% UNIVERSITY OF HELSINKI

https://helda.helsinki.fi

Characterization and genome analysis of Escherichia phage
fBC-Eco01, isolated from wastewater in Tunisia

Grami, Emna

2023-02

Grami, E, Badawy , S, Kiljunen, S, Saidi, N & Skurnik , M 2023 , ' Characterization and
genome analysis of Escherichia phage fBC-Eco01, isolated from wastewater in Tunisia ',
Archives of Virology , vol. 168, no. 2, 44 . https://doi.org/10.1007/s00705-022-05680-8

http://hdl.handle.net/10138/354436
https://doi.org/10.1007/s00705-022-05680-8

publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Archives of Virology (2023) 168:44
https://doi.org/10.1007/500705-022-05680-8

BRIEF REPORT q

Check for
updates

Characterization and genome analysis of Escherichia phage fBC-Eco01,
isolated from wastewater in Tunisia

Emna Grami'2 - Shimaa Badawy>* - Saija Kiljunen® - Neila Saidi’ - Mikael Skurnik3

Received: 23 September 2022 / Accepted: 1 November 2022
© The Author(s) 2022

Abstract

The rise of antibiotic resistance in bacterial strains has led to vigorous exploration for alternative treatments. To this end,
phage therapy has been revisited, and it is gaining increasing attention, as it may represent an e cient alternative for treating
multiresistant pathogenic bacteria. Phage therapy is considered safe, and phages do not infect eukaryotic cells. There have
been many studies investigating phage-host bacteria interactions and the ability of phages to target specific hosts. Escheri-
chia coli is the causative agent of a multitude of infections, ranging from urinary tract infections to sepsis, with growing
antibiotic resistance. In this study, we characterized the Escherichia phage fBC-Eco01, which was isolated from a water
sample collected at Oued, Tunis. Electron microscopy showed that fBC-Eco01 phage particles have siphovirus morphology,
with an icosahedral head of 61+ 3 nm in diameter and a non-contractile tail of 94 £2nm in length and 12+0.9 nm in width.
The genome of fBC-Eco01 is a linear double-stranded DNA of 43.466 bp with a GC content of 50.4%. Comparison to data-
bases allowed annotation of the functions to 39 of the 78 predicted gene products. A single-step growth curve revealed that
fBC-Eco01 has a latent period of 30 minutes and a burst size of 175 plaque-forming units (PFU) per infected cell. Genomic
analysis indicated that fBC-Eco01 is a member of the subfamily Guernseyvirinae. It is most closely related to a group of

phages of the genus Kagunavirus that infect Enterobacter, Raoultella, and Escherichia strains.

Introduction

Escherichia coli, a species of the family Enterobacteriaceae,
includes both commensal and pathogenic bacteria, and it
is perhaps the most thoroughly studied bacterial species.
This Gram-negative coliform bacterium normally lives in
the intestines of animals and humans. It is also found in the

Handling Editor: T. K. Frey

> Mikael Skurnik
mikael.skurnik@helsinki.fi

Centre de Recherches et des Technologies des

Eaux (CERTE) Laboratoire Eaux, Membranes et
Biotechnologies de L’Environnement (LR19CERTEO04),
Technopark Borj Cedria, Tunisia

Faculté des Sciences de Bizerte, Université de Carthage,
7021 Jarzouna, Tunisia

Department of Bacteriology and Immunology, Human
Microbiome Research Program, Faculty of Medicine,
University of Helsinki, Helsinki University Hospital
HUSLAB, 00290 Helsinki, Finland

Department of Botany and Microbiology, Faculty of Science,
Damietta University, 34517 New Damietta, Egypt

environment, in wastewater, vegetation, or food. Although
most strains of E. coli are harmless and are part of the nat-
ural intestinal flora, some E. coli are pathogenic and are
responsible for food poisoning and may cause severe disease.
Specifically, 75 to 95% of urinary tract infections (UTIs) are
caused by E. coli [23], making it the most common causa-
tive agent of UTIs worldwide. Furthermore, E. coli isolates
are increasingly found to be resistant to antibiotics [43], and
antibiotics have even been implicated in the emergence of
new forms of resistant bacteria [44]. Due to the increased
prevalence of multidrug-resistant E. coli [58], it is essential
to consider alternative treatments. Bacteriophages are con-
sidered an e ective alternative for clinical applications [5].

Bacteriophages (phages) are viruses that infect bacteria
[24]. They specifically recognize bacterial surface structures,
including proteins and polysaccharides, which they use as
receptors. After injection of the phage nucleic acid into the
bacterial cytoplasm, the expressed phage proteins take over
the bacterial host metabolism and the phage starts reproduc-
ing itself. At the end of its life cycle, the phage lyses the bac-
terial cell to liberate its progeny to the environment, thereby
killing the host bacterium. This property has been exploited
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in the application of phages for therapeutic purposes to cure
bacterial infections [49, 54].

Several studies on the potential of phage therapy to treat
E. coli infections have been conducted over the years. In
1982, Smith and Huggins demonstrated that an intramuscu-
lar dose of an anti-K1 phage was more e cient than intra-
muscularly administered antibiotics in curing mice with
experimental infection [51]. In addition, they demonstrated
the e cacy of phages in treating experimental E. coli diar-
rhea in calves, piglets, and lambs [52]. Slopek and cowork-
ers reported that phage therapy, with a success rate of 90%,
cured cases of septicemia, some of which were caused by E.
coli strains that did not respond to antibiotic treatment [50].
Hu and coworkers used intramuscular bacteriophage injec-
tions to treat severe E. coli respiratory infections in birds,
showing that the treatment proved e ective within a few
hours after infection [25]. The response to phage therapy
was also studied using an in vitro model system simulating
a human colon infected with an E. coli strain. Phage showed
better treatment e cacy than ciprofloxacin [11]. Addition-
ally, mice infected with E. coli O157:H7 bacteria were
treated with a bacteriophage cocktail, resulting in signifi-
cant reduction in the amount of the pathogen present while
retaining the natural balance of the microbiota, which was
not the case when ampicillin was used [14]. Manufactured
probiotic-phage suppositories have been shown to success-
fully eliminate diarrhea in calves within 48 hours and, in
addition, to stimulate immune activity against pathogenic
E. coli [1]. Likewise, several studies have shown the abil-
ity of lytic phages to cure infections by E. coli bacteria for
which exposure to antibiotics selects for antibiotic-resistant
mutants [13]. Although bacteria also easily become resistant

to bacteriophages, phages are also able to change their host
range and thereby circumvent bacterial resistance [54].

Due to the increasing interest in phage therapy and the
generally very narrow host range of phages, it is important
to isolate and characterize new phages continually in order
to achieve a high enough coverage of phages of clinically
relevant pathogens to meet future demand for therapeutic
phages. In the present study, we isolated and characterized
a lytic Escherichia phage, fBC-Eco01, infecting an E. coli
strain isolated from peritoneal puncture fluid. The proper-
ties of phage fBC-Eco01 indicate that it has therapeutic
potential.

Materials and methods
Bacterial strains and growth media

The bacterial strains used in this work are listed in Table 1.
E. coli strain #5629 was isolated in 2013 from peritoneal
puncture fluid of a human patient at the clinical microbiol-
ogy laboratory of the Helsinki University Central Hospital.
The bacteria were grown at 37 °C in lysogeny broth (LB)
or on LB supplemented with 1.5% Bacto Agar. For bacte-
riophage plaque counts, double-layer plates with 0.4% agar
(soft agar) in the top layer were used.

Phage isolation and propagation
E. coli phage fBC-Eco01 was isolated from a 2-L sam-

ple of wastewater collected from Oued el Bey-Soliman
Tunisia. Phage isolation was performed as described [4].

Table 1 Bacterial strains and
host range of fBC-Eco01

Bacterial species Strain ID Comments Phage
suscepti-
bility

Escherichia coli #5628 Human isolate, urinary tract infection -

#5629 Human isolate, peritoneal exudate, +
serotype O2H1

#5630 Human isolate, wound infection -

#5631 Human isolate, wound infection -

EPEC 2348-69 -

AIEC LF 82 -

Pseudomonas aeruginosa ATCC 2027 -

Pseudomonas aeruginosa ATCC 27853 -

Salmonella enterica ATCC 13314 +

Salmonella serovar Typhimurium  ATCC 14028 -

Staphylococcus aureus ATCC 29213 -

Bacillus subtilis ATCC 6633 -

Enterococcus faecalis ATCC 29212 -

(+) Lytic plaques
(-) No plaques
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Briefly, 3.0mL of the wastewater and 1 mL of an overnight
culture of E. coli were added to 9 mL of tryptic soy broth
(TSB, Difco). The culture was incubated at 37 °C for 4-6 h
to allow the enrichment of host-strain-specific phages.
Then, 500 uL of chloroform was added to the culture to
lyse the bacterial cells, and the lysate was centrifuged at
50009 for 15 min to remove cell debris. The supernatant
was passed through a 0.22-um-pore-size filter to sterilize
it. The titer of host-specific phages was determined using
a double-overlay assay by pipetting 5 pL drops of serially
tenfold diluted lysates onto the host bacterial soft agar
overlay.

Appropriate dilutions of the enriched lysate were used to
plaque-purify the phages by the soft agar overlay method as
described [29]. A high-titer lysate of the phage was prepared
using the semi-confluent plate lysate method [47].

Electron microscopy

A high-titer phage suspension (8.66 x 101° PFU/mL) was
centrifuged at full speed (16,000g) for 90 min at 4°C in
Eppendorf centrifuge (5415R, rotor model 3328, Enfield,
NJ, USA). The phage particles were suspended in 200 puL
of 0.1 M ammonium acetate. Three pL of phage suspension
was transferred to a carbon-coated copper grid, and after
adsorption for 60s, the excess liquid was removed using
filter paper. The grids were then stained with 2% uranyl
acetate (pH 4.2) for 30s, and the excess dye was removed
using filter paper. The grids were examined using a JEOL
JEM-1400 transmission electron microscope (Jeol Ltd.,
Tokyo, Japan) fitted with a bottom-mounted Gatan Orius
SC 1000B camera (Gatan Inc., Pleasanton, CA, USA). The
specimens were inspected at 80 KV beam voltage at 80,000
and 150,000x magnification at the Electron Microscopy
Unit (Institute of Biotechnology, University of Helsinki-
Finland, Helsinki, Finland). The dimensions of 10 phage
particles were determined and used to calculate the averages
and standard errors.

Host range

The phage host range was tested against nine Gram-nega-
tive and three Gram-positive strains (Table 1) using the spot
assay method as described previously [53].

One-step growth curve

A one-step growth curve experiment was performed as

described [6] to determine the latent period and the phage
burst size.

DNA extraction, sequencing, and genome analysis

Phage DNA was extracted from a phage stock with a con-
centration of 8.66 x 10° PFU/mL using the phenol-chlo-
roform extraction method [46]. Bacterial genomic DNA
was extracted using a GenJet Genomic DNA Purification
Kit (catalog no. KO721, Thermo Fisher Scientific, Vilnius,
Lithuania). The DNA samples were sequenced by the 150-
bp paired-end protocol on an Illumina HiSeq platform at
NovoGene (UK). To assemble the phage genome sequence,
200,000 reads were selected randomly from 8,341,604 total
reads and assembled using the A5-miseq integrated pipe-
line [12]. The presence of genome termini was evaluated
using PhageTerm [19]. The assembly was verified by map-
ping the 8,341,604 original reads back to the genome, using
Geneious Prime 2020.1.2 assembler (Biomatters Ltd.).

Genes and the functions of their gene products were pre-
dicted using Rapid Annotation using Subsystems Technol-
ogy (RAST) [3]. The predicted genes were confirmed and
analyzed using Geneious Prime 2020, and open reading
frames (ORFs) were predicted using ORF Finder (https://
www.nchi.nlm.nih.gov/or nder/) together with the Artemis
software [7].

Genome annotation involving functions was performed
by comparison of the translated products using BLASTp,
and a further search for distant homologous and conserved
domains was conducted using InterProScan (http://www.ebi.
ac.uk/).

Transeq and HHpred [55, 65] were used together with
Clustal Omega to align multiple sequences (http://www.ebi.
ac.uk/Tools/msa/clustalo/).

Putative tRNA genes were identified using tRNAscan-
SE [10]. Phage-RNA-polymerase-specific promoters were
predicted using PHIRE ver. 1.00 [32], host-RNA-polymer-
ase-specific promoters were predicted using Galaxy [48],
terminators were predicted using ARNold http://rssf.i2bc.
paris-saclay.fr [20, 34, 39], and genome comparisons with
other phages were performed using TBLASTX on the
DiGAlign Dynamic Genomic Alignment server (https://
www.genome.jp/digalign) [40].

Raw reads of the bacterial genome were uploaded and
analysed using the EnteroBase database [64] available
at https://enterobase.warwick.ac.uk/ under the barcode
ESC_YAT7726AA.

Phylogenetic analysis

The fBC-Eco01 genome sequence was compared with
those of a number of the most closely related phages using
the MEGAL11 [56]. We also used ViPTree analysis, ver-
sion 2.0 [39], a phage proteomic tree dendrogram pro-
gram that reveals global genomic similarity relationships
between viruses with sequences in the database. In this
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case, the tree was generated from selected best-fit genome
sequences to obtain a viral proteomic tree of fBC-Eco01
with 47 sequences of double-stranded DNA (dsDNA)
viruses belonging to the class Caudoviricetes [57] that
have gammaproteobacteria as their hosts. The ViPTree
analysis was performed by the maximum-likelihood (ML)
method.

Nucleotide sequence accession number

The genomic sequence of fBC-Eco01 was submitted
to the GenBank database under the accession number
OM272052.1.

Results and discussion
Phage isolation and host range

A wastewater sample from Oued Borj Ecedria was
screened for phages against four clinical E. coli human
isolates (Table 1). A phage infecting strain #6529, named
fBC-Eco01, was isolated. The phage formed plaques that
were 1.8+0.2mm in diameter (Fig. 1). The host range
of fBC-Eco01 was tested against nine bacterial strains
(Table 1). Contrary to our expectations, fBC-Eco01 did
not infect the other E. coli strains but was able to lyse Sal-
monella enterica ATCC 13314 in addition to its original
E. coli host strain #5629. Analysis of the whole genome
sequence of strain #5629 carried out using the Enterobase
database indicated that the strain belongs to the pathogenic
E. coli ST73 lineage, phylogroup B2, serotype O2:H1 [27].
The estimated genome size of this strain is 5,131,390 bp.

Fig. 1 Plagues induced by phage fBC-Eco01 after 24 h of incubation
at 37°C on a lawn of E. coli strain #5629
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Morphology analysis by TEM

The morphological features of phage fBC-Eco01 particles
revealed that it has an icosahedral head that is 61+3nm in
diameter and a long non-contractile tail that is 94+2nm in
length and 12+ 0.9 nm in width (Fig. 2). Based on this, fBC-
Eco01 is morphologically a siphovirus.

One-step growth curve

A one-step growth curve experiment (Fig. 3) revealed that
fBC-Eco01 has a latent period of about 30 min and a burst
size of 175 PFU/cell with a 30 min rise phase.

Genome analysis of E. coli phage fBC-Eco01

The fBC-Eco01 genome is a linear double-stranded DNA,
43,466 bp in length. The median depth of read coverage
of the assembly was 651, and PhageTerm analysis did not
identify obvious genomic termini. The genome contains 78
predicted genes, with 38 encoding proteins whose functions
could be predicted based on sequence similarity to known
proteins. The remaining 40 gene products were annotated as
hypothetical proteins [57]. Of the predicted genes, 51 and
27 were encoded on the forward and reverse strand, respec-
tively. The GC content of the phage is 50.4%. The overall
organization of the genome of fBC-Eco01 is presented in
Fig. 4, and the annotation of the predicted genes is presented
in Supplementary Table S1.

Of the predicted gene products, 44 shared similarity
with proteins of E. coli phages, and 26 gene products
matched those of phages with siphovirus morphology,
originating from various human metagenome projects
from which partial genome sequences were submitted to
the Laboratory of Cellular Oncology, National Cancer
Institute, USA [57]. No tRNA genes were present in the

:
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Fig.2 Transmission electron micrograph of phage fBC-Eco01 parti-
cles negatively stained with 2% uranyl-acetate
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Fig.3 One-step growth curve 250
of fBC-Eco01 on host E. coli
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Fig.4 Genomic map of fBC-Eco01. The predicted genes are shown
as colored arrows labeled with predicted functions (genes encoding
structural proteins, orange; nucleic acid enzymes, blue; hypothetical
proteins, grey; lysis functions, red; regulatory proteins, purple). For
details, see Supplementary Table S1. Pr, protein; HP, host promoter

genome. In addition, no genes encoding virulence factors,
integrases, toxins, or factors associated with a lysogenic
cycle were detected, suggesting that fBC-Eco01 could be
used safely for therapeutic purposes.

Thirteen promoters and 23 rho-independent termina-
tors were predicted from the sequence (Supplementary
Table S2), the locations of which are indicated in Fig. 4.
Of the promoters, seven were predicted to be used by the
phage-encoded RNA polymerase, with the consensus
sequence tgAATAGTa-ccTATTat-T, and the other six were
predicted to be used by the host RNA polymerase. Most of
the rho-independent terminators were located in intergenic
regions, but a few were located within genes, suggesting
that they might play a role in regulation of transcription.

260 HPUF 266 HPUF

70 Endolysin

72 HPUF ’ )

’ g68 Holin-fike, class Il

269 Holiike, class |

(black arrowhead); PP, phage promoter (turquoise arrowhead); T, ter-
minator (brown arrowhead); HPUF, hypothetical protein of unknown
function. The map was drawn with Geneious 22.2.2 (www.geneious.
com)

The predicted functions of the phage gene products, based
on database searches, are shown in Supplementary Table S1.
Putative functions could be assigned to 37 gene products
belonging to five functional groups.

General features of the fBC-Eco01 genome

DNA packaging

Packaging of DNA into the phage head is carried out by the
terminase complex containing the small and large termi-
nase subunits (Gp01 and Gp02, respectively). The termi-

nase recognizes the cos site of the phage genome, where it
introduces nicks to generate the cohesive ends of the genome
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and separates them in a reaction requiring ATP hydrolysis
[15]. The terminase and the phage portal proteins (Gp03) are
believed to be the initiators of head assembly [8].

Head and tail morphogenesis genes

Fifteen gene products were predicted to be structural pro-
teins, the genes for which are located on the forward strand
of the DNA, grouped in three clusters. Gp6, Gp21, Gp22,
Gp23, Gp31, Gp35, and Gp36 were predicted to be struc-
tural components of the tail. The 779-amino-acid (aa)-long
Gp31 is predicted to be the tail tape-measure protein, which
is the second longest gene product after the 852-aa-long tail
protein Gp35. Gp31 is predicted to be involved in facilitating
the phage DNA injection process in addition to determining
the length of the tail [61]. A comparison of Gp30 sequences
showed 99% identity to that of the kagunavirus Escherichia
phage Schulenburg.

The predicted tail spike protein Gp35, which interacts
with host receptor, is 99.92% identical to that of Escherichia
Iytic phage vB-EcoM_CBA120, a member of the newly cre-
ated genus Kuttervirus. It is closely related to contractile-
tailed phages that infect E. coli and Salmonella sp. that char-
acteristically carry several tail fiber and tailspike proteins
[22]. The nearly identical sequences of the tail spike proteins
suggest that these two phages may also have a similar host
range [53].

Overall, all of the tail-associated gene products, except
for the tail spike protein, were very similar to their counter-
parts in Escherichia phages belonging to the genus Kagu-
navirus (94-100% identity).

Similarly, the head morphogenesis genes shared 95-99%
identity with their counterparts in other Escherichia phages
of the genus Kagunavirus. These include Gp05, Gp12 and
Gp13, and Gp20, which are annotated as sca old protein and
major and minor capsid proteins, respectively, that initiate
the formation of the procapsid [42]. In addition, Gp14 was
predicted to be a head protein involved in protein interac-
tions [28], and Gp15 was identified as a capsid decoration
protein associated with stabilizing the head structure and the
head-tail joining protein (Fig. 4).

DNA replication, recombination, and repair genes

The gene products predicted to be involved in DNA replica-
tion, recombination, and repair are encoded on the reverse
strand of the DNA (indicated in the gene and gene product
names by a final "c"). Gp44c was predicted to be DNA poly-
merase |, and Gp27c¢ was predicted to be the DNA polymer-
ase Il small subunit, which plays a role in repairing damaged
DNA by filling gaps or re-initiating DNA synthesis, as the
holoenzyme is responsible for proofreading during DNA
replication. Gp04c is predicted to be the clamp protein or

13

DNA polymerase I11 sliding clamp, also known as a 3-clamp,
which binds the DNA polymerase to the DNA and prevents
the enzyme from dissociating from the template DNA strand
[18, 21]. Moreover, the protein—protein interactions between
the clamp and the polymerase are stronger and more specific
than the direct interactions between the polymerase and the
template DNA strand. The DNA clamp can increase the rate
of DNA synthesis up to 1,000-fold when compared to a non-
processive polymerase [41].

Gp38c and Gp53c are predicted to be DNA helicases
that unwind the dsDNA to allow transcription or DNA rep-
lication [31]. Gp45c and Gp49c are predicted to be HNH
endonucleases that may promote the packaging process
[26]. They can nick the double-stranded DNA and may play
a variety of roles in replication, recombination, and repair
pathways and are involved in pathogenicity [45, 60].

HNH endonucleases have also been shown to act as
mobile components that are deployed through horizontal
transfer and genetic exchange [38], along with Gp77, which
shows similarity to the NinH protein, which a ects both
cellular and viral DNA processing as well as gene expres-
sion, with advantageous e ects on phage multiplication and
dissemination [9]. The NinH-encoding gene is located at
the end of the phage genome, at the same location where
the 97% identical NinH-encoding gene of Raoultella phage
RP180 is found.

Gp40c is predicted to be a nuclease that is important
for various cellular processes. Gp46c, which is predicted
to be a single-strand binding protein (SSBs), may help to
form the central nucleoprotein complex substrate for DNA
replication, recombination, and repair processes. Finally,
Gp48c, annotated as an exonuclease, is likely to be required
for DNA replication and DNA repair [2, 17, 35]. It is 100%
identical to its counterpart in the Escherichia kagunavirus
VB-EcoS-Golestan [62]. Gp52c and Gp56c are predicted
to possess helix-turn-helix (HTH) motifs, suggesting that
they are capable of binding DNA. Each monomer contains
two a-helices, joined by a short strand of amino acids, that
bind to the major groove of DNA. Gp28c is predicted to be a
superinfection immunity protein that is likely to be involved
in gene regulation [36].

Lysis genes

Five gene products were predicted to play a role in the
lysis process. Gpll and Gpl12, which are predicted to
form the spanin complex, whose main role is to disrupt the
outer membrane, share 97% and 98% identity with their
counterparts in Escherichia phage vB-EcoS_fPoEco01
(QNO11794.1) and Escherichia phage phiwAO78-1,
respectively. The genes encoding the other three proteins
are located almost at the end of the genome. These include
Gp68, a class Il holin-like protein, Gp69, a class | holin-like
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protein, and Gp70, an endolysin. Bacterial lysis occurs when
the holin generates small pores in the membrane that allow
the endolysin to leak from the cytoplasm to degrade the pep-
tidoglycan [63], resulting in release of the phage progeny
to the environment [30]. Gp70 endolysin functions as the
phage-encoded peptidoglycan hydrolase that breaks down
the bacterial peptidoglycan at the end of the phage reproduc-
tion cycle [33]. Gp68, Gp69, and Gp70 share 79, 98, and
95% identity, respectively, with their counterparts in Raoul-
tella phage RP180. Furthermore, the lysis gene organization
in the fBC-Eco01 genome is similar to that of Raoultella
phage RP180 (NC_048181) [16].

Phylogeny and comparative analysis

In order to determine the evolutionary position of phage
fBC-Eco01, phylogenetic analysis was performed. A viral
proteomic tree was constructed by the maximum-likeli-
hood method, using the Viral Proteomic Tree server based
on nucleotide sequences of 47 selected dsDNA viruses
(Fig. 5A). The analysis revealed that fBC-Eco01 is closely
related to Raoultella phage RP180 (NC_048181), with a
significant genomic similarity (SG) level (>0.6), and also
to Escherichia phages VB-EcoS-Golestan, K1G, Klindl,
K1ind2, and Klind3 (Supplementary Table S3). These
phages belong to the genus Kagunavirus within the fam-
ily Guernseyvirinae, suggesting that fBC-Eco01 is a novel
member of this group. Similarity searches also showed
that phage fBC-Eco01 shows considerable similarity to
Salmonella phages of the genus Jerseyvirus, with an aver-
age genomic similarity of 0.5 to Salmonella phage LSPA
(NC_026017.1) (Supplementary Table S3).

Fig. 5 Phylogenetic analysis of fBC-Eco01. (A) Viral proteomic tree
based on genomic similarity between dsDNA viruses belonging to the
class Caudoviricetes that mainly use gammaproteobacteria as a host
(Supplementary Table S3). Branch lengths are logarithmically scaled,
the log scale on top represents the SG values (normalized scores by

A heat map was generated that shows pairwise
intergenomic distances pertaining to the nucleotide and
amino acid sequence identities between the genomes of
fBC-Eco-01 and phages selected based on genomic similari-
ties (Supplementary Table S4). The heat map demonstrates
that fBC-Eco01 is more closely related to kagunaviruses
(74.11-78.37% sequence identity) than to jerseyviruses
(39.52-71.29% sequence identity), both of which belong
to the subfamily Guernseyvirinae. The complete genome
fBC-Eco01 shares 76.89% nucleotide sequence identity
with Raoultella phage RP180 and 71.29% identity with
Salmonella phage LSPA1 (a jerseyvirus with a genome of
41880bp) (Supplementary Table S4). Alignments of the
genome sequences of those viruses to that of fBC-Eco01,
performed using TBLASTX, are shown in Supplemen-
tary Figure S1. These comparisons indicated that phage
fBC-Eco01 is most closely related to members of the gen-
era Kagunavirus and Jerseyvirus within the subfamily
Guernseyvirinae.

Finally, Virus Intergenomic Distance Calculator (VIR-
IDIC) analysis including four additional novel related phages
(Sciku, Shashou, Schulenburg, and Snoke; MK931439.1,
MK931440.1, MK931438.1, and MK931441.1, respec-
tively) not present in the VipTree analysis (Fig. 5A) [37]
indicated that Escherichia phage Snoke (MK931441.1) is
the most similar (98% identity) to fBC-Eco01 (Fig. 6). A
phylogenetic tree constructed in MEGA 11 based on an
fBC-Eco01 alignment of whole genome sequences (Fig. 5B)
confirmed that Escherichia phage Snoke appears to be the
closest relative.

Based on the convention that a genus is formed of a cohe-
sive group of viruses sharing more than 70% nucleotide

100 MK931441.1 Escherichia phage Snoke

100 MK931438.1 Escherichia phage Schulenburg
MK931439.1 Escherichia phage Sciku

100 L~ MK931440.1 Escherichia phage Shashou
OM272052.1 Escherichia phage fBC-Eco01

100 NC 048181.1 Raoultella phage RP180

OL539727.1 Escherichia virus fEg-Eco19

GU196277.1 Escherichia phage K1G

GU196278.1 Escherichia phage K1H

NC 041897.1 Escherichia phage K1ind1

NC 041898.1 Escherichia phage K1ind2

100 GU196281.1 Escherichia phage K1ind3

KT287080.2 Enterobacter phage phiEap-2

KC460990.1 Serratia phage Eta
KC139518.1 Salmonella phage FSL SP-031

100
100

BLASTX). (B) Phylogenetic tree constructed in MEGAL1 based on
phage genome sequences. The GenBank accession numbers of the
individual phages are indicated. The UPGMA method was used with
1000 bootstrap replicates. Bootstrap values are indicated on nodes.
Phage fBC-Eco01 is indicated by a red circle
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Fig. 6 Whole-genome comparison and clustering of phage fBC-

ECO01 (OM272052.1) with its closest relatives, carried out with
VIRIDIC (Virus Intergenomic Distance Calculator). In the top right
corner of the heat map, di erent shades of blue indicate intergenomic
similarity (%) between the genomes of each pair compared. Numeri-
cal values are also shown. The darker the color, the more closely
related are the genomes. The lower left corner of the heat map shows
three indicator values for each genome pair: top value, the aligned
fraction of genome 1 for the genome in this row; middle value, the
genome length ratio for the two genomes in this pair; bottom value,
the aligned fraction of genome 2 for the genome in this column. The

sequence identity over the entire length of their genomes
[59], we propose that phage fBC-Eco01 belongs to the genus
Kagunavirus (https://ictv.global/taxonomy/). However, the
VIRIDIC analysis would suggest that this group of phages
should be re-examined with the potential of creating a new
taxon (genus) for OM272052.1 _fBC-Eco01, MK931439.1
Sciku, MK931440.1_Shashou, MK931438.1_Schulenburg,
and MK931441.1_Snoke.

Conclusions

A novel lytic phage, fBC-Eco01, isolated from wastewa-
ter in Tunisia, infected an E. coli strain of serotype O2:H1,
sequence type ST73, isolated from a peritoneal puncture
fluid sample from a Finnish patient. Based on electron
microscopy and phylogenetic analysis, fBC-Eco01 belongs
to the class Caudoviricetes, morphologically resembles
siphoviruses, and can be assigned to the genus Kagunavi-
rus of the subfamily Guernseyvirinae. Genome compari-
sons revealed that fBC-Eco01 has high sequence similarity
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darker colors represent lower values, as indicated above the heat
map. The aligned genome fractions decrease with increased distance
between the phages. KC460990, Serratia phage Eta; NC_041897,
Escherichia phage Klindl; GU196281, Escherichia phage Klind3;
NC_041898, Escherichia phage Klind2; GU196277, Escherichia
phage K1G; GU196278, Escherichia phage K1H; MK931438,
Escherichia phage Schulenburg; MK931439, Escherichia phage
Sciku; MK931440, Escherichia phage Shashou; MK931441, Escheri-
chia phage Snoke; NC_048181, Raoultella phage RP180; OL539727,
Escherichia phage fEg-Eco19; KC139518, Salmonella phage FSL
SP-031; KT287080, Enterobacter phage phiEap-2

(74-98% identity) to kagunaviruses and somewhat less
(39-71% identity) to jerseyviruses. Annotation of the pre-
dicted genes revealed gene products of several functional
groups, including DNA packaging, structural proteins (head
and tail morphogenesis genes), DNA replication, recombina-
tion and repair genes, regulatory proteins, and host lysis pro-
teins. Phage fBC-Eco01 has a relatively narrow host range,
as it was only able to lyse Salmonella enterica strain ATCC
13314 besides its own isolation host, E. coli strain #5629.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00705-022-05680-8.

Acknowledgments This study was supported by a grant from the
Tunisian Ministry of Higher Education and Scientific Research
LR15CERTEOQ4 (2019_2022 Programs). The authors are grateful to
the technical team of CERTE. The Jane and Aatos Erkko Foundation
supported the research in the laboratory of M.S. All authors read and
approved the manuscript. The phage described here under the name of
fBC-Eco01 and its host are available at Centre de Recherches et des
Technologies des Eaux (CERTE) Laboratoire Eaux, Technopark Borj-
Cedria, Tunisia, and at the Department of Bacteriology and Immu-
nology, Human Microbiome Research Program, Faculty of Medicine,
University of Helsinki.


https://ictv.global/taxonomy/
https://doi.org/10.1007/s00705-022-05680-8

Characterization of Escherichia phage fBC-Eco01

Page9of10 44

Author contributions SB performed the experiments and did the elec-
tron microscopy. EG drafted the manuscript and carried out bioinfor-
matics analyses. All authors participated in the genome annotation. NS
and MS reviewed and edited the manuscript and supervised the work.

Funding Open Access funding provided by University of Helsinki
including Helsinki University Central Hospital. This research was
funded by Tunisian Ministry of Higher Education and Scientific
Research, Grant no [LR15CERTEO4] and Jane ja Aatos Erkon S&atio,
Grant no [Decision 2016].

Data avaliability The authors confirm that the data supporting the find-
ings of this study are available within the article and itssupplementary
tables and figure.

Declarations

Conflict of interest The authors declare that there are no conflicts of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Alomari MMM, Dec M, Nowaczek A, Puchalski A, Wernicki A,
Kowalski C, Urban-Chmiel R (2021) Therapeutic and prophylac-
tic e ect of the experimental bacteriophage treatment to control
diarrhea caused by E. coli in newborn calves. ACS Infect Dis
7:2093-2101

2. Aravind L, Anantharaman V, Balaji S, Babu MM, lyer LM (2005)
The many faces of the helix-turn-helix domain: transcription regu-
lation and beyond. FEMS Microbiol Rev 29:231-262

3. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA,
Formsma K, Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ,
Olson R, Osterman AL, Overbeek RA, McNeil LK, Paarmann D,
Paczian T, Parrello B, Pusch GD, Reich C, Stevens R, Vassieva O,
Vonstein V, Wilke A, Zagnitko O (2008) The RAST Server: rapid
annotations using subsystems technology. BMC Genomics 9:75

4. Baker PM, Farmer JJI (1982) New bacteriophage typing system
for Yersinia enterocolitica, Yersinia kristensenii, Yersinia frederik-
senii, and Yersinia intermedia: correlation with serotyping, bio-
typing, and antibiotic susceptibility. J Clin Microbiol 15:491-502

5. Biswas B, Adhya S, Washart P, Paul B, Trostel AN, Powell B,
Carlton R, Merril CR (2002) Bacteriophage therapy rescues mice
bacteremic from a clinical isolate of vancomycin-resistant Ente-
rococcus faecium. Infect Immun 70:204-210

6. Bolger-Munro M, Cheung K, Fang A, Wang L (2013) T4 bacte-
riophage average burst size varies with Escherichia coli B23 cell
culture age. J Exp Microbiol Immunol 17:115-119

7. Carver T, Harris SR, Berriman M, Parkhill J, McQuillan JA
(2012) Artemis: an integrated platform for visualization and

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

analysis of high-throughput sequence-based experimental data.
Bioinformatics 28:464-469

Casjens SR (2011) The DNA-packaging nanomotor of tailed bac-
teriophages. Nat Rev Microbiol 9:647-657

Chakraborti S, Balakrishnan D, Trotter AJ, Gittens WH, Yang
AWH, Jolma A, Paterson JR, Swiatek S, Plewka J, Curtis FA,
Bowers LY, Palsson LO, Hughes TR, Taube M, Kozak M, Heddle
JG, Sharples GJ (2020) A bacteriophage mimic of the bacterial
nucleoid-associated protein Fis. Biochem J 477:1345-1362
Chan PP, Lowe TM (2019) tRNAscan-SE: searching for tRNA
genes in genomic sequences. Methods Mol Biol 1962:1-14
Cieplak T, So er N, Sulakvelidze A, Nielsen DS (2018) A bac-
teriophage cocktail targeting Escherichia coli reduces E. coli in
simulated gut conditions, while preserving a non-targeted repre-
sentative commensal normal microbiota. Gut Microbes 9:391-399
Coil D, Jospin G, Darling AE (2015) A5-miseq: an updated pipe-
line to assemble microbial genomes from Illumina MiSeq data.
Bioinformatics 31:587-589

Dalmasso M, Strain R, Neve H, Franz CM, Cousin FJ, Ross RP,
Hill C (2016) Three new Escherichia coli phages from the human
gut show promising potential for phage therapy. PLoS ONE
11:e0156773

Dissanayake U, Ukhanova M, Moye ZD, Sulakvelidze A, Mai
V (2019) Bacteriophages reduce pathogenic Escherichia coli
counts in mice without distorting gut microbiota. Front Microbiol
10:1984

Du y C, Feiss M (2002) The large subunit of bacteriophage lamb-
da's terminase plays a role in DNA translocation and packaging
termination. J Mol Biol 316:547-561

Fofanov MV, Morozova VV, Kozlova YN, Tikunov AY, Babkin
1V, Poletaeva YE, Ryabchikova El, Tikunova NV (2019) Raoul-
tella bacteriophage RP180, a new member of the genus Kaguna-
virus, subfamily Guernseyvirinae. Arch Virol 164:2637-2640
Frenkel GD, Richardson CC (1971) The deoxyribonuclease
induced after infection of Escherichia coli by bacteriophage T5.
11. Role of the enzyme in replication of the pahge deoxyribonu-
cleic acid. J Biol Chem 246:4848-4852

Garcia-Diaz M, Bebenek K (2007) Multiple functions of DNA
polymerases. CRC Crit Rev Plant Sci 26:105-122

Garneau JR, Depardieu F, Fortier LC, Bikard D, Monot M (2017)
PhageTerm: a tool for fast and accurate determination of phage
termini and packaging mechanism using next-generation sequenc-
ing data. Sci Rep 7:8292

Gautheret D, Lambert A (2001) Direct RNA motif definition and
identification from multiple sequence alignments using secondary
structure profiles. J Mol Biol 313:1003-1011

Georgescu RE, Kim SS, Yurieva O, Kuriyan J, Kong XP,
O'Donnell M (2008) Structure of a sliding clamp on DNA. Cell
132:43-54

Greenfield J, Shang X, Luo H, Zhou Y, Linden SB, Heselpoth RD,
Leiman PG, Nelson DC, Herzberg O (2020) Structure and func-
tion of bacteriophage CBA120 ORF211 (TSP2), the determinant
of phage specificity towards E. coli 0157:H7. Sci Rep 10:15402
Gupta K (2002) Addressing antibiotic resistance. Am J Med
113(Suppl 1A):295-34S

Hatfull GF, Hendrix RW (2011) Bacteriophages and their
genomes. Curr Opin Virol 1:298-303

Hu WE, Hu GR, Rath NC, Balog JM, Donoghue AM (2003)
Bacteriophage treatment of a severe Escherichia coli respiratory
infection in broiler chickens. Avian Dis 47:1399-1405

Kala S, Cumby N, Sadowski PD, Hyder BZ, Kanelis V, Davidson
AR, Maxwell KL (2014) HNH proteins are a widespread compo-
nent of phage DNA packaging machines. Proc Natl Acad Sci U S
A 111:6022-6027

Kallonen T, Brodrick HJ, Harris SR, Corander J, Brown NM,
Martin V, Peacock SJ, Parkhill J (2017) Systematic longitudinal

13


http://creativecommons.org/licenses/by/4.0/

44

Page 10 of 10

E. Grami et al.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

survey of invasive Escherichia coli in England demonstrates a
stable population structure only transiently disturbed by the emer-
gence of ST131. Genome Res 27(8):1437-1448

Kemp P, Garcia LR, Molineux 1J (2005) Changes in bacterio-
phage T7 virion structure at the initiation of infection. Virology
340:307-317

Kropinski AM, Mazzocco A, Waddell TE, Lingohr E, Johnson
RP (2009) Enumeration of bacteriophages by double agar overlay
plaque assay. Methods Mol Biol 501:69-76

Kropinski AM, Waddell T, Meng J, Franklin K, Ackermann HW,
Ahmed R, Mazzocco A, Yates J 3, Lingohr EJ, Johnson RP (2013)
The host-range, genomics and proteomics of Escherichia coli
0157:H7 bacteriophage rV5. Virol J 10:76

Kwiatek M, Mizak L, Parasion S, Gryko R, Olender A, Niemce-
wicz M (2015) Characterization of five newly isolated bacterio-
phages active against Pseudomonas aeruginosa clinical strains.
Folia Microbiol (Praha) 60:7-14

Lavigne R, Sun WD, Volckaert G (2004) PHIRE, a deterministic
approach to reveal regulatory elements in bacteriophage genomes.
Bioinformatics 20:629-635

Lin NT, Chiou PY, Chang KC, Chen LK, Lai MJ (2010) Isola-
tion and characterization of phi AB2: a novel bacteriophage of
Acinetobacter baumannii. Res Microbiol 161:308-314

Macke TJ, Ecker DJ, Gutell RR, Gautheret D, Case DA, Sampath
R (2001) RNAMotif, an RNA secondary structure definition and
search algorithm. Nucleic Acids Res 29:4724-4735

Mason PA, Cox LS (2012) The role of DNA exonucleases in pro-
tecting genome stability and their impact on ageing. Age (Dordr)
34:1317-1340

Mitsunobu H, Zhu B, Lee SJ, Tabor S, Richardson CC (2014) Flap
endonuclease of bacteriophage T7: possible roles in RNA primer
removal, recombination and host DNA breakdown. Bacteriophage
4:e28507

Moraru C, Varsani A, Kropinski AM (2020) VIRIDIC-a novel tool
to calculate the intergenomic similarities of prokaryote-infecting
viruses. Viruses 12:1268

Morgado S, Vicente AC (2019) Global in-silico scenario of tRNA
genes and their organization in virus genomes. Viruses 11:180
Naville M, Ghuillot-Gaude roy A, Marchais A, Gautheret D
(2011) ARNold: a web tool for the prediction of Rho-independent
transcription terminators. RNA Biol 8:11-13

Nishimura Y, Yoshida T, Kuronishi M, Uehara H, Ogata H, Goto
S (2017) ViPTree: the viral proteomic tree server. Bioinformatics
33:2379-2380

Pickard DJ (2009) Preparation of bacteriophage lysates and pure
DNA. Methods Mol Biol 502:3-9

Rajagopala SV, Casjens S, Uetz P (2011) The protein interaction
map of bacteriophage lambda. BMC Microbiol 11:213
Ramirez-Castillo FY, Moreno-Flores AC, Avelar-Gonzalez FJ,
Marquez-Diaz F, Harel J, Guerrero-Barrera AL (2018) An evalu-
ation of multidrug-resistant Escherichia coli isolates in urinary
tract infections from Aguascalientes, Mexico: cross-sectional
study. Ann Clin Microbiol Antimicrob 17:34

Ramos S, Silva V, Dapkevicius MLE, Canica M, Tejedor-Junco
MT, Igrejas G, Poeta P (2020) Escherichia coli as commensal
and pathogenic bacteria among food-producing animals: Health
implications of extended spectrum beta-lactamase (esbl) produc-
tion. Animals (Basel) 10:2239

Sambrook J, Russell DW (2001) Molecular cloning: a laboratory
manual, 3rd edn. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY

Sambrook J, Russell DW (2006) Purification of nucleic acids by
extraction with phenol:chloroform. CSH Protoc 2006

Sambrook J, Russell DW (2006) Rapid Analysis of bacteriophage
lambda isolates: purification of lambda DNA from plate lysates.
CSH Protoc 2006

13

48. Sampaio M, Rocha M, Oliveira H, Dias O (2019) Predicting pro-
moters in phage genomes using PhagePromoter. Bioinformatics
35:5301-5302

49. Skurnik M, Strauch E (2006) Phage therapy: facts and fiction. Int
J Med Microbiol 296:5-14

50. Slopek S, Weber-Dabrowska B, Dabrowski M, Kucharewicz-Kru-
kowska A (1987) Results of bacteriophage treatment of suppura-
tive bacterial infections in the years 1981-1986. Arch Immunol
Ther Exp 35:569-583

51. Smith HW, Huggins MB (1982) Successful treatment of experi-
mental Escherichia coli infections in mice using phage: its general
superiority over antibiotics. J Gen Microbiol 128:307-318

52. Smith HW, Huggins MB (1983) E ectiveness of phages in treat-
ing experimental Escherichia coli diarrhoea in calves, piglets and
lambs. J Gen Microbiol 129:2659-2675

53. Sorensen AN, Woudstra C, Sorensen MCH, Brondsted L (2021)
Subtypes of tail spike proteins predicts the host range of Acker-
mannviridae phages. Comput Struct Biotechnol J 19:4854-4867

54. Sulakvelidze A, Kutter E (2005) Bacteriophage therapy. In: Kutter
E, Sulakvelidze A (eds) Bacteriophage biology and applications.
CRC Press, Boca Raton, FL, pp 381-436

55. Sdéding J, Biegert A, Lupas AN (2005) The HHpred interactive
server for protein homology detection and structure prediction.
Nucleic Acids Res 33:W244-W248

56. Tamura K, Stecher G, Kumar S (2021) MEGA11: molecu-
lar evolutionary genetics analysis version 11. Mol Biol Evol
38:3022-3027

57. Tisza MJ, Buck CB (2021) A catalog of tens of thousands of
viruses from human metagenomes reveals hidden associations
with chronic diseases. Proc Natl Acad Sci USA 118

58. Tuem KB, Gebre AK, Atey TM, Bitew H, Yimer EM, Berhe DF
(2018) Drug resistance patterns of Escherichia coli in Ethiopia: a
meta-analysis. Biomed Res Int 2018:4536905

59. Turner D, Kropinski AM, Adriaenssens EM (2021) A roadmap
for genome-based phage taxonomy. Viruses 13

60. Wang X, Kim Y, Ma Q, Hong SH, Pokusaeva K, Sturino JM,
Wood TK (2010) Cryptic prophages help bacteria cope with
adverse environments. Nat Commun 1:147

61. XuJ, Hendrix RW, Duda RL (2014) Chaperone-protein interac-
tions that mediate assembly of the bacteriophage lambda tail to
the correct length. J Mol Biol 426:1004-1018

62. Yazdi M, Bouzari M, Ghaemi EA, Shahin K (2020) Isolation,
characterization and genomic analysis of a novel bacteriophage
vB_EcoS-Golestan infecting multidrug-resistant Escherichia coli
isolated from urinary tract infection. Sci Rep 10

63. Young R (2014) Phage lysis: three steps, three choices, one out-
come. J Microbiol 52:243-258

64. Zhou Z, Alikhan NF, Mohamed K, Fan Y, Agama Study G, Acht-
man M (2020) The EnteroBase user's guide, with case studies on
Salmonella transmissions, Yersinia pestis phylogeny, and Escheri-
chia core genomic diversity. Genome Res 30:138-152

65. Zimmermann L, Stephens A, Nam SZ, Rau D, Kubler J, Lozajic
M, Gabler F, Soding J, Lupas AN, Alva V (2018) A completely
reimplemented MPI bioinformatics toolkit with a new HHpred
server at its core. J Mol Biol 430:2237-2243

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional a liations.



