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Abstract

Several bacterial species belonging to the Bacillus cereus group are known to be causative
agents of food poisoning and severe human diseases. Bacteriophages and their lytic
enzymes called endolysins have been widely shown to provide for a supplemental or pri-
mary means of treating bacterial infections. In this work we present a new broad-host-range
phage Izhevsk, which infects the members of the Bacillus cereus group. Transmission elec-
tron microscopy, genome sequencing and comparative analyses revealed that Izhevsk is a
temperate phage with Siphoviridae morphology and belongs to the same genus as the pre-
viously described but taxonomically unclassified bacteriophages Tsamsa and Diildio. The
Ply57 endolysin of Izhevsk phage has broad-spectrum activity against B. cereus sensu lato.
The thermolability of Ply57 is higher than that of the PlyG of W[ phage. This work contrib-
utes to our current understanding of phage biodiversity and may be useful for further devel-
opment of efficient antimicrobials aimed at diagnosing and treating infectious diseases and
food contaminations caused by the Bacillus cereus group of bacteria.

Introduction

In the early 2000s, the growing availability of sequencing technologies and the increasing
emergence rate of multi-resistant pathogens served as the main factors which triggered a
revived interest in phage research worldwide. Bacteriophages and their constituents are now
widely used in medical diagnostics and food microbiology, and their applicability continues to
expand in the treatment of human infections. Despite being undeniably limited compared to
conventional antibacterial therapies, they are gaining more and more recognition. Many
reports have been published describing phages and their bacteriolytic enzymes—natural endo-
lysins or engineered derivatives—successfully used to prevent contamination of food products
[1,2], as well as investigated in rodent-based models of human infections [3,4]. Endolysins are
phage-encoded peptidoglycan-degrading proteins required for host cell wall lysis and
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possessing different enzymatic activities such as glycosidase, amidase, endopeptidase and lytic
transglycosylase [5]. In the case of phages infecting Gram-positive bacteria, endolysins consist
of one or more catalytic domains and a cell wall binding domain [5,6], offering wide opportu-
nities for combining different molecules and generating proteins targeted to specific
substrates.

Bacillus cereus sensu stricto is a Gram-positive spore-forming bacterium widespread in vari-
ous environmental niches. It is also a member of the Bacillus cereus group of bacteria encom-
passing 18 recognized species [7] including Bacillus anthracis, a severe human pathogen.
Many reports have shown that the members of the Bacillus cereus group commonly contami-
nate milk and dairy products [8-10], presenting potential threats because of their ability to
grow at standard refrigerator temperatures and produce toxins and spores. Bacteriophages
infecting bacteria of the Bacillus cereus group were among the first to be detected. Long before
the term “bacteriophage” was proposed by D’Herelle, Nikolai Fedorovich Gamaleya observed
antibacterial activity while working with Bacillus anthracis [11].

As one may notice from the information given in the “Taxonomy” section on the Interna-
tional Committee on the Taxonomy of Viruses (ICTV) website, Bacillus-infecting phages are
now among the most numerous taxonomically classified bacteriophages of the order Caudo-
virales together with the viruses infecting Enterobacteriaceae, Mycobacterium and Staphylococ-
cus. They constitute many genera of the Myoviridae, Siphoviridae, Podoviridae and
Herelleviridae families and are also represented by a considerable number of taxonomically
unclassified phages deposited in public databases.

The impressive variety of morphological features, genome characteristics, lifestyles, and
lysogenic strategies have been reported for Bacillus-infecting bacteriophages [12], indicating
that they are widespread, diverse and therefore of significant interest.

In this study, we describe the newly isolated temperate phage Izhevsk and characterize its
thermostable broad-spectrum endolysin Ply57. The analysis of the Izhevsk genome has shown
that the phage can be assigned to the same genus with the previously described and closely
related Bacillus-infecting phages Tsamsa and Diildio, but the lytic range of Izhevsk phage is
much wider than that of the previously described phages.

Materials and methods
Bacterial strains and growth conditions

Bacterial strains were obtained from the All-Russian Collection of Microorganisms (VKM)
and cultivated in Lysogeny broth (LB) and on LB agar (1.5% and 0.5% for top layer) with 10
mM of CaCl, and 10 mM of MgCl, at 30°C.

Phage isolation and propagation

Phage Izhevsk was isolated from a soil sample collected in Izhevsk, Udmurtia, Russian Federa-
tion, and propagated on the sensitive strain B. cereus VKM B-370. For phage isolation, one
gram of the soil sample was added to the cell culture at the optical density (OD590) of 0.2 and
the mixture was incubated until the optical density decreased. The lysate was filtered through
0.22-um filters.

Serial dilutions of the phage suspension were prepared and added to 3 ml of 0.5% LB agar
with 50 pL of the B. cereus VKM B-370 culture (OD590 of 0.35); then, after 15 sec vortexing,
the mixture was poured into previously prepared LB agar plates (1.5% agar) and incubated
overnight at 37°C.

Phage purification, propagation and PEG 8000 (polyethylene glycol) precipitation were per-
formed as described previously [13]. Then 3 ml of the high-titer preparation were used for
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CsCl centrifugation in a preformed CsCl density gradient (1.3 g/ml, 1.4 g/ml, 1.5 g/ml, 1.6 g/
ml, 1.7 g/ml) to prepare the final purified phage suspension, which was used later on for trans-
mission electron microscopy.

Phage DNA sequencing

Phage DNA was extracted using the standard phenol-chloroform extraction protocol
described by Sambrook et al. [14] and then sequenced using Illumina with the TruSeq library
preparation technology. The genomic sequence was assembled de novo using SPAdes v.3.11.1
software [15]. Open reading frames (ORFs) were identified with RASTtk [16] and manually
assigned the putative functions using BLAST (NCBI) [17,18] and HHpred [19]. tRNAscan-SE
[20] were used for tRNA gene searching. The circular genome map was visualized with
CGView [21].

Host range determination

Host range test was performed as described previously [13] using 34 strains of the B. cereus
group as well as five other Bacillus strains and one Enterococcus strain. 2 uL of phage suspen-
sion (>10° p.f.u./mL) was dripped onto agar plate with each tested strain. Plates were incu-
bated at 37°C for 48h. Lysis was monitored after 16, 30 and 48 h of incubation.

Transmission electron microscopy

Phage suspension applied onto 400 mesh carbon-formvar coated copper grids was negatively
stained with 1% uranyl acetate and subsequently analyzed using a JEM-100C (JEOL, Japan)
transmission electron microscope at 80 kV accelerating voltage. Images were taken on Kodak
film SO-163 (Kodak, Cat. #74144, Hatfield, PA, USA) with 45000x magnification.

Endolysin gene cloning and enzyme purification

The genes of the Ply57 and PlyG endolysins were PCR-amplified using Herculase II Fusion
DNA Polymerase (Agilent Technologies, Cat. # 600677-51) and the pairs of oligonucleotides
5’ -tatatccatggCTATTTCAGTAAGACAAAAA-3’ plus 5/ -tatagcggecgcGTCTTG
TACGAAACGCAC-3’ and 5’ -tatatccatggAAATTCAGAAAAAATTAGTTGACCCA-3’
plus 5’ ~tatagcggccgcTTTAACTTCATACCACCA-3", respectively. Total DNA of B.
cereus W-strain, harboring W prophage, was used as a template for PlyG cloning. The PCR
products were cloned into the pET33 expression vector between the Ncol and Eagl sites result-
ing in the AAALEHHHHHH amino acid extension at the C-terminus of the recombinant pro-
teins. For Ply57 and PlyG production, E. coli BL21(DE3) transformed with the respective
pPET33-based plasmid was grown on an orbital shaking platform at 37°C up to OD590 = 0.5
and then 50 pM IPTG was added to induce recombinant protein synthesis. The temperature
was changed to 30°C and the incubation continued for the next 12 hours. Bacterial cells were
precipitated by centrifugation and resuspended in 40 mL of ice-cold Buffer A [40 mM Tris-
HCI pH 8.0; 0.5 M NaCl; 5% glycerol]. The cell suspension was sonicated thrice for 30 seconds
using a Sonyprep disintegrator (Amplitude 4 and medium power). The sonicated cells were
centrifuged for 90 min at 9000 g, 4°C, filtered through 0.45 um Millipore syringe filter, and
loaded on a 5 mL Ni-chelating column (GE Healthcare). Purification was performed using
imidazole elution as recommended by the manufacturer. The purification quality was con-
firmed by SDS polyacrylamide gel electrophoresis and the selected fractions were dialyzed
against the dialysis buffer [40 mM Tris-HCI (pH 8.0); 0.5 M NaCl; 5% glycerol], which was
refreshed three times. After the dialysis, protein concentrations were determined by measuring
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adsorption at A = 280 nm (extinction coefficient = 1) using NanoPhotometer Pear] P-360, and
then glycerol and DTT were added to the final concentrations of 50% and 10 mM, respectively.
The enzymes were stored at -20°C. The final concentration of the purified enzymes was 100-
150 uM.

Endolysin specificity spot test

5 ul of Ply57 (100 uM) was dripped onto Brain Heart Infusion (BHI) agar plates with 4-hour
lawns of each host strain, the Ply57 storage buffer was used as a control. The plates were incu-
bated at 37°C for 16-48 hours. When a lysis zone was detected after incubation, host strain
was considered sensitive.

Endolysin activity turbidimetry assays

The bacteriolytic activity of the purified Ply57 endolysin was determined via turbidity reduc-
tion assay on fresh exponentially growing bacterial cells as described previously [22], as well as
on stationary phase cells, with minor modifications. Bacterial cells were precipitated, resus-
pended in 20 mM Tris-HCI (pH 8.0) buffer to the OD590 of approximately 1.0, and aliquoted
into a 96-well plate (190 pl per each well). The purified endolysin was diluted in 20 mM Tris-
HCl buffer to obtain 20 uM working solution. Ten microliters of the working solution were
added to the bacterial cells resulting in the final volume of 200 pl with 1 M of endolysin. The
same amount of storage buffer was added to the control microplate well without endolysin.
The plate was incubated at 37°C in the microplate spectrophotometer FilterMax F5 (Molecular
Devices) with OD590 being measured every minute. The tested strains were considered sensi-
tive during the exponential growth when OD590 decreased to the values lower than 80% of the
control optical density (in the cultures without endolysin) after 30-min incubation. The strains
were considered sensitive during the stationary phase when OD590 decreased to the values
lower than 80% of the control optical density (in the cultures without endolysin) after 1 h incu-
bation. Each experiment was performed in at least three replicates.

Thermostability assay was performed as described earlier by Heselpoth et al. [23] with sev-
eral modifications. Ply57 and PlyG were incubated at 55°C in PBS (40 mM sodium phosphate
pH 7.4; 150 mM NaCl) without reducing agents. Aliquots were taken after 10, 30, 60, 90 and
120 min and placed on ice bath until 120 min incubation was complete. The residual bacterio-
lytic activity was determined on exponentially growing B. cereus ATCC 4342 (also known as
RSVF1) cells in PBS using the microplate spectrophotometer. The final concentrations of
Ply57 and PlyG in the reactions were 1.5 pM and the reaction mixture volume was 200 ul. The
endolysin half-inactivation time was estimated using the exponential trendline equation for
the dependence of the residual bacteriolytic activity from incubation time (R* value >0.98).
The average values and standard deviations were calculated based on at least three replicates.

Comparative genomics

To find the related phages, we performed a BLASTN search using the whole genome sequence
of Izhevsk as the query. The linear comparison diagram showing the similarity between phage
genomes was produced with EasyFig [24]. The number of proteins shared by phages was com-
puted using the GET_HOMOLOGUES software [16] with the COGtriangles algorithm [17,18]
(-t0-C 50 -e). VICTOR [25] was used for phylogenetic inference from the whole proteome
sequences of Izhevsk and the closest viruses using the Genome-BLAST Distance Phylogeny
method [26] with the settings recommended for prokaryotic viruses [25]. The resulting tree
was rooted at the midpoint [27] and visualized with FigTree v1.4.4 [28].
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Accession number

The genome sequence of phage Izhevsk is available in the GenBank under accession number
MT254578.

Results
Isolation, host range and lytic spectrum

Phage Izhevsk was isolated from soil samples collected in Izhevsk, Udmurtia, Russian Federa-
tion, in 2016. The host range was determined on 34 bacterial strains of 3 different species
belonging to the Bacillus cereus sensu lato group (Table 1). The phage was capable of forming
plaques on the lawns of 33 strains. On the propagating host strain B. cereus VKM B-370,
Izhevsk produced turbid plaques with an approximate diameter of 1 mm (S1 Fig).

Transmission electron microscopy

TEM analysis revealed that Izhevsk possesses a long flexible non-contractile tail with an
approximate length of 430 nm and a non-elongated capsid, approximately 80 nm in diameter
(Fig 1), the two features characteristic of the Siphoviridae B1 morphotype [29]. The tail con-
tains about 120 visible striations (disk-like structures) (Fig 1B). At the end of the tail, the base-
plate structure is visible with extending fiber-like structures of up to 30 nm (Fig 1C-1F),
through which some phage particles are attached to one another (Fig 1A-1C).

Genome organization

A single circular contig with the length of 168350 bp, the average coverage of 68x and the GC-
content of 34.3% was generated from sequencing reads. A simple commonly used method to
predict phage genome termini is to find coverage deviations when aligning reads on the assem-
bled genomic sequence [30]. No regions deviating >2 times from the average coverage were
presented on read coverage diagram (not shown), so it was complicated to find the genome
termini by this approach. The putative ends positions were roughly located taking into account
the significant similarity between the Izhevsk genomic sequence and that of the previously
described bacteriophage vB_BanS_Tsamsa with 284-bp DTR regions determined by the
authors [31]. The postulate was then proven by electrophoresis of the Izhevsk DNA digested
with the Pacl and Afel restriction enzymes (Fig 2).

The genome contains 256 predicted protein-encoding ORFs; 80 of them (31.25%) were
functionally assigned. Like many phages with large genomes, the Izhevsk genes can be classi-
fied into several functional groups (Fig 3), with most of them scattered over more than half of
the genome and not necessarily forming visible ‘gene modules’ characteristic of phages with
smaller genomes.

Among the best-annotated groups of DNA packaging, structural and host lysis-related
genes, we have identified those encoding small and large terminase subunits, portal protein,
putative prohead protease, major capsid protein, head completion protein, putative assembly
chaperone, tail tube protein, tail completion protein, tape measure protein, YiiX-like amidase,
putative tail endopeptidase, putative tail fiber protein, putative receptor-binding protein,
endosialidase, holin and endolysin with the N-acetylmuramoyl-L-alanine amidase activity.

Within the cluster of tail genes and in other parts of the genome, we have identified three
genes (ORFs 208, 237, 80) encoding the Xer family recombinases known to participate in
resolving the dimeric forms of circular DNA molecules such as bacterial chromosomes and
plasmids [32]. There have also been several reports on the ability of these proteins to enable
integration of mobile elements into the Vibrio cholerae chromosome [33-35]. Three of the
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Table 1. The host range of phage Izhevsk and the lytic spectrum of its endolysin determined on 34 different Bacillus cereus sensu lato strains.

No. Species Strain Phage Lysis Endolysin lysis
Exp. phase* Stat. phase Spot test

1 B. cereus VKM B-13 + +++ + +
2 B. cereus VKM B-370 + +++ - +
3 B. cereus VKM B-373 + +++ - +
4 B. cereus VKM B-374 + +++ +
5 B. cereus VKM B-383 + - +
6 B. cereus VKM B-445 + ++ + +
7 B. cereus VKM B-473 + + = +
8 B. cereus VKM B-491 + +++ + +
9 B. cereus VKM B-504" + ++ + +
10 B. cereus VKM B-681 + ++ + +
11 B. cereus VKM B-682 + +++ + +
12 B. cereus VKM B-683 + +++ + +
13 B. cereus VKM B-684 + +++ + +
14 B. cereus VKM B-686 + +++ + +
15 B. cereus VKM B-688 + + + +
16 B. cereus VKM B-771 + + + +
17 B. cereus VKM B-810 + ++ + +
18 B. cereus VKM B-812 = ++ + +
19 B. cereus ATCC 4342 + +++ + +
20 B. cereus ATCC 14893 + ++ + -
21 B. thuringiensis VKM B-83 + +++ + +
22 B. thuringiensis VKM B-84 + +++ + +
23 B. thuringiensis VKM B-85 + +4++ + +
24 B. thuringiensis VKM B-440 + - - +
25 B. thuringiensis VKM B-443 + ++ + +
26 B. thuringiensis VKM B-446 + ++ + +
27 B. thuringiensis VKM B-447 + +++ + +
28 B. thuringiensis VKM B-450 + - - +
29 B. thuringiensis VKM B-453 + - - +
30 B. thuringiensis VKM B-454 + - - +
31 B. thuringiensis VKM B-1555 + + + +
32 B. thuringiensis VKM B-1557 + ++ + +
33 B. thuringiensis ATCC 35646 + - + +
34 B. weihenstephanensis KBAB4 + +++ + +
B. flexus - ++ + -
B. pumilus - - - -
B. subtilis 168 - + - +
B. subtilis WB 800n - - - -
B. megaterium MS941 - ++ + +
E. faecium FS86 - - - -

* Results recorded as “+++”, complete or near to complete lysis; “++”, moderate lysis;

w, »

« o«

+7, slight lysis; and “~*, no detectable lysis.

https://doi.org/10.1371/journal.pone.0242657.t001

genes located near ORF237 encode the Replic_Relax superfamily protein (ORF238), ParM-like
protein (ORF247) and putative ParG-like protein (ORF246), the common components of plas-
mid relaxation and partitioning systems. Temperate Bacillus phages possess diverse lifestyles
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ik

Fig 1. Transmission electron microscopy of Bacillus phage Izhevsk particles negatively stained with 1% (w/v) uranyl acetate. Scale bars are 50 nm.
A. The bacteriophage particles. B. Closeup view of a single phage particle. C-F. Baseplate and fiber-like structures, closeup view.

https://doi.org/10.1371/journal.pone.0242657.g001
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Fig 2. Phage DNA digested with restriction endonucleases Pacl (A) and Afel (B) in silico and in vitro (the left and right side of each image,
respectively). Lanes (for each image): 1 -molecular weight markers (SibEnzyme, mix of Cat.# M29 and M33), 2 —intact phage DNA, 3 -digested
DNA. The lengths of the fragments predicted for Pacl: 33909, 32075, 24289, 18753, 13056, 12356, 9779, 6893, 4963, 4570, 4274, 3721; for Afel:
54176, 40885, 27581, 19892, 10860, 8996, 3337, 2920. Terminal fragments are underlined here in the text and indicated by the arrows on the

electrophoregrams.

https://doi.org/10.1371/journal.pone.0242657.9002

and can integrate their DNA into host chromosomes and plasmids or replicate without inte-
gration as circular or linear plasmids [12]. Phages with circular plasmid lysogenic stages usu-
ally feature the Xer family recombinases and ParMRC or similar segregation systems [36,37].
Thus, taking into account the presence of plasmid replication and plasmid segregation-related
set of genes, it seems possible that Izhevsk can exist as a circular plasmid prophage in the host
cytoplasm while not necessarily integrating its DNA into the host chromosome.

The replication and recombination-related genes of Izhevsk encode the putative lambda O-
type replication initiator, RecD-like DNA helicase, single-stranded DNA-binding protein,
DnaB-type helicase, DnaG-type primase, RecJ-type DNA exonuclease, DNA gyrase subunit A,
DNA gyrase subunit B, DNA ligase, DNA polymerase III alpha subunit and RuvC-type Holli-

day junction resolvase.

Another unusually large gene group highlighted in purple on the genome map includes the
genes encoding products involved in different processes of nucleic acid metabolism such as
DNA nucleotide synthesis, repair and tRNA splicing: deoxyribonucleoside kinase, Appr-17p-
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Fig 3. The Izhevsk genome map. Functionally assigned ORFs are highlighted according to their general functions (see the legend). Abbreviations:
NMK-nicotinamide mononucleotide transporter, NMNAT—nicotinamide mononucleotide adenylyltransferase, SSB-single-stranded DNA-binding
protein, ANK—deoxyribonucleoside kinase, NTase-nucleotidyltransferase, RNR—Ribonucleotide reductase, Trx—thioredoxin, GK—guanylate kinase,
PRPP synthase—Phosphoribosyl diphosphate synthase, NAPRT—Nicotinate Phosphoribosyltransferase, 5SNT—5'-Nucleotidase, TS—Thymidylate
synthase, DHFR—Dihydrofolate reductase, TK—thymidine kinase, DNAP-DNA polymerase, HJR-Holliday junction resolvase, RBP-receptor-binding
protein, TCP-tail completion protein, TTP-tail tube protein, TAC-tail assembly chaperone, HCP-head completion protein, MCP-major capsid
protein, TerL-terminase, large subunit, TerS—terminase, small subunit.

https://doi.org/10.1371/journal.pone.0242657.9003

processing protein, excision endonuclease, putative nucleotidyltransferases, NrdI-like protein,
alpha and beta subunits of ribonucleotide reductase, dUTP diphosphatase, guanylate kinase,
putative tRNA maturase, tRNA ligase, RNA ligase, phosphoribosyl pyrophosphate synthetase,
putative 5’-nucleotidases, thymidine kinase and RNA helicase-ribonuclease.
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Fig 4. Pairwise TBLASTX comparisons of the Izhevsk genome and the related genomes visualized with Easyfig. The Izhevsk genome scheme
coloring corresponds to Fig 3. Grey areas between the genome maps indicate the level of identity (see the legend).

https://doi.org/10.1371/journal.pone.0242657.9004

In total, nine genes were predicted to encode HNH- and GIY-YIG-family endonucleases
and were assigned the putative homing endonuclease function based on their absence in the
respective positions in the genomes of related phages, Tsamsa and pW2 (Fig 4), which may be
considered evidence of their potential mobility [38]. Homing endonucleases are mobile ele-
ments which are common in bacterial and large phage genomes and promote their own spread
between related genomes by the double-strand break repair pathway [39]. All the putative
homing endonucleases of Izhevsk are free-standing, although several phages possess intron-
encoded homing endonucleases [40,41].

Among the rest of the genes not assigned to any of the main modules, the most noticeable
is ORF17 encoding putative DNA restriction enzyme inhibitor similar to T7 protein Ocr,
mimicking B-form DNA and inhibiting the restriction-modification activity of the Type I
EcoKI complex [42]. Also, the NAD metabolism-related genes have been identified encoding:
PnuC-like nicotinamide mononucleotide transporter (ORF59), NadR-type nicotinamide-
nucleotide adenylyltransferase (ORF62) and nicotinate phosphoribosyltransferase (ORF169).
In addition to the extended gene baggage that seems to include not only the minimum set
needed for phage functions but also the genes beneficial for the host metabolism, Izhevsk pos-
sesses a tRNA array consisting of 16 tRNA and 2 pseudo-tRNA genes, predicted with tRNAs-
can-SE [20].

Altogether 13 ORFs were predicted to encode lipoprotein signal peptides. Although first
described long ago [43], phage-encoded lipoproteins are still considered rare, probably
because signal sequence-prediction tools are not generally included in the annotation pipelines
for bacteriophage genomes. The presence of prolipoprotein-encoding ORFs is mostly charac-
teristic of temperate phages, where these molecules have been shown to contribute to superin-
fection exclusion, lysis, host virulence [44] and lysis-lysogeny switch [45].

The related phage genomes were found by BLASTN search with the whole genome
sequence of Izhevsk against the NCBI nr database (taxid:10239) and the Bacillus Phage Data-
base (BPD) (http://bacillus.phagesdb.org/). Eight complete phage genomes, including previ-
ously described phages Tsamsa [31] and PBC2 [22], were downloaded from GenBank and
another closely related phage named Diildio was downloaded from BPD.

Whole-genome comparison based on the translated sequences of all predicted ORFs was
performed with VICTOR (formula D6), and the resulting phylogram shown in Fig 5 illustrates
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Fig 5. Genome-BLAST Distance Phylogeny (GBDP) phylogram based on the amino-acid sequences of whole proteomes and inferred using the
formula D6. The nodes are colored according to the legend representing GBDP pseudo-bootstrap support values from 100 replications. The branch
lengths are scaled in terms of the GBDP distance formula D6.

https://doi.org/10.1371/journal.pone.0242657.9005

the evolutionary relationship between Izhevsk and the closest viruses. The branching order is
consistent with the percentile amount of proteins shared by the five most closely related phages
with Izhevsk (Table 2).

Table 2. The properties of Izhevsk and the most closely related genomes.

Name Database Genome | ORFs GC- BLASTN nucleotide |Proteins shared Number of | Number of proteins shared
accession number | length (protein- content |identity to Izhevsk, |with Izhevsk, tRNAs with the phage by all of the
coding %" number (%)** previous phages of the table.
Izhevsk MT254578.1 168638 256 34.3 18
Tsamsa NC_023007.1 168876 272 34.3 88.6 220 (80.88) 19 220
Diildio 171148 267 34.3 87.5 214 (80,15) 18 204
pW2 MK?288021.1 160627 255 32.5 57.2 154 (60.39) 4 150
PBC2 KT070867.1 168689 251 344 42.6 128 (51) 17 103
vB_BcoS_136 MH884508.1 160590 239 32.2 29.2 101 (42,26) 17 82

*Determined using BLASTN compared to 1zh57 (multiplying % coverage by % identity)
**Determined using GET_HOMOLOGUES (COGtriangles algorithm, -t 0, -C 50, -e).

https://doi.org/10.1371/journal.pone.0242657.t1002
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Specificity range, homologs and thermostability of Ply57

ORF194 and ORF196 of phage Izhevsk were annotated as holin and endolysin, respectively.
Like most endolysins from the phages infecting Gram-positive bacteria, Ply57 has a modular
organization and consists of three domains: N-terminal enzymatic active domain (EAD) and
two C-terminal cell wall binding domains (CBD). BLASTp analysis revealed several highly
related endolysins including those of phages vB_BanS-Tsamsa (96.81% aa identity), pW2
(84.76%), PBC2 (80.88%), and bg2 (79.94%) (Fig 6). In contrast to endolysins of PBC2 and bg2
phages, Ply57, like endolysins of Tsamsa and pW2 phages, contains a short linker part con-
necting the EAD and CBD domains.

Like endolysins of closely related phages Tsamsa [31] and PBC2 [22], Ply57 shows a broad
range of bacteriolytic activity against the collection of laboratory strains. Taking together the
results of turbidimetry reduction and spot test assays, all of the 34 B. cereus group strains, as
well as B. megaterium MS941, B. subtilis 168 and B. flexus IPP1, are sensitive to Ply57
(Table 1). Turbidimetry reduction assay has shown that two strains (B. cereus VKM B-383 and
ATCC 35646) are not sensitive to Ply57 in the exponential growth phase, but become sensitive
to Ply57 in the stationary phase. B. cereus VKM B-370, VKM B-373 and VKM B-473 strains
are sensitive to Ply57 during exponential growth, but resistant in the stationary phase. B. thur-
ingiensis VKM B-440, VKM B-453, VKM B-454 strains are not sensitive in both exponential

3-161 CwlA N-acetylmuramoyl-L-alanine amidase (EAD)
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Fig 6. Multiple amino acid sequence alignment of Ply57 (ORF196) from bacteriophage Izhevsk with endolysins from vB_BanS-Tsamsa
(YP_008873459.1), pW2 (AZU98917.1), PBC2 (AKQ08512.1), bg2 (ABX56142.1) and the enzymatically active domain of PlyG from Bacillus
phage gamma (2L47_A). Conservative amino acids are highlighted in blue; amino acids matching the residues of the PlyG endolysin are yellow;
synonymous substitutions are green. Conservative domain regions revealed with DELTA-BLAST are indicated above the aligned sequences.

https://doi.org/10.1371/journal.pone.0242657.9006
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Fig 7. The thermal kinetic inactivation half-life experiment. Error bars indicate standard deviation values based on
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and stationary growth phases. However, all of the nine strains mentioned above were sensitive
to Ply57 in spot assay. On the other hand, B. cereus ATCC 14893 was not sensitive to Ply57 in
spot test, but appeared to be sensitive in turbidimetry reduction assay (Table 1). Apparently,
the bacteriolytic spectrum of endolysins must be tested using several different approaches to
exclude false-negative results, which may be due to changes in the peptidoglycan structure
during bacterial culture growth as well as changes in growth conditions [46].

The N-terminal (aa residues 1-165) EAD of Ply57 shows a 53% identity to the EAD of the
PlyG endolysin from phage W, the best-characterized endolysin from the phages infecting
the B. cereus group of bacteria [23]. Since the stability of bacteriolytic enzymes is one of the
most essential criteria for the development of antimicrobial compounds, we have determined
the relative thermostability of Ply57 compared to that of PlyG. For this purpose, the enzymes
were incubated at 55°C and aliquots were removed at different time intervals. The residual
bacteriolytic activity is exponentially dependent on the incubation time at 55°C, with the R>
values of 0.98 for Ply57 and 0.99 for PlyG (Fig 7). The thermostability assay has shown that
Ply57 is two-fold more stable than PlyG under the experimental conditions. The time required
for half-inactivation of the Ply57 bacteriolytic activity was 65+9 min whereas the half-inactiva-
tion time for PlyG was found to be 353 min.

Discussion

The temperate Bacillus phage Izhevsk isolated and characterized in this work belongs to a dis-
tinct group of viruses within the Siphoviridae family along with the previously described
phages Tsamsa [31] and PBC2 [22] and three other Bacillus-infecting viruses: Diildio, pW2
and vB_BcoS_136.

There have been many genome-based approaches proposed, aimed at establishing a univer-
sal scheme of phage taxonomical classification including those using concatenated phylogeny,
shared protein content and pairwise genomic distances [25,47,48]. The nucleotide identity
level of 95% is now used by the International Committee on Taxonomy of Viruses (ICTV) as a
strict criterion for species demarcation, whereas the boundaries of higher taxa are less
conservative.

In several extensive works, the phages of the order Caudovirales were assigned to one genus
on the basis of shared protein content (>40%), similar morphology, whole-genome
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collinearity and shared key features [49-51]. Our comparative analyses have revealed that the
group containing the four most closely related phages: Izhevsk, Tsamsa, Diildio and pW2, pos-
sesses 150 shared proteins (Table 2), i.e., 57.2% on average (in terms of the total number of
proteins encoded in each of the genomes).

Although not all of these phages have been described in detail, their genomes have similar
gene orders with highly identical DNA packaging, structural and replication genes (Fig 4) and
possess the homologs of all six Izhevsk genes (ORFs 80, 208, 237, 238, 246, 247) predicted to
have prophage-related functions, suggesting these are all temperate bacteriophages with the
Siphoviridae morphology using short DTR packaging strategy. However, there are only 4
tRNA-coding genes in the genome of pW2, which differs significantly from the Izhevsk,
Tsamsa and Diildio genomes harboring 18-19 tRNA genes.

The length and GC-content of the pW2 genome are two more characteristics deviating
much stronger away from Izhevsk, Tsamsa and Diildio compared to more distantly related
PBC2, which shares much less genes with the rest of the phages (Table 2). Thus, while consid-
ering the available set of genomes we could not decide whether pW2 and PBC2 can be placed
into the same genus with Izhevsk, Tsamsa and Diildio; yet, the latter three phages can defi-
nitely be classified into a single genus in conformity with the accepted principles.

Among closely related phages, bacteriophage Izhevsk has the broadest specificity range: it is
capable of infecting 97% of the tested B. cereus sensu lato strains (Table 1), whereas the speci-
ficity range of other related phages is quite narrow. The PBC2 phage was able to infect only
one out of 11 tested B. cereus sensu lato strains [22]. Bacteriophage Tsamsa lysed 15 out of 38
(39%) tested B. cereus sensu lato strains, six of them being B. anthracis strains [31].

The Izhevsk endolysin Ply57 is active when produced recombinantly and shows a broad
lytic spectrum. Ply57 belongs to the N-acetylmuramoyl-L-alanine amidase family and is highly
similar to several other Bacillus phage endolysins, including the endolysins of phages Tsamsa
(96.81% aa identity), pW2 (84.76%), PBC2 (80.88%) bg2 (79.94%) and W (53% for EAD
only). It has been reported that PlyG EAD contains a spore binding domain (SBD) allowing
this molecule to degrade B. anthracis spores upon germination, even when CBD is completely
deleted [52]. Structurally, SBD is a part of EAD but harbors amino acids involved in amidase
catalytic activity (PDB 2L47). PlyG SBD is highly specific to B. anthracis spores [52]. Another
characterized endolysin (from phage PBC2) also harbors a conservative SBD, which is specific
to B. cereus spores, in contrast to the PlyG SBD [22]. We suppose that Ply57 can be active
against germinating spores, similar to PBC2 endolysin, because the amino acid sequences of
these endolysins corresponding to SBDs share 87% similarity (85% identity) (Fig 6).

All three endolysins of the Izhevsk, PBC2 and Tsamsa bacteriophages demonstrate a broad
range of activity against the B. cereus group [22, 31]. PBC2 endolysin was active against B. sub-
tilis, B. megaterium, B. circulans, B. licheniformis, B. pumilus, L. monocytogenes, C. perfringens
and S. aureus [22]. Ply57 was also active against one of the two B. subtilis strains tested, as well
as against B. megaterium and B. flexus, but not active against B. pumilus and Enterococcus fae-
cium (Table 1). Ply57 and PBC2 endolysin may have different specificity due to the structural
differences within the proximal SH3 domain and the linker connecting this domain to EAD. It
has been recently shown that the length and flexibility of the linker part might affect thermal
stability and bactericidal properties of the endolysin [53]. The linker part of Ply57, as well as
that of bacteriophage Tsamsa endolysin, is six amino acids shorter than the linker in PBC2
endolysin.

Taken together, the broad specificity of phage Izhevsk, the high thermostability and broad
specificity of its endolysin, Ply57, these objects are a useful platform for developing antibacte-
rial agents and pathogen control tools to prevent bacterial contaminations caused by B. cereus
group bacteria, including B. anthracis.
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