www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Characterization of broad host
range bacteriophages vKpIN31 and
vKpIN32 against hospital-acquired
Klebsiella pneumoniae in Dakar,
Senegal

Issa Ndiaye°*?, Laurent Debarbieux?, Ousmane Sow?, Bissoume Sambe Ba?,
Moussa Moise Diagne*, Abdoulaye Cissél, Cheikh Fall?, Baidy Diéye®, Assane Dieng®,
Amadou Diop®, Yakhya Dieye', Ndongo Dia“, Guillaume Constantin de Magny’:® &
Abdoulaye Seck®

Klebsiella pneumoniae, a common gut colonizer, has become a major opportunistic pathogen,
especially with the rise of multidrug-resistant (MDR) strains. This study aimed to characterize two
lytic bacteriophages against MDR K. pneumoniae strains isolated from hospital associated infections
in Senegal. Among 28 MDR K. pneumoniae strains tested, phage vKpIN31 effectively lyse 15 strains
encompassing 12 distinct K locus types. While phage vKpIN32 lysed 12 strains with 9 different K
locus types, demonstrating broad host range activity. The isolated phages exhibited thermal and

pH stability. One-step growth analysis revealed a latent period of 25 and 20 min and burst sizes

of 281 and 246 PFU/cell for vKpIN31 and vKpIN32 respectively. The in vitro lytic activity of phages
vKpIN31 and vKpIN32 at different multiplicity of infection (1, 1071, and 10-3) revealed variable lysis
efficacy against three K. pneumoniae strains (KP6, KP7, and KP17), with the highest effectiveness
observed at an MOI of 103 for both phages. Combination of both phages as cocktail led to improved
efficacy against the targeted strains Also, both phages significantly reduced biofilm levels, from
18.6% to 67.9% for 24-hour mature biofilms and from 18.1% to 58.7% for 48-hour mature biofilms.
Genomic analysis identified both phages as linear dsDNA viruses belonging to the Caudoviricetes
class, and Sugarlandvirus sugarland species. No genes associated with a temperate life cycle,
integrases, transposable elements, antibiotic resistance, or bacterial virulence were detected in their
genomes. These findings highlight vKpIN31 and vKpIN32 as promising candidates for phage therapy.
Additionally, their potential extends to serving as sources for antibacterial and antibiofilm agents,
signifying their clinical relevance and therapeutic potential.
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Antimicrobial resistance (AMR) poses a critical threat to global health, anticipated to surpass cancer in mortality
rates by 2050 without substantial intervention'%. Notably, the ESKAPE-E group comprising Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter
spp and Escherichia coli show increasing resistance to known antibiotics.
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Klebsiella pneumoniae is a Gram-negative bacterium found in diverse ecological niches such as soil, plants, and
water, and commonly colonizes the human gut. As an opportunistic pathogen, it commonly causes healthcare-
associated infections (HAISs) like septicemia, pneumonia, urinary tract infections, surgical site infections, and
catheter-related infections®. Hospital-acquired K. pneumoniae infections, particularly due to multidrug-resistant
(MDR) strains, pose life-threatening risks, intensifying infection severity and duration*. Globally, K. pneumoniae
accounts for 11% of hospital acquired infections, varying between 8% and 12% in France and USA®’, and from
6.8% to 13.6% in Senegal®~!2.The increased use of carbapenems and fluoroquinolones has accelerated the global
spread of resistant strains. Carbapenem-resistant Enterobacterales, identified by the Centers for Disease Control
and Prevention (CDC) as an urgent threat'?, prominently include carbapenem-resistant K. pneumoniae (CRKP),
an emerging pathogen!? linked to bloodstream infections and pneumonia with a mortality rate exceeding
40%". A characteristic feature of K. pneumoniae is the secretion of a polysaccharide capsule that envelops each
bacterial cell'. The capsular polysaccharide plays a crucial role in K. pneumoniae capacity to form biofilms and
pathogenic K. pneumoniae demonstrated robust biofilms formation, adhering firmly to both living and non-
living surfaces!”. Biofilms act also as a physical barrier that hinders antibiotic penetration. Moreover, biofilm-
associated genes expression upregulates efflux pumps and stress response mechanisms'®. These adaptations
promote the acquisition of resistance traits and the development of MDR phenotypes!'”%. In hospital settings,
this is particularly concerning, as biofilm can colonize medical devices and hard surfaces, leading to biofilms
acquired infections'®**. MDR K. pneumoniae strains are a warning sign for the post antibiotic crisis and novel
alternative therapies and strategies are urgently needed?!. One such alternative is phage therapy.

Bacteriophages, commonly referred as phages, are natural predators of bacteria and have been considered
for over a century as a means to combat bacterial infections. However, their clinical use was overshadowed for
many decades by the dominance of antibiotics. In recent years, phage therapy is regaining interest owing to it’s
specificity, capacity for replication, and coevolution with hosts. Phages binds to bacterial surfaces, inject their
genetic material, replicate within the bacterial host, and induce lysis. Increasingly explored as an alternative to
antibiotics, phage therapy has shown success in numerous reported clinical cases??~%%, supporting its potential
as a safe and promising strategy for combating MDR infections?®. Nowadays, more than 80 K. pneumoniae
capsular types (K types) have been identified**?”. Phage-encoded depolymerase enzymes, which specifically
target capsular polysaccharides (CPS), lipopolysaccharides, or components of the extracellular matrix, facilitate
phage access by degrading these structures, thereby enabling the phages to reach and bind to specific receptors
on the bacterial surface'®. Depolymerases can also render bacteria susceptible to phages, host immunity,
and antimicrobial agents?®?°. Various Klebsiella phages have demonstrated therapeutic efficacy against K.
pneumoniae’*3? particularly in reducing biofilm formation3®33.

In this study, we isolated two phages from influent sewage that we further characterize. The biological
properties of the potential therapeutic phages vKpIN31 and vKpIN32 were evaluated. The tests include host
range, stability, burst size, and activity against both planktonic and biofilm-associated bacteria. We further
conducted comprehensive genomic characterization of the phages through whole-genome sequencing to
provide insights for their potential therapeutic development and application for phage therapy.

Materials and methods

Bacterial isolates, antibiotic susceptibility testing and culture conditions

Twenty-eight K. pneumoniae isolates were collected from clinical specimens (urine [n="7], blood [#n=7], and
wound [n=14]) obtained from hospitalized patients at Hospital Aristide Le Dantec and Children’s Hospital
Center Albert Royer of Fann between 2018 and 2021. The identification of bacterial isolates as K. pneumoniae
was conducted using standard methodologies, including Gram staining, cultivation on selective media, and
standard biochemical reactions.

The susceptibility of these K. pneumoniae isolates to different antibiotics was determined using the Kirby-
Bauer disk diffusion method, as previously outlined* and detailed in an earlier study®®. Stock cultures were
preserved in Luria Bertani (LB) medium (Difco Laboratories, USA) supplemented with 20% glycerol at — 20 °C.
Re-identification and characterization of Sequence Types (STs), K locus type (KL), and O locus type (OL) were
accomplished through whole genome sequencing and subsequent bioinformatic analysis using Kaptive 2.0%
(Supplementary Table S1). Bacterial culture was carried out in Luria Bertani (LB) broth or on LB agar (Difco
Laboratories, Detroit, MI, USA) at 37 °C. Bacterial growth was monitored turbidimetrically by assessing the
optical density at 600 nm (OD,,), where an OD unit of 1.0 corresponded to 3 10® cells/mL.

Phages isolation, purification, host range and efficiency of plating (EOP)

A total of sixteen sewage samples were collected between June and August 2022. These included hospital
wastewater from Hopital Militaire Ouakam, Hopital Idrissa Pouye, Hopital Aristide Dantec, and Hopital Fann.
Community wastewater samples were collected from Canal 4 and Point E. Additionally, samples were taken from
wastewater treatment facilities at Cambéréne, Station de Reléevement UCAD, and Zone de Captage. (Fig. 1). Each
sample underwent centrifugation (5000 g, 10 min at 4 °C) and the supernatants were filtered through a 0.22-pm-
pore-size membrane (Millex, Syringe Filter). The filtered supernatants were assessed for phage presence using
the double-layer agar method on each of the 28 strains. In this method, 10 uL of the sample was added to a
freshly formed lawn of the bacterium in soft LB agar (0.7%) over double concentrated LB agar (1.4%). Clear
plaques were picked and subjected to three rounds of purification. Purified phages were then stored at 4 °C and
—80 °C in 20% (v/v) glycerol until further experimentations.

To determine the host range, the isolated phages were tested using a spot test on the 28 clinical K. pneumoniae
strains. Briefly, the spot test method in which a bacterial lawn was spread on the top agar, and 4 pL of serially
diluted phage solution (2 x 10'° PFU/mL) were spotted onto the bacterial lawn. Following a 24-hour incubation
period, we examined whether or not any lysis plaque was present. Interestingly, two phages, vKpIN31 and
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Fig. 1. Samples sites.

vKpIN32, display a broad host capsular type range. Strains exhibiting clearance zones for vKpIN31 and vKpIN32
phages were selected for EOP analysis using spot test assay. The ratio of plaques formed on the test strain to those
formed on the host strain was reported as the EOP. The experiments were performed independently in triplicate,
with each assay conducted in triplicate.

Phage stability

To evaluate the thermal stability of phages vKpIN31 and vKpIN32, 100 uL of phage solutions (2 x 101° PFU/mL)
was incubated at temperatures of 25, 40, 55, 60, 65, and 70 °C for 1 h. Subsequently, 50 uL of the samples were
drawn to determine phage concentrations. These samples were then 10-fold diluted, and 4 pL of each dilution
was spotted onto LB agar with host bacteria, followed by overnight incubation. Incubation at temperatures
of 37 °C used as control condition. Subsequently, plates were examined to ascertain phage titers. For the pH
stability assessment, 10-fold diluted aliquots were done after 1 h of incubation in SM buffer with various pH
values (3, 5, 9 and 12) or pH 7.5 (control), and phage titers (PFU/mL) were determined. All experiments were
performed independently in triplicate, with each assay conducted in triplicate.

In vitro evaluation of bacteriolytic activity and one step growth

The in vitro bacteriolytic activity of phages vKpIN31 and vKpIN32 against their respective bacterial host was
assessed at different MOIs¥’. A volume of 200 pL of overnight culture was diluted in 10 mL of fresh LB and
incubated at 37 °C until the bacterial OD, reached 0.2. Bacterial suspension and phages at different MOI (1,
1071, 107%) were added in microplates followed by incubation at 37 °C with agitation. As a control sample, K.
pneumoniae isolates were incubated with LB without phages. Bacterial growth was monitored by measuring
OD,, every 10 min using a spectrophotometer for 16 h. Each experiment was independently conducted in
triplicate with triplicate assays performed for each replicate.

For one-step growth (OSG) experiments, a previous described method® was used. Following phage
adsorption with the host strain (MOI 0.01) at room temperature for 5 min, the mixture underwent centrifugation
at 10,000 g for 30 s at 4 °C, and the supernatant was removed. The pelleted cells were then resuspended in
20 mL of preheated (37 °C) LB broth and centrifugate at 10,000 g for 30 s at 4 °C (repeated 3 times). Final
resuspended pellet was incubated at 37 °C. Samples were collected at 5-minutes intervals over 60 min. Phage titer
was determined using the double-layer agar method and expressed as PFU/mL. The burst size was established
following the formula: burst size = (average of free phage after burst average of free phage before burst) / (phage
administered- unattached phages). Experiments were repeated three times.
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Effect of phage treatment on bacterial biofilm formation

We assessed the impact of phages vKpIN31 and vKpIN32 on pre-existing biofilms formed by different strains
using a previously documented method’. An overnight culture of each strain was 10-fold diluted into fresh LB
and incubated at 37 °C until reaching 0D, 0.2. A volume of 100 uL of the culture were transferred to a 96-well
microtiter plate and incubated at 37 °C for 24 and 48 h. The plates were then emptied and cleaned three times
with a sterilized Phosphate Buffered Saline (PBS) (pH 7.4). Each well was then treated with either 100 uL of
the phage solution in SM buffer (pH 7.4) at various MOIs (1 and 10) or supplemented with LB media (control
condition). The plates were incubated for an additional 24 h at 37 °C.

After the incubation period, the wells were emptied again, cleaned twice with sterilized PBS, and subsequently
stained with 150 uL of 1% crystal violet per well. The plates were left standing for 15 min at room temperature.
Following this, the wells were rinsed with sterile water, and any remaining bound stain was solubilized in 150
uL of 100% ethanol for 10 min. A volume of 100 pL was transferred into a fresh 96-well plate. The reduction in
biomass was determined by measuring the absorbance difference at 600 nm between the control (untreated) and
phage-treated wells. Each experiment was replicated three times.

Phage DNA extraction and whole genome sequencing

Genomic DNA (gDNA) was isolated from high-titer stocks (> 10! PFU/mL). Initially, 1 mL of phage lysate was
treated with 10 uL of DNase I (20 U) and 4 pL of RNase A (20 mg/mL), followed by incubation for 30 min at
37 °C. DNA extraction was then performed using the phenol-chloroform method*. To assess the quality of the
samples, nucleic acid concentrations were quantified using a Qubit 2.0 fluorometer (Thermos Fisher Scientific).
For library preparation, 1 ng of DNA was used with Nextera XT DNA library preparation kits (Illumina’, San
Diego, CA, USA) following the manufacturer’s protocol. WGS was performed on Illumina’ iSeq100 sequencers
utilizing the 300-cycle il Reagent V2 Kit (Illumina’, San Diego, CA, USA).

Bioinformatic analysis

We conducted quality assessment of reads using FastQC v0.12.1*!, followed by adapter trimming with trim-
galore v0.6.10*2. Trimmed paired-end reads underwent de novo assembly with SPAdes v3.15.5%% in careful mode.
Assembled contigs were pre-visualized using Bandage v0.9.0*4. Coverage per contig and assembly validation
were performed using BBMap v35.85%. The assembled whole-genome sequences were compared with other
phages for sequence similarities using Basic Local Alignment Search Tool (BLASTN) (https://blast.ncbi.nlm.ni
h.gov/Blast.cgi?PAGE_TYPE=BlastSearch (accessed on 21 September 2023)). Top hits with scores and identity
> 90% were compared to the phage genomes, and Average Nucleotide Identity (ANI) based on BLAST+ (ANIb)
was calculated by JSpeciesWS*6. Ragtag?” was used to identify and correct potential misassemblies by comparing
with the closest identified phage. Further, the input genome, sorted and indexed with Samtools v1.18% was
submit to assembly errors corrections using Pilon v1.24%. Phage termini were identified with PhageTerm™.
Predicted coding sequences (CDS), transfer RNAs (tRNAs), transfer-messenger RNAs (tmRNAs), virulence
factors (VFs), antimicrobial resistance genes (AMRs), clustered regularly interspaced short palindromic repeats
(CRISPRs) and functional annotation for CDS using the PHROGs database were done using Pharokka v1.3.0°.
The pharokka_plotter option was used for circular genome visualization. Whole genome alignment with the
closely relative phage were completed using Clinker v0.0.282.

Statistical analyses

Graphs and statistical analysis of significance were analyzed using the GraphPad Prism program (GrapPad
Software, San Diego, CA, USA). One-way analysis of variance (ANOVA) was used to assess statistical significance,
with a p-value <0.05 considered significant.

Results

Phage isolation, purification, host range and EOP assay

Phages vKpIN31 and vKpIN32 were isolated from influent sewage samples collected from Canal 4 and Station
de relévement (UCAD), using K. pneumoniae KP7 as the host. Both phages produced clear plaques, 0.5-1 mm in
diameter, without surrounding halos. Through phage purification methods, concentration, and titration, a pure
high-titer stock (2 x 10'® PFUs/mL) was obtained. Host range analysis against 28 MDR K. pneumoniae strains
revealed that phage vKpIN31 effectively targeted 15 strains with 12 distinct K locus types, while phage vKpIN32
infected 12 strains with 9 different K locus types. Specifically, vKpIN31 demonstrated infectivity against K.
pneumoniae strains expressing capsules types K2, K7, K14, K15, K17, K22, K25, K27, K30, K37, K57, K102.
Meanwhile, vKpIN32 showed infectivity toward strains with capsule types K2, K7, K14, K15, K22, K25, K27,
K37, K102 capsules.

To further evaluate phage infectivity, EOP was determined for each susceptible strain. Serial dilutions of the
phage lysate (2 x 10'° PFU/mL) were spotted onto lawns of susceptible strains and compared to the reference
host KP7. EOP experiments on the susceptible strains panel illustrated that vKpIN31 generally demonstrated
higher plating efficiency on its susceptible hosts compared to vKpIN32 (Fig. 2). Notably, strains KP2, KP6, KP7,
KP9, and KP17 demonstrated high susceptibility to both vKpIN31 and vKpIN32 phages (Fig. 2).

Thermal and pH stability studies
The stability of vKpIN31 and vKpIN32 was assessed under varying pH and temperatures for 1 h, followed by
determining the phage titers.

Thermal stability was evaluated at temperatures of 25, 40, 55, 60, 65 and 70 °C. Phage titers post-
treatment at various temperatures were compared with those of phage stored at 4 °C (control) (Fig. 3a,b). For
vKpIN31, there was no significant reduction in phage stability after incubation at 25 °C (p-value=0.5253) and
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Fig. 2. Efficiency of plating for phages vKpIN31 and vKpIN32. Susceptible strains, denoted with their
respective K-type listed in brackets. A series of diluted standardized phage stocks (2 x 10!° PFU/mL) for
vKpIN31 and vKpIN32 were spot-plated on each host strain, and infectivity level were assessed.
40 °C (p-value=0.0943). However, a marked reduction in phage viability was observed at 55, 60, and 65 °C
(p-value <0.0001). Similarly, vKpIN32 exhibited no significant reduction in stability at 25 °C (p-value=0.1871),
but a decline in viability was notable at 40, 55, 60, and 65 °C (p-value <0.0001). Incubation at 70 °C resulted in
the absence of viable phages for both vKpIN31 and vKpIN32. Phage titers under different pH conditions were
compared to those at pH 7.5, considered as neutral (Fig. 3¢,d). Both phages exhibited robust stability at pH 3, 5,
and 9, while a significant reduction in phage titer was observed at pH 12 (p <0.0001).
In vitro evaluation of bacteriolytic activity and burst size
The lytic in vitro activity of phages vKpIN31 and vKpIN32 was investigated against three distinct host bacteria:
KP6, KP7 and KP17, monitored by changes in OD,, nm over 16 h incubation period (Fig. 4a, b and c). Bacterial
growth in the absence of phage served as the control and showed a steady increase in OD over time (KP6:
OD 0.168+0.041 to 0.990+0.232; KP7: 0.174+0.049 to 0.988+0.186; KP17: 0.163+0.039 to 0.857+0.132). In
contrast, cultures treated with phages at various MOIs (MOI 1, 1071, and 1073) showed consistently lower OD
values compared to untreated controls (Fig. 4d-f). The experiment highlighted varying lysis efficacy of both
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Fig. 3. Stability of phages vKpIN31 and vKpIN32 under diverse Conditions. (a,b) Effects of temperature on the
stability of phages: Incubation of phages vKpIN31 and vKpIN32 at various temperatures for 1 h (c,d) Effects

of pH on the stability of phages: Incubation of phages under different pH values for 1 h. The experiments were
independently conducted in duplicate with triplicate assays. The data are presented as the means * standard
errors from three replicates. ‘ns’ means no significant difference, *’ means P <0.05, **’ means P <0.01, ***
means P <0.001, **** means P <0.0001.

phages, depending on the MOI, with MOI 10~® showing the highest efficacy against the three hosts, minimizing
phage resistance compared to MOI 1 and 10~!. Additionally, the combination of both phages resulted in improved
bacterial clearance, indicating a potential synergistic effect (Fig. 4g-i).

The OSG (One Step Growth) experiment was performed to assess the latent period and average burst size
of the phages. Phages vKpIN31 and vKpIN32 exhibited latent periods of 25 and 20 min, respectively, while the
estimated average number of new phage particles released per infected cell (burst size) was 281 and 246 PFU/
cell, respectively (Fig. 5).

Effect of phage treatment on bacterial biofilm formation

The potential of phages to degrade established biofilms, reflecting its invasion efficiency, can be valuable in phage
therapy. Mature biofilms aged 24 h and 48 h were exposed to either phage vKpIN31 or vKpIN32 at varying MOIs
(10 and 1) (Fig. 6).

Both phages, vKpIN31 and vKpIN32 demonstrated the ability to reduce biofilm biomass, with reductions
ranging from 18.6% to 67.9% for 24 h old biofilms and from 18.1% to 58.7% at 48 h old biofilms. With strains
KP6 and KP7, treated cultures with phages exhibited significantly lower ODs compared to untreated cultures
(p-value <0.05) at 24 h. However, for strain KP17, vKpIN31 did not significantly reduce biofilm formation at
24 h for MOI 1 (p-value=0.306), though it was effective at MOI 10 (p-value=0.040). Phage vKpIN32 didn’t
reduce biofilm biomass for both MOIs at 24 h. Nonetheless, a notable reduction in pre-formed biofilm was
observed for both phages at 48 h (p-value<0.01).

Genome features and comparative genome analysis of phages vKpIN31 and vKpIN32

The phages vKpIN31 and vKpIN32 were sequenced and analyzed to determine their structural and functional
characteristics. Both phages are not permutated and feature redundant ends which suggest linear dsDNA. The
genome sizes are 77.175 bp for vKpIN31 and 107.104 bp for vKpIN32, with GC contents of 45.01% and 45.26%,
respectively. Both phages exhibit high coding density, reaching 90.67% for vKpIN31 and 91.98% for vKpIN32.
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Fig. 4. In vitro planktonic cell lysis assay. Evaluation of phage vKpIN31 against strains (a) KP6, (b) KP7, (c)
KP17; phage vKpIN32 against strains (d) KP6, (e) KP7, (f) KP17; and the combination of phages vKpIN31-
vKpIN32 against strains (g) KP6, (h) KP7, (i) KP17 over a 16-hour period using spectrophotometer. Each
phage was studied at multiplicities of infection (MOI) 1, 107}, and 10~3. The data represent the means and
standard errors from three biological and technical triplicate experiments for single phage treatment and
duplicate experiments for phage cocktail treatment.
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Fig. 5. One Step growth experiment of phage (a) vKpIN31 and (b) vKpIN32. The data points indicate the
PFUs/mL at different time points. Each data point represents the mean of three independent experiments.
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Fig. 6. Biofilm inhibition of phages vKpIN31 and vKpIN32 for strains (a) KP6, (b) KP7, and (c) KP17. Static
24-hour and 48-hour preformed biofilms in 96-well plates were treated with phages at two different MOIs (1
and 10) and incubated for an additional 24 h. Following staining with 0.1% crystal violet, OD,, measurements
were taken. The results are presented as a violin plot, showing the median and quartiles, based on biological
triplicates with technical triplicates. Statistical significance is denoted as “*” for p-value <0.05, “**” for
p-value<0.01, “***” for p-value <0.001, and “****” for p-value <0.0001.

Annotation of the vKpIN31 phage genome revealed the presence of 109 coding sequences (CDS), of which
46.7% showed functional homologies to known proteins, while 53.2% were classified as hypothetical proteins.
The functional CDS were predicted to encode proteins involved in host cell lysis, structural components (head,
tail, connector, and packaging proteins), along with proteins linked to DNA, RNA, nucleotide metabolism,
transcription regulation, morons, auxiliary metabolism. Additionally, 22 tRNA-encoding regions were also
identified in the vKpIN31 genome.

Conversely, the vKpIN32 genome contained 174 CDS, with 64.3% predicted as hypothetical proteins. Similar
to VKpIN31, the predicted functional CDSs in vKpIN32 were implicated in host cell lysis, DNA/RNA/nucleotide
metabolism, structural components, and specific functional proteins. A total of 20 tRNA-encoding regions were
also detected. Circular representations of phages vKpIN31 and vKpIN32 are illustrated in Fig. 7a. Notably, both
phages did not encode any genes associated with lysogeny, toxins, or AMR, and a detailed description of the CDS
is available in Supplementary Table S2 and Supplementary Table S3.

The nucleotide-level genome comparison of vKpIN31 and vKpIN32 with closely related phages was
conducted with the BlastN search to assess their novelty. As reported by the International Committee on the
Taxonomy of Viruses (ICTV), a nucleotide divergence of at least 5% is required to classify phages as distinct
species™. The average nucleotide identity for vKpIN31 and vKpIN32 ranged from 97.50% to 93.39% with
phages such as Klebsiella phage KpGranit (Accession: MN163280.1), Kpn02 (Accession: 0Q790079.1), vB_
Kpn_IME260 (Accession: NC_041899.1), vB_KppS-Storm (Accession: LR881112.1), and Sugarland (Accession:
NC_042093.1), all belonging to Caudoviricetes class, Demerecviridae family, and Sugarlandvirus genus. Both
vKpIN31 and vKpIN32 were classified within the Sugarlandvirus sugarland species, with closely related, Klebsiella
phage Sugarland and vB_KppS-Storm (Supplementary Table S4, Fig. 7b).

Discussion

The global rise of AMR in K. pneumoniae, particularly in hospital environments, presents a significant public
health concern. Hospital-acquired infections (HAIs) caused by MDR strains are associated with increased
morbidity, extended hospital stays, and limited treatment options. Main resistance mechanisms of MDR K.
pneumoniae include the production of extended-spectrum f-lactamases (ESBLs) and carbapenemases®. In this
study, 35.71% of the K. pneumoniae isolates were classified as extensively drug-resistant (XDR), with higher
resistance profiles than previously reported!!>>>¢. All isolates demonstrated resistance to B-lactams (ampicillin,
piperacillin, ceftriaxone, ceftazidime, cefepime). Moreover, over 35.7% displayed resistance to carbapenem;
82.1% to aminoglycosides; 96.4% to fluoroquinolones; 100% to cyclins; 28.5% to Fosfomycin; and 92.8% to
trimethoprim-sulfamethoxazole®. These findings are especially concerning as carbapenems are among the last-
resort antibiotics for treating infections caused by resistant Enferobacterales®”.Given the rising burden of AMR,
alternative therapeutic strategies, such as bacteriophage therapy, are gaining renewed attention. In this context,
two lytic phages were isolated from influent sewage samples and subsequently characterized for their efficacy
against these K. pneumoniae strains.

Whole-genome sequencing and bioinformatic analysis of 28 K. pneumoniae strains revealed 20 distinct
capsular locus (K-locus) types, suggesting a high diverse profiles in K. pneumoniae involved in HAIs in Senegal®.
The two isolated phages, vKpIN31 and vKpIN32, demonstrated broad capsule host ranges by effectively targeting
12 and 9 strains, respectively, with different K locus types. Phages infectivity relies on their ability to bind to
bacterial surfaces., which require a high level of specificity for surface structures®. In K. pneumoniae, the primary
external structure is the polysaccharide capsule (CPS or K antigen), which forms a dense protective layer over
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Fig. 7. Genomic features. Predicted coding sequences (CDSs) of phages (a) vKpIN31 and (b) vKpIN32 with
transfer RNAs (tRNAs), transfer-messenger RNAs (tmRNAs), virulence factors (VFs), antimicrobial resistance
genes (AMRs), clustered regularly interspaced short palindromic repeats (CRISPRs) and functional annotation
of the CDSs. Clinker gene cluster comparison of the whole genome of phages (c¢) vKpIN31 and (d) vKpIN32
with per cent amino acid identity represented by grayscale links between genomes. Each similarity group is
assigned a unique colour.

the bacterial cell and shields surface structures such as lipopolysaccharides (LPS) or exopolysaccharide (EPS)™.
Currently, serological methods have identified 77 unique K-types (ranging from K1 to K82), while genome
sequencing has unveiled 86 capsular polysaccharide synthesis (CPS) loci, suggesting the potential for further
distinct capsular structures®.

The broadest host ranges reported to date were observed in phages vB_Kpn_K7PH164C4 and vB_Kpn_
K30A2.2, both belonging to the Sugarlandvirus genus which successfully infected strains representing 23
different K-types from a complete panel of 77 Klebsiella K-types®. Although vKpIN31 and vKpIN32 have not
yet been tested against the full capsular diversity, their performance in this study positions them as promising
broad-host-range candidates. Phage infectivity is further enhanced by the presence of depolymerases enzymes
associated with virion tail fibers or tail spikes that degrade specific capsule polysaccharides, thereby enabling
access to LPS or EPS layers®!. Phages harboring multiple depolymerases are rare but critical for targeting a
broader range of Klebsiella capsular types®2-54.

The persistence and efficacy of phages rely significantly upon external environmental factors, notably
temperature and pH, which directly affect replication and stability. Our investigations revealed the robust
resilience of both phages within a temperature range of 25 °C to 40 °C, with optimal performance at 37 °C, the
average human body temperature. Temperature plays a key role in phage viability, attachment, and genome
injection into the host cell®®. Optimal temperatures are essential during phage replication and influence phage
attachment and successful genome insertion into the host®®. Additionally, both vKpIN31 and vKpIN32 remained
stable across a broad pH spectrum (pH 3 to 9). However, their viability was significantly reduced at extreme
alkaline conditions (pH 12). The adaptability of phages to variable environmental conditions is crucial for
therapeutic applications, especially considering diverse administration routes®®.

Phage life cycle parameters play a critical role in their therapeutic efficacy, as phage-induced bacterial killing
largely depends on replication dynamics®”. In this study, the isolated K. pneumoniae phages, vKpIN31 and
vKpIN32 have latent periods of 25 and 20 min, respectively. Klebsiella phages have been reported to exhibit a
latent period of approximately 20 min%-7° extending up to 40 min’"”2. The burst size of vKpIN31 (281 PFU/cell)
and vKpIN32 (246 PFU/cell) were comparatively high. For reference, other Klebsiella phages such as K14-2 (32.9
PFU/cell)®®. vB_Kpn_ZCKp20p (100 PFU/cell)*, vB_KpnM_Kp1(126 PFU/cell)’® have reported lower burst
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sizes. However, certain phages demonstrate even greater productivity, including vB_Kp_XP4 (387 PFU/cell)”*
vB_kpnP_KPYAP-1 (473 PFU/cell)®® and vB_Kpn_ZC2 (650 PFU/cell)*2. Phages exhibiting short latent periods
and high burst sizes are particularly well-suited for the acute phase of infection, rapidly reducing bacterial loads
and enhancing the effectiveness of host immune responses and adjunct therapies’,

Biofilm formation represents a critical pathogenicity factor in various bacterial species, significantly impacting
antibiotic effectiveness by impeding bacterial penetration and evading hostimmune responses. Thus, we evaluated
the impact of vKpIN31 and vKpIN32 at different MOIs on biofilms producer K. pneumoniae strains. Both phages
significantly disrupted 24 and 48 h biofilms, with reductions ranging from 18.6% to 67.9% and 18.1% to 58.7%,
respectively. This activity is likely mediated by phage-associated enzymes, particularly depolymerases, which not
only degrade the bacterial capsule but also target the extracellular polysaccharide matrix of biofilms’®. Phages
have shown efficacy in reducing bacterial biofilms on medical devices and in preventing biofilm formation”’.
Furthermore, combination therapies involving phage and antibiotic have demonstrated synergistic effects in
eradicating biofilms, enhancing antibiotic penetration and efficacy’®.

Whole-genome analysis revealed that both vKpIN31 and vKpIN32 belong to the Sugarlandvirus genus,
Sugarlandvirus sugarland species and are closely related to phage Sugarland and phage vB_KppS-Storm,
respectively. The genome annotation revealed that 45.01% (vKpIN31) and 45.26% (VKpIN32) of predicted
proteins were hypothetical, underscoring the need for further functional characterization. The presence of
numerous tRNA-encoding genes in both genomes may enhance translational efficiency and facilitate infection
of diverse hosts, as reported in other studies’>®. Additionally, both phages encode 12 tail-related proteins,
including tail spikes and fibers, which are crucial for host recognition and binding. Phages encoding a wide
array of tail structures typically exhibit enhanced binding versatility, presence of multiple depolymerases and
an expanded host range®!. The vKpIN31 genome harbors an endolysin, while vKpIN32 contains spanin, holin,
and endolysin, crucial for facilitating bacterial lysis. Importantly, in silico analyses of vKpIN31 and vKpIN32
genomes revealed an absence of bacterial virulence or AMR genes, thereby posing no risk of transmitting
resistance or virulence genes, which ensures its safety and promise as candidates for clinical applications.

Conclusion

In this study, two lytic phages vKpIN31 and vKpIN32, infecting MDR K. pneumoniae were isolated from two
influent sewage water in Dakar. Both phages showed high lytic activity against different K. pneumoniae strains
and remained stable under varied environmental conditions. They demonstrated a broad host range and cocktail
of the two phages was more effective than individual phages in eradicating planktonic cells. Both phages also
showed notable antibiofilm activity. Genomic analysis confirmed that both phages belong to the Sugarlandvirus
sugarland species and do not harbor any bacterial virulence or AMR genes. Given their favorable physiological
and genetic characteristics, VKpIN31 and vKpIN32 represent promising candidates for phage therapy. The phages
vKpIN31 and vKpIN32 hold significant potential for clinical and public health applications, particularly in the
fight against MDR K. pneumoniae infections. Future work will include broader host range testing across diverse
CPS types and other Enterobacterales, as well as evaluation of phage-antibiotic synergy. Functional studies on
depolymerases that may reveal additional therapeutic value. Next steps include preclinical trials to assess safety
and efficacy of phages, with the goal of advancing to clinical testing and exploring their use in varied healthcare
settings in Senegal.

Data availability

The genome assemblies and annotations were deposited in the European Nucleotide Archive (ENA) under the
project number PRJEB72148 and SRA and assembly accession numbers ERR12535901 and ERR12535902 for
vKpIN31land vKpIN32respectively.
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