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viral genus, able to lyse carbapenem-resistant
Klebsiella pneumoniae
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Abstract

Background Carbapenem-resistant Klebsiella pneumoniae (CRKP) is a severe threat for human health and urgently
needs new therapeutic approaches. Lytic bacteriophages (phages) are promising clinically viable therapeutic options
against CRKP. We attempted to isolate lytic phages against CRKP of sequence type 11 and capsular type 64 (ST11-
KL64), the predominant type in China.

Results We recovered a lytic phage from sewage collected at a wastewater treatment station in Sichuan province,
China. We obtained the genome of this phage and found that it is distinct from all known phages with the high-

est overall DNA similarity (12.5%, 16% coverage and 78.4% identity) with phage vB_EcoM_PHBO5 (accession no.
NC_052652) in ICTV. This phage represents a novel viral genus of the subfamily Stephanstirmvirinae, for which we
proposed “Sichuanvirus”as the genus name. This phage has a narrow host range lyse specific for KL64 Klebsiella. This
phage has no genes referring to antimicrobial resistance, virulence, and lysogen and is stable to a wide range of pH
and temperatures. We also obtained three bacterial mutants resistant to the phage and performed genome sequenc-
ing for them. We therefore discovered that the interruption of a capsular polysaccharide biosynthesis-related gene
wcal by insertion sequences mediated the resistance to this phage.

Conclusion We recovered and characterized a phage of “Sichuanvirus”, a novel viral genus of subfamily Stephanstirm-
virinae, which is suitable for phage therapy. The discovery of this phage expands the arsenal against CRKP.

Keywords Antimicrobial resistance, Phage therapy, Klebsiella pneumoniae, Stephanstirmvirinae, Microbiology,
Bacteriophages, Phage biology

Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP)
is an emerging several clinical problem and a threat
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phages (phages) are bacterial viruses, some of which
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can lyse bacteria and therefore may be used to treat
bacterial infections. Phage therapy has gained world-
wide attention with being carried out as an alternative
treatment for refractory infections including those due
to K. pneumonia [4]. In addition to good safety, phage
therapy has achieved positive outcomes in some cases
with complicated UTI, fracture-related infection, or
periprosthetic joint infection [4—6]. As such, phages
represent a viable therapeutic option against CRKP. For
phage therapy, typically a few lytic phages against the
target bacteria are needed to provide the flexibility and
adaptability to constitute cocktails for countering the
potential bacterial resistance to phages after exposure.
In China, CRKP of sequence type 11 and capsular type
64 (ST11-KL64) is the predominant type [7] and may
therefore be a major target of phage therapy. Previous
studies including ours have isolated phages targeting
KL64 CRKP, primarily from the genus Przondovirus
[8, 9]. However, phage-resistant mutants can emerge
rapidly in vivo and in vitro, highlighting the necessity
to expand the biobank of phages available for therapy.
Genus Przondovirus belongs to family Autographiviri-
dae within the class Caudoviricetes (formerly belong-
ing to Caudovirales order, which was abolished in 2021
[10]). Notably, the majority of phages described to
date have a tailed morphology with a double-stranded
DNA genome and belong to the class Caudoviricetes.
Phages of class Caudoviricetes typically exhibit a com-
plex structure, characterized by the presence of an ico-
sahedral or elongated capsid with the axis of the tail
[11]. The capsid size of Caudoviricetes phages can vary
remarkably, ranging from 45 to 185 nm in diameters.
The tails of Caudoviricetes phages may be in any of the
three forms, namely contractile, long non-contractile,
and short [11, 12]. In this study, we recovered a lytic
phage against ST11-KL64 CRKP and uncovered that
this phage represents a novel non-Autographiviridae
viral genus within the class Caudoviricetes.

Methods

Genotypic and phenotypic characterization of bacterial
host strain

We used a ST11-KL64 CRKP clinical strain, strain
135080, for phage isolation. This strain was assigned to
ST11-KL64 by examining its genome sequence (acces-
sion no. JANHBP000000000) using Kleborate v2.2.0
[13] and its carbapenem resistance (MIC of merope-
nem, 256 mg/L) was verified using the Clinical Insti-
tute Standard Institute (CLSI) microdilution method
[14]. In addition, the strain has blaypc ,, a carbapene-
mase-encoding gene, identified using AMRFinderPlus
v3.10.23 [15].
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Phage isolation

On March 16, 2022, we obtained a 200 ml sewage sam-
ple from a wastewater treatment station of Mianning
County, Sichuan Province. The water sample was passed
through a 0.22 pm membrane and 17 ml of filtered sew-
age was mixed with 2 ml 10X LB broth and 1 ml of an
overnight culture of strain 135080. After incubation at
37°C for 4 h, the mixture was centrifuged at 12,000x g
at 4 °C for 2 min. The supernatant was filtered through
a 0.22 pm membrane and was diluted with Tris—HCI-
MgSO, (TM bufter). The double-layer agar method [16,
17] was used to obtain individual plaques with diluted
supernatant against strain 135080. The isolated phage
plaque was further purified clonally for five times to
ensure to obtain one single phage. A phage able to lyse
135080 was therefore isolated and named it 175008.

Phage genome sequencing and taxonomic assignation

We sequenced the genome of 175008 using the HiSeq
X10 platform (Illumina, San Diego, CA, USA) with
phage DNA being prepared using a phage DNA isola-
tion kit (Norgen Biotek; Thorold, Canada). Given the
large quantity of sequencing data obtained (see Results),
we randomly subsampled 500,000 read pairs to minimize
host genome contamination. This subsampling provided
approximately 1,000 X coverage of the 149,294-bp phage
175008 for genome assembly using Unicycler v0.5.1
[18]. The phage genome was annotated using pharokka
v1.7.2 [19] and phold v0.1.4 (https://github.com/gbour
as13/phold). The lifestyle of 175008 was predicted using
PhaTYP [20]. tRNA genes were also screened using
tRNAscan-SE [21]. The genome general overview of
175008 was generated using PHASTEST (https://phast
est.ca/). 175008 was searched for its most closely-related
phage with genome sequence available in the Interna-
tional Committee on Taxonomy of Viruses (ICTV) by
BlastN  (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The
taxonomy of 175008 was determined according to the
rule defined by ICTV for the subfamily Stephanstirm-
virinae (https://ictv.global/taxonomy/taxondetails?taxno
de_id=202313647&taxon_name=Stephanstirmvirinae).
Specifically, the cutoff for genus demarcation was 70%
nucleotide identity of the genome length, which is deter-
mined by the mutual intergenomic similarity calculated
using VIRIDIC [22]. Further, the cutoff for species assig-
nation was 95% DNA nucleotide identity determined
using BlastN within this subfamily. A heatmap of mutual
intergenomic similarities between 175008 and phages
belonging to the subfamily Stephanstirmvirinae (6 of
genus Justusliebigvirus and 13 of genus Phapecoctavirus)
in ICTV was created using VIRIDIC [22]. A maximum-
likelihood phylogenetic tree based on the amino acid
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sequence of the terminase large subunit of the 19 phages
belonging to the subfamily Stephanstirmvirinae was
inferred with phylogeny.fr in “one click” mode accord-
ing to ICTV recommendation. We performed BlastN
searches to investigate whether there are phages closely
related to 175008 in addition to those available in ICTV.
A synteny plot was obtained using clinker (https://github.
com/gamcil/clinker) to compare 175008 with phages
sharing a >70% coverage for the genome sequence.

Morphological observation and phenotypic
characterization of phage 175008
For its morphology, 50 ul of phage 175008 solutions con-
taining 10'° plaque-forming units (PFU) per ml were
dropped on carbon film-coated copper grids (Carbon
Type-B 100 mesh; Zhongjingkeyi Technology; Beijing,
China) for 10 min and then a drop of 2.0% (w/v) ura-
nyl acetate was added for negative staining. A JEM-
1400PLUS transmission electron microscope (JEOL;
Tokyo, Japan) was used to observe the morphology at
an accelerating voltage of 80 kV. The phenotypic profiles
of 175008 comprising the phage titer, optimal multiplic-
ity of infection (MOI), stability at varied pH values and
temperatures, in vitro phage bacteriolytic assay, the host
range, phage adsorption assay and one-step growth were
characterized using methods as described previously [8,
23]. Briefly, 175008 was tested for the thermal stability
by one-hour incubation of 108 PFU/ml in TM Buffer at
4, 25, 37, 50, 60, or 70°C followed by checking the phage
viability using the double-layer agar method. 175008 was
also examined for its stability at pH 2 to 13 by one-hour
incubation of 10° PFU/ml in TM Buffer at 37°C. 175008
of 10% 10°, 10°, 107, or 108 PFU/ml was incubated at 37°C
for three hours at different MOI, namely 0.01, 0.1, 1, 10,
or 100. The optimum MOI was determined when the
bacterial solution was completely lysed. A set of K. pneu-
moniae strains of 30 capsular types, determined using
Kleborate v2.2.0 [13] for their genome sequences, from
our strain collection including 9 ST11-KL64 strains in
addition to 135080 (Supplementary Table S1), were used
for determining the host range of 175008 by the spot
assay [24]. In addition, we examined whether 175008 was
able to lyse E. coli like many Stephanstirmvirinae phages
using strains of 11 STs (Supplementary Table S2). 175008
was assayed for its in vitro bacteriolytic activity by add-
ing phages at the optimal MOI (0.01) into the culture of
strain 135080 at the pre-logarithmic phase, with a ODg,
of 0.20, which is equivalent to approximately 10® colony
forming units (CFU) per ml. LB broth without strain
135080 and the culture of strain 135080 without phages
were used as controls.

We assessed the adsorption ability of phage 175008
by mixing 10 ml of the bacterial host strain (10% CFU/
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ml) with 100 pl of phage (10° PFU/ml) at a 0.01 MO, the
optimal ratio. The co-cultures (1 ml) were retrieved at 0,
3, 6,9, 12, 15, 20, and 35 min to count phage titers. To
estimate the latent period and burst size of 175008, we
conducted one-step growth experiments. Phage 175008
was added at a 0.01 MOI and allowed to adsorb for
35 min at 37°C. We then retrieved 1 ml of the mixture,
which was centrifuged at 12,000 g for 1 min to remove
free phage particles. The pellet containing infected cells
was then re-suspended in 1 ml LB broth. This mixture
was further diluted 100, 1,000, and 10,000 times in tubes,
respectively, which were incubated at 37°C. Samples
were retrieved from the appropriate tube at various time
points up to 110 min to determine phage titers. The num-
ber of phage-infected cells was calculated by subtracting
the count of free phages in the aliquot filtered through a
0.22 um membrane from that in the unfiltered sample at
the start. Burst size was defined as the average number
of phage-infected cells divided by the progeny counts in
the stationary phase. All experiments were performed in
triplicate.

Genome sequencing of 175,008-resistant bacterial
mutants

Three 175008-resistant mutants of the host strain 135080
were randomly selected and subjected to whole genome
sequencing using HiSeq X10 system (Illumina). Reads
were assembled in contigs using SPAdes v3.15 [25] under
the isolate mode. Comparison of the genome sequences
of the three 175008-resistant mutants and that of the
parental strain 135080 was performed using the BLASTn
[26] algorithm with default settings. Insertion sequences
were identified using the ISFinder database [27]. The
absorption of 175008 to the three phage-resistant
mutants was measured as described above.

Results

Identification of a double-stranded DNA lytic phage,
175,008, against ST11-KL64 CRKP

Using ST11-KL64 CRKP clinical strain 135080 as the
host, we obtained individual clear pin-like plaques
from tenfold dilution of filtered supernatant of the sew-
age from a wastewater treatment station of Mianning
County, Sichuan Province, China. After purification for
five times, we obtained a lytic phage, 175008. 175008
was subjected to genome sequencing, which yielded
10,184,334 reads, approximately 1.53 Gb bases. 175008
was identified as a double-stranded DNA phage with a
total length of 149,199 bp, 39.71% GC content, and 276
coding sequences (CDS). An overall genome view of this
phage is available as Supplementary Fig. S1. The genome
of 175008 does not contain any genes related to viru-
lence, lysogeny like, and antimicrobial resistance. This
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indicates that 175008 is a strictly virulent phage, which
was also identified using PhaTYP [20].

Phage 175008 represents a novel viral genus

of the subfamily Stephanstirmvirinae

Phage 175008 is distinct from all known phages in
ICTV as it shares the highest overall DNA similarity
(12.5%, 16% coverage and 78.4% identity) with phage
vB_EcoM_PHBO5 (accession no. NC_052652). As phage
vB_EcoM_PHBO5 belongs to the genus Justusliebigvirus
of the subfamily Stephanstirmvirinae, we constructed a
phylogenetic tree using the amino acid sequence of the
terminase large subunit of all phages belonging to the
subfamily Stephanstirmvirinae (6 of genus Justusliebig-
virus and 13 of genus Phapecoctavirus) in ICTV accord-
ing to ICTV recommendation. 175008 locates between
the two genera, Justusliebigvirus and Phapecoctavirus,
within the subfamily Stephanstirmvirinae (Fig. 1), sug-
gesting that 175008 is a member of this subfamily. We
then sought to determine mutual intergenomic simi-
larities between 175008 and those within the subfamily
Stephanstirmvirinae using VIRIDIC. 175008 had a 31.5%
to 36.5% intergenomic similarity with Stephanstirm-
virinae phages (Fig. 2), indicating 175008 represents a
novel genus of the subfamily Stephanstirmvirinae. We
proposed “Sichuanvirus” as the genus name considering
that the phage was recovered from a sewage sample col-
lected in Sichuan Province. Notably, according to ICTV,
subfamily is used to contain two or more closely related
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genera below the family level and no family nor order is
assigned to the subfamily Stephanstirmvirinae, which
instead directly belongs to the class Caudoviricetes. In
addition to phages available in ICTV, BlastN uncov-
ers that the genome of 175008 shares>70% coverage
(72% to 79%) with four phages in GenBank comprising
KP13-26 (accession no. OP617743), KP2025 (accession
no. PP919962), FKP3 (accession no. PP895363), and
ctAW83 (accession no. BKO027261). Using VIRIDIC,
175008 has a>70% intergenomic similarity with KP13-
26 (76.5%), KP2025 (75.9%), and FKP3 (71.9%) (Fig. 2).
This indicates that these phages also belong to the genus
“Sichuanvirus” but are of different species as their high-
est mutual intergenomic similarity was 84.9%, which is
between KP13-26 and KP2025 and is below the 95% spe-
cies demarcation cutoff. In contrast, phage ctAW83 has a
61.2% (with FKP3) to 67.5% (with 175008) intergenomic
similarity with the abovementioned four phages. There-
fore, this phage is likely to represent a new genus within
the subfamily Stephanstirmvirinae, which warrant fur-
ther investigation. Consistently, 175008 exhibits more
similar synteny plot with KP13-26 and KP2025 (Supple-
mentary Fig. S2).

175008 contains two tail fiber protein genes and 18 tRNA
genes

175008 has two tail fiber proteins with 972 and 346
amino acids (aa), respectively (Supplementary Dataset
S1). The 972-aa tail fiber protein contains a 58-aa tail
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Fig. 2 Mutual intergenomic similarities among 175008, Stephanstirmvirinae phages in ICTV, and four related phages in GenBank. Genome
sequences of the four related phages, KP13-26, KP2025, FKP3, and ctAW83 shared > 70% coverage with that of 175008. Mutual intergenomic
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using VIRIDIC [22] was used to generate this heatmap

spike domain (Supplementary Fig. S3), while there is
no tail spike domain in the 346-aa tail fiber protein. In
addition, a baseplate spike with 232 aa was identified.
175008 also encodes a 171-aa endolysin and a 144-aa tail
lysozyme, which is a component of the baseplate central
hub and functions as cell puncture [28]. Like those of
Justusliebigvirus and Phapecoctavirus phages within the
subfamily Stephanstirmvirinae, the genome of 175008
contains multiple tRNA genes, specifically 18 tRNA
genes (Dataset S1), which were verified using tRNAscan-
SE [21]. Notably, 175008 has genes encoding an 80-aa

nicotinamide phosphoribosyltransferase, a 355-aa nic-
otinamide-nucleotide adenylyltransferase, and a 230-aa
nicotinamide mononucleotide transporter (Dataset S1).
These compose a functional pyridine nucleotide scav-
enging pathway for NAD + salvage during the metabolic
period of the infection cycle [29].

175008 exhibits myoviruses’ morphology, a narrow host
range, and suitable features for clinical application

In transmission electron microscopy, 175008 exhib-
its about a 100 nm long tail attached to an about 46 nm
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icosahedral head (Fig. 3), consistent with the appearance
of myoviruses phages. 175008 was stable at pH between
3 and 11 and at temperatures between 4 to 50°C, while
its titer decreased slightly by 1 log at 60°C but was not
detectable at 70°C (Fig. 3). The MOI was 0.01 and with
such a MOI, about 90% of 175008 were adsorbed to the
host strain 135080 in 35 min (Fig. 3). In double-layer LB
agar, 175008 formed a pinpoint-shape lytic plaque against
135080. In in vitro bactericidal assays, 175008 inhibited
135080 after 1 h and the inhibition lasted for about 3 h
before bacterial regrowth (Fig. 3). Notably, 175008 only
decrease the ODgyy, nm of the culture of 135080 from
0.5 to 0.3 but was unable to render it to become trans-
parent. 175008 had a latent period of 35 to 40 min and a
burst size of 25 progeny phages per infected bacterial cell
(Fig. 3). As for the host range, 175008 was unable to lyse
all 11 E. coli strains (Table S2). Against K. pneumoniae
strains of 30 non-KL64 capsular types, 175008 exhibits a
KL64-specific host range without the ability to lyse non-
KL64 strains (Table S1).

Interruption of capsular polysaccharide
biosynthesis-related gene wcaJ was responsible

for resistance to 175008

To understand the mechanism mediating resist-
ance to 175008, we obtained three 175008-resistant
mutants of 135080, named 135080X3B6, 135080X3B7,
and 135080X3B8, respectively, and performed whole
genome sequencing for them. We then compared
the genome sequences of the three 175008-resistant
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mutants with that of the parental strain 135080. We
therefore identified that the wcaJ gene, which encodes
a UDP-glucose:undecaprenyl-phosphate glucose-
1-phosphate transferase involving in the capsular pol-
ysaccharide (CPS) biosynthesis, was interrupted by
insertion sequence IS903B in 135080X3B6 or ISKpni4 in
135080X3B7 and 135080X3B8. The wca/J gene is essen-
tial for the formation of the polysaccharide backbone.
Previous studies including ours have demonstrated that
interruption of wca/ is a known resistance mechanism
to phages in K. pneumoniae [8, 23, 30, 31]. The absorp-
tion of the three phage-resistant mutants at 35 min and
0.01 MOI was 42% (135080X3B6) or 62% (135080X3B7
and 135080X3B8), which was lower than the 90% of the
parental strain 135080. This suggests that interruption of
weaJ compromises the absorption of phages to bacterial
strains.

Discussion

In this study, we recovered and characterized a lytic
phage against CRKP of the ST11-KL64 type, which rep-
resents a novel viral genus of subfamily Stephanstirm-
virinae, class Caudoviricetes. Currently, only a few lytic
phages against ST11-KL64 CRKP have been reported in
the literature with most belonging to the genus Przond-
ovirus of the family Autographiviridae [8, 9, 23, 32, 33]
and few of the genus Taipeivirus of the family Ackerman-
nviridae [34]. Both families belong to the order Caudovi-
rales of the class Caudoviricetes. The identification of a
phage of a new viral genus other than genera of families
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Fig. 3 The morphological and phenotypic features of phage 175008. A the pinpoint-shape lytic plaques against strain 135080 on double-layer LB
agar. The plagues are enlarged for illustration. B the morphology under transmission electron microscopy. Scale, 200 nm. C in vitro bactericidal assay
against strain 135080. Positive control, strain 135080 alone; negative control, PBS. D The optimal multiplicity of infection (MOI). PFU, plague forming
units. E the stability to pH. F the stability to temperatures. G one step growth curve. H absorption rate
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Autographiviridae and Ackermannviridae expands the
arsenal against CRKP. Study of the resistance mecha-
nisms uncovered that the receptor of 175008 is within
CPS, the same as those of Autographiviridae and Acker-
mannviridae phages targeting ST11-KL64 CRKP [8, 9,
23, 32-34].

Among members of the subfamily Stephanstirmvirinae,
all six Justusliebigvirus phages and 11 of the 13 phape-
coctaviruses were isolated using Escherichia coli strains
as host (Fig. 1). In contrast, phage TSP7_1 was recovered
from a pigeon cloacal swab sample, but its host range
remains to be studied [35]. The remaining Phapecoctavi-
rus phage, ZCKP1, was isolated using a carbapenem-sus-
ceptible K. pneumoniae clinical strain from Egypt as the
host [36]. Unfortunately, the ST and capsule type of the
K. pneumoniae strain are unknown [36]. Nevertheless,
175008 is unable to lyse tested E. coli strains and exhibits
a KL64-specific host range among Klebsiella.

A notable feature of 175008’s genome is the presence of
18 tRNA genes. The exact function of phage tRNA genes
remains to elucidated. However, the emerging evidence
has demonstrated that multiple tRNA genes allow the
lytic phage to sustain translation along with degradation
of the host machinery degrades and therefore dynami-
cally adapt the codon usage during the infection course
[37]. In addition, phage-encoded tRNA may evade host
tRNA-targeted defenses by becoming insensitive to host
anticodon nucleases [38].

In conclusion, we identified a lytic phage representing
a novel viral genus with the features suitable for phage
therapy. Like previously-identified ST11-KL64-CRKP-
targeting phages of different viral families, this phage also
binds to the CPS. This highlights that phages with dis-
tinct taxonomic positions may act on the same target and
more lytic phages against CRKP are waiting for discovery.
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