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Abstract: Proteus mirabilis is frequently associated with complicated urinary tract infections (UTIs) and
is the main cause of catheter-associated urinary tract infections (CAUTIs). Treatment of such infections
is complicated and challenging due to the biofilm forming abilities of P. mirabilis. If neglected or
mistreated, infections may lead to life-threating conditions such as cystitis, pyelonephritis, kidney
failure, and bacteremia that may progress to urosepsis. Treatment with antibiotics, especially in
cases of recurring and persistent infections, leads to the development of resistant strains. Recent
insights into phage therapy and using phages to coat catheters have been evaluated with many
studies showing promising results. Here, we describe a highly lytic bacteriophage, Proteus_virus_309
(41,740 bp), isolated from a wastewater treatment facility in Cape Town, South Africa. According to
guidelines of the International Committee on Taxonomy of Viruses (ICTV), bacteriophage 309 is a
species within the genus Novosibovirus. Similar to most members of the genus, bacteriophage 309 is
strain-specific and lyse P. mirabilis in less than 20 min.
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1. Introduction

Proteus mirabilis is a Gram-negative motile rod that belongs to the family Enterobacte-
riaceae and is widely distributed in soil and aquatic environments. The species is regarded
as an opportunistic pathogen with inherent virulence properties such as swarming [1], pro-
duction of hemagglutinins [2], fimbriae [3,4], urease [5], and capsular polysaccharides [6].
These are all characteristics enabling P. mirabilis to form biofilms on epithelial cells or
artificial surfaces [7]. In addition, many strains of P. mirabilis have a range of antibiotic
efflux pumps [8]. Cells in biofilm are also protected from the host’s immune system [9].

Most persistent and recurring urinary tract infections (UTIs) are caused by P. mirabilis [9,10]
and urinary catheters have been identified as one of the major sources, referred to as
catheter associated UTIs or CAUTIs. The latter may lead to severe bladder and kidney
infections, the formation of kidney stones and cysts, pyelonephritis, permanent renal
damage, bacteremia, and sepsis [9-11]. Treatment of infections is challenging as many
strains are resistant to polymyxins, nitrofurans, tigecycline, and tetracycline [12,13]. Some
P. mirabilis strains produce several (3-lactamases (ESBLs) [14] carbapenemases [15] plasmid-
mediated quinolone resistance genes (gnrD and gnrC) [16,17].

An alternative strategy of treatment is the use of bacteriophages, known as phage
therapy [18-20]. The advent of next generation sequencing and virome studies have
sparked renewed interest in phage research with frequent identification of new species
being used as antimicrobial agents. Lytic phage cocktails have been developed for treatment
of infections caused by ESCAPE pathogens (Enterococcus faecium, Staphylococcus aureus,
Clostridium difficile, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae
species) [21,22]. A recent study [23] has shown that a combination of bacteriophage K512
and a low dose of meropenem inhibited the proliferation of Burkholderia cenocepacia in
Galleria mellonella larvae. Treatment of a Staphylococcus aureus biofilm with bacteriophage

Viruses 2022, 14, 1309. https://doi.org/10.3390/v14061309 https:/ /www.mdpi.com/journal /viruses


https://doi.org/10.3390/v14061309
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/viruses
https://www.mdpi.com
https://orcid.org/0000-0002-8974-7535
https://orcid.org/0000-0001-9364-8671
https://orcid.org/0000-0002-5157-9046
https://doi.org/10.3390/v14061309
https://www.mdpi.com/journal/viruses
https://www.mdpi.com/article/10.3390/v14061309?type=check_update&version=1

Viruses 2022, 14, 1309

20f13

PYO rendered the cells more sensitive to tetracycline and ciprofloxacin [24]. A combination
of bacteriophage VB_KpnM_P-KP2 and gentamicin proofed effective in the elimination
of Klebsiella pneumonaie serotype K47 [25]. Destruction of biofilms using bacteriophages
with depolymerase activity showed promising results [20,26]. Examples are bacteriophages
KTN6 and KTN28 that prevented Pseudomonas aeruginosa to form biofilms [27] and a
combination of bacteriophages from the families Podoviridae, Microviridae, Corticoviridae,
Tectiviridae, Leviviridae, and Cystoviridae that removed MDR biofilm-forming strains of
P. mirabilis from glass beads [28]. P. mirabilis biofilm formation on catheters could be
controlled for up to 168 h by pre-treating surfaces with a layer of podovirus vB_PmiP_5460
and myovirus vB_PmiM_5461 [29]. In another study [30], the blocking of urinary catheters
by P. mirabilis could be controlled by releasing a combination of bacteriophages from a
pH-responsive polymer [poly (methyl methacrylateco-methacrylic acid] (EUDRAGITsS
100). Here, we report on a bacteriophage, Proteus_virus_309, belonging to the genus
Novosibovirus, with lytic activity towards a clinical isolate of P. mirabilis B16.

2. Materials and Methods
2.1. Bacterial Strains, Media, and Culturing Conditions

Clinical bacterial isolates (Table S1) were obtained from Tygerberg Hospital (Cape
Town, South Africa) and their identity confirmed by partial 16S rDNA sequencing, us-
ing primers F8 (CACGGATCCAGACTTTGATYMTGGCTCAG) and R1512 (GTGAAGCT-
TACGGYTAGCTTGTTACGACTT). All chemicals, reagents, and growth media were ob-
tained from Merck (Darmstadt, Germany) and ThermoFisher Scientific (Waltham, MA,
USA). Bacteria were routinely cultured in Brain Heart Infusion (BHI) at 37 °C on an orbital
shaker (100 rpm), or on BHI agar (1.2%, w/v, agar). Agar overlays and phage enrichment
were performed using soft BHI agar (0.8%, w/v, agar).

2.2. Phage Isolation and Purification

Phages were isolated from the Athlone wastewater treatment plant (Cape Town,
South Africa), using the enrichment protocol previously described [31]. Wastewater was
centrifuged (8000x g, 15 min, 4 °C), the supernatant filtered through 0.2 um GVS filters
(Lasec, Cape Town, South Africa), and 1.0 mL inoculated into a 100 mL culture of P. mirabilis
B16 in exponential phase, supplemented with 1 mM CaCl,. After 16 h of incubation at
37 °C, cells were harvested (10,000 x g, 20 min, 4 °C) and the cell-free supernatant filtered
through a sterile nitrocellulose filter (2.0 pm pore size). Phages were enumerated on soft
BHI agar imbedded with P. mirabilis B16 as described by Anderson et al. [32]. The phage
lysate was serially diluted (1071 to 10719 and 100 uL of each dilution inoculated into
5.0 mL BHI soft agar. The phage-host suspension was poured over BHI agar (1.2%, w/v,
agar) and the plates incubated for 16 h at 37 °C. Plaques were selected, streaked onto BHI
agar (1.2%, w/v) and 5 mL soft BHI agar, containing 100 pL P. mirabilis B16, poured over the
streaks as per Cross et al. [33]. Plates were incubated for 16 h at 37 °C. This was repeated
four times to obtain a pure phage population. Plaque forming units (PFU) was recorded
and the lysate stored at 6 °C in phage buffer (10 mM Tris, pH 7.5, 10 mM MgSQOy4, 60 mM
NaCl) or at —80 °C in 25.0% (v/v) glycerol.

2.3. Phage Concentration

Several phage lysate stocks were concentrated as described by Yamamoto et al. [34].
The efficiency of plating was determined allowing for confluent lysis on a standard BHI
overlay plate. Twenty confluent lysis plates (90 mm) were incubated for 16 h at 37 °C,
plates were flooded with 5.0 mL phage buffer and incubated for 2 h at 4 °C on an orbital
shaker (50 rpm). Aspirated phages were collected from the plates, bacterial debris was
centrifuged (10,000 g, 20 min, 4 °C), and the phage lysate filtered as described elsewhere.
Phages were collected by adding polyethylene glycol (PEG8000, Sigma Aldrich, St. Louis,
MO, USA) to a final concentration of 20% (v/v) and stored upright for 16 h at 4 °C. The



Viruses 2022, 14, 1309

30f13

following day, phages were harvested (20,000 g, 1 h, 4 °C) and the supernatant removed.
The pellet was gently resuspended in 5.0 mL phage buffer and stored at 6 °C until used.

2.4. Transmission Electron Microscopy (TEM)

Ten microliters of the phage suspension (>1 x 10'° PFU/mL) was stained with
2.0% (w/v) uranyl acetate and pipetted onto carbon-coated copper grids (Agar Scien-
tific, Stansted, UK) that were discharged using a EMS100 Glow Discharge Unit (Electron
Microscopy Sciences, Hatfield, PA, USA). Stained samples were viewed using a FEI Tecnai
F20 transmission electron microscope (ThermoFisher Scientific, Eindhoven, The Nether-
lands), fitted with a DE-16 camera (Direct Electron, San Diego, CA, USA). Images of the
phages were taken at the University of Cape Town'’s Electron Microscopy Unit (Cape Town,
South Africa).

2.5. Extraction of Phage DNA

DNA was extracted from concentrated phage suspensions using the method of Goller
et al. [35] but modified. Concentrated phage lysate (500 uL) was treated with 2.0 uL
DNAse 1 (2000 U/mL) and 20.0 uL RNAse A (10.0 mg/mL), and incubated at 37 °C for
2 h. Fifty microliters of 0.5 M ethylenediaminetetraacetic acid (EDTA), 5.0 pL of proteinase
K, and 50.0 puL of 10% (w/v) sodium dodecyl sulphate (SDS) were added, followed by
1 h incubation at 55 °C. The phage lysates were divided into two 2-mL microcentrifuge
tubes to which 500 pL of phenol/chloroform/isoamyl alcohol (PCI; 25:24:1) was added
and centrifuged (12,000 g, 5 min, 16 °C). The top aqueous layer was collected, and the
PCI step repeated twice, followed by final chloroform /isoamyl alcohol treatment. DNA
was precipitated with the addition of 1.0 mL ice-cold 99% (v/v) ethanol and 50 uL 3 M
sodium acetate, followed by centrifugation (16,000 x g, 5 min, 4 °C). The DNA pellet and
washed with 70% (v/v) ethanol, air-dried, and resuspended with 50 uL 10 mM tris (pH 7.8)
and stored at —20 °C until used. Host contamination was determined by amplification of
partial 16S rDNA.

2.6. Sequencing of Phage Genome

Quality control, library preparation, and sequencing of extracted DNA from Pro-
teus_virus_309 was performed by the Central Analytical Facility of Stellenbosch University.
DNA quality was assessed for purity on the NanoDrop™ ND-1000 spectrophotometer
(ThermoFisher Scientific), using a 1 x tris-EDTA buffer (ThermoFisher Scientific). The
double stranded DNA (dsDNA) fraction was quantified on the Qubit 4.0 fluorometer
(ThermoFisher Scientific) using the QubitTM 1 x dsDNA HS assay kit according to the man-
ufacturer’s protocol. MAN0017455 REVC.0 Library preparation was performed using the
Ion Plus Fragment Library Kit (ThermoFisher Scientific) according to the manufacturer’s
protocol, MAN0009847 revision K.0. Briefly, DNA was fragmented using the Covaris 52
focused ultrasonicator (Covaris, Inc.; Woburn, MA, USA) with a 10% duty cycle, 5% inten-
sity, and 200 cycles/burst in two cycles; consisting of 60 s treatments each. Sheared DNA
was purified using 1.8x volume Agencourt™ AMPure™ XP reagent (Beckman Coulter,
Brea, CA, USA). The fragmented DNA was end-repaired at room temperature for 20 min
and purified using 1.8 x volume Agencourt™ AMPure™ XP reagent (Beckman Coulter).
End-repaired DNA was blunt-end ligated to IonCode™ Barcode Adapters at 22 °C for
15 min and purified, using 1.4 x volume Agencourt™ AMPure™ XP reagent (Beckman
Coulter). The adapter-ligated libraries were amplified across nine polymerase chain reac-
tion (PCR) cycles and assessed for fragment size distribution on the LabChip® GX Touch 24
Nucleic Acid Analyzer, using the X-Mark DNA LabChip and HT DNA NGS 3K reagent kit
(PerkinElmer, Waltham, MA, USA) according to the manufacturer’s protocol; CLS145098
Rev. F. The amplified libraries were combined in equimolar amounts and size-selected
on the Pippen Prep (Sage Science, Beverly, MA, USA) using 2.0% dye-free gel cassettes
with marker L, to retain DNA fragments of approximately 275 bp. The size selected library
was purified, using 1.4x volume Agencourt™ AMPure™ XP reagent (Beckman Coulter).
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The combined library was quantified using the Ion Library TagMan™ Quantitation kit
(ThermoFisher Scientific) according to the protocol, MAN0015802, rev. C.0. Quantitative
PCR was performed on the StepOnePlus™ Real-time PCR system (ThermoFisher Scien-
tific). The combined library was diluted to a target concentration of 60 pM for template
preparation using the Ion 540™ Chef kit (ThermoFisher Scientific). Twenty-five microliters
of the diluted pooled library were loaded onto the Ion Chef™ (ThermoFisher Scientific)
liquid handler for template preparation and enrichment using the Ion 540™ Chef reagent,
solutions and supplies according to the protocol, MANO0010851 revision F.0. Enriched ion
sphere particles were loaded onto an Ion 540™ chip (ThermoFisher Scientific). Massively
parallel sequencing was performed on an Ion GeneStudio™ S5 Prime system using se-
quencing solutions and reagents (ThermoFisher Scientific) according to the manufacturer’s
protocol, MANO0010851 revision F.0. Flow space calibration and BaseCaller analysis were
performed using standard analysis parameters in the Torrent Suite version 5.16.0 software.

2.7. Genome Annotation and Analysis

The genome was assembled using CLC Genomics Workbench version 7.5.1 and de-
fault settings, except that both length and similarity fractions were adjusted to 0.9 (Qiagen,
Hilden, Germany; RRID:SCR_011853). Annotation was performed with MultiPhate2 using
protein sequences from the VOGDB (release 80), NCBI virus protein, PHANTOME and
pVOGs databases accessed on 11 November 2021 [36]. Nucleotide-based intergenomic sim-
ilarities between Proteus_virus_309 and related phages was calculated using VIRIDIC [37]
and genome layout and synteny assessed using clinker [38]. Phylogenetic relationships to
other phages were further investigated by determining protein cluster similarities between
Proteus_virus_309 and all reported Proteus infecting viruses or those in the INSDC database
that show significant nucleotide similarity using VirClust [39]. Bacphlip [40] was used to
support the prediction of phage lifestyle (Iytic or lysogenic).

2.8. Host Specificity Determination

Spot tests were performed on overlays seeded with three P. mirabilis isolates (B14, B15,
B16), P. mirabilis ATCC 25933, and P. vulgaris B24. One hundred microliters of each overnight
culture were inoculated into molten agar and poured on BHI agar (1.2%, w/v). Once plates
solidified 10 uL of each high titer phage suspension (1 x 10® PFU/mL, standardized)
was spotted onto the overlay and incubated overnight at 37 °C, in triplicate. Lower
concentrations of phage were used to determine plaque formation if zones of inhibition
were observed.

2.9. Multiplicity of Infection (MOI) and One-Step Growth Curve Determination

Optimal MOI was determined using serial dilutions of Proteus_virus_309, inoculated
with exponential phase P. mirabilis at different proportions of infection (1000, 100, 10, 1, 0.1,
0.01, 0,001). One hundred microliters of phage suspension, at various dilutions, and 100 pL
of P. mirabilis were added to 5 mL of BHI (supplemented with 2 mM CaCl,) and incubated
at 37 °C for 10 h. Cultures were centrifuged (8000 g, 10 min, 4 °C), the supernatant was
harvested and filtered through nitrocellulose (0.2 um) filters. Plaque forming units were
determined by soft agar overlay (Figure S1).

A one-step growth curve was generated as described by Yin et al. [41] with modifications.
A culture of P. mirabilis was grown up to approximately 1.0 x 108 CFU/mL from which 1.0 mL
was inoculated with 100 uL of Proteus_virus_309 at 1 x 10”7 PFU/mL (MOI = 0.01). Incubation
was for 5 min at 37 °C on an orbital shaker (100 rpm), cells were harvested (8000 g, 2 min),
and the supernatant removed. Cells were resuspended in 1.0 mL BHI, transferred into
9.0 mL BHI, and incubated in a 37 °C water bath with constant agitation using a magnetic
stirrer (100 rpm). Free phages were collected at 2.5 min intervals until 30 min (Ty-T3p) and
at 5.0 min intervals for 50 min. Two hundred microliters were collected at each interval and
10 pL of chloroform was added, quickly vortexed, centrifuged (12,000 g, 1 min, 16 °C),
and phage titers were determined. The assay was performed in triplicate, consecutively.
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Burst size was calculated as a ratio of free phage particles to the initial count of infected
bacterial cells during the latency period.

2.10. Bacterial Lysis Assay and Phage Resistance

Bacterial lysis assay was determined as described by Yen et al. [42], but with some
modifications. Proteus_virus_309 suspension (1 x 10° PFU/mL) was added to a P. mirabilis
(1 x 10 CFU/mL) at an MOI of 0.01 and allowed to bind for 5 min. Bacterial cells were
harvested (6000 g, 1 min, 16 °C), washed to remove free phage particles and resuspended
in 1 mL of BHI. Infected bacteria were inoculated into 9.0 mL BHI and incubated at 37 °C
on an orbital shaker (100 rpm). Viable bacteria were harvested every 15 min (T¢—Tgp) for
the first 60 min and every hour (T¢0—T24¢). Bacteria were serially diluted, plated onto BHI
agar, and incubated at 37 °C for 16 h.

Phage resistant mutants were selected by exposing P. mirabilis B16 to Proteus_virus_309
(MOI = 0.01), incubated at 37 °C for 16 h. Selected mutants were streaked three times and
DNA was extracted. PCR amplification of the of lipase gene (ORF 3, 633 bp) was used to
screen for potential lysogeny with the following primers: Forward: 5-GCAGTCGACGA
TAAAAAGTATGATACCCTCT-3' and Reverse: 5'-TATGCGGCCGCCTATCTCTGTGTATC
CTTG-3' using 100 ng gDNA as template. An existing construct of pRSF_lipase was used
as positive control (Figure S6).

2.11. Temperature and pH Stability

Temperature and pH stability tests were performed as described by Yang et al. [43].
Separate samples of 1.0 mL phage suspension (1 x 108 PFU/mL) were incubated at 20,
37, 50, 60, 70, and 80 °C, respectively, for 1 h and PFU/mL determined. In a separate
experiment, phage suspensions were inoculated into separate 5.0 mL BHI, pre-adjusted to
pH 3-11, incubated for 3 h at 26 °C, and the PFU/mL determined. All experiments were
performed in triplicate.

2.12. Statistical Analysis

The multiplicity of infection, one-step growth curves, bactericidal assay and stabil-
ity assays were expressed as means and standard error of the means (SEM), and were
determined using GraphPad Prism 5 (San Diego, CA, USA).

3. Results and Discussion
3.1. Isolation, Morphology and Host-Range Characterization

A clinical strain of P. mirabilis (B16) was used to isolate bacteriophages from a sewage
sample. Evidence of host lysis was observed producing 4 mm clear plaques with a
slight halo around the borders, as well as turbid plaques with no or very faint halos
(Figure 1A). Transmission electron microscopy revealed that the phage has a short (18 nm)
non-contractile tail and an icosahedral capsid of 67 nm in diameter (Figure 1B). Based on
these results, Proteus_virus_309 belongs to the genus Novosibovirus. Other members of
the genus have been identified in the United Kingdom and Russia [44,45]. Although host
screening was not extensive, Proteus_virus_309 only infected the clinical isolate P. mirabilis
B16 and showed no infectivity against the other Proteus species (Table S1). Three of the four
phages closely related to Proteus_virus_309 (Proteus phages PM75, PM16 and RS8pmA)
were also host-specific while phage RS1pmA infected two P. mirabilis strains. Phages PM85,
PM93, and PM116 displayed a broader host range [44].
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Figure 1. (A) Plaque morphology of Proteus_virus_309 showing a clear zone with a slight halo border.
(B) Transmission electron micrograph of Proteus_virus_309 displaying icosahedral morphology with
several damaged or empty viral particles represented by capsids with a darker center (less electron
dense).

3.2. Physiological Characterization

The one step growth curve (Figure 2A) revealed that Proteus_virus_309 has a short
latency period of approximately 5 min and a rise period of 7.5 min. A burst was achieved
after approximately 15 min, followed by a plateau of 15-20 min. This is rapid compared
to lysis profiles of other Novosibovirus members, as listed in Table S2A,B, and reported in
literature for Proteus phages [29,46,47]. Approximately 39 plaque forming units (PFUs) of
Proteus_virus_309 were recorded per bacterial cell. This compared with the 32 PFUs per
cell recorded for Proteus phage PM75 but is far less than the 100 PFUs per cell reported for
Proteus phage PM16 [44]. Proteus_virus_309, at an MOI of 0.01, reduced the viability of a
P. mirabilis B16 population by 99.9% (1.43 x 10® log;g CFU/mL) within 120 min (Figure 2B).
The short lytic cycle and overall bactericidal activity of bacteriophage 309 are promising
attributes in the developing of bacteriophage therapy [48] or genetically engineered bacte-
riophages, as reported for P. aeruginosa phages [49]. Although Proteus_virus_309 is highly
virulent, phage-resistant cells of P. mirabilis did develop after 16 h of incubation. This is a
clear indication of a resistant subpopulation that became dominant once susceptible popula-
tions were predated by bacteriophage 309, a feature also noted for PM75 [44]. Plaque assays
performed with phage-resistant isolates did not produce visible plaques, except one selected
mutant C3, which produced a faint zone (Figure S5). Phase-variable expression of surface
polysaccharides could be a likely mechanism of avoiding phage predation by generating a
heterogenous population without the burden of mutations [50]. Phase variation has been
observed in intestinal Vibrio cholerae whereby modulating the O1 antigen, important in host
colonization, and avoiding predation by the O1 antigen-dependent lytic phage ICP1 [51].
These changes in bacterial fitness often have trade-offs, with such that avoiding phage
predation can lead to less virulent variants becoming the dominant population. Although
no similar relationships have been documented in P. mirabilis, phase-variable expression of
fimbriae is common with many fimbrial phase variants being observed during colonization
and biofilm development [52]. It is unknown if fimbriae and hemagglutinins produced
by P. mirabilis are involved in phage infection and entry. Phage resistance can also be
gained through other mechanisms such as spontaneous mutations, restriction modification
systems, and CRISPR-Cas systems [53].
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Figure 2. (A) One-step growth curve of Proteus_virus_309 and (B) lysis of P. mirabilis B16 culture
following infection with phage 309 (MOI of 0.01). Lysis was followed over 4 h.
The thermal stability assay (Figure 3A) revealed that Proteus_virus_309 could not
withstand temperatures above 50 °C. No significant differences (p < 0.05) were recorded in
PFU/mL from 20 to 50 °C. Reduced titers of Proteus phages vB_PmiS-TH and vB_PmiS_PM-
CJR were recorded after exposure to 70 °C [46,54], with complete inactivation at 80 °C.
Proteus_virus_309 remained infective at pH values ranging from 5 to 11 (Figure 3B), with
no significant difference observed across the range (p < 0.05). Complete inactivation was
recorded at pH 4 and below (Figure 3B). Proteus mirabilis increases the pH of urine [5],
which would favor phage stability.
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Figure 3. The effect of (A) temperature on phage stability, with no plaques detected >60 °C and
(B) pH on phage stability, with no plaques detected at pH 3 and 4.

3.3. Genome Characterization

The genome of Proteus_virus_309 is 41740 bp, with a G + C content of 41.3%, thus
slightly higher than the average G + C content of 39.0% recorded for P. mirabilis (Table S3).
When compared against all Proteus infecting phages, Proteus_virus_309 is most related to
vB_PmiP_RS8pmA (83.9%), vB_PmiM_RS1pmA (81.9%), Proteus virus PM16 (81.8%), and
Proteus virus PM75 from the genus Novosibovirus, with 89.5% nucleotide similarity to the
latter (Figure S2). Based on these results and the ICTV guidelines [55], Proteus_virus_309
is a member of the genus Novosibovirus. Comparison of all the Novosibovirus genomes
described thus far shows that each represents a chimera of the others with several unique
ORFs being present in some and absent in others (Figure 4). The lack of relation to Proteus
phages other than those in the Novosibovirus genus is further supported by protein cluster
analysis (Figure S52B). When comparing the top BLASTn hits of the Proteus_virus_309
against the Genbank database, two Providencia infecting phages (PSTRCR_114 and vB
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Figure 4. Comparison of Proteus_virus_309 genome with those of closely related viruses.

Proteus_virus_309 shares a unique open reading frame (ORF2) with Proteus phage
vB_PmiP_RS8pmA, while more distantly related proteins are present in Providencia phage
PSTRCR_114 and a range of Krischvirus species (RB49, JSE, Phil and ECD?). This ORF is
divergently transcribed, and possibly co-regulated, from a putative lipase/esterase present
on all Novosibovirus genomes. Proteus_virus_309 encodes a putative Ocr-like DNA mimic
protein (ORF9), absent in all other classified Novosibovirus. The T7 Ocr protein protects
viral DNA from digestion by host Type I restriction endonuclease by acting as a decoy [56]
as well as interacting with the Bacteriophage exclusion (BREX) defense system [57]. The
Ocr-like DNA mimic protein may have a similar role. The absence of this protein in other
members of Novosibovirus suggests that those hosts do not target the phage DNA for
degradation in the same way as for Proteus_virus_309 and its host P. mirabilis B16. The
genomic region occupied by Ocr on the Proteus_virus_309 genome is occupied by a DNA
adenine methylase (DAM) on Proteus phage PM75. These enzymes are multifunctional
and could protect phage DNA from restriction endonucleases, play a role in promoter
regulation or efficient release of progeny [58]. Modification of the genome at this position
along with sharing a specific tail fiber protein with PM75 may partly explain the much
larger burst size of PM16 compared with Proteus_virus_309 and PM75 [44]. This specific
tail fiber protein (ORF57), shared only between PM75 and Proteus_virus_309 and no other
known Proteus phages, may also explain the narrow spectrum host specificity of these
two phages. In the other three Novosibovirus genomes, a conserved hypothetical protein
is present at this location. For obligately lytic T-even phages, both the length of the latent
period and the burst size increase if more phages adsorb to the cell when infected, termed
lysis inhibition [59,60]. The latent period for PM16 was determined to be approximately
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15 min, compared to more-or-less 20 min for PM75 [44]. Binding of phages before infection
may be affected by tail fibers; however, at an MOI of 0.01 this mechanism may be ruled
out. Additionally, PM16 lacks several small ORF’s between the exonuclease (ORF27) and
the RNA polymerase (ORF35) present in Proteus virus 309 and PM75. Minor changes to
the genome can substantially affect lysis timing and burst size, however, this does not
account for changes in host physiology that assist, or are responsible for, larger burst sizes
or increased latent periods.

3.4. Additional Features

The lipase/esterase mentioned here contains two known domains belonging to a
family of SGNH_hydrolases and GDSL-like Lipase/Acylhydrolases of which the two
families contain a diverse range of esterases and lipases, respectively. These hydrolases
could play a role during infection through host adsorption or host lysis at the end of
the lytic cycle [61,62]. Only some P. mirabilis strains acetylate their peptidoglycan and
the degree of O-acetylation can differ markedly between strains [63-65]. Thus, if lipases
and esterases are involved in host attachment, it may be strain-specific. Phages closely
related to Proteus_virus_309 were all described as lytic viruses with no integrase and
lysogens present [44,45,66]. Bioinformatic assessment of the Proteus_virus_309 genome
using Bacphlip predicted that it is a lytic phage with a score of 0.99. Although phage
resistant isolates were identified following infection (Figures 54 and S5), phages could not
be detected, suggesting that these were not lysogens (Figure S6).

Proteus_virus_309 may not be a likely candidate for phage therapy due to its narrow
host spectrum. Further research is required to determine if Proteus_virus_309 infection
is limited to a specific host receptor or external host factors such a biofilm composition
and capsule type [67]. Furthermore, whole genome sequencing of non-host genomes
could elucidate internal host defenses, such as CRISPR-Cas systems, abortive infection,
and restriction endonucleases, that are specific to 309-like phages and their prevalence
across Proteus species preventing productive infection or re-infection. A recent insight into
P. mirabilis revealed that Class I CRISPR-Cas systems belonging to type 1E were dominant
across 109 P. mirabilis isolates [68].

4. Conclusions

Proteus_virus_309 is closely related to, but clearly distinguishable from, Proteus viruses
PM75, vB_PmiP_RS8pmA, vB_PmiM_RS1pmA and Proteus virus PM16 and, therefore, be-
longs to the Novosibovirus genus. Similar, to other Novosibovirus members, Proteus_virus_309
has a narrow spectrum of activity, infecting only P. mirabilis B16 isolated from a urinary tract
infection. Although 309 is highly strain-specific leading to it likely to be ignored as a candi-
date for phage therapy on its own, it may be combined with other Novosibovirus and more
broadly infecting lytic Proteus phages into a Proteus-specific phage cocktail. Such a cocktail
could be effective in treating CAUTI’s, wound infections if topically applied, used as disin-
fectant, or as a prophylactic coating of urine catheters. The ability of Proteus_virus_309 to
destruct biofilms formed by Proteus is currently being investigated.

Supplementary Materials: The following supporting information is available online at https://
www.mdpi.com/article/10.3390/v14061309/s1, Table S1: Proteus_virus_309 host specificity and
identification based on 16s rDNA sequences. Table S2A: Comparison of physiological characteristics
of Novosibovirus members. Table S2B: Comparison of the lysis profiles of Proteus infecting phages.
Table S3: Sequencing analysis report for the assembly of phage Proteus_virus_309. Figure S1: The
effects of different MOIs on the production of phage production. A one-way ANOVA showed
significant difference between an MOI of 0.01 and MOI's >0.1 with no significant difference between
0.01 and 0.001 with higher titer lysates produced from MOI = 0.01. Figure S2: (A) Intergenomic
similarity between all Proteus infecting phages determined using VIRIDIC. Proteus_virus_309 is
highlighted with a red border. Continued: (B) Protein cluster clustering between all Proteus infecting
phages determined using VirClust. Figure S3: Protein cluster clustering (a) between all phage
that show significant nucleotide similarity to Proteus_virus_309 determined by VirClust. Figure S4:
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(A) Dienes phenomenon observed across different strains of Proteus mirabilis unrecognizable to self,
as P. mirabilis B16 does form a dienes line between the P. mirabilis ATTC 25933. The phage resistant
mutants (C1-C4) that arose after the bactericidal assay are still recognized by the mother strain
(phage-unexposed). Figure S5: (A) is a positive spot test of colony 3. (B) is the spot assay of the
P. mirabilis B16 (used to generate the mutants). (C) is Colony 4, a phage resistant mutant. Notable that
colonies C1, C2, and C4 are all resistant to the phage whilst a cloudy zone appears for C3. Figure S6:
PCR assay for the presence of lipase gene (ORF 3, 633 bp) in host DNA to determine lysogeny. From
left to right: Lambda PstI ladder; Lane 1 negative control; Lane 2-5 PCR amplicons from phage
resistant mutants (C1-C4); Lane 6 pRSF_lipase construct positive control; Lane 7-10 One microliter of
gDNA of each of the mutants; Lane 11 contains 1 pL of the pRSF_lipase construct.

Author Contributions: Conceptualization, Isolation, DNA extraction, TEM analysis and physiologi-
cal characterization of Proteus_virus_309; J.A.; Genomic characterization, L.].v.Z.; writing—original
draft preparation, J.A. and L.].v.Z.; writing—review and editing, J.A., L.J.v.Z. and LM.T.D.; super-
vision, LM.T.D.; funding acquisition, L.M.T.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The genome of Proteus_virus_309 is available of the GenBank database
under accession number: OL416096.

Acknowledgments: We are grateful to the National Health Laboratory Services (NHLS) of South
Africa and Dr Newton-Foot for the bacterial strain used in the study. We also like to thank Mohamed
Jaffer and Alvera Vorster for their individual expertise in Transmission Electron Microscopy and
Whole Genome Sequencing respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Armbruster, C.E.; Hodges, S.A.; Mobley, H.L. Initiation of swarming motility by Proteus mirabilis occurs in response to specific
cues present in urine and requires excess l-glutamine. J. Bacteriol. 2013, 195, 1305-1319. [CrossRef] [PubMed]

2. Pearson, M.M.; Sebaihia, M.; Churcher, C.; Quail, M.A.; Seshasayee, A.S.; Luscombe, N.M.; Abdellah, Z.; Arrosmith, C.; Atkin, B,;
Chillingworth, T.; et al. Complete genome sequence of uropathogenic Proteus mirabilis, a master of both adherence and motility.
J. Bacteriol. 2008, 190, 4027-4037. [CrossRef] [PubMed]

3. Jansen, A.M.; Lockatell, V.; Johnson, D.E.; Mobley, H.L.T. Mannose-resistant Proteus-like fimbriae are produced by most Proteus
mirabilis strains infecting the urinary tract, dictate the in vivo localization of bacteria, and contribute to biofilm formation. Infect.
Immun. 2004, 72, 7294-7305. [CrossRef] [PubMed]

4. Rocha, S.PD,; Pelayo, J.S.; Elias, W.P. Fimbriae of uropathogenic Proteus mirabilis. FEMS Microbiol. Immunol. 2007, 51, 1-7.
[CrossRef]

5. Armbruster, C.E.; Mobley, H.L.T.; Pearson, M.M. Pathogenesis of Proteus mirabilis infection. EcoSal Plus. 2018, 8. [CrossRef]

6.  Dumanski, A.J.; Hedelin, H.; Edin-Liljegren, A.; Beauchemin, D.; McLean, R.J.C. Unique ability of the Proteus mirabilis capsule to
enhance mineral growth in infectious urinary calculi. Infect. Immun. 1994, 62, 2998. [CrossRef]

7.  Czerwonka, G.; Guzy, A.; Katuza, K.; Grosicka, M.; Dariczuk, M.; Lechowicz, L.; Gmiter, D.; Kowalczyk, P.; Kaca, W. The role of
Proteus mirabilis cell wall features in biofilm formation. Arch. Microbiol. 2016, 198, 877. [CrossRef]

8.  Visalli, M.A.; Murphy, E.; Projan, S.J.; Bradford, P.A. AcrAB multidrug efflux pump is associated with reduced levels of
susceptibility to tigecycline (GAR-936) in Proteus mirabilis. Antimicrob. Agents Chemother. 2003, 47, 665. [CrossRef]

9. Murray, B.O.; Flores, C.; Williams, C.; Flusberg, D.A.; Marr, E.E.; Kwiatkowska, K.M.; Charest, J.L.; Isenberg, B.C.; Rohn, J.L.
Recurrent urinary tract infection: A mystery in search of better model systems. Front. Cell Infect. Microbiol. 2021, 11, 440.
[CrossRef]

10. Jacobsen, S.M.; Stickler, D.J.; Mobley, H.L.T.; Shirtliff, M.E. Complicated catheter-associated urinary tract infections due to
Escherichia coli and Proteus mirabilis. Clin. Microbiol. Rev. 2008, 21, 26-59. [CrossRef]

11.  Jarvis, W. Selected aspects of the socioeconomic impact of nosocomial infections: Morbidity, mortality, cost, and prevention. Infect.
Control Hosp. Epidemiol. 1996, 17, 552-557. [CrossRef] [PubMed]

12.  Stock, I. Natural antibiotic susceptibility of Proteus spp., with special reference to P. mirabilis and P. penneri strains. |. Chemother.
2013, 15, 12-26. [CrossRef] [PubMed]

13.  Cunha, B.A,; Schoch, PE.; Hage, J.R. Nitrofurantoin: Preferred empiric therapy for community-acquired lower urinary tract

infections. Mayo Clin. Proc. 2011, 86, 1243. [CrossRef] [PubMed]


http://doi.org/10.1128/JB.02136-12
http://www.ncbi.nlm.nih.gov/pubmed/23316040
http://doi.org/10.1128/JB.01981-07
http://www.ncbi.nlm.nih.gov/pubmed/18375554
http://doi.org/10.1128/IAI.72.12.7294-7305.2004
http://www.ncbi.nlm.nih.gov/pubmed/15557655
http://doi.org/10.1111/j.1574-695X.2007.00284.x
http://doi.org/10.1128/ecosalplus.ESP-0009-2017
http://doi.org/10.1128/iai.62.7.2998-3003.1994
http://doi.org/10.1007/s00203-016-1249-x
http://doi.org/10.1128/AAC.47.2.665-669.2003
http://doi.org/10.3389/fcimb.2021.691210
http://doi.org/10.1128/CMR.00019-07
http://doi.org/10.2307/30141291
http://www.ncbi.nlm.nih.gov/pubmed/8875302
http://doi.org/10.1179/joc.2003.15.1.12
http://www.ncbi.nlm.nih.gov/pubmed/12678409
http://doi.org/10.4065/mcp.2011.0411
http://www.ncbi.nlm.nih.gov/pubmed/22134943

Viruses 2022, 14, 1309 11 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Huang, CW.; Chien, ].H,; Peng, RY,; Tsai, D.J.; Li, M.H.; Lee, HM.; Lin, C.E; Lee, M.C,; Liao, C.T. Molecular epidemiology of
CTX-M-type extended-spectrum (3-lactamase-producing Proteus mirabilis isolates in Taiwan. Int. J. Antimicrob. Agents. 2015, 45, 84-85.
[CrossRef] [PubMed]

Tibbetts, R.; Frye, ].G.; Marschall, J.; Warren, D.; Dunne, W. Detection of KPC-2 in a clinical isolate of Proteus mirabilis and first
reported description of carbapenemase resistance caused by a KPC p-lactamase in P. mirabilis. |. Clin. Microbiol. 2008, 46, 3080.
[CrossRef]

Guillard, T.; Grillon, A.; de Champs, C.; Cartier, C.; Madoux, J.; Ber¢ot, B.; Lebreil, A.-L.; Lozniewski, A.; Riahi, J.; Vernet-Garnier,
V.; et al. Mobile insertion cassette elements found in small non-transmissible plasmids in Proteeae may explain qnrD mobilization.
PLoS ONE 2014, 9, e87801. [CrossRef]

Girlich, D.; Bonnin, R.A.; Dortet, L.; Naas, T. Genetics of acquired antibiotic resistance genes in Proteus spp. Front. Microbiol. 2020,
11, 256. [CrossRef]

JAMA. Commercial aspects of bacteriophage therapy. J. Am. Med. Assoc. 1933, 100, 1603-1604. [CrossRef]

Wright, A.; Hawkins, C.H.; Anggé’lrd, E.E.; Harper, D.R. A controlled clinical trial of a therapeutic bacteriophage preparation
in chronic otitis due to antibiotic-resistant Pseudomonas aeruginosa; a preliminary report of efficacy. Clin. Otolaryngol. 2009, 34,
349-357. [CrossRef]

Altamirano, FL.G.; Barr, J.J. Phage therapy in the postantibiotic era. Clin. Microbiol. Rev. 2019, 32, €00066-18. [CrossRef]
Abedon, S.T. Phage-antibiotic combination treatments: Antagonistic impacts of antibiotics on the pharmacodynamics of phage
therapy? Antibiotics 2019, 8, 182. [CrossRef] [PubMed]

Easwaran, M.; de Zoysa, M.; Shin, H.-]. Application of phage therapy: Synergistic effect of phage EcSw (PEcSw) and antibiotic
combination towards antibiotic-resistant Escherichia coli. Transbound Emerg. Dis. 2020, 67, 2809-2817. [CrossRef] [PubMed]
Kamal, F.; Dennis, J.J. Burkholderia cepacia complex Phage-Antibiotic Synergy (PAS): Antibiotics stimulate lytic phage activity.
Appl. Environ. Microbiol. 2015, 81, 1132-1138. [CrossRef]

Dickey, J.; Perrot, V. Adjunct phage treatment enhances the effectiveness of low antibiotic concentration against Staphylococcus
aureus biofilms in vitro. PLoS ONE 2019, 14, €0209390. [CrossRef] [PubMed]

Wang, Z.; Cai, R; Wang, G.; Guo, Z,; Liu, X;; Guan, Y, Ji, Y,; Zhang, H,; Xi, H,; Zhao, R; et al. Combination therapy of phage
VB_KpnM_P-KP2 and gentamicin combats acute pneumonia caused by K47 serotype Klebsiella pneumoniae. Front. Microbiol. 2021, 12, 926.
[CrossRef] [PubMed]

Maciejewska, B.; Olszak, T.; Drulis-Kawa, Z. Applications of bacteriophages versus phage enzymes to combat and cure bacterial
infections: An ambitious and also a realistic application? Appl. Microbiol. Biotechnol. 2018, 102, 2563-2581. [CrossRef]
Danis-Wlodarczyk, K.; Olszak, T.; Arabski, M.; Wasik, S.; Majkowska-Skrobek, G.; Augustyniak, D.; Gula, G.; Briers, Y.; Jang, H.B.;
Vandenheuvel, D.; et al. Characterization of the newly isolated lytic bacteriophages KITN6 and KT28 and their efficacy against
Pseudomonas aeruginosa biofilm. PLoS ONE 2015, 10, e0127603. [CrossRef]

Gomaa, S.; Serry, F.; Abdellatif, H.; Abbas, H. Elimination of multidrug-resistant Proteus mirabilis biofilms using bacteriophages.
Arch. Virol. 2019, 164, 2265-2275. [CrossRef]

Melo, L.D.R,; Veiga, P.; Cerca, N.; Kropinski, A.M.; Almeida, C.; Azeredo, ].; Sillankorva, S. Development of a phage cocktail to
control Proteus mirabilis catheter-associated urinary tract infections. Front. Microbiol. 2016, 7, 1024. [CrossRef]

Milo, S.; Hathaway, H.; Nzakizwanayo, J.; Alves, D.R.; Esteban, P.P; Jones, B.V.; Jenkins, A.T.A. Prevention of encrustation and
blockage of urinary catheters by Proteus mirabilis via pH-triggered release of bacteriophage. J. Mater. Chem. B. 2017, 5, 5403-5411.
[CrossRef]

Pelzek, A ].; Schuch, R.; Schmitz, J.E.; Fischetti, V.A. Isolation of bacteriophages from environmental sources, and creation and
functional screening of phage dna libraries. Curr. Proto. Essent. Lab. Technol. 2013, 7, 13.3.1-13.3.35. [CrossRef]

Anderson, B.; Rashid, M.H.; Carter, C.; Pasternack, G.; Rajanna, C.; Revazishvili, T.; Dean, T.; Senecal, A.; Sulakvelidze,
A. Enumeration of bacteriophage particles: Comparative analysis of the traditional plaque assay and real-time gPCR- and
nanosight-based assays. Bacteriophage 2011, 1, 86. [CrossRef] [PubMed]

Cross, T.; Schoff, C.; Chudoff, D.; Graves, L.; Broomell, H.; Terry, K.; Farina, J.; Correa, A.; Shade, D.; Dunbar, D. An optimized
enrichment technique for the isolation of Arthrobacter bacteriophage species from soil sample isolates. J. Vis. Exp. 2015, 98, 52781.
[CrossRef] [PubMed]

Yamamoto, K.R.; Alberts, B.M.; Benzinger, R.; Lawhorne, L.; Treiber, G. Rapid bacteriophage sedimentation in the presence of
polyethylene glycol and its application to large-scale virus purification. Virology 1970, 40, 734-744. [CrossRef]

Goller, P.C.; Haro-Moreno, ].M.; Rodriguez-Valera, F.; Loessner, M.].; Gomez-Sanz, E. Uncovering a hidden diversity: Optimized
protocols for the extraction of dsDNA bacteriophages from soil. Microbiome 2020, 8, 17. [CrossRef]

Zhou, C.L.E.; Kimbrel, J.; Edwards, R.; McNair, K.; Souza, B.A.; Malfatti, S. MultiPhATE2: Code for functional annotation and
comparison of phage genomes. G3 Genes Genom. Genet. 2021, 11, jkab074. [CrossRef]

Moraru, C.; Varsani, A.; Kropinski, A.M. VIRIDIC—A novel tool to calculate the intergenomic similarities of prokaryote-infecting
viruses. Viruses 2020, 12, 1268. [CrossRef]

Gilchrist, C.L.M.; Chooi, Y.H. Clinker & Clustermap.Js: Automatic generation of gene cluster comparison figures. Bioinform. 2021,
37,2473-2475. [CrossRef]

Moraru, C. VirClust-A tool for hierarchical clustering, core gene detection and annotation of (prokaryotic) viruses. BioRxiv 2021,
BioRxiv:2021.06.14.448304. [CrossRef]


http://doi.org/10.1016/j.ijantimicag.2014.09.004
http://www.ncbi.nlm.nih.gov/pubmed/25446905
http://doi.org/10.1128/JCM.00979-08
http://doi.org/10.1371/journal.pone.0087801
http://doi.org/10.3389/fmicb.2020.00256
http://doi.org/10.1001/jama.1933.02740200037014
http://doi.org/10.1111/j.1749-4486.2009.01973.x
http://doi.org/10.1128/CMR.00066-18
http://doi.org/10.3390/antibiotics8040182
http://www.ncbi.nlm.nih.gov/pubmed/31614449
http://doi.org/10.1111/tbed.13646
http://www.ncbi.nlm.nih.gov/pubmed/32453904
http://doi.org/10.1128/AEM.02850-14
http://doi.org/10.1371/journal.pone.0209390
http://www.ncbi.nlm.nih.gov/pubmed/30650088
http://doi.org/10.3389/fmicb.2021.674068
http://www.ncbi.nlm.nih.gov/pubmed/33968007
http://doi.org/10.1007/s00253-018-8811-1
http://doi.org/10.1371/JOURNAL.PONE.0127603
http://doi.org/10.1007/s00705-019-04305-x
http://doi.org/10.3389/fmicb.2016.01024
http://doi.org/10.1039/C7TB01302G
http://doi.org/10.1002/9780470089941.et1303s07
http://doi.org/10.4161/bact.1.2.15456
http://www.ncbi.nlm.nih.gov/pubmed/22334864
http://doi.org/10.3791/52781
http://www.ncbi.nlm.nih.gov/pubmed/25938576
http://doi.org/10.1016/0042-6822(70)90218-7
http://doi.org/10.1186/s40168-020-0795-2
http://doi.org/10.1093/G3JOURNAL/JKAB074
http://doi.org/10.3390/v12111268
http://doi.org/10.1093/BIOINFORMATICS/BTAB007
http://doi.org/10.1101/2021.06.14.448304

Viruses 2022, 14, 1309 12 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Hockenberry, A.J.; Wilke, C.O. Bacphlip: Predicting bacteriophage lifestyle from conserved protein domains. Peer J. 2021, 9,
€11396. [CrossRef]

Yin, Y;; Ni, P; Liu, D.; Yang, S.; Almeida, A.; Guo, Q.; Zhang, Z.; Deng, L.; Wang, D. Bacteriophage potential against Vibrio
parahaemolyticus biofilms. Food Control 2019, 98, 156-163. [CrossRef]

Yen, M.; Cairns, L.S.; Camilli, A. A cocktail of three virulent bacteriophages prevents Vibrio cholerae infection in animal models.
Nat. Commun. 2017, 8, 14187. [CrossRef] [PubMed]

Yang, M.; Liang, Y.; Huang, S.; Zhang, J.; Wang, J.; Chen, H.; Ye, Y.; Gao, X.; Wu, Q.; Tan, Z. Isolation and characterization of
the novel phages VB_VpS_BA3 and VB_VpS_CAS for lysing Vibrio parahaemolyticus. Front. Microbiol. 2020, 11, 259. [CrossRef]
[PubMed]

Morozova, V.; Kozlova, Y.; Shedko, E.; Babkin, I.; Kurilshikov, A.; Bokovaya, O.; Bardashova, A.; Yunusova, A.; Tikunov, A.;
Tupikin, A.; et al. Isolation and characterization of a group of new Proteus bacteriophages. Arch. Virol. 2018, 163, 2189-2197.
[CrossRef]

Alves, D.R.; Nzakizwanayo, ]J.; Dedi, C.; Olympiou, C.; Hanin, A.; Kot, W.; Hansen, L.; Lametsch, R.; Gahan, C.G.M.; Schellen-
berger, P.; et al. Genomic and ecogenomic characterization of Proteus mirabilis bacteriophages. Front. Microbiol. 2019, 10, 1783.
[CrossRef]

Yazdi, M.; Bouzari, M.; Ghaemi, E.A. Isolation and characterization of a lytic bacteriophage (VB_PmiS-TH) and its application in
combination with ampicillin against planktonic and biofilm forms of Proteus mirabilis isolated from urinary tract infection. Microb.
Physiol. 2018, 28, 37-46. [CrossRef]

Corban, ].E.; Ramsey, J. Characterization and complete genome sequence of Privateer, a highly prolate Proteus mirabilis podophage.
Peer J. 2021, 9, €10645. [CrossRef]

Pirnay, J.P. Phage therapy in the year 2035. Front. Microbiol. 2020, 11, 1171. [CrossRef]

Pires, D.P.; Monteiro, R.; Mil-Homens, D.; Fialho, A.; Lu, TK.; Azeredo, J. Designing P. aeruginosa synthetic phages with reduced
genomes. Sci. Rep. 2021, 11, 2164. [CrossRef]

Mangalea, M.R.; Duerkop, B.A. Fitness trade-offs resulting from bacteriophage resistance potentiate synergistic antibacterial
strategies. Infect. Immun. 2020, 88, €00926-19. [CrossRef]

Seed, K.D.; Faruque, S.M.; Mekalanos, ].J.; Calderwood, S.B.; Qadri, F.; Camilli, A. Phase variable O antigen biosynthetic genes
control expression of the major protective antigen and bacteriophage receptor in Vibrio cholerae O1. PLoS Pathog. 2012, 8, €1002917.
[CrossRef] [PubMed]

Lane, M.C; Li, X.; Pearson, M.M.; Simms, A.N.; Mobley, H.L.T. Oxygen-limiting conditions enrich for fimbriate cells of
uropathogenic Proteus mirabilis and Escherichia coli. ]. Bacteriol. 2009, 191, 1382. [CrossRef] [PubMed]

Labrie, S.J.; Samson, J.E.; Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. Microbiol. 2010, 8, 317-327. [CrossRef]
[PubMed]

Rice, C.J.; Kelly, S.A.; O’brien, S.C.; Melaugh, E.M.; Ganacias, ].C.B.; Chai, Z.H.; Gilmore, B.F.; Skvortsov, T. Novel phage-derived
depolymerase with activity against Proteus mirabilis biofilms. Microorganisms 2021, 9, 2172. [CrossRef]

Adriaenssens, E.M.; Sullivan, M.B.; Knezevic, P.; van Zyl, L.]; Sarkar, B.L.; Dutilh, B.E.; Alfenas-Zerbini, P.; Lobocka, M.; Tong, Y.;
Brister, ].R.; et al. Taxonomy of prokaryotic viruses: 2018-2019 update from the ICTV bacterial and archaeal viruses subcommittee.
Arch. Virol. 2020, 165, 1253-1260. [CrossRef]

Roberts, G.A.; Stephanou, A.S.; Kanwar, N.; Dawson, A.; Cooper, L.P.; Chen, K.; Nutley, M.; Cooper, A.; Blakely, G.W.; Dryden,
D.T.F. Exploring the dna mimicry of the ocr protein of phage T7. Nucleic Acids Res. 2012, 40, 8129-8143. [CrossRef]

Isaev, A.; Drobiazko, A.; Sierro, N.; Gordeeva, J.; Yosef, I.; Qimron, U.; Ivanov, N.V,; Severinov, K. Phage T7 DNA mimic protein
ocr is a potent inhibitor of BREX defence. Nucleic Acids Res. 2020, 48, 5397-5406. [CrossRef]

Murphy, J.; Mahony, J.; Ainsworth, S.; Nauta, A.; van Sinderen, D. Bacteriophage orphan DNA methyltransferases: Insights from
their bacterial origin, function, and occurrence. Appl. Environ. Microbiol. 2013, 79, 7547-7555. [CrossRef]

Abedon, S.T.; Herschler, T.D.; Stopar, D. Bacteriophage latent-period evolution as a response to resource availability. Appl. Environ.
Microbiol. 2001, 67, 4233-4241. [CrossRef]

Abedon, S.T. Look who's talking: T-Even phage lysis inhibition, the granddaddy of virus-virus intercellular communication
research. Viruses 2019, 11, 951. [CrossRef]

Gil, F; Catalao, M.].; Moniz-Pereira, J.; Leandro, P.; McNeil, M.; Pimentel, M. The lytic cassette of mycobacteriophage Ms6 encodes
an enzyme with lipolytic activity. Microbiology 2008, 154, 1364-1371. [CrossRef] [PubMed]

Gigante, A.M.; Hampton, C.M; Dillard, R.S; Gil, F,; Catalao, M.J.; Moniz-Pereira, J.; Wright, E.R.; Pimentel, M. The Ms6 mycolyl-
arabinogalactan esterase LysB is essential for an efficient mycobacteriophage-induced lysis. Viruses 2017, 9, 343. [CrossRef]
[PubMed]

Sychantha, D.; Brott, A.S.; Jones, C.S.; Clarke, A.J. Mechanistic pathways for peptidoglycan O-acetylation and de-O-acetylation.
Front. Microbiol. 2018, 9, 2332. [CrossRef]

Dupont, C.; Clarke, A.]. Dependence of lysozyme-catalysed solubilization of Proteus mirabilis peptidoglycan on the extent of
O-acetylation. Eur. J. Biochem. 1991, 195, 763-769. [CrossRef] [PubMed]

Christensen, H.M.; Oscarson, S.; Jensen, H.H. Common side reactions of the glycosyl donor in chemical glycosylation. Carbohydr.
Res. 2015, 408, 51-95. [CrossRef]


http://doi.org/10.7717/peerj.11396
http://doi.org/10.1016/j.foodcont.2018.11.034
http://doi.org/10.1038/ncomms14187
http://www.ncbi.nlm.nih.gov/pubmed/28146150
http://doi.org/10.3389/fmicb.2020.00259
http://www.ncbi.nlm.nih.gov/pubmed/32153543
http://doi.org/10.1007/s00705-018-3853-3
http://doi.org/10.3389/fmicb.2019.01783
http://doi.org/10.1159/000487137
http://doi.org/10.7717/peerj.10645
http://doi.org/10.3389/fmicb.2020.01171
http://doi.org/10.1038/s41598-021-81580-2
http://doi.org/10.1128/IAI.00926-19
http://doi.org/10.1371/journal.ppat.1002917
http://www.ncbi.nlm.nih.gov/pubmed/23028317
http://doi.org/10.1128/JB.01550-08
http://www.ncbi.nlm.nih.gov/pubmed/19114498
http://doi.org/10.1038/nrmicro2315
http://www.ncbi.nlm.nih.gov/pubmed/20348932
http://doi.org/10.3390/microorganisms9102172
http://doi.org/10.1007/s00705-020-04577-8
http://doi.org/10.1093/nar/gks516
http://doi.org/10.1093/nar/gkaa290
http://doi.org/10.1128/AEM.02229-13
http://doi.org/10.1128/AEM.67.9.4233-4241.2001
http://doi.org/10.3390/v11100951
http://doi.org/10.1099/mic.0.2007/014621-0
http://www.ncbi.nlm.nih.gov/pubmed/18451045
http://doi.org/10.3390/v9110343
http://www.ncbi.nlm.nih.gov/pubmed/29149017
http://doi.org/10.3389/fmicb.2018.02332
http://doi.org/10.1111/j.1432-1033.1991.tb15764.x
http://www.ncbi.nlm.nih.gov/pubmed/1999194
http://doi.org/10.1016/j.carres.2015.02.007

Viruses 2022, 14, 1309 13 of 13

66. Morozova, V.; Kozlova, Y.; Shedko, E.; Kurilshikov, A.; Babkin, I.; Tupikin, A.; Yunusova, A.; Chernonosov, A.; Baykov, I;
Kondratov, L; et al. Lytic bacteriophage PM16 specific for Proteus mirabilis: A novel member of the genus Phikmuvvirus. Arch. Virol.
2016, 161, 2457-2472. [CrossRef]

67. Beynon, L.M.; Dumanski, A.J.; McLean, R.J.C.; MacLean, L.L.; Richards, J.C.; Perry, M.B. Capsule structure of Proteus mirabilis
(ATCC 49565). |. Bacteriol. 1992, 174,2172-2177. [CrossRef]

68. Fallah, M.S.; Mohebbi, A.; Yasaghi, M.; Ghaemi, E.A. CRISPR-Cas systems in Proteus mirabilis. Infect. Genet. Evol. 2021, 92, 104881.
[CrossRef]


http://doi.org/10.1007/s00705-016-2944-2
http://doi.org/10.1128/jb.174.7.2172-2177.1992
http://doi.org/10.1016/j.meegid.2021.104881

	Introduction 
	Materials and Methods 
	Bacterial Strains, Media, and Culturing Conditions 
	Phage Isolation and Purification 
	Phage Concentration 
	Transmission Electron Microscopy (TEM) 
	Extraction of Phage DNA 
	Sequencing of Phage Genome 
	Genome Annotation and Analysis 
	Host Specificity Determination 
	Multiplicity of Infection (MOI) and One-Step Growth Curve Determination 
	Bacterial Lysis Assay and Phage Resistance 
	Temperature and pH Stability 
	Statistical Analysis 

	Results and Discussion 
	Isolation, Morphology and Host-Range Characterization 
	Physiological Characterization 
	Genome Characterization 
	Additional Features 

	Conclusions 
	References

