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Abstract Lytic Proteus phage PM16, isolated from human

faeces, is a novel virus that is specific for Proteus mirabilis

cells. Bacteriophage PM16 is characterized by high sta-

bility, a short latency period, large burst size and the

occurrence of low phage resistance. Phage PM16 was

classified as a member of the genus Phikmvvirus on the

basis of genome organization, gene synteny, and protein

sequences similarities. Within the genus Phikmvvirus,

phage PM16 is grouped with Vibrio phage VP93, Pantoea

phage LIMElight, Acinetobacter phage Petty, Enterobacter

phage phiKDA1, and KP34-like bacteriophages. An

investigation of the phage-cell interaction demonstrated

that phage PM16 attached to the cell surface, not to the

bacterial flagella. The study of P. mirabilis mutant cells

obtained during the phage-resistant bacterial cell assay that

were resistant to phage PM16 re-infection revealed a non-

swarming phenotype, changes in membrane characteristics,

and the absence of flagella. Presumably, the resistance of

non-swarming P. mirabilis cells to phage PM16 re-infec-

tion is determined by changes in membrane macromolec-

ular composition and is associated with the absence of

flagella and a non-swarming phenotype.

Introduction

Proteus mirabilis is a Gram-negative, motile, non-sporu-

lating bacterium belonging to the genus Proteus, family

Enterobacteriaceae. Members of the genus Proteus are

widespread in nature and are found in soil and sewage and

in the intestinal tract of humans and animals. An interesting

feature of P. mirabilis, as well as other members of the

genus Proteus, is their ability to differentiate into elongated

mobile multinucleoid cells (60-80 lm in length) that

expose hundreds of flagella on their surface, so-called

swarming cells [4, 35, 41, 45]. It is believed that the

appearance of swarming cells is triggered when P. mir-

abilis cells and their flagella come into contact with a solid

surface [8]. At the time of swarming cell formation, septum

formation stops, the cells elongate, become multinucleoid,

and synthesize many new flagella. Hundreds of newly

formed flagella promote rapid simultaneous swarming cell

migration on the surface [35]. After the phase of migration,

swarming cells are divided into cells that are 1.5-2.0 lm in

length bearing 6-10 peritrichous flagella. These cells live in

this form for some time, after which the process of

swarming and colonization is repeated. As a result of this

cyclic process, a colony of P. mirabilis on agar-containing

medium resembles a bull’s eye pattern.

P. mirabilis bacteria, along with Proteus vulgaris and

Proteus penneri, are pathogenic for humans, with approx-

imately 90 % of infections caused by P. mirabilis. P.

mirabilis is the etiological agent of intestinal infections and

urinary tract infections and can cause chronic renal

inflammation, infect surgical wounds and contribute to

diabetic foot ulcers. P. mirabilis is one of the main causes

of catheter-associated urinary tract infections (CAUTI),

along with Escherichia coli (E. coli) [35]. Clinical isolates

of P. mirabilis often have multiple antibiotic resistance
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[13, 15, 52], hence the need for alternative therapeutics for

the treatment Proteus infections. One such alternative

approach could be the use of lytic bacteriophages. How-

ever, studies on bacteriophages specific for Proteus spp. are

rather limited.

Early studies of Proteus bacteriophages were mostly

related to the need to differentiate isolates of P. mirabilis in

clinical practice. To do this, phage typing of Proteus iso-

lates was used, along with biochemical and serological

identification [23, 48–50]. In recent years, several studies

have been published describing the efficacy and safety of

using Proteus bacteriophages and cocktails that are cur-

rently being used in phage therapy in Poland, Georgia, and

the Russian Federation. Long-term clinical results of phage

therapy conducted in Poland are presented in a review by

Miedzyborski et al. [40]. The ability of the coli-proteus

phage cocktail produced by NPO ‘‘Microgen’’ (http://www.

microgen.ru) to prevent the formation of biofilms on

catheters was studied by Carson et al. [10]. Later, a

metagenomic analysis of this phage cocktail was con-

ducted, but linkage was not determined between genomes

and particular Proteus phages from this cocktail [38].

Recently, several Proteus phage genome sequences were

deposited in the GenBank database (KM819694,

KM819695, KM819696, KP890822, KP063118,

KP890822, KP890823); however, detailed studies of their

characteristics (biological properties, proteome, host range,

etc.) were not published.

This study describes biological properties of a novel

lytic bacteriophage, PM16, which is specific for P. mir-

abilis, its genome, structural proteome, and taxonomic

classification, and some aspects of its interaction with the

host bacterium.

Materials and methods

Bacterial host strain isolation and culture conditions

P. mirabilis strain CEMTC 73 was obtained from a stool

sample from a patient after a bariatric surgical operation

for the management of severe obesity. The research was

approved by the Local Ethical Committee of the Center of

New Medical Technology, Novosibirsk, and informed

consent from the patient was obtained. We suspended 0.3 g

of stool sample in 10 volumes of sterile phosphate-buffered

saline (PBS, 5.84 g of NaCl, 4.72 g of Na2HPO4, and

2.64 g of NaH2PO4 9 2H2O per litre, pH 7.5) and clarified

by centrifugation at 4,000 g for 5 min at 4 �C. Tenfold

dilutions of the supernatant were spread on cystine lactose

electrolyte-deficient (CLED) agar (Conda Pronadisa,

Spain) plates to prevent the swarming motility of Proteus

spp. Plates were incubated overnight at 37 �C. Grown

individual colonies were passaged three times under the

same conditions. P. mirabilis was identified by sequencing

a 1308-bp fragment of 16S rRNA gene using primers 8F 50-
AGRGTTTGATCCTGGCTCA-30 and 1350R 50-
GACGGGCGGTGTGTACAAG-30 as described earlier

[55]. The sequence of the 16S rRNA gene of the selected P.

mirabilis CEMTC 73 strain was deposited in the GenBank

database under accession number KF240720. Additionally,

P. mirabilis-specific PCR was performed for the CEMTC

73 strain to confirm P. mirabilis phylotyping according to

Mansy et al. [36].

Phage isolation and propagation

Bacteriophage PM16 was isolated from the same stool

sample that was used to obtain host strain P. mirabilis

CEMTC 73. To select bacteriophages, 0.5 g of stool sam-

ple was suspended in 2 ml of sterile SM buffer (50 ml of

1 M Tris-HCl, 5.8 g of NaCl, and 2 g of MgSO4 9 6H2O

per litre, pH 7.5). The suspension was then clarified by

centrifugation at 10,000 g for 15 min and sterilized by

filtration through a 0.22-lm filter (Millipore, USA). The

filtrate was screened for bacteriophages by spotting 10 ll

onto a fresh layer of P. mirabilis CEMTC 73 in the top

agar. The plates were incubated for 6 and 18 h at 37 �C,

and each plaque was suspended in sterile PBS to extract

phage particles. Tenfold dilutions of phage suspensions

were spotted on the fresh layer of P. mirabilis CEMTC 73

to obtain single phage plaques for subsequent phage

extraction. The cycle of phage dilution and extraction was

repeated three times.

Phage PM16 was propagated by infecting 100 ml of a

culture of P. mirabilis CEMTC 73 (OD600 = 0.6) with

phages at a multiplicity of infection (MOI, i.e., the ratio of

phage to bacterium) of 0.1. Phage particles were purified

from phage lysate by polyethylene glycol (PEG) precipi-

tation as described earlier [5].

Phage plaque morphology and phage particle

stability

The morphology of plaques formed by phage PM16 on a

layer of sensitive P. mirabilis CEMTC 73 culture was

determined using the double agar overlay method [27].

Plaques were examined after 18 h of incubation.

The sensitivity of phage PM16 to temperature, chloro-

form, pH and freezing-thawing were tested in parallel using

a bacteriophage preparation with an initial titre of 107

plaque-forming units per ml (pfu/ml) in SM buffer. All

experiments were carried out twice, three times in each

repeat. The final titre in a sample was determined at the end

of each experiment using a small-drop plaque assay [37].

For the temperature sensitivity test, the aliquots of phage
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preparation were incubated at 55 �C for 24 h and at 80 �C
for 1 h. For the chloroform susceptibility test, the aliquots

of phage preparation containing 5 % (v/v) chloroform were

incubated for eight days at room temperature (RT). The

sensitivity of PM16 at different pH values was tested by

exposing aliquots of phage suspension in SM buffer (range

pH 5.0–9.0) for seven days at RT. The ability of PM16 to

withstand freezing and thawing was investigated by

exposing the bacteriophage sample to eight consecutive

freeze-thaw cycles (-20 �C/RT for 30 min in each cycle).

Biological properties of PM16 bacteriophage

and host range study

All experiments on the biological properties of phage

PM16 were performed twice, three times in each repeat.

Phage adsorption experiments were performed according to

Kropinski [28]. A one-step growth curve and burst size

experiments were carried out as described earlier [43] with

slight modifications. Ten millilitres of a mid-exponential-

phase culture of P. mirabilis CEMTC 73 was pelleted by

centrifugation, and the pellet was re-suspended in 0.5 ml of

Luria-Bertani (LB) medium. PM16 bacteriophage with an

MOI of 0.001 was added to the cell suspension, and the

mixture was incubated for 5 min at 37 �C for phage

adsorption. Then, the cells were pelleted by centrifugation

and resuspended in 10 ml of LB medium. Incubation was

continued for 1 h at 37 �C. Culture aliquots were collected

every 5 min, and the phage titre was determined.

A lytic activity assay of phage PM16 was performed as

described earlier [22] with our modifications. An expo-

nentially growing culture of P. mirabilis CEMTC 73

(107 cfu/ml) was mixed with phage PM16 (MOI of 0.001).

The mixture was then incubated with shaking at 37 �C.

Every 30 min, aliquots were taken, and the appropriate

dilutions were spread on CLED agar plates, and incubated

overnight at 37 �C. The next day, colonies were counted,

and these data were used to generate a multistep bacterial

killing curve for PM16.

The frequency of the occurrence of phage-resistant

mutant bacterial cells was determined by the method

described earlier with our modifications [39]. Bacterio-

phage PM16 with an MOI of 100 was added to a growing

culture P. mirabilis CEMTC 73 (108 cfu/ml). The sus-

pension was then mixed and incubated for 10 min at 37 �C.

Thereafter, aliquots of the mixture were spread in parallel

on CLED agar plates to count colonies, and on LB plates to

estimate swarming motility. Plates were incubated over-

night at 37 �C, and the next day, the frequency of occur-

rence of phage-resistant bacteria was determined. A part of

each phage-resistant colony from the LB plate was sus-

pended in sterile water and heated at 95 �C for 5 min, and

cellular debris was precipitated by centrifugation. The

supernatants were then used as templates for further PCR

and sequencing. The other parts of colonies used for PCR

were passaged three times to assure that the culture was

phage-free and then checked for resistance to reinfection

by phage PM16 using the small-drop plaque assay [37].

To confirm that each phage-resistant mutant was P.

mirabilis, P. mirabilis-specific PCR according to Mansy

et al. [36] was performed. In addition, these colonies were

identified by sequencing of the 16S rRNA gene fragment

using primers 8F 50-AGRGTTTGATCCTGGCTCA-30 and

1350R 50-GACGGGCGGTGTGTACAAG-30, as described

earlier [55].

The absence of PM16 DNA in phage-resistant P. mir-

abilis-passaged colonies was confirmed using a PCR

method to detect three different regions of the phage PM16

genome. Three pairs of primers specific for PM16 DNA

polymerase, DNA-dependent RNA polymerase, and inter-

nal core protein gene sequences were used for this assay:

P16_8585 50-AACGTGGTGGTAGGGTGTGGTG-30 and

P16_9009 50-TTCATCGGGTAAGTCATCAGGCA-30;
P16_16880 50-GGGTGGACGAACTGCTGACCTG-30 and

P16_17277 50-TCCAAGGCTCATGCTCAAGGTG-30;
P16_30166 50-GCTAGCAAAGGTGCTCCAGCTAC-30

and P16_30715 50-AGCACCAATCACAGCAGTAA-

CAGC-30; respectively. Touchdown PCR was performed,

and the thermal cycling conditions were as follows: 94 �C
for 2 min followed by 10 cycles of 94 �C for 30 s;

annealing temperature stepdown every cycle of 1 �C (from

60 �C to 50 �C); 72 �C for 1 min. The annealing temper-

ature for the final 20 cycles was 50 �C with denaturation

and extension phases as above.

P. mirabilis swarming motility was investigated as

described earlier [24]. Bacterial cells were inoculated by

picking on the surface of an LB plate with an agar con-

centration of 0.8 % and then incubated for 16 h at 37 �C.

Lytic activity of phage PM16 was defined for ATCC

25933 P. mirabilis and 11 clinical strains of P. mirabilis

collected in Railway Clinical Hospital (Novosibirsk, Rus-

sia). The host range was determined by spotting of serial

phage dilutions onto freshly prepared lawns of bacteria on

agar plates as described earlier [29].

Electron microscopy

A drop of phage PM16 suspension (109 pfu/ml) was

adsorbed for 1 min on a copper grid covered with formvar

film. The excess liquid was then removed, and the grid was

contrasted on a drop of 1 % uranyl acetate for 5-7 s.

To examine the interaction between the phage and the

cell, suspensions of P. mirabilis cells (108 cfu/ml) and

phage PM16 (109 pfu/ml) were mixed in a droplet on
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Parafilm and incubated for 30 s. The suspension was

adsorbed on a grid and stained with uranyl acetate as

described above. In addition, to investigate the interaction

of phage PM16 with swarming and non-swarming P.

mirabilis cells, ultrathin sectioning was applied. Suspen-

sions of phage PM16 (170 ll with the titre of 109 pfu/ml)

and P. mirabilis cells (0.5 ml with 108 cfu/ml) were mixed,

incubated for 5 and 15 min, fixed by adding 8 %

paraformaldehyde (200 ll), and then pelleted by centrifu-

gation for 10 min at 103 g. The pellets were post-fixed in

1 % osmium tetroxide, routinely processed and embedded

in an epon-araldit mixture. Hard blocks were cut using a

diamond knife (Diatome, Switzerland) on an EM UC7

(Leica, Germany) ultramicrotome. The sections were rou-

tinely contrasted with uranyl acetate and lead citrate.

All of the samples were examined with a JEM 1400

transmission electron microscope (JEOL, Japan), and dig-

ital images were collected using a side-mounted Veleta

digital camera (Olympus SIS, Germany).

PM16 DNA purification and complete genome

sequencing

Phage DNA was extracted from the phage preparation as

described earlier [42]. RNase and DNase (Thermo Fisher

Scientific, USA) were added to the phage preparation to a

final concentration 5 lg/ml, and the mixture was incubated

for 1 h at 37 �C. Then, the phage suspension was supple-

mented with EDTA, proteinase K (Thermo Fisher Scien-

tific, USA) and SDS to final concentrations of 20 mM,

100–200 lg/ml, and 0.5 %, respectively, and the mixture

was incubated for 3 h at 55 �C. After that, phage DNA was

purified by phenol/chloroform extraction and subsequent

ethanol precipitation.

A paired-end library of bacteriophage PM16 was made

using a Nextera DNA Sample Preparation Kit (Illumina,

Inc, San Diego, USA). Sequencing was carried out using a

MiSeq Benchtop Sequencer (SB RAS Genomics Core

Facility, ICBFM SB RAS, Novosibirsk, Russia) and a

MiSeq Reagent Kit v.1 (2 9 150 base reads). The genome

was assembled de novo using CLC Genomics Workbench

software v.6.0.1 and resulted in one genomic contig with an

average coverage of 304.

To identify DNA fragments containing 50- and 30-end

genome sequences, phage PM16 DNA was digested with

endonuclease EcoRI. Putative 50- and 30-end genome

fragments were sequenced by the Sanger method using

primers 16_Start_L26 50-TACAGCACCAATAA-

CAGCACTAAGCA-30 and 16_Fin_U26 50-CAGACT-

CAAGGGATGTCCTAGATGGT-30 designed on the basis

of genome sequencing. The PM16 phage genome sequence

was deposited in the GenBank database with the accession

number KF319020.

Genome analysis

To compare the PM16 complete genome and other

phiKMV-like phage genomes from the GenBank database

(http://www.ncbi.nlm.nih.gov), Nucleotide BLAST and

MAFFT software [26] were used. Putative ORFs in the

PM16 phage genome were determined using BioEdit and

Vector NTI software [33, 54] with a 150-bp minimum size

for each putative ORF. To compare the products encoded

by the predicted ORFs with the sequences deposited in the

GenBank database, BLASTX and DELTA-BLAST algo-

rithms were used. The predicted ORFs encoding hypo-

thetical proteins identical to hypothetical phage proteins

and ORFs without homology to the sequences deposited in

the GenBank database were analysed using InterProScan

and HHPred software [21, 46]. In addition, the PM16

phage genome was analysed for the presence of potential

phage promoter and terminator sequences using the MEME

and PHIRE programs [6, 32] and the ERPIN and

RNAMotif software [19, 34], respectively. The similarity

of the PM16 genome and other phiKMV-like virus gen-

omes was investigated by the cluster analysis method

(CLANS), which allows the visualization of the degree of

nucleotide sequence resemblance in 2 or 3 dimensions [18].

Phylogenetic analysis

Similar protein sequences were obtained from GenBank

using the BLASTP algorithm. Sequences were aligned

using MAFFT software. Phylogenetic analysis was per-

formed by the maximum-likelihood method in PhyML

software [20]. The amino acid substitution models

LG ? I ? C ? F as proposed by the ProtTest program 2.4

[1] were used. Edge support was assessed by the Bayes

branch supports.

Bacteriophage structural proteins analysis by SDS-

PAGE and MALDI-TOF mass spectrometry

Phage particles were purified from phage preparations by

CsCl gradient ultracentrifugation [5]. Proteins from puri-

fied phage PM16 particles were separated in a 15 % (w/v)

SDS-PAGE gel and visualized by Coomassie R250 stain-

ing. Gel fragments containing protein bands were cut, out

and trypsin digestion was carried out as described earlier

[51]. Peptides were extracted from the gel, purified using

Zip Tip pipette tips (Millipore, USA), and spotted onto a

MALDI-TOF target. Protein identification was performed

in a MALDI-TOF Autoflex Speed (Bruker Daltonics,

Germany). Tandem mass spectra were obtained in a data-

dependent pattern by collecting one full MS scan (m/z

range = 700-4500) followed by MS/MS spectra of the

most abundant precursor ions. The MS/MS spectra were
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processed and analysed using FlexAnalysis 3.3 and Bio-

Tools 3.2 software (Bruker Daltonics, Germany). Database

searches were performed against the PM16 protein data-

base generated from its genome (this study) using Mascot

version 2.3 software (Matrix Science, UK).

Results and discussion

Phage PM16 plaque morphology and phage particle

stability

Bacteriophage PM16 was obtained from a sample of stool

using P. mirabilis strain CEMTC 73 isolated from the same

stool sample. Phage PM16 forms large clear plaques with a

diameter of approximately 3 mm surrounded with a

translucent halo on a bacterial lawn of P. mirabilis

CEMTC 73.

Examination of phage PM16 particle stability revealed

that phage PM16 titre remains unchanged after incubation

of phage PM16 suspension for 24 h at 55 �C, but the phage

titre quickly decreased from an initial titre of 107 pfu/ml to

102 pfu/ml after incubation for 30 min at 80 �C and was

completely lost after incubation for 1 h at the same tem-

perature. Storage in a buffered solution with pH 5.0–9.0 for

a week and incubation in a chloroform-containing sus-

pension (5 % v/v) for eight days did not affect phage

viability. Bacteriophage PM16 was stably stored at -20 �C
for six months, and exposure to at least eight cycles of

freezing and thawing had no effect on its infectivity.

Therefore, PM16 appeared to be a stable phage capable of

withstanding harsh environmental conditions.

Electron microscopy of bacteriophage PM16 and its

interaction with host cells

Negative staining of phage PM16 revealed icosahedral

heads with a diameter of 50-55 nm connected with a short

tail of approximately 10-12 nm in length (Fig. 1A). The

morphology and size of the phage particles corresponded to

those of Podoviridae family members [2].

After mixing P. mirabilis CEMTC 73 cells with the

phage PM16 suspension, the majority of the phage particles

were found attached to the cell surface, not on the bacterial

flagella (Fig. 1B). Single phage particles were found in

close vicinity to the flagella of a few cells; however, these

findings were too rare to suggest that sliding on the flagella

could be the mechanism to reach the cell surface.

Bacteriophage PM16 biological properties and host

specificity

The adsorption rate constant of bacteriophage PM16 to the

P. mirabilis CEMTC 73 cells was calculated as

1.6 9 10-8 ml/min (Fig. 2A). A one-step growth curve for

phage PM16 revealed a duration of the latent period of

15 min with a burst size of *100 phage particles per

infected cell (Fig. 2B). The multistep bacterial killing

curve of the phage PM16 life cycle is shown in Fig. 2C.

The number of living bacteria decreased dramatically in the

1.5 h after infection, and afterwards started to increase

slowly. The frequency of occurrence of phage-insensitive

mutants (BIMs) was (6.3 ± 0.4) 9 10-6. Thus, the data

demonstrated the high lytic activity of phage PM16 against

the sensitive strain P. mirabilis CEMTC 73. Phage PM16

was able to infect only clinical strain CEMTC 73 and none

of the 12 tested P. mirabilis strains that were screened in

the host range assay. Presumably, PM16 has a narrow host

range, but this should be checked using other bacterial

strains.

Complete phage PM16 genome sequencing

and analysis

Phage PM16 complete genome sequencing was carried out

using a MiSeq Benchtop Sequencer. The assembled

Fig. 1 Phage PM16 interaction with P. mirabilis CEMTC 73 cells.

(A) Icosahedral bacteriophage with a short tail composed of subunits.

(B) Phage PM16 particles on the surface of P. mirabilis cells after

30 s of incubation of bacteria with phage. The particle attached to the

cell surface is shown in a frame. Negative staining with 1 % uranyl

acetate, transmission electron microscopy
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nucleotide sequence appeared to be circular, and restriction

analysis of phage DNA was performed to estimate the

positions of the 5’ and 3’ ends. The exact positions of the

5’ and 3’ ends were determined by the Sanger sequencing

method. The size of the PM16 genome was 41,268 bp with

terminal repeats 450 bp in length. The GC content of the

PM16 genome was 41.4 %, which is close to that in the

microbial host genome (GC content, 38.88 %) [44]. This

fact indirectly testifies to the long coexistence between

phage PM16 and host cells.

The PM16 genome nucleotide sequence was compared

with other phage sequences deposited in the GenBank

database using algorithms of Nucleotide BLAST, and

similarity to the genome of the unclassified Proteus phage

PM 75 (NC_027363) was revealed. In addition, the

BLASTN algorithm demonstrated low similarity with

genome fragments of Vibrio phage VP93 (FJ896200) and

Klebsiella phage KP34 (NC_013649), which were earlier

classified as phiKMV-like phages [7, 16]. The level of

sequence identity to the complete genome sequences of

Proteus phage PM16, Proteus phage PM75, Vibrio phage

VP93, and Klebsiella phage KP34 was determined using

MAFFT software, and it turned out to be 80.7 % for PM16/

PM75, 37 % for PM16/VP93, and 40.6 % for PM16/KP34.

Analysis of predicted ORFs

Forty-four predicted ORFs were identified in the phage

PM16 genome using the BioEdit Sequence Alignment

Editor and Vector NTI Suite 8.0 Software (Table 1). Two

more ORFs (32 and 41) were identified by mass spec-

trometry methods. The coding part of the phage PM16

genome contains 36,847 bp (89 % of the genome). All

predicted ORFs are co-directional (Fig. 3). Most of the

adjacent ORFs are separated by sequences containing from

1 to 256 bp; seventeen pairs of adjacent ORFs overlapped.

ATG is a start codon for 44 ORFs, and only two ORFs

contain GTG as a start codon (Table 1).

Protein sequences encoded by the predicted ORFs of the

PM16 genome were examined using the BLASTX algo-

rithm. Briefly, products of 20 ORFs shared maximum

similarity with proteins with known functions encoded by

the genomes of phiKMV-like phages (Table 1). Six amino

acid sequences were similar to the hypothetical phage

proteins, mostly of the genus Phikmvvirus. For the eighteen

putative proteins, no homology was found in the GenBank

Database. At the 5’ and 3’ ends of the PM16 genome, three

ORFs were found to encode proteins that are similar, with

varying degrees of reliability, to the proteins of enter-

obacteria-specific phages of the families Myoviridae and

Siphoviridae. In addition, analysis of all hypothetical ORFs

with InterProScan and HHPred software revealed functions

for three more ORFs (Table 1).

ORFs of phage PM16 are organized in three functional

clusters (Fig. 3). The first of these includes eleven pre-

dicted ORFs (Table 1). Presumably, they are early genes

expressed at the beginning of infection that provide meta-

bolic changes in cells necessary for the subsequent devel-

opment of phage infection [47]. The second cluster

includes DNA metabolism genes with the DNA-dependent

RNA polymerase gene (ORF 26) being the last of them.

The third cluster is associated with the assembly of phage

capsids, DNA maturation and the outburst of the mature
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phage PM16. LP, latent period; BS, burst size. (C) Multistep bacterial

killing curve in the phage life cycle of phage PM16. Intact growing P.

mirabilis CEMTC 73 cells were used as a control
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Table 1 ORFs of the genome of phage PM16: identification and characteristics

ORF ORF

position

Length of

product (aa)/

predicted

molecular mass

(kDa)

Maximal identity (%) to

GenBank phage protein

sequences, according to the

algorithm BLASTXa

Predicted molecular

function

Taxonomy of

similar

bacteriophage

E-

valueb
Identification by

mass-

spectrometry,

sequence

coverage (%)

1d 2262-2861 199/21.92 – lipolytic protein G-D-

S-L family

– 4e-09 –

2 3004-3219 71/8.3 44 (YP_007006347,

Enterobacteria phage

vB_EcoM-FV3)

hypothetical phage

protein

Myoviridae 1e-05 –

3 3501-3728 75/8.66 – hypothetical protein – – –

4 3725-3928 67/7.77 – hypothetical protein – – –

5 3931-4257 108/13.2 – hypothetical protein – – –

6 4548-4715 55/6.59 – hypothetical protein – – –

7 4712-4924 70/8.386 39 (YP_006987764,

Enterobacteria phage

vB_EcoP_ACG-C91)

hypothetical phage

protein

Podoviridae,

Sp6virus

2e-09 –

8 5144-5401 85/10.09 – hypothetical protein – – –

9 5367-5708 113/13.44 32 (YP_007002871, Pantoea

phage LIMElight)

hypothetical phage

protein

Podoviridae,

Phikmvvirus

2e-05 –

10 5678-5872 64/7.14 – hypothetical protein – – –

11 5865-6068 67/7.74 – hypothetical protein – – –

12 6061-6834 257/28.9 45 (YP_007002876, Pantoea

phage LIMElight)

DNA primase Podoviridae,

Phikmvvirus

7e-63 –

13 6818-8104 428/47.6 53 (YP_380851249,

Enterobacter phage

phiKDA1)

DNA helicase Podoviridae,

Phikmvvirus

4e-147 –

14 8101-8295 64/7.45 – hypothetical protein – – –

15 8288-10690 800/90.5 62 (YP_762086025,

Klebsiella phage

vB_KpnP_SU552A)

DNA polymerase Podoviridae,

Phikmvvirus

0.0 –

16 10701-11264 187/21 39 (YP_762085985,

Klebsiella phage

vB_KpnP_SU503)

nucleotidyltransferase Podoviridae,

Phikmvvirus

1e-14 –

17d 11354-12340 328/37 74 (YP_762085975,

Klebsiella phage

vB_KpnP_SU50)

metallo-dependent

phosphatase

Podoviridae,

Phikmvvirus

3.1e-17 –

18d 12542-12964 140/16.1 38 (YP_007236336, Yersinia

phage phi80-18)

deoxynucleoside

monophosphate

kinase

Podoviridae,

Phikmvvirus

3.2e-11 –

19 13045-13419 124/14.12 – hypothetical protein – – –

20 13479-14270 263/28.7 63 (YP_007002882, Pantoea

phage LIMElight)

hypothetical phage

protein

Podoviridae,

Phikmvvirus

9e-97 –

21 14350-14715 121/13.38 – hypothetical protein – – –

22 14712-14945 77/8.88 – hypothetical protein – – –

23 14948-15877 309/35.7 53 (YP_003347682,

Klebsiella phage KP34)

50-30 exonuclease Podoviridae,

Phikmvvirus

1e-105 –

24 16028-16445 140/16.0 61 (YP_002727845,

Pseudomonas phage

phikF77)

DNA endonuclease

VII

Podoviridae,

Phikmvvirus

3e-41 –

25 16557-16766 69/7.94 – hypothetical protein – – –

26 16776-19211 811/91.5 54 (YP_007002889, Pantoea

phage LIMElight)

DNA-dependent

RNA polymerase

Podoviridae,

Phikmvvirus

0.0 –

27 19333-19734 133/15.3 – hypothetical protein – – –

28 19731-20013 94/9.78 – virion protein – – 86
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phage particles (Table 1, Fig. 3). The precise determina-

tion of functional clusters is difficult, because the PM16

phage genome contains some potential ORFs without

homology to known sequences.

The similarity of the putative proteins of PM16 phage to

proteins of the phiKMV-like bacteriophages, the presence

of the long terminal repeats (450 bp) and the position of the

DNA-dependent RNA polymerase gene at the end of the

Table 1 continued

ORF ORF

position

Length of

product (aa)/

predicted

molecular mass

(kDa)

Maximal identity (%) to

GenBank phage protein

sequences, according to the

algorithm BLASTXa

Predicted molecular

function

Taxonomy of

similar

bacteriophage

E-

valueb
Identification by

mass-

spectrometry,

sequence

coverage (%)

29 20125-21553 476/53.4 46 (YP_418488980, Pantoea

phage LIMElight)

head-tail connector

protein

Podoviridae,

Phikmvvirus

3e-113 71

30c 21555-22334 259/28 47 (YP_762086037,

Klebsiella phage

vB_KpnP_SU552A)

scaffolding protein Podoviridae,

Phikmvvirus

2e-44 –

31 22401-23402 333/37.5 74 (YP_002875653, Vibrio

phage VP93)

capsid protein Podoviridae,

Phikmvvirus

0.0 18

32 23412-23552 141/5.1 – virion protein – – 48

33 23667-24224 185/20.7 47 (YP_380851278,

Enterobacter phage

phiKDA1)

tail tubular protein A Podoviridae,

Phikmvvirus

2e-49 78

34 24233-26569 778/85.4 48 (YP_007002897, Pantoea

phage LIMElight)

tail tubular protein B Podoviridae,

Phikmvvirus

0.0 44

35 26570-27214 214/22.7 42 (YP_002875656,

Klebsiella phage KP34)

internal virion protein Podoviridae,

Phikmvvirus

2e-22 86

36 27224-29977 917/100.4 34 (YP_380851281,

Enterobacter phage

phiKDA1)

internal virion protein Podoviridae,

Phikmvvirus

3e-154 92

37 30043-33882 1279/ 140.1 45 (YP_762086022,

Klebsiella phage

vB_KpnP_SU552A)

internal core protein Podoviridae,

Phikmvvirus

0.0 68

38 33885-34922 345/38.2 35 (YP_003347643,

Klebsiella phage KP34)

tail fiber protein Podoviridae,

Phikmvvirus

3e-36 88

39 34915-35214 99/11.1 59 (YP_380851285,

Enterobacter phage

phiKDA1)

DNA maturase A Podoviridae,

Phikmvvirus

2e-20 –

40 35224-37110 628/70.6 62 (YP_003347645,

Klebsiella phage KP34)

DNA maturase B Podoviridae,

Phikmvvirus

0.0 —

41c 37130-37513 127/13.8 – virion protein – – 77

42 37531-37935 134/14.3 28 (YP_008059735, Shigella

phage pSf-1)

Rz1 protein Siphoviridae 0.002 –

43 37902-38198 98/10.76 – hypothetical protein – – –

44 38176-38715 179/19.4 46 (YP_380851231,

Enterobacter phage

phiKDA1)

endolysin Podoviridae,

Phikmvvirus

6e-33 –

45 38708-40777 689/76 44 (ADE87922, Escherichia

phage

vB_EcoM_ECO1230-10)

virion protein Myoviridae 4e-152 65

46 40798-40968 56/5.72 – hypothetical protein – – –

a The GenBank reference number for a similar phage protein and the appropriate phage name are shown in brackets
b The maximum accepted level for the e-value is 0.005
c ORF contains the initiating codon GTG
d The ORF with the predicted molecular function was identified using InterProScan and HHPred
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Fig. 3 A schematic map of the Proteus phage PM16 genome. Arrows and black circles denote promoters and terminators, respectively

Table 2 Putative regulatory elements in the genome of Proteus phage PM16

Name Position ORFa Regulatory element sequence

Putative promoter

p1 351–370 1 ATTCCTATGGGGATTCCTAG

p2 363–382 1 ATTCCTAGGTTGATTCCTAA

p3 640–659 1 TTACCTAGGTTGATTCCTAT

p4 652–671 1 ATTCCTATGTTGATTCCTTA

p5 675–694 1 ATTCATAGATTGATTCATTA

p6 2181–2200 1 ATACTTAGGTAGATTACTAA

Putative q-independent terminator

t1 2851–2896b 1 GTTCTTTATAAGGTAGGTCTACGGACTTACCCCTTTTCGAGATTT

t2 3239–3284c 2 TTTAAATCTAAGGGCTTGGCAAACCCAGGCTCTTATCTTAAAGT

t3 23561–23606c 31 ATTAAACATAAGGGAGAGCTTAACGGCTTTCCCTTTTTGTCGTTT

t4 29991–30033b 36 GCTTTACATGAGGGTAGTTCTGTGCTACCCTCTATCTTACCC

a The number of downstream ORFs is given for promoters, and the number of upstream ORFs is given for terminators. Bold italics indicate

similar motifs in putative promoter sequences. Underlined bold sequences are palindromic sequences for terminators
b Putative terminators predicted by RNAMotif
c Putative terminators predicted by both RNAMotif and ERPIN

Fig. 4 Graphic layout by the

CLANS software for the

genome sequences of 33

phiKMV-like viruses using

BLASTN searches. The

analysed sequences are shown

as vertices connected by the

edges reflecting attractive forces

proportional to the negative

logarithm of the HSP P value.

The intensity of grayness for

connections is proportional to

these forces
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Klebsiella phage F19 (566001829)
Klebsiella phage KP34 (282554621)

Enterobacter phage phiKDA1 (380851278)
Proteus phage PM16 (555923542)

Pantoea phage LIMElight (418488984)
Vibrio phage VP93 (229604954)

Acinetobacter phage Petty (589890676) 
Ralstonia phage RSB3 (560186162)

Pantoea phage LIMEzero (338827183)
Aeromonas phage phiAS7 (422937601)

Yersinia phage phi80-18 (431809450)
Escherichia phage phiKT (422936626)

Ralstonia phage RSB1 (197935886)
Caulobacter phage Cd1 (289976624)

Enterobacteria phage LKA1 (158345178)
Pseudomonas phage phiKMV (33300844)
Pseudomonas phage LKD16 (158345060)
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Enterobacter phage phiKDA1 (380851279)
Proteus phage PM16 (555923543)

Pantoea phage LIMElight (418488985)
Vibrio phage VP93 (229604955)

Ralstonia phage RSB3 (560186163)
Acinetobacter phage Petty (589890677)

Pantoea phage LIMEzero (338827184)
Escherichia phage phiKT (422936627)

Ralstonia phage_RSB1 (197935887)
Caulobacter phage Cd1 (289976625)

Yersinia phage phi80-18 (431809451)
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Enterobacteria phage LKA1 (158345179)
Pseudomonas phage phiKMV (33300845)
Pseudomonas phage LKD16 (158345061)
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Klebsiella phage F19 (566001826)

Klebsiella phage KP34 (282554619)
Enterobacter phage phiKDA1 (380851276)

Proteus phage PM16 (555923541)
Vibrio phage VP93 (229604953)|

Pantoea phage LIMElight (418488982)
Acinetobacter phage Petty (552947113)

Ralstonia phage RSB3 (560186161)
Pantoea phage LIMEzero (338827182)
Pseudomonas phage LKD16 (158345059)
Pseudomonas phage phiKMV (33300843)
Enterobacteria phage LKA1 (158345177)

Caulobacter phage Cd1 (289976623)
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C

Fig. 5 Phylogenetic analysis

for three structural proteins of

phage PM16. (A) Tail tubular

protein A (ORF 33). (B) Tail

tubular protein B (ORF 34).

(C) Capsid protein (ORF 31).

GenBank identifiers (gi) for the

sequences are in parentheses.

Bayes branch support values

above 90 % are given at nodes.

The Proteus phage PM16

sequences are indicated by

black circles
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DNA metabolism gene cluster (Table 1, Fig. 3) allow us to

classify Proteus phage PM16 as a member of the genus

Phikmvvirus, subfamily Autographivirinae [11, 31].

The lysis cassette of phage PM16

The classic mechanism of bacterial host cell destruction

during lytic phage infection is mediated by the proteins of

the phage lysis cassette. In the Pseudomonas phage

phiKMV genome, the prototype representative of the genus

Phikmvvirus, the lysis cassette includes the genes encoding

the SAR-endolysin, pinholin, Rz, and Rz1 proteins. These

genes were identified for phiKMV phage in silico and later

confirmed experimentally [9]. Similar lysis cassettes were

found during genome analysis of some other Pseudomonas

phages from this genus [11, 30]. However, only ORFs

encoding putative endolysins had been identified in the

genomes of some non-Pseudomonas phiKMV-like phages

[3] due to the great variety of bacteriophage lytic protein

sequences. In particular, putative genes of lysis cassettes

were found in the genomes of the group of KP34-like

phages. Their lysis gene cluster differs from the prototype

cluster of phage phiKMV and includes spanin, pinholin,

and SAR-endolysin [17]. In the genome of PM16, we were

able to determine that ORF 45 putatively encodes endo-

lysin, and ORF 43 presumably encodes a protein similar to

the Rz1 protein (YP_008059735) of Shigella phage pSf-1

(Table 1).

The regulatory sequences of the PM16 genome

Six potential promoters were found at the 5’ end of the

PM16 genome, upstream from the ORF 1 (Table 2, Fig. 3).

The presence of few host promoters at the beginning of the

genome is a common feature for phiKMV-like phages and

their relatives, T7-like phages [11, 16, 31]. No additional

potential promoters similar to previously predicted pro-

moters of members of the genera T7virus and Phikmvvirus

and specific for phage-encoded DNA-dependent RNA-

polymerase were found in the PM16 genome [11, 25]. It is

likely that sequences providing late-gene expression are

highly specific for the DNA-dependent RNA-polymerase

of PM16 phage and differ from other known phage pro-

moter sequences.

Four potential q-independent terminators were identified

using the RNAMotif and ERPIN software. Two of them, t1

and t2, are located downstream of ORF 1 and ORF 2,

respectively, while two other terminators, t3 and t4, are

downstream of ORF 31 and ORF 36, respectively (Table 1,

2, Fig. 3). The presence of the terminator downstream of

ORF 31, encoding the capsid protein, is typical for mem-

bers of the genera T7virus and Phikmvvirus [11]. It is

known that a similar terminator of T7 bacteriophage

operates with an efficiency of less than 100 %, so it is

possible that terminator t3 of PM16 allows the structural

genes, which are located downstream, to be expressed.

Cluster analysis of phiKMV-like phage genome

sequences

Comparative analysis of the PM16 genome and 32 com-

plete genome sequences of other phages of the genus

Phikmvvirus was carried out using the CLANS software

package [18]. Earlier, this method was used by Drulis-

Kawa et al. [16] to compare the Klebsiella phage KP34

genome with the genomes of other bacteriophages of the

subfamily Autographivirinae.

PhiKMV-like phage genomes were downloaded from

the GenBank database, and phylogenetic information was

obtained from GenBank annotations. The list of phiKMV-

like phage genomes used in the analysis is shown in

Table S1 (Supplementary). It was revealed that the PM16

phage genome lies at a significant distance from other

members of this genus and groups with genomes of Vibrio

phage VP93 (NC_012662), Klebsiella KP34-like phages

(NC_013649, KP708985, KP708986, NC_023567,

NC_025418), Pantoea phage LIMElight (NC_019454),

Acinetobacter phage Petty (NC_023570), and Enterobacter

phage phiKDA1(JQ267518) (Fig. 4).

Fig. 6 SDS-PAGE of purified bacteriophage PM16 particles, fol-

lowed by staining with Coomassie brilliant blue R250. Lane M is

unstained protein standards SM0431 (Thermo Fisher Scientific, USA)
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Phylogenetic analysis of PM16 structural proteins

Phylogenetic analysis was carried out for three structural

proteins of phage PM16 encoded by ORF 31, ORF 33, and

ORF 34 (Table 1), as well as for the most similar phage

protein sequences downloaded from the GenBank data-

base. It was shown that these PM16 structural protein

sequences have maximal similarity with the corresponding

protein sequences of VP93, KP34-like, phiKDA1 and

LIMElight phages (Fig. 5). These data confirmed the result

of the comparative genome analysis.

Mass-spectrometry analysis of phage PM16

structural proteins

Eleven protein bands were revealed by SDS-PAGE (Fig. 6).

As a result of peptide mass fingerprinting analysis [53],

proteins encoded by ORF 29, ORF 31, and ORF 33–ORF 38

were confirmed to be structural. In addition, MS/MS anal-

ysis revealed structural proteins encoded by ORF 28 and

ORF 45 (Table 1, Fig. 6) and allowed the identification of

two new small ORFs (ORF 32 and ORF 41) (Table 1,

Fig. 6). Peptide coverage of protein sequences is shown in

detail in Table S2 (Supplementary). It should be noted that

the electrophoretic motility of proteins encoded by ORF 35

and ORF 38 was found to be lower than predicted (Table 1,

Fig. 6). However, MS/MS analysis confirmed the identifi-

cation of ORF 35 and ORF 38 (Table S2, Supplementary).

The influence of phage PM16 infection on P.

mirabilis swarming motility

P. mirabilis cells obtained during the phage-resistant bac-

terial cell assay were additionally investigated. Sixty

randomly picked phage-resistant colonies were designated

as P. mirabilis CEMTC 73 BIMs 1–60 and were selected

for further analysis. As these colonies showed a non-

swarming phenotype compared to the original P. mirabilis

CEMTC 73 strain (Fig. 7A and B), confirmation that BIMs

were indeed derived from CEMTC 73 was required. P.

mirabilis CEMTC 73 BIMs 1–60 were tested by P. mir-

abilis-specific PCR as described earlier [36], and

sequencing of the 16S rRNA gene fragment was carried

out. P. mirabilis-specific PCR-fragments were found in all

tested samples, and all 16S rRNA sequences were identical

to the original sequence KF240720. To investigate whether

the absence of swarming motility is temporary, the same P.

mirabilis CEMTC 73 BIMs 1–60, for which sequencing of

the 16S rRNA gene fragment was carried out previously,

were passaged five times on LB agar plates with an agar

content of 0.8 %. It was demonstrated that the absence of

swarming motility remained after five passages (Fig. 7C

and D).

The influence of phages on bacterial swarming motility

was demonstrated previously with the infection of P.

aeruginosa with temperate phages DMS3 and MP22

[14, 55]. It was shown that the genomes of these bacte-

riophages could be integrated into particular regions of the

bacterial host genome and thus change the expression of

some host cell genes [14, 56]. In our study, bacteriophage

PM16 was determined to be a lytic phage on the basis of its

genome organization (Table 1, Fig. 3) and the results of

the lytic activity studies (Fig. 2). To confirm that BIMs do

not contain phage PM16 DNA, P. mirabilis CEMTC 73

BIMs 1–60 after three passages on LB plates were tested

using PCR with primers specific for genes located in dif-

ferent regions of the PM16 genome that are essential for

phage viability: PM16 DNA-polymerase, internal core

Fig. 7 Photographs of LB plates containing bacterial colonies of P.

mirabilis. (A) Original P. mirabilis CEMTC 73. (B) P. mirabilis

mutants obtained during the phage-resistant bacterial cell assay.

(C) Swarming colony of original P. mirabilis CEMTC 73. (D) Non-

swarming phage-resistant colony of P. mirabilis after five passages on

LB plates
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protein, and DNA-dependent RNA polymerase genes.

None of the 60 lysates of phage-resistant colonies con-

tained these genes (data not shown).

Electron microscopy of negatively stained phage-resis-

tant cells that had lost their swarming motility revealed

prominent changes in their morphology compared to the

original P. mirabilis cells (Fig. 8A and B). The original P.

mirabilis cells had a rod shape (0.6-0.9 9 2-8 lm) and

contained a cytoplasm with high electron density and

numerous flagella on the surface. In contrast, phage-resis-

tant cells became roundish (0.8 9 1.3 lm), and they were

completely devoid of flagella.

The study of ultrathin sections of phage-susceptible and

phage-resistant bacterial cells revealed more morphologi-

cal differences between two types of bacterial cells. Phage-

susceptible rod-shaped bacteria showed the typical struc-

ture of Gram-negative cells with a wavy outer membrane

and a distinct periplasmic space. In contrast, roundish

phage-resistant cells had a smooth outer membrane,

waviness was absent, and the periplasmic space was not

visible (Fig. 8). Clear differences in the virus-cell interac-

tion were observed on ultrathin sections of phage-suscep-

tible and phage-resistant cells incubated with PM16 phage.

Numerous phage particles were seen around susceptible

cells and on their surface after 5 and 15 minutes of incu-

bation, while phages were absent in sections of phage-re-

sistant cells (Fig. 8C and D).

Morphological differences between phage-susceptible

and phage-resistant cells indicate some changes in mem-

brane characteristics. The phage-resistant cells showed

signs of swelling, presumably related to damage of water-

ion transport and membrane charge. It is likely that these

differences are associated with a change in membrane

macromolecular composition that makes adsorption of

Fig. 8 Morphology of phage-sensitive (left column) and phage-

resistant (right column) P. mirabilis cells. (A) Rod-shaped cell with

flagella. (B) Roundish cells devoid of flagella. (C) Interaction of

phage PM16 particles with phage-sensitive cells. Phage-cell interac-

tion is shown in a frame with high magnification. (D) Absence of

phages close to phage-resistant cells. (A), (B) - negative staining with

1 % uranyl acetate. Ultrathin sections of the cells are shown in the

frames. (C), (D) Ultrathin sections of preparations of bacterial cells

co-incubated with phage PM16 for 5 min. Transmission electron

microscopy
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phage particles on the cell surface impossible. Taking into

consideration that phage PM16 particles are able to attach

to the Proteus cell surface but do not use flagella to reach

cells (Fig. 1B), we can propose that the resistance of non-

swarming P. mirabilis cells to phage PM16 re-infection is

connected to the absence of the appropriate receptors on

the surface of these cells. The presence of these receptors is

possibly associated with the existence of flagella and

swarming motility of P. mirabilis cells. This phenomenon

needs further investigation.

Conclusion

The genus Phikmvvirus consists of a well-known group of

Pseudomonas bacteriophages with a high degree of

nucleotide sequence similarity (80–97 %) [11, 12] and

bacteriophages specific mostly for c-proteobacteria [e.g.,

3, 7, 17]. Lytic Proteus phage PM16 shows low sequence

similarity to the genomes of other phiKMV-like phages

and was classified as a member of the genus Phikmvvirus

on the basis of cluster organization of its genome, gene

synteny, and protein sequence similarities. Phage PM16 is

grouped with Vibrio phage VP93, Pantoea phage LIME-

light, Acinetobacter phage Petty, Enterobacter phage

phiKDA1, and KP34-like bacteriophages. The low

nucleotide sequence similarity of phage PM16 to even the

most closely related bacteriophages might indicate early

divergence of this phage from other phiKMV-like phages.

Bacteriophage PM16 is characterized by high stability, a

short latency period, a large burst size, and the occurrence of

low phage resistance. This bacteriophage could be included

in a Proteus phage cocktail in the future. Notably, Proteus

cells resistant to phage PM16 reinfection have reduced

swarming motility and a presumably decreased ability to

spread infection. Taking into consideration that lytic bacte-

riophage PM16 and its host swarming strain P. mirabilis

CEMTC 73 were found in the same clinical sample, further

investigations of PM16-host cell interaction are required.
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lightning-fast iterative protein sequence searching by HMM-

HMM alignment. Nat Methods 9(2):173–175. doi:10.1038/

nmeth.1818

47. Roucourt B, Lavigne R (2009) The role of interactions between

phage and bacterial proteins within the infected cell: a diverse

and puzzling interactome. Environ Microbiol 11:2789–2805

48. Schmidt WC, Jeffries CD (1974) Bacteriophage typing of Proteus

mirabilis, Proteus vulgaris, and Proteus morganii. Appl Micro-

biol 27(1):47–53
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