Recently,
the emergence of hypervirulent Carbapenem-resistant
Klebsiella pneumoniae (Hv-CRKp) represents a significant
public health challenge as it is resistant to last-resort anti-
biotics and contains enhanced virulence factors, amplifying
its threat level [3-5].

K. pneumoniae, such as the capsule polysaccharide
(CPS), lipopolysaccharide (LPS), aerobacterin, sidero-
phore, fimbriae, and outer membrane protein [6,7].
CPS, the outermost layer on K. pneumoniae, serves as
a protective barrier against antibiotics and host immune
system [8]. CPS plays a pivotal role in the pathogenicity
of K. pneumoniae, enabling it as a major virulence factor
[8]. The K. pneumoniae CPS consists of repeating oligo-
saccharide units that form a polymer structure on the
cell surface [9]. Differences in oligosaccharide combina-
tions and residue modifications lead to the formation of
distinct serotypes of capsules [10]. While over 79 capsu-
lar types of K. pneumoniae have been identified, the K2
type, along with K1, can trigger severe infections such as
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typically pyogenic liver abscess, bacteremia, and menin-
gitis, even in healthy individuals [11,12].

Phages are natural predators of bacteria. With the
advantages of high specificity and low toxicity, phages,
along with phage-derived enzymes, have been consid-
ered as a promising alternative to combat multidrug-
resistant bacteria [13-15]. Many phages harbor specific
polysaccharide depolymerases, which are mainly pre-
sented as phage structural proteins such as tail fibers,
tail spikes, base plates, or tail tubular proteins [16].
These enzymes are crucial for recognizing and targeting
the host cell and decomposing the CPS, extracellular
polysaccharide (EPS), or/and LPS, components of the
outer membrane in Gram-negative bacteria. This activ-
ity enables phage to reach the cell surface, bind to outer
membrane receptors, and initiate infection [15]. CPS
depolymerases showed specific selectivity to host with
certain capsular serotypes. Therefore, both the phages
themselves and phage-encoded depolymerases have the
potential to act as anti-virulence agents for preventing
and treating infections caused by Hv-CRKp [17].
Despite the promise of phages and depolymerases as
treatments, there remains a notable gap in understand-
ing and accessing phage agents that target the Hv-
CRKYp, especially strains with the K2 serotype [18-20].

This study aims to characterize two newly isolated
lytic bacteriophages, Kpphl and Kpph9, assess their
efficacy against K2 type Hv-CRKp strain NUHL30457,
and explore their genomic features for potential ther-
apeutic application. Detailed characterization and com-
prehensive  bioinformatic = analysis  of  these
bacteriophages were performed. Our findings will not
only expand the phage library but also pave the way for
developing innovative phage cocktail therapies tailored
to address the specific challenge posed by Hv-CRKp.

Materials and methods
Bacterial strains and culture conditions

The clinical multidrug-resistant hypervirulent (CR-
hvKP) Klebsiella pneumoniae strain NUHL30457 was
previously isolated from a patient with severe burns
[21]. The study and consent procedures were approved
by the Ethical Committee of the First Affiliated
Hospital of Nanchang University (FAHNU) in compli-
ance with the Declaration of Helsinki principles
(CDYFY-IACUC-202403QR003). Verbal consent was
obtained from the participant before the strain isola-
tion. Strain NUHL30457 has been categorized as cap-
sular serotype K2 and sequence type (ST) 86, and is
capable of producing both KPC-2 and NDM-1 type
carbapenemases. This strain was utilized as the host

bacterium for phage isolation and characterization,
and it was routinely cultured in Luria - Bertani (LB)
medium (10g/L tryptone, 5g/L yeast extract, 5g/L
NaCl) at 37°C.

Phages isolation and purification

Phages were isolated from sewage water collected from
a local wastewater treatment facility in Nanchang,
Jiangxi. The isolation, purification, and characterization
of phages were carried out as previously described, with
the modest modification [22]. Briefly, the untreated sew-
age samples were centrifuged at 8,000 x g for 30 min at
4°C, then the supernatant was filtered through a 0.22 um
membrane syringe filter to remove bacterial cells.
Following this, the double agar overlay plaque assay
was performed by mixing 100 uL of filtered sewage sam-
ples, 100 pL of bacterial host culture at ODggg 0.3, and
4 mL of molten soft agar (0.7% w/v agar), which was then
poured over solidified 1.5% LB agar plate. After over-
night incubation at 37°C, clear plaques could be
observed. Single phage plaque was picked using sterile
micropipette tips and re-suspended in 1 mL SM buffer
(2 g/L MgSO,7h,0, 5.8g/L NaCl, 50mL/L 1M Tris-
HCI (pH7.5), 0.01% Gelatin (m/v)), and then purified
using a 0.22 um membrane syringe filter. Phage plaques
were isolated and further purified through three rounds
of double agar overlay plaque assay until uniform pla-
ques were formed.

Generation of high-titer phage stocks

Purified phages were amplified by mixing 500 uL of
phage suspension and 50 mL of bacterial host culture at
ODggo 0.3. The mixture was then incubated 2 h at 37°C
with 180 rpm as previously described [23]. After cen-
trifugation and filtration, the phage suspension was
treated with DNase I and RNase A (10 pg/mL final)
for 2h at 37°C, followed by precipitation with the
addition of NaCl (1 M final concentration) and poly-
ethylene glycol (PEG) 8000 (10% w/v) and incubated at
4°C overnight. Following centrifugation at 10,000 x g at
4°C for 20 min, the precipitated phage lysates were
resuspended in 1 mL SM buffer. The high-titer phage
suspension was stored at 4°C for further analysis.

Transmission electron microscopy

Phage morphology was examined using transmission
electron microscopy (TEM) as previously described
[24]. A high-titer phage preparation (titer >10° PFU/
mL) of purified phages was applied to 200-mesh car-
bon-coated copper grids for 1min and negatively



stained with 2% uranyl acetate, followed by the removal
of excess stain. The grids were then viewed under
a transmission electron microscope (JEM1400, JEOL,
Japan) at 80 kV.

Host range determination

The host ranges of the phages were assessed using spot
tests against 15 clinical isolates of Klebsiella pneumo-
niae collected from the FAHNU in China. The Ethical
Committee of the FAHNU approved the use of strains
for this study and verbal consents were also obtained
(CDYFY-IACUC-202403QR003). Approximately 10°
PFU of phage in 10 uL of LB broth were spotted onto
a bacterial lawn and incubated overnight. Phage-
sensitive strains produced clear, transparent plaques
on the agar.

Optimal multiplicity of infection of phages

The optimal multiplicity of infection (MOI) was deter-
mined as previously described with some modifications
[25]. The host strain was incubated with diluted phage
stock (10'-10° PFUs/mL) at MOIs ranging from
0.000001 to 100. The mixtures were incubated at 37°C
with shaking at 180 rpm for 3.5 hours. Phage titers were
assessed using the double agar overlay method. The
MOI resulting in the highest phage titer was identified
as the optimal MOL.

One-step growth curve assays

One-step growth curve and burst size of phage were
determined as described previously, with modifications
[26,27]. Briefly, host bacterium was incubated at 37°C
until reaching an ODgqg of 0.3. Subsequently, a mixture
of 9.9mL host solution and 100 uL of the phage sus-
pension were prepared to achieve a multiplication of
infection (MOI) of 0.01. The mixture was incubated at
37°C for 5min and then centrifuged at 12,000 x g for
2min. The resulting pellet was washed and then sus-
pended in LB medium. A 1/100 dilution was made by
transferring 100 uL bacteria-phage mixture to 9.9 mL
fresh prewarmed LB medium in flask A. This was
followed by a 1/10 dilution by transferring 1mL of
solution from flask A to flask B, which contained
9mL of prewarmed LB medium. Samples of 100 pL
were periodically taken from flask A or B at 2-min
intervals, mixed with 100 pL host incubation at ODgg,
0.3 in 4mL of semi-solid agar and overlayed on LB
plates. The plates were then incubated overnight at
37°C, and the plaque-forming units (PFUs) were
counted. The experiment was conducted in triplicate.
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Host killing curve assays

The bacterial killing ability was assessed by exposing
Kp strain 30,457 (about 10° CFU/mL) to phage at
MOIs (100, 10, 1, 0.1, 0.01, 0.001, 0.0001, 0.00001,
and 0.000001). The optical density at 600 nm was mea-
sured using Bioscreen C, and data were collected at
20 min intervals for 24 h. The bacterial incubation with-
out mixing the phage solution was used as a negative
control, while sterile LB medium was set as blank con-
trol. The experiment was conducted in triplicate.

Thermal and pH stability

The temperature stability of the phages was assessed by
combing 100 uL phage suspensions (~10° PFU/mL)
with 900 uL. SM buffer and incubating at 4, 25, 37, 50,
60, and 70°C for 1 to 3 hours. After incubation, 100 uL
aliquots of the phage solutions were collected for ana-
lysis at 1-hour intervals [28]. To evaluate the pH stabi-
lity, 100 uL of phage suspensions were incubated with
SM buffer at pH levels ranging from 1 to 14 for 1 to
3 hours, and phage viability was determined [29]. Phage
titer was measured using serial dilutions and the double
agar overlay plaque assay technique.

Biofilm inhibition and disruption assay

Biofilm formation and treatment were performed as
previously described with minor modifications
[29,30]. Briefly, overnight bacterial cultures were
diluted in fresh TSB medium to a concentration of
10° CFU/mL. Then, 125 uL of the diluted culture was
added into a 96-well sterile polystyrene microtiter plate.
For the biofilm inhibition assay, host cultures were
immediately exposed to phage infection varying MOI
(ranging from 0.001 to 10) and then incubated at 37°C
without rotation for 48 h. Negative control wells con-
taining untreated culture and blank control containing
sterile LB medium were included in the experiment. To
measure the biomass of biofilms, the planktonic cells
and media were removed, and the adhered biofilms
were washed three times with PBS buffer and then air
dried. Subsequently, the biofilms were stained with
150 uL 0.1% (w/v) crystal violet for 15min, washed
three times with ddH,O until the wells of blank control
were colorless. Finally, the dye was solubilized in
150 pL 95% (v/v) absolute ethanol and the absorbance
at 590 nm was measured using a microplate reader. For
biofilm disruption assay, all bacterial cultures were
incubated without phage infection for 48h to form
mature biofilm. Following the incubation period, the
bacterial culture was exposed to phage preparations of
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varying titers and then further incubated at 37°C for
24 hours. Subsequent biofilm measurements were con-
ducted following the same protocol as previously
described. Data are presented as means * standard
deviations (SD) and were analyzed using one-way
ANOVA tests with GraphPad Prism 8.4.3. Differences
were considered statistically significant at p values of
<0.05 (*), < 0.01 (**), or <0.001 (***).

Phages DNA extraction and whole genome
sequencing

Phage DNA was extracted from phage stock (>10° PFU/
mL) using the phenol-chloroform-isoamyl alcohol method
as described previously [31]. Briefly, DNase I and RNase
A (final concentration of 1 pg/mL each) were added and
the mixture was incubated at 37°C for 1 hour. 0.5 mol/L
EDTA and 10 mg/mL proteinase K were then added to the
lysate to final concentrations of 20 mmol/L and 50 pug/mL,
respectively. The solution was thoroughly mixed and then
incubated in the water -bath at 56°C for 1 h. Subsequently,
1/10 volume of Tris-HCI (1 M, pH 8.0) and equal volume
of Tris-phenol was added to facilitate DNA extraction.
After centrifuging at 10,000 x g for 10 min, the upper aqu-
eous phase containing the phage was collected, followed by
the addition of an equal volume of phenol-chloroform-
isoamyl alcohol (25:24:1) and repeated centrifugation.
The upper aqueous phase was then subjected to two rounds
of chloroform extraction, followed by the addition of dou-
ble the volume of isopropanol to precipitate the DNA at
—20°C for 1 h. Upon subsequent centrifugation at 10,000 x
g for 10 min, the supernatant was carefully removed, and
1 mL of 70% ethanol was added to resuspend the DNA.
After centrifugation and air drying, the phage DNA was
redissolved in 50 uL of ddH,O. DNA concentration was
measured using a Nanodrop 2000, and the purified phage
DNA was sent to Meige Biotech Co. for whole-genome
sequencing. The sequencing library was prepared using the
Mumina Nextera DNA Flex Library Prep Kit and
sequenced using the Illumina NovaSeq.

Bioinformatic analysis

Raw reads were quality-controlled by trimming primers
and filtering out low-quality reads with Soapnuke [32].
BWA was performed to remove the host genome con-
tamination [33]. The high-quality sequences were
assembled using Megahit [34] and contigs were
assigned to known phage sequences using CheckV
[35]. The quality-controlled reads from each phage
were mapped to the assembled contigs. Resulting sam
files were transformed into bam files and sorted, and

coverage information of contigs was computed with
Samtools [36]. Life cycles of phages were predicted by
PhageAl [37]. Protein-coding genes were identified
from phage genome and gene functions were annotated
using RAST [38] and Phanotate [39], and verified using
Blastp. tRNA Scan-SE was used to scan the possible
tRNA genes of phage genomes [40]. Potential virulence
and drug resistance genes were identified by searching
through VFDB [41] and ResFinder [42]. Phage genome
annotation and visualization was carried out using
Proksee [43]. The annotations of structural proteins in
phages were verified using PHANNS [44]. HHpred and
Swiss-model were utilized for protein homology detec-
tion and structure prediction [45,46]. The taxonomy
classification was determined by retrieving and down-
loading reference phage genomes using BLASTN, fol-
lowed by the identification of conserved proteins using
Roary [47]. The concatenated sequences were aligned
using mafft [48] with 85% similarity. Phylogenetic trees
were then constructed based on the neighbor-joining
method using Mega7 [49]. The pairwise intergenomic
distances/similarities of phage genomes were computed
using VIRIDIC [50]. The assignment of viruses to gen-
era (270% similarity) and species (295% similarity)
follows the International Committee on Taxonomy of
Viruses (ICTV) genome identity thresholds [50].
Genomic comparative analysis of phages was pre-
formed using Viptree based on phage genome-wide
sequence similarities [51].

Results
Morphology of phage Kpph1 and Kpph9

Klebsiella phages Kpphl and Kpph9 were isolated from
wastewater samples obtained near a hospital in
Nanchang, China. The host was the carbapenem-
resistant hypervirulent Klebsiella pneumoniae strain
NUHL30457. Both phages exhibit specific lytic activity
against NUHL30457. Kpphl and Kpph9 could produce
clear plaques of 5-7mm and 3-5mm in diameter,
respectively, surrounded by diffusing translucent halos
on the bacterial lawn (Figure la,b). The halo region
surrounding each plaque indicates phage-encoded
depolymerase activity. TEM analysis of the purified
phages revealed distinctive morphologies. Kpphl dis-
played an icosahedral head measuring 60 nm in dia-
meter, accompanied by a about 200 nm long flexible
non-contractile tail. On the other hand, Kpph9 featured
a 10 nm neck appendage and a short tail measuring 40
nm in length (Figure 1c,d).
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Figure 1. Morphology of phage Kpph1 and Kpph9. (a and b) Phage plaques of Kpph1 (a) and Kpph9 (b) on the plate, and TEM

observation of Kpph1 (c) and Kpph9 (d).

Host range of phages

Phages Kpphl and Kpph9 demonstrated a narrow lytic
activity range against 15 Klebsiella pneumoniae strains
tested. Both phages specifically lysed only K2-type
strains among those with different capsular types (K1,
K2, and K64) (Supplementary Fig. S1). Regarding
sequence types (ST), Kpphl targets exclusively ST65,
while Kpph9 can lyse both ST65 and ST25.

Characterization of the phage infection

The optimal multiplicities of infection (MOI) and one-
step growth curves were determined to assess phage
growth parameters. Both phages exhibited an optimal
MOI of 0.000001 (Figure 2a,b). Kpphl had a 16-minute
latent period, a 13-minute lytic cycle duration, and an
average burst size of 400 PFU/cell (Figure 2c). In con-
trast, Kpph9 exhibited a 11-minute latent period, a 15-
minute lytic cycle duration, and an average burst size of
25 PFU/cell (Figure 2d).

Phage temperature and pH stability

To assess the environmental adaptability and stability,
experiments were conducted on phages Kpphl and

Kpph9 across wide pH levels (1 to 13) (Figure 2e,f)
and temperature ranges (4°C to 70°C) (Figure 2gh).
Both phages exhibited tolerance to a broad pH range
(pH 4-11) and resistance to high temperatures (up to
50°C), with only slight reductions in titer after 3 hours
of incubation. Sharp decreases in phage viability were
observed after being treated at extreme temperatures
(>60°C) or under highly acidic or alkaline conditions
(pH <3 or pH > 11).

Host killing curve of phages

To characterize the abilities of phages against their Hv-
CRKp host, the host killing curves were generated for
both phages. The host killing curve of Kpphl was
derived at MOIs ranging from 0.0001 to 1000. The
most significant inhibition of bacterial growth, as indi-
cated by no increase in OD600 nm, was observed at
MOI 1000, MOI 100, and MOI 10 for the initial 7 h,
3h, and 2h of infection, respectively (Figure 3a).
Effective growth suppression was observed for the
first 4 hours at MOI 1, MOI 0.1, and MOI 0.01, but
by 7 h post-infection resistance began to emerge under
all conditions (Figure 3a). For Kpph9, the host killing
curve was established across MOIs from 0.00001 to 10.
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The greatest suppression of host growth was noted at
MOI 10 and MOI 1 during the initial 7h and 5h,
respectively, without increases in OD600 nm
(Figure 3b). Similar to Kpphl, the resistance to Kpph9
manifested at 7 h post-infection (Figure 3b).

Inhibition and disruption of biofilm by phages
application

To characterize the inhibition capacity of phages on
host biofilm formation, solutions of phages Kpphl
and Kpph9 at different MOIs were applied before the
biofilm formation process. The results demonstrated
the substantial disruption caused by both Kpphl and
Kpph9 on the biofilm formation of K. pneumoniae
NUHL30457 with MOIs ranging from 0.01 to 10, as
determined by the reductions in OD590 values of
19.7% to 55.4% for Kpphl and 24.1% to 55.6% for
Kpph9 (Figure 3c). The maximum antibiofilm activity
was observed at an MOI of 1 for both phages
(p <0.0001). To assess the phages’ potential in degrad-
ing mature biofilms, biofilms aged 48hours were
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exposed to phages at various MOIs. It was found that
biofilms were significantly disrupted after a 24-hour
treatment with Kpphl and Kpph9 at all tested MOIs,
except for Kpph9 at an MOI of 1 (p = 0.069) (Figure 3d).

Phylogenic analysis

Comparison with the genomes deposited in NCBI data-
bases revealed that Kpphl was most closely related to
the Klebsiella phage LF20 (with a query coverage of
94% and an overall nucleotide identity of 96.68% as
determined by BLASTn), a member of the
Drexlerviridae family, Webervirus genus. On the other
hand, Kpph9 was closely related to Klebsiella phage QL
(with a query coverage of 95% and an overall nucleo-
tide identity of 98.87%), which is affiliated with the
Autographiviridae family, Drulisvirus genus. To illus-
trate the evolutionary relationship between the phages
under study and reference Klebsiella phages, multiple
alignments were performed based on protein sequences
present in all phages from the same genus were per-
formed (Table SI1). Phylogenetic trees constructed
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Figure 3. Antibacterial and antibiofilm abilities of Kpph1 and Kpph9. (a and b) Host killing curves of Kpph1 (n =5) (a) and Kpph9 (b)
(n =5) at different MOIs. (c) The inhibition capacity of phages on host biofilm formation (n = 5). (d) The effect of phages in degrading
mature biofilms (n =5). Values are expressed as means + the SD. *p < 0.05; **p < 0.01, ***p < 0.001 (one-way ANOVA).
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based on 12 core proteins and placed Kpphl and phage
LF20 in a distinct cluster with phage KOX1, vB KpnS
IMGroot, vB KpnS Call, vB KpnS Domnbhall, vB KpnS
Alina, and vB KpnS KpV522, diverging from the Kp36
virus cluster that includes phage Kp36, GH-K3, and
KLPNI1, among others (Supplementary Fig. S2).
Through pairwise intergenomic similarities among
phage genomes, it revealed that Kpphl displayed the
highest similarity of 93.98% with Klebsiella phage LF20,
followed by pairwise similarities ranging from 83.65%
to 86.10% with members of the KOX1 cluster (Table S2
and Supplementary Fig. S3). Phage Kp36 was taken as
the reference species for the genus Webervirus. Kpphl
exhibited a nucleotide similarity of 75.92% with Kp36,
suggesting that it represents a new species within the
genus Webervirus.

Kpph9 shared 22 core proteins with the reference gen-
omes of the genus Drulisvirus (Table S3). Phylogenetic
analysis of concatenated core proteins demonstrated that
Kpph9 was closely related to phage QL and KpV74, with
intergenomic similarities being 93.68% and 86.92%, respec-
tively (Table S4 and Supplementary Fig. S4-S5). Therefore,
it is proposed that Kpph9 be classified as a new species
within the genus Drulisvirus.

Genomic analysis of phages

To ascertain the genomic characteristics of the phages
and validate their suitability for phage therapy applica-
tions, the genomes of Kpphl and Kpph9 were
sequenced and analyzed. The phage Kpphl possesses
a circular double-stranded DNA genome with a size of
50,883 bp and a GC content of 50.68%. It encodes 80
open reading frames (ORFs), 56 of which are situated
on the plus strand, and 24 on the minus strand as
identified by RAST (Figure 4a). On the other hand,
phage Kpph9 comprises linear double-stranded DNA
genome measuring 43,645 bp in length with a 54.01%
GC content, harboring 56 ORFs, all situated on the plus
strand (Figure 4b). Analysis revealed that 41 of the
ORFs in Kpphl (51.3%) and 26 in Kpph9 (46.4%) are
involved in encoding functional proteins. Additionally,
both genomes containing ORFs encoding hypothetical
proteins, with 39 out of 80 ORFs (48.7%) in Kpphl and
30 out of 56 ORFs (53.6%) in Kpph9. The initiation
codons for Kpphl are represented by 93.8% ATG, 4.9%
GTG, and 1.3% GAC. Regarding stop codons, TAA is
utilized in 58.0% of cases, followed by TGA (24.7%)
and TAG (17.3%) in Kpphl. In contrast, the initiation
codons for Kpph9 are mainly ATG (89.2%), with TTG
and GTG accounting for 5.4% each. The stop codons in
Kpph9 are distributed as 53.5% for TAA, 32.1% for
TGA, and 14.4% for TAG.

Functional annotation

The annotated genes of Kpphl and Kpph9 can be pri-
marily classified into six functional groups: phage mor-
phogenesis and packaging (e.g. the major capsid protein,
portal protein, head maturation protease, and capsid
assembly scaffolding protein); tail structure (including
the tail tape measure protein, major tail protein, minor
tail protein, tail tubular protein, tail fiber protein, and the
phage collar); DNA replication/modification (e.g. DNA
primase, DNA repair exonuclease, DNA endonuclease,
DNA helicase, DNA polymerase, single-stranded DNA
binding protein, and deoxynucleoside monophosphate
kinase (ANMP Kkinase)); transcription (DNA-directed
RNA polymerase, polyribonucleotide nucleotidyltransfer-
ase, and transcriptional regulator); host lysis proteins
(endolysin, holin, spanin, and internal virion lysozyme
motif); and other functions (e.g. Eaa protein, membrane
protein, acid phosphatase, metallo-phosphoesterase,
peptidase, and DNA adenine methyltransferase)
(Figure 4a,b). To evade host defenses, Kpphl encodes
a DNA adenine methyltransferase (ORF29) (DAM),
a DNA methylase (ORF44), and a cytosine DNA
methyltransferase (ORF45), which are believed to pro-
tect phage DNA from host restriction endonucleases
(Figure 4a). The absence of tRNA genes in the genomes
of Kpphl and Kpph9 indicates that these phages rely
entirely on the host cells for protein synthesis.
Moreover, the lack of integrase genes confirms that
Kpphl and Kpph9 are virulent phages, consistent with
the PhageAl predictions regarding their life cycle.
Furthermore, the absence of genes associated with viru-
lence, pathogenicity, or drug resistance suggests their
promising potential as therapeutic agents.

Host lysis strategy of phages and putative
depolymerase identification

The genes associated with host lysis in the genomes of
phages Kpphl and Kpph9 include endolysins (ORF37
for Kpphl and ORF55 for Kpph9), holins (ORF36 for
Kpphl and ORF54 for Kpph9), and spanins (ORF38 for
Kpphl, and ORF 35 and ORF 53 for Kpph9). These
genes potentially hydrolyze peptidoglycan, contribute
to the disruption of the host cell membrane, and facil-
itate the liberation of progeny phage particles. ORF19
and ORF20 in the Kpphl genome, and ORF48 and
ORF56 in the Kpph9 genome, are characterized as
(central) tail fiber/spike proteins that are hypothesized
to encode depolymerases — enzymes that break down
the host cell’s capsular polysaccharide, aiding the phage
in attaching to receptors on the cell’s outer membrane
(Figure 5a).



head morphoqenesis protein
head n"laturation protease

terminase small subunit portal protein
terminase large subunit

Eaa protein

transcriptional regulator.

HNH endonuclease—
DN
|
membrane_protein

D a xonucle '
peparconydesss” /| \
/DNA adenine/—methyltransferase
agid phosphatase
endolysin  putative major tail protein
transcriptional regulator

VIRULENCE (&) 9

M GC Skew+
M GC Skew-
Il GC Content
Bl Morphogenesis/packaging
M Tail structure
DNA replication/modification

head completion protein_Hc1

virion structural protein
/putative tail protein

tail length tape measure protein

major tajl protein [ DNA transcription
/ tape length measure chaperone X
[ Host lysis
M Other

tail tape measure protein . Hypothetical protein

. —minor tail protein

——minor tail protein

—minor tail protein

- —tail assembly protein

central tail fiber J

tail fiber protein

recombination protein
|

Kpph1

membrane protein

Iclec
large teglurrllent protein

metallo-phosphoesterase u-spanin

peptl‘dase NA pol f‘,:|
' .

B D)D) EDHE

capsid assembly scaffolding protein

I phage collar ‘

RNApoT/merase
'

Y EDYEDND)HED) DS D) D D ED) DI D R D ) B ))D) D D

holin

tail tubular protein terminase small subunit

| internal virion protein Phage protein
: ! Rzlike spanin
|

major capsid protein

tail fiber protein endolysin
internal virion lysozyme motif terminase large su‘bu‘nit

tail fiber protein

tail tubular protein

DNAejectosome

Mg et i, i it il . e M

sl b e b s anan o _,AM,,,“A“‘AA.‘-
O Ir— [ S S e e R E— C—

5 kbp 10 kbp 15 kbp

20 kbp

25 kbp 30 kbp 35 kbp 40 kbp

Kpph9

Figure 4. Genomic information for phages Kpph1 and Kpph9. (a and b) genomic maps of Kpph1 (a) and Kpph9 (b). Phage protein-
coding genes were identified and annotated using RAST and Phanotate, and verified using Blastp. Genome visualization was carried

out using proksee.

Among the tail fiber/spike proteins encoded by
Kpphl and Kpph9, only ORF20 of Kpphl exhibited
a high sequence identity and structural similarity of
97.79% to a known depolymerase (PDB: 7LZJ_A), as
predicted by HHpred and Swiss-model (Figure 5a-c).
ORF19 from Kpphl is predicted to be a central tail
fiber protein. For ORF19 from Kpphl, the amino acid
sequence 718-821 displayed a 96.97% match with pec-
tate lyase (PDB: 3B4N_A) (Figure 5a,b). ORF56 from
Kpph9 is predicted to encode a tail spike protein; its

amino acid sequence 10-300 shows similarity to pectate
lyase (PDB: 7CHU_A), and sequence 400-576 corre-
sponds precisely with endoglucanase (PDB: 8AG9_A),
exhibiting a 100% probability ~(Figure 5a-e).
Additionally, ORF48 from Kpph9, annotated as
a short non-contractile tail fiber protein, demonstrates
a 99.8% match with model 7Y22_f (Figure 5a-d). The
amino acid sequence 1-103 of ORF48 is likely involved
in lipopolysaccharide degradation, indicated by
a 91.31% similarity to 6W4Q_A (Figure 5a).
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Figure 5. Protein structural prediction of depolymerases of Kpph1 and Kpph9. (a) Protein domains predicted by HHpred. (b and c)
three-dimensional structure of Kpph1 ORF19 (b) and ORF20 (c) predicted by Swiss-Model. (d and e) three-dimensional structure of

Kpph9 ORF48 (d) and ORF56 (e) predicted by Swiss-Model.

Comparative genomic analysis of phages

To demonstrate the genomic discrepancy of Kpphl and
Kpph9 with reference phages, genomic alignments were
conducted for the phages (Figure 6 and 7).

Among the studied genomes of the Webervirus genus,
only three proteins — the terminase large subunit, the
central tail fiber protein, and DNA helicase — are mark-
edly conserved, exhibiting similarities exceeding 94%. The
analysis revealed that the genetic sequences encoding
proteins involved in DNA metabolism and morphogen-
esis-related functions shared a nucleotide identity over
90% between Kpphl and LF20, except for the sequence
8700-12439 (annotated as the tail length tape measure
protein), 20938-22782 (encoding a recombination pro-
tein and exonuclease), and the region 42,084-48937
within Kpphl (Figure 6). The latter region encodes multi-
ple hypothetical proteins and demonstrates notable diver-
sity among the aligned genomes. Within this sequence,
a protein functioning as a transcriptional regulator has
been identified. The genes locate in this specified region
exhibit a striking similarity of 99% to sequences from
K. pneumoniae sequences.

Klebsiella phages within the Drulisvirus genus are
primarily clustered into three groups principally based
on their host specificity. Phage Kpph9 is grouped with
phages QL and KpV74; all of which target the K2
serotype of K. pneumoniae. The prototypical species
for the Drulisvirus genus, phage Kp34 (which targets
the K63 serotype), is clustered together with phiBO1E
and vB_Kp2, whereas phages KpV475 and KpV71 spe-
cifically target the K1 capsular type. Genomic analysis
of the Drulisvirus genus has revealed a set of highly
conserved proteins with similarities exceeding 96%
including DNA helicase, the head-tail adaptor protein,
the head scaffolding protein, and the terminase large
subunit. However, there is significant variability
observed in the tail fiber proteins encoded by phages
within this genus. As compared to phage QL, Kpph9
lacks two HNH endonucleases within the regions 13,-
963-14424 and 17,710-18177, but has acquired an
endonuclease spanning 18,678-18890, a spanin in the
region 19,335-19451, a membrane-associated initiation
of head vertex in 10,107-10316, and a lhypothetical
protein encompassed by 16,666-16830 (Figure 7).
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Discussion

Klebsiella pneumoniae is recognized as one of ESKAPE
pathogens, a group posing a significant and urgent
threat to global public health. As multidrug-resistant
bacterial infections, whether in planktonic or biofilm
form, continue to challenge traditional treatment meth-
ods, phages are increasingly being explored as an alter-
native therapy. However, phage therapy remains
considered an experimental strategy, underscoring the
need for comprehensive characterization of specific

phages intended for this therapeutic purpose before
clinical trials can commence [52].

The current study, explored the physiological, bio-
chemical, and genomic characteristics of the phages
Kpphl and Kpph9. Phylogenetic trees based on nucleo-
tide and protein sequences demonstrated that Kpphl
was affiliated with Drexlerviridae, and Kpph9 was
a member of Autographiviridae. Both phages exhibited
specific lytic activity against K2 capsular type
K. pneumoniae and formed clear plaques on overlay
plates. ~ When  co-cultivated  with ~ Hv-CRKp
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NUHL30457, both phages effectively reduced the viable
host cell count and inhibited the host growth. They also
suppressed host biofilm formation and notably dis-
rupted mature biofilms. Both phages can tolerate
a wide range of temperature and pH, exhibiting strong
environmental tolerance and high storage stability.
Genome analysis did not reveal integrase, antibiotic
resistance, or virulence genes, indicating that both
phages hold promise as components of a targeted
“phage cocktail” against Hv-CRKp.

According to the Klebsiella phage data retrieved
from the NCBI database (Supplementary Fig. S6),
Autographiviridae and Drexlerviridae are two of the
most abundant families of submitted Klebsiella phages,
with 216 (38%) and 95 (17%) complete genomes,
respectively (Supplementary Fig. S6). Previously
reported K2 type-specific phages were predominantly
found in the Webervirus genus of Drexlerviridae
family and the Drulisvirus genus of Autographiviridae
family, such as GH-K3, RAD2, KLPN1, and KpV74
[53-56]. In addition to K2 capsular type, phages from

the Webervirus genus and Drulisvirus genus can target
K1, K34, and K63 capsular type of K. pneumoniae,
such as NTUH-K2044-K1-1, KpV71, KpV475, and
Kp34. This indicates the extensive potential of these
two phage families for clinical applications in treating
infections caused by hypervirulent and drug-resistant
K. pneumoniae [57]. To elucidate the evolutionary
relationships among phages with varied host ranges
within the same genus, multiple conserved single-
copy protein sequences were selected and concate-
nated into a single alignment for both the Webervirus
and Drulisvirus genera, separately. As expected, dis-
tinct marker genes were selected in these two genera,
highlighting the absence of universally conserved mar-
kers due to their diverse genomic mosaicism [57].
Consequently, our findings suggest that individual
conserved genes, such as the terminase and major
capsid protein, may not be suitable for phylogenetic
analyses and classifications at or above the family level
[58]. Additionally, the careful selection of marker
genes is crucial to minimize biases in phylogenetic



inference. Phylogenetic analyses have shown that
phages with higher nucleotide similarities and analo-
gous host ranges tend to cluster together, but excep-
tions may exist, as seen in cases like Kpphl and KOXI.
Genomic variations between these two phages are
mainly observed in the depolymerase region, indicat-
ing distinct co-evolutionary pathways between the
phages and their respective hosts.

In addition to obtaining drug-resistant genes, bac-
teria have the ability to develop multicellular structures
called biofilms, which serve as a protective shield and
render the cells impenetrable to antibiotics and
immune clearance. The biofilm state offers superior
adaptive advantages compared to the planktonic form,
leading to its prevalence as the dominant phenotype in
nearly all habitats on Earth. For instance, the National
Institutes of Health (NIH) has revealed that over 80%
of chronic bacterial infections in the body are attributed
to biofilms [59]. Furthermore, biofilms can form on
medical devices and implantable  materials.
Consequently, there is an urgent need to develop alter-
native therapeutic strategies to address bacterial bio-
films. A biofilm is primarily an aggregate of
microorganisms and EPS. Recent studies have revealed
that phage-encoded enzymes can degrade the EPS
within biofilm matrix, thereby enhancing phage diffu-
sion and attachment [30]. In this study, phage Kpphl
and Kpph9 demonstrated efficacy in preventing the
biofilm formation and disrupting the mature biofilm
matrix, comparable to the previously reported
Klebsiella phages vB_Kpn_ZCKp20p and PGIl4
[30,31]. These results suggest that both phages carry
potential EPS depolymerases that effectively target Hv-
CRKp biofilms. Interestingly, the MOI influenced the
phages’ ability to inhibit biofilm formation. Groups that
had higher concentrations of phages demonstrated
more effective inhibition of biofilm formation.
However, when treating mature biofilms, phages at all
MOIs exhibited consistent antibiofilm effects. These
outcomes align with earlier studies and highlight the
efficacy of phage-derived enzymes in combating bio-
films, even at low concentrations [30].

The CPS of K. pneumoniae act as a protective
shield, enabling the pathogen to resist antibiotics
and evade the host’s immune response. To penetrate
the bacterial boundary, phages can encode depoly-
merases that specifically degrade the CPS of distinct
capsular types. Recent studies have demonstrated
that depolymerases not only facilitate the binding
and degradation of the CPS, but also disrupt biofilms
and reduce Dbacterial virulence, underscoring
a significant role of depolymerases in phage infec-
tions and interactions with the host [60]. Phage
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adsorption stands as the initial stage of infection,
serving as a critical factor in determining host speci-
ficity. Phages containing a single depolymerase that
targets a specific capsular bacterial type indicate the
potential use of capsular type-specific depolymerases
for precise capsular typing [61]. Due to the high host
specificity of these phages, the microbiome linked to
the targeted pathogens could remain unaffected dur-
ing phage infection. Therefore, phages and phage-
encoded depolymerases offer promising alternative
strategies for the identification and inactivation of
specific pathobionts within the human microbiome.
Studies investigating phage depolymerases against
K. pneumoniae and their potential therapeutic effects
have been reported. For instance, depolymerase
K4-26 derived from phage K4-26 has been shown
to reduce virulence and boost the sensitivity of
K. aerogenes 4-26 to innate immunity [17].
Additionally, DepoKP36, produced by the Klebsiella
phage KP36, significantly inhibited the growth of the
K36-type K. pneumoniae in the Galleria mellonella
larvae model [62]. Dep42, derived from the Klebsiella
phage SH-KP152226, has demonstrated remarkable
antibacterial and antibiofilm activities against
K. pneumoniae capsular type K47 and could also
augment the activity of polymyxin in degrading bio-
films [63]. Two depolymerases, Dep_kpv79 and
Dep_kpv767, have been observed to increase survival
rates of mice infected with K57-type K. pneumoniae
[64]. In the light of these findings and considering
the pathogenicity and lethality of the K2 capsular
type of K. pneumoniae, potential depolymerases
from Kpphl and Kpph9 phages were explored. In
this study, both isolated phages were found to harbor
two potential depolymerases targeting K2 type
K. pneumoniae. ORF20 of Kpphl was annotated as
a depolymerase, and demonstrated high structural
identity with the depolymerase of Klebsiella phage
GH-K3 and RAD2. The depolymerases of GH-K3
and RAD2 have been characterized and their cryo-
EM structures have been uncovered. Characterized
depolymerases contain a core region including
a short neck helix and a connection domain, a B-
helix domain, a connection helix domain,
a carbohydrate-binding domain, and a C-terminal
domain. The identified K2-specific depolymerases
have the ability to break down the K2-type CPS
and promote the bounding of unencapsulated strains
to complement C3, thus triggering complement-
mediated opsonophagocytosis.

Interestingly, although Kpphl exhibit high genomic
similarity with phage KOX1, IMGroot, and Call, its
depolymerase share greater similarity to sequences
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found in RAD2 and GH-K3. A phylogenetic tree con-
structed from conserved protein sequences illustrated
that the Kpphl depolymerase forms a cluster with
RAD2 and GH-K3, setting it apart from another clus-
ter consisting of IMGroot, Call, and Kp36. Kp36, ser-
ving as the reference phage species of the Webervirus
genus, encodes a depolymerase that efficiently targets
the K63 type K. pneumoniae [65]. Despite sharing
a 75.91% nucleotide similarity with Kp36, the depoly-
merases of Kpphl and Kp36 only exhibit a 41.4%
identity. Moreover, the predicted three-dimensional
structures of each protein yielded different models,
with Kp36 showing 41.94% sequence identity with
8bke.1.A (Klebsiella phage KP34p57 capsular depoly-
merase) and Kpphl exhibiting 97.79% identity with
71zj.1.A (DpKk2 tail spike depolymerase). These findings
may suggest that phages can acquire depolymerase
sequences through recombination events, and leading
to divergence in host range among phage species
within the same genus. Furthermore, ORF19 of
Kpphl has been identified as a central tail fiber protein
harboring a domain predicted to be pectate lyase,
a crucial domain implicated in Klebsiella phage depo-
lymerases [66]. While, this region is highly conserved
in the selected genomes of Webervirus genus, the pre-
cise function of this protein remains undefined. It
could play a pivotal role in host interactions, including
phage recognition, binding, and degradation of capsu-
lar polysaccharides. Although ORF48 and ORF56 of
Kpph9 have been predicted to be tail fiber proteins,
they share limited sequence and structural similarities
with known phage proteins. Research has previously
demonstrated that phages equipped with multiple
depolymerases can target hosts with various capsular
types, underscoring the importance of depolymerases
in determining host specificity. The host-specificity of
the two putative depolymerase sequences and their
roles at different stages of phage infection remain
uncertain. Consequently, further investigation is
necessary to elucidate the roles of these putative tail
fiber proteins in the host lysis process of Kpphl and
Kpph9.

Conclusion

This study involved the isolation of two virulent
phages that target the K2-type Hv-CRKp strain of
K. pneumoniae, followed by comprehensive bio-
physiological and bioinformatic analyses. These
phages exhibited exceptional lytic efficacy against
their carbapenem-resistant, hypervirulent host and
demonstrated noteworthy stability under a broad
range of temperatures and pH values. Genomic

analysis revealed the absence of integrase, antibiotic
resistance, or virulence genes, indicating that the
phages are promising agents for managing and treat-
ing infections by Hv-CRKp K. pneumoniae.
Furthermore, these phages could serve as potential
sources of prospective antibacterial and antibiofilm
enzymes identified in their genomes. Further charac-
terizations are warranted to verify the functions of
the postulated depolymerases and their mechanisms
of antibacterial and antibiofilm activity.
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