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Abstract

The genome sequence of a novel virulent bacteriophage termed C130_2 that is morphologically a member of the
family Myoviridiae, is reported. The 41,775 basepair double-stranded DNA genome of C130_2 encodes for 59
ORFs but exhibits overall low sequence homology to publicly available bacteriophage genomes. Phylogenetic
analyses indicates that C130_2 represents a new phage type. C130_2 propagated well on enterohemorrhagic
Escherichia coli (EHEC) O157:H7 and other pathogenic E. coli strains, as well as on strains comprising various

Shigella species.
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Microbial resistance against antimicrobials is an increasing problem. In recent years, researchers’ attention have
turned toward bacteriophages, the natural predators of bacteria, as alternative agents for use against bacteria,
either post-infection as phage therapy, or preventively as bio-control agents. (reviewed in [1] and [2]).

Several members of the Enterobacteriaceae bacterial family are important enteral pathogens; many of them cause
foodborne infections. In light of the serious problem of multidrug resistance, several members of the genus
Enterobacteriaceae, including Escherichia coli O157:H7, Shigella species and various Sal/monella serovars have
been targeted in studies involving bacteriophages as biocontrol agents. Genomes of phages effective against E.
coli O157 strains, Shigella and Salmonella representing several groups from the order Caudovirales including
T4-like [3], T5-like [4], and rV5-like [5] bacteriophages have been reported. Studies testing the application of
phages towards E. coli O157:H7 on beef [6], cabbage [7] or on tomato surfaces [8], as well as their stability
under various conditions [8] were performed with promising results. Similar experiments were conducted with
phages against Salmonella on duck meat [9], as well as a phage cocktail against Shigella species in various
foodstuff [10].

In the current study, we present genomic characterisation of a new bacteriophage termed C130_2 isolated from
cheese. This phage exhibits broad host specificity and is quite unrelated to any previously characterised
bacteriophage. The phage was isolated from a cattle cheese sample from Ukraine in a project aiming to assess
the risk posed by illegally imported food in the EU [11]. The phage was isolated by applying the bacterium-free
supernatant of a pre-cultured food sample on layered soft agar plates containing E. coli K-12 C600 strain [4].
The host specificity of the isolated phage was investigated using a spot assay on various enterobacterial strains
(Supplementary Table 1).

The efficiency of plating (EOP) was determined by applying serial dilutions of phage suspensions employing
spot assays. The ratio of phage titre on the various enterobacterial strains (Supplementary Table 1) to the titre

measured on E. coli K-12 MG1655 was considered as the EOP of the phage on the given strain.

The morphology of the phage examined using transmission electron microscopy (TEM). C130 2 revealed a

Myoviridae morphology with an approx.75 x 78 nm icosahedral head and a 115 nm long contractile tail (Figure

1.

Phage DNA was isolated by the phenol-chloroform method [12] with the modifications outlined by Téth et al
[13]. Genomic DNA sequencing libraries were prepared using the Nextera XT kit (Illumina, Eindhoven, NL).

Sequencing was performed using Nextseq Mid-output reagent kit v2 (2x150 bp) on an Illumina NextSeq 500.
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Average read length was 233.39 nucleotides with an average coverage of 93.3%.-Assembly was performed with
Spades [14]. The genome was annotated using the RAST server [15]. A search for tRNAs was conducted with
tRNAScan-SE [16]. Homology searches were performed with the tools available on the NCBI website, protein
sequences of ORFs were investigated with PSI-BLAST, Prosite, and Uniprot databases. Protein masses were

predicted with ExPasy using an average resolution setting.

The genome sequence of bacteriophage C130 2 was deposited in GenBank and is available under accession no.
MH363708. The genome of bacteriophage C130 2 is a 41,775 bp long, linear double-stranded DNA, with a GC
content of 55.4%. The terminal repeats determined by a pile-up analysis of the raw reads by mapping of them to
the assembled phage genome using CLC genomic workbench (v. 9.5.4, Qiagen, Venlo, Netherlands), are 284
nucleotides in length, and located distally at the 5’and 3" ends of the genome from nucleotides 1-284 and 41,492-

41,775, respectively.

We identified a total of 59 potential protein-coding sequences (CDSs), but no tRNA genes. The list of ORFs
detected is provided in Supplementary Table 2. RAST- and PSI-BLAST- based annotations enabled assignment
of a function for 35 of 59 genes, with the remaining ORFs annotated as "hypothetical’, ’phage protein’ or
“unknown’ proteins. At the nucleotide -level, the genome does not show strong homology to any other
previously sequenced bacteriophage. Whole-genome based phylogenetic relations of phage C130 2 were
investigated with VICTOR [17]. This analysis placed IME _EC2 and vB_KpnS IME279 as its closest neighbors,
albeit still too far apart to be considered as close relatives. At the same time it has shown that C130_2 indeed
represents a wholly new genotype within bacteriophages representing members of the order Caudovirales

(Figure 2).

Prosite search detected motifs in only 8 ORFs with the inclusion of high probability occurrence motifs. Four out
of these encode structural proteins, and the other four encode DNA modifying enzymes. In many cases the PSI-
BLAST and Uniprot searches indicated that the predicted proteins show homology to genes of Enterobacteria
phage IME EC2 (GenBank KF591601.1; [18]) and Klebsiella phage vB_KpnS IME279 (MF614100.1). For the
PSI-BLAST hits, CDSs exhibited an average coverage of 93.3% but with a low average homology of 47.4%.
The Uniprot hits showed 99% average coverage, and 76% average identity at the amino acid level (see
Supplementary Table 2 for details). Interestingly, these two phages are members of different families, as they
belong to Podoviridae and Siphoviridae, respectively. When studying the PSI-BLAST and Uniprot search

results, it should be noted that except for a major tail protein (locus 130-2_0057) the majority of ORFs bearing



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

similarity to corresponding ORFs in IME EC2 or vB_KpnS IME279 code for proteins associated with DNA

modification.

A blastN-based pairwise comparison analysis was performed for the three phages C130 2, IME EC2 and
vB_KpnS IME279 using Easyfig 2.1 [19] and visualized using Inkscape (Supplementary Figure 1). This
revealed only a few regions where similarity of C130_2 to either of the other phages approaches 75%, and
almost never exceeds 80%. The first of these regions contains two genes encoding putative proteins involved in
tail assembly (ORFs 14-15). The following region spans five genes encoding DNA modification enzymes,
(ORFs 28, 29, 31, 32, 33). These are followed by tail fiber, capsid, portal protein encoding genes and one that
encodes the terminase large subunit (Supplementary Table 3) The relatively conserved sequence of these genes
suggests their universal importance in the lifecycle of tailed bacteriophages. The order of these regions is the
same in all three of the phage genomes, suggesting that their overall genome organisation is colinear
(Supplementary Table 3). The rest of the C130_2 genome however, encodes for genes with as of yet unknown
functions, which have a low level of similarity (below 50%) to the other two phage genomes, indicating its

novelty.

C130_2 is capable of lysing E. coli K-12, EHEC O157:H7, enteropathogenic (EPEC), enteroinvasive (EIEC) and

Shigella strains with efficiency of plating (EOP) between approx.10~2 to 2x10® (Supplementary Table 1).

The fact that phage C130_2 lyses multiple Shigella strains is an important finding, as Shigellae are a leading
cause of bacillary dysentery [20]. Like other significant pathogens, antibiotic resistance is a rising menace
among Shigella strains [21], and promising experiments aiming the development of anti-Shigella phage cocktails
have been performed [10]. For foodborne pathogens, it is desirable that bacteriophages present in the same
foodstuff be considered as prime candidates in studies searching for biocontrol agents. Our study demonstrates
that so far completely uncharacterised bacteriophages potentially effective against and significant foodborne

pathogens are indeed present in the same foodstuff in which their hosts reside.

Whole genome sequencing of new bacteriophages may reveal hitherto unknown genes regulating host
specificity, as well as those that play key roles in lysis and survival. Detailed knowledge of the host spectrum,
stability and efficiency of different phages and the associated genes could help in assembling more effective
phage cocktails or even the generation of specifically modified phages to be applied against different arrays of

pathogenic bacteria.
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Legend to the figures

Figure 1. Transmission electron micrograph of bacteriophage 130/2 showing Myoviridae morphology with

contracted (A) and non-contracted (B) tail structure.

Figure 2. Whole-genome based phylogeny of bacteriophage C130_2 prepared with VICTOR, comparing it
to representative members of Caudovirales, as well as bacteriophages IME_EC2 and vB_KpnS_IME279.
The GenBank accession numbers of phage genomes and type designations of the phages are indicated next to the

branches. In the case of IME EC2 and vB_KpnS IME279, the phage families are indicated.

Supplementary Table 1.

Host spectrum and efficiency of plating (EOP) of bacteriophage C130 2. EOP values are given relative to the

titre measured on E. coli K-12 MG1655 strain.

Supplementary Table 2.

List of ORFs of phage C130_2 with assigned functions and protein homology searches. Prosite search was
performed including motifs with high probability occurrences, Uniprot search was performed with narrowing

down to viral proteins.
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Supplementary Table 3.

List of ORFs of phages C130_2, IME EC2 and vB_KpnS IME279, with corresponding ORFs above 75%

similarity highlighted in blue.

Supplementary Figure 1.

BLAST-based comparison of the whole genomes of bacteriophages C130 2, IME EC2 and vB_KpnS IME279.
Orange arrows represent genes, numbers on C130_2 genes correspond to ORF numbers in Supplementary Tables

2 and 3. Regions showing >50% similarity are interconnected with grey lines.



