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Abstract

Background: Non-O157 Shiga toxigenic Escherichia coli (STEC) are one of the most important food and
waterborne pathogens worldwide. Although bacteriophages (phages) have been used for the biocontrol of these
pathogens, a comprehensive understanding of the genetic characteristics and lifestyle of potentially effective
candidate phages is lacking.

Materials and Methods: In this study, 10 non-O157-infecting phages previously isolated from feedlot cattle and
dairy farms in the North-West province of South Africa were sequenced, and their genomes were analyzed.
Results: Comparative genomics and proteomics revealed that the phages were closely related to other E. coli-
infecting Tunaviruses, Seuratviruses, Carltongylesviruses, Tequatroviruses, and Mosigviruses from the National
Center for Biotechnology Information GenBank database. Phages lacked integrases associated with a lysogenic
cycle and genes associated with antibiotic resistance and Shiga toxins.

Conclusions: Comparative genomic analysis identified a diversity of unique non-O157-infecting phages, which
could be used to mitigate the abundance of various non-O157 STEC serogroups without safety concerns.
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Introduction

NON-0157 SHIGA TOXIGENIC ESCHERICHIA cOLI (STEC)
comprise a variety of pathogenic E. coli. Non-O157
STEC are among the most important water and foodborne
bacterial infectious agents associated with hemorrhagic coli-
tis and hemolytic uremic syndrome in humans.'~ Although
research interest has focused on the six serogroups (026,
045, 0103, O111, 0121, and 0145) most frequently asso-
ciated with human disease,*> other non-O157 STEC sero-
groups such as 099, 0116, 0129, 0154, and O156 in cattle
can be considered as emerging pathotypes.® Pathogens in
food-processing plants and hospitals are commonly con-
trolled using biocides and antibiotics.”®

However, the use of antimicrobials to control STEC
infections in humans can increase toxin production and result
in undesirable health outcomes.’ In addition, some non-
0157 STEC strains are resistant to antibiotics'® and thus,
alternative measures for controlling non-O157 STEC are
required.

Bacteriophages (phages) are obligate parasites that spe-
cifically infect bacteria, propagate, and, in the case of lytic
phages, kill their hosts by inducing cell lysis.'' These features
of self-replicating and host-specificity make phages poten-
tial pathogen-specific control agents.'? The taxonomic clas-
sification of viruses is under the direction of the International
Committee on Taxonomy of Viruses (ICTV). Classification
of viruses is based on the morphology, host range, replication
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cycle, and genomic information.'* Phage genomes consist
of single- or double-stranded DNA or RNA molecules,"*
with the majority (96%) of tailed phages belonging to the
new class Caudoviricetes" in the order Caudovirales.

Tailed phages are classified into 14 families: Myovir-
ia’ae,l6 Siphoviridae,16 and Podoviridae,16 Ackermannviri-
dae,17 Autographiviridae,]8 Chaseviridae,18 Demerecviridae, 18
Drexlerviridae,18 Herellevirzdae,18 Guelinviridae,19 Roun-
1‘reeviridae,19 Salasmaviria’ae,19 Schitoviridae,19 and Zobel-
Iviridae."® Tunaviruses (or formerly T1-like phages) have
been classified into the Drexlerviridae and have genomes
of ~50kb with G/C content of 46.0% and 79 protein-
coding genes.'® In contrast, Tequatroviruses and Mosig-
viruses (or formerly T4-like phages) are known to have
genomes averaging 168 kb with a G/C content of ~34.5%,
which encode ~ 289 proteins and 8 transfer RNAs (tRNAs).20
Phages in the family Chaseviridae possess a genome
of ~54.2kb with G/C content of 46.5%, and 77 protein-
coding genes with or without tRNAs.'®

Classification updates from the ICTV Bacterial and
Archaeal Viruses Subcommittee highlight the creation of a
new phage realm, orders, families, subfamilies, genera, and
species.”” Sequence-based characterization of phages through
comparative genomics and proteomics offers considerable
insight into phage classification and diversity.?' >

The number of phage genome sequences available in
public databases has escalated to ~ 14,244 as of January
2021%* since phage X174 was first sequenced in 1977.%
Approximately 7.5% of these sequenced phages infect
E. coli,”® but only a fraction of these have been specifically
assessed for their ability to control non-O157 STEC.

Bacteriophages (vB_EcoS_SA12KD, vB_EcoS_
SA30RD, vB_EcoS_SA32RD, vB_EcoS_SA80RD, vB_EcoS_
SA126VB, vB_EcoM_SA91KD, vB_EcoM_SA20RB,
vB_EcoM_SA21RB, vB_EcoM_SA35RD, and vB_EcoM_
SA79RD) that infect non-O157 STEC were isolated from
feedlot cattle and dairy farms in the North-West province
of South Africa and characterized by transmission electron
microscopy (TEM), restriction digestion, and for host range.>’

Electron microscopy revealed that these phages belong to
the Myoviridiae and Siphoviridae of the order Caudovirales.
In this study, we expand on previous investigations by per-
forming a sequence-based characterization through compar-
ative genomics, proteomics, and phylogenetic analysis of the
non-O157 STEC phages isolated from cattle in South Africa.
Emphasis was also directed at determining the presence
or absence of virulence factors and antimicrobial resistant
genes in anticipation that these phages may have application
as biocontrol agents.

Materials and Methods
Phage DNA extraction and sequencing

For genomic DNA extraction, 2 mL of purified stocks of
phage lysates (10%~10° PFU/mL) was transferred to a 2.5-mL
microcentrifuge tube and centrifuged for 10 min at 8000 g at
room temperature. Aliquots (1.3 mL) of the phage superna-
tant were then transferred to 15 mL Falcon tubes. Thirteen
microliters of DNase 1 (10 ug/mL) and RNase A (30 ug/mL)
(Sigma-Aldrich, Okaville, Canada) was added and the mix-
ture was incubated at room temperature for 15 min to digest
free DNA and RNA. Phage genomic DNA was extracted
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from the resultant samples using a phage DNA isolation kit
(Norgen Biotek Corp., Ontario, Canada) according to the
manufacturer’s protocol.

The purity and concentration of the DNA were determined
using the Nanodrop Lite spectrophotometer (Thermo Fisher
Scientific, Verona, WI). Phage DNA was submitted to the
Canadian Science Centre for Human and Animal Health,
Public Health Agency of Canada, Winnipeg, Manitoba, for
sequencing. The samples were prepped using Nextera XT
DNA Library Preparation Kit.”® Sequencing was performed
on an Illumina MiSeq with a V2 300 cycles kit to produce
150 bp paired-end reads.

Bioinformatics analyses of sequence data

De novo assembly of sequence reads was performed using
SPAdes version 3.11.1%° with Kmer values set to 21, 33, 55,
77,99, and 127. Assembled genomes were annotated using a
reproducible workflow (https://github.com/jaredmychal/phage
Annotation) built with Snakemake.*® The annotation workflow
included Prokka®' to predict putative open reading frames
(ORFs) and proteins. Predicted ORFs were compared locally
with all available viral proteins from the National Center for
Biotechnology Information (NCBI) RefSeq Release 99°2
database. Putative tRNAs were predicted by Prokka®' using
Aragorn tool at (http://130.235.46.10/ARAGORN/)* and
then additionally by tRNAscan-SE at (http://lowelab.ucsc
.edu/tRNAscan-SE/).>*

Regulatory regions such as rho-independent terminators
and promoter regions were predicted using TransTermHP
v2.08,”> WebGeSTer DB,” and bTSSfinder.”’” Predicted
ORF nucleotide sequences were screened for antimicrobial
resistance (AMR) and virulence genes using ABRicate
version 0.8.7 (https://github.com/tseemann/ABRICATE).*®
Nucleotide sequences were compared against the following
data sets in ABRicate: NCBI AMRFinderPlus,39 ARG-
ANNOT,40 Virulence Factor Database VFDB,41 and Res-
Finder.** Peptide transmembrane regions were described
using TMHMM,** Phobius,** and signal peptides were pre-
dicted using SignalP 5.0.* Protein homology and function
were analyzed using InterProScan 5* and EGGnog 5.0*
and })rotein sequences were analyzed against the PEAM,*
GO, 930 and KEGG databases.!

Peptide coiled-coil domains were predicted by Coils>
using InterProScan 5.*° Finally, predicted proteins were
compared against the prokaryotic virus orthologous groups
database™ using the hmmsearch database in HMMER3.>*
Predicted protein sequences were then submitted to NCBI
PSI-BLASTP® and protein annotations were manually
reviewed and curated based on homology with reference
phages. The best homologue with identities >90% were
included in the annotation supplementary tables S1-S10.
The annotated genomic sequences of these phages have
been deposited in GenBank under the accession numbers
SA126VB (OL960573), SA91KD (OL960574), SA80RD
(OL960575), SA79RD (OL960576), SA35RD (OL960577),
SA32RD (OL960578), SA30RD (OL960579), SA2IRB
(OL960580), SA20RB (OL960581) and SA12KD (OL960582).

Comparative genomics analysis

The protein sequences of non-O157 STEC phages were
obtained from the different ORF regions using CoreGenes 3.5
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at (http://binf.gmu.edu:8080/CoreGenes3.5/)>® to compare
predicted proteins among selected phages in the NCBI data-
base. Nucleotide sequence identity of non-O157 STEC phage
genomes within the phages and among other E. coli-infecting
phages was calculated using Virus Intergenomic Distance
Calculator (VIRIDIC??).

Tunavirus, Seuratavirus, Carltongylesvirus, Tequatro-
virus, and Mosigvirus genomes were rendered syntenic by
opening at the initiation codon for the small terminase unit,
small terminase unit, RNA polymerase, rlIA lysis inhibi-
tor, and rIIB lysis inhibitor, respectively, before MAUVE
alignment. To assess the genome organization and ORF
orientations of the phages with related E. coli-infecting
phages in each group, two or more phages from each group
in the NCBI database were aligned using progressive Mauve
alignment.”®

Phylogenetic analysis

Amino acid sequences of the large subunit of terminase,
portal, capsid, and tail fiber proteins of non-O157 STEC-
infecting phages were used for phylogenetic analysis. Phage
core proteins were compared with other generic E. coli/
STEC-infecting phages, representing five genera. Phages were
aligned using the multiple sequence alignment application in
Clustal Omega through bipython with 100 bootstrap replica-
tions. A maximum-likelihood tree was developed using the
RAxML version 8, a bioinformatics tool from python com-
mand line.>® A variable threshold (VT) (large subunit of ter-
minase and portal), WAG+G4 (capsid), and VT+G4+F (tail
fiber) models were selected based on best Bayesian informa-
tion criterion score. Phylogenetic trees were visualized using
ggtree® version 3.4 in R.

Results
Undesirable traits

Overall, bioinformatic analysis of the coding sequences
(CDSs) of non-O157 STEC-infecting phages revealed a lack
of integrases associated with a lysogenic cycle, and delete-
rious bacterial genetic markers such as virulence (Shiga
toxins) or AMR genes were not identified.

Genomic properties and comparative analysis
of phages

Tunavirus. Phages SA32RD, SA30RD, and SA12KD
were collinear with each other and have genomes of 48.9—
50.7kb, encoding 73-79 CDSs, and GC content of 45.3—
45.6% (Table 1). Phages genome assemblies had read
coverages of 462 %, 265 x, and 418 X, respectively, with 6-9
promoters and 24-34 rho-dependent terminators detected
(Table 1). Most of the annotated genes were hypothetical
proteins, however, some were annotated with putative func-
tion such as DNA replication, transcription, lysis, capsid,
and tail morphogenesis. No tRNA encoding sequences were
detected in T1-like STEC-infecting phages.

One CDS; 51 in SA12KD, a hypothetical protein, had no
homology with any coliphage-related sequence in the Gen-
Bank database. Upstream CDS1-CDSS5 displayed similar
genes (i.e., terminase small and large unit, portal protein and
major head subunit) with hypothetical proteins from CDS6
to CDS13 followed by a tail tape measure protein; CDS17
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to CDS33 (i.e., DNA N-6-adenine-methyltransferase) for
SA12KD, SA30RD, and SA32RD. Downstream of CDS33
comprised mostly hypothetical proteins.

Pairwise genomic analysis among phages SAI12KD,
SA30RD, and SA32RD showed a nucleotide similarity/
identity of 87.9% (SA12KD and SA30RD), 84.3% (SA12KD
and SA32RD), and 84.6% (SA30RD and SA32RD; Supple-
mentary Table S1). These phages showed a 77.6-88.5%
nucleotide similarity/identity with selected E. coli-infecting
Tunaviruses (Table 2).

Similarly, at protein level, CoreGenes 3.5 analysis
revealed that phages SA12KD, SA30RD, and SA32RD
share 79.5-91.5% similarity/identity of their CDSs to pro-
teins of selected E. coli-infecting Tunaviruses, including
Escherichia phage vB_EcoS_Chapo, a O29:H12 STEC-
infecting phage®’ (Table 2). Mauve alignment analysis
revealed that these non-O157 STEC-infecting phages and
other known Tunaviruses exhibited similar nucleotide
sequences with the same genome orientation (Supplementary
Fig. S1). However, the terminal repeats of T1 phages in
this study were not determined.

Seuratvirus. Phages SA80RD and SA126VB also had
small genomes of 59.7 and 61.7kb, with 92 and 93 CDSs
and GC content of 44.1% and 44.2% (Table 1). Furthermore,
25 and 24 rho-dependent terminators, and 7 promoters each
were identified with a read coverage of 346 xand 342X,
respectively (Table 1). No tRNAs genes were detected in
SA80RD or SA126VB. Ninety-two and 93 putative CDSs
were identified in SASORD and SA126VB, respectively.
Based on PSI-BLAST, CDSs, 39/92 (42.4%; SA80RD) and
33/93 (35.5%; SA126VB) were assigned putative functions
such as DNA replication, transcription, lysis, capsid, and tail
morphogenesis, whereas 53/92 (57.6%; SA80RD) and 60/93
(64.5%; SA126VB) were annotated as hypothetical pro-
teins (Table 1).

Upstream genes in SAS8ORD and SA126VD were associated
with two packaging genes, terminase small and large subunits, a
structural protein, portal protein, and a capsid protein. Down-
stream genes were associated with cell lysis genes, including a
protease (CDS88; SA80RD), endolysin (CDS90; SA80ORD),
holin (CDS91; SA8ORD), an endonuclease (CDS89), and an
endolysin (CDS91) associated with SA126VD.

SA80RD and SA126VD showed 84.2% nucleotide simi-
larity/identity based on VIRIDIC analysis (Supplementary
Table S2). Similarly, they share 76.2-79.6% nucleotide
sequence identity with other E. coli-infecting Seuratviruses
(Table 2 and Supplementary Fig. S2). Based on CoreGenes
3.5 analysis, proteins of these phages shared homology with
proteins of the Seuratviruses (Table 2). The comparative
analysis with Mauve differentiated the syntenic regions in
nucleotide sequence and composition in SASORD and
SA126VD (Supplementary Figure S2). Similar regions and
the same nucleotide sequence and composition in SASORD
and SA126VD were also seen in other Seuratviruses; En-
terobacteria phage CAjan®* and Escherichia phage Seurat®®
(Supplementary Figure S2).

Carltongylesvirus. SA91KD had a 53.6kb genome;
41.1% G+ C mol; 78 CDSs with a read coverage 300 x and
a 78.8% nucleotide similarity to Enterobacteria phage
phiEcoM-GJ1.°* Sixteen rho-dependent terminators and 10
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TABLE 2. NUCLEOTIDE SEQUENCE IDENTITY AND PROTEIN HOMOLOGUES OF NON-O157 SHIGA TOXIGENIC
ESCHERICHIA COLIFINFECTING PHAGES WITH CLOSELY RELATED PHAGES USING VIRUS INTERGENOMIC
DISTANCE CALCULATOR* AND COREGENES 3.5,' RESPECTIVELY

DNA identity/no. common
Family Genus Closely related phages proteins shared (%)
Drexlerviridae Tunavirus Escherichia phage Eco_BIFF SA12KD SA30RD SA32RD
Escherichia virus T1 81.7/88.2 82.2/81.5 83.2/81.5
Escherichia phage vB_EcoS_Chapo 77.6/83.3 79.2/79.5 81.2/80.7
88.5/91.5 88.5/85.7 84.6/85.3
Seuratvirus Enterobacteria phage Cajan SA80RD SA126VB
Escherichia phage Skure 79.0/84.6 78.0/89.1
Escherichia phage Seurat 79.6/82.6 78.5/82.6
77.5/84.1 76.2/88.6
Chaseviridae Carltongylesvirus Enterobacteria phage phiEcoM-GJ1 SA91KD
Escherichia phage ST32 82.4/88
Escherichia phage Mangalitsa 88.9/88.6
Escherichia phage flopper 79.9/82.9
88.9/91.7
Mpyoviridae Tequatrovirus Escherichia coli phage wV7 SA20RB SA21RB
Escherichia phage AR1 87.4/91.6 88.7/94.5
Escherichia phage vB_EcoM_G50 87.6/90.0 89.0/91.1
Escherichia phage vB_EcoM_G2540 92.1/91.2 92.7/94.4
Escherichia phage T4 87.4/91.2 86.6/90.8
84.7/84.9 84.5/85.0
Mosigvirus E. coli O157 typing phage 6 SA35RD SA79RD
Enterobacteria phage RB69 92.4/96.6 92.4/96.8
88.8/92.6 88.8/93.0

*Moraru et al.”’
Turner et al.”

promoters were identified (Table 1). Although a tRNA gene
was found in phiEcoM-GJ1, no tRNA was detected in
SA91KD. Based on the PSI-BLASTP-verified annotations,
21 of the 78 CDSs (27%) were assigned a putative function,
such as DNA replication, transcription, host lysis, capsid,
and tail morphogenesis. Fifty-seven putative CDSs (73.0%)
were annotated as hypothetical proteins (Table 1). CDS8
in SA91KD, a hypothetical protein, showed no homology to
phiEcoM-GJ1 or to any reported E. coli-infecting phage- or
bacteria-associated sequences in the NCBI database.

Phage SA91KD was identified as a myovirus based on
TEM,” with a 79.9-88.9% nucleotide identity and 82.9—
91.7% proteins similarity/identity with other E. coli-infecting
Carltongylesvirus (Table 2). Although SA91KD was more
closely related to phage ST32,% with 85.7% and 88.6% DNA
and protein homology, respectively, than to other Carlton-
gylesvirus, phiEcoM-GJ1 is the first identified member of
Carltongylesvirus. Interestingly, SA91KD encoded a single-
subunit RNA polymerase and a large terminase subunit with
92% and 99% amino acid identity to those of phiEcoM-GJ1
(Table 3), respectively. Mauve alignment revealed that phage

SA91KD possesses the same nucleotide sequence orientation
as phiEcoM-GJ1 and three other Carltongylesviruses and a
similar CDS position (Supplementary Fig. S3).

Tequatrovirus. Phages SA20RB and SA21RB had 83.1%
and 82.3% pairwise nucleotide similarity with each other,
genomes of 166 and 167 kb, 270 and 271 CDSs, a GC content
of 35.6% and 37.6% with a read coverage of 99 xand 142 x,
respectively (Table 1). Sixty-four and 63 rho-dependent
terminators and 83 and 85 promoters were identified,
respectively (Table 1). Eight tRNAs (i.e., argynyl-,
methionyl-, threonyl-, seryl-, prolyl-, glycyl-, leucyl-, and
glutamyl-tRNA) were detected in SA20RB, whereas 11
(i.e., argynyl-, histidyl-, asparaginyl-, tyrosyl-, methionyl-,
threonyl-, seryl-, prolyl-, glycyl-, leucyl-, and glutamyl-
tRNA) were found in SA21RB.

Overall, phages SA20RB and SA21RB were assigned a
putative function, namely, DNA replication and metabolism,
DNA packaging, structural/morphogenesis, and host lysis,
although 51% (138/270) to 53.9% (146/271) of gene products
were hypothetical proteins (Table 1).

TABLE 3. COMPARISON OF AMINO AcCID SEQUENCE OF RNA POLYMERASE AND LARGE SUBUNIT TERMINASE
OF SA91KD wiTH THOSE OF THREE CARLTONGYLESVIRUS PHAGES USING PSI-BLASTP

RNA polymerase/large subunit terminase of SA91KD

Carltongylesvirus phages Query coverage %

E Amino acid % identity

Accession no.

Escherichia phage phiEcoM-GJ1 100/99 0
Escherichia phage ST32 100/100 0
Escherichia phage Mangalitsa 100/100 0

92/99 YP_001595396.1/YP_001595443.1
99/99 YP_009790661.1/YP_009790711.1
97/98 YP_009850471.1/YP_009850524.1




226

Phages SA20RB and SA21RB exhibited a nucleotide
similarity/identity of 91.4% (Supplementary Table S3) and a
84.5-92.1% nucleotide similarity with other known E. coli-
infecting Tequatroviruses in the NCBI database (Table 2).
At the protein level, they shared 84.7-92.7% protein homol-
ogy with the proteins of other Tequatroviruses (Table 2).
SA20RB and SA21RB were more closely related to
Escherichia phage vB_EcoM_G50, with a nucleotide iden-
tity of 90-91% and protein sequence homology of 91.2—
94.4% (Table 2). The conserved pattern in Tequatrovirus
genes is illustrated in Supplementary Figure S4 with a similar
arrangement in CDSs and orientation with other Tequa-
trovirus genomes.

Mosigvirus. Phages SA35RD and SA79RD were collin-
ear with each other, 100% pairwise nucleotide similarity,
with a 169 kb genome, 273 CDSs, GC content of 37.6% two
tRNAs (i.e., 1 arginyl- and methionyl-tRNA) each, with a
read coverage of 130xand 135X, respectively (Table 1).
Similarly, 65 rho-dependent terminators and 74 promoters
were identified (Table 1). Of 273 CDSs, 57.5% were hypo-
thetical proteins, with 42.5% each assigned functions such as
DNA replication and metabolism, DNA packaging, struc-
tural/morphogenesis, and host lysis (Table 1).

Phages SA35RD and SA79RD had the same (100%)
nucleotide sequence (Supplementary Table S4) and appeared
to be clonal. These phages exhibited an 88.8% and 92.4%
nucleotide similarity to other Mosigviruses such as E. coli
O157 typing phage 6 and Enterobacteria phage RB69
(Table 2). However, SA35RD shared 96.6% and 92.6%
protein homology with proteins of O157 typing phage 6 and
RB69, respectively (Table 2). Meanwhile SA79RD shared
96.8% and 93% protein homology with proteins of typing
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phage 6 and RB69, respectively (Table 2). A similar pat-
tern in CDSs arrangement and orientation of SA35RD and
SAT9RD and phage RB69 were observed (Supplementary
Fig. S5).

Phylogenetic analysis

Phylogenetic analysis grouped the large subunit of ter-
minase, portal, capsid, and tail fiber proteins of non-O157
STEC-infecting phages, and those of other phages that infect
E. coli into their respective genera (Figs. 1 and 2). The large
subunit of terminase, portal, and capsid proteins within each
genus identified, clustered closely together compared with the
tail fiber proteins with distinct terminals at the tip of the tree
(Figs. 1 and 2). Tequatroviruses and Mosigviruses formed a
monophyletic group with respect to the large subunit of ter-
minase portal, capsid, and tail fiber proteins (Figs. 1 and 2).

Similarly, Carltongylesviruses and Tunaviruses formed
a monophyletic group with the portal protein (Fig. 1B).
Within the tail fiber phylogeny of non-O157-infecting pha-
ges, SASORD and SA126VD, and SA35RD and SA79RD
shared 100% amino acid sequence identity (Fig. 2B), even
though SASORD and SA126VD were isolated from different
regions.?’

Discussion

Phages are abundant in nature and their activity can be
species- or even strain-specific. However, much is yet to be
uncovered about the diversity and biology of phages in dif-
ferent regions and ecosystems. Therefore, we undertook a
comparative sequence-based characterization of 10 non-
0157 STEC-infecting phages isolated from feedlot and dairy
cattle in the North-West province of South Africa.?’
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FIG. 2. Phylogenetic tree was constructed using the maximum-likelihood method with 100 bootstrap replications to
compare the capsid (A) and the tail fiber (B) proteins amino acid sequences of the non-O157 phages and other related
Escherichia coli/STEC-infecting phage, chosen to represent the Tunavirus, Seuratvirus, Carltongylesvirus, Tequatrovirus,
and Mosigvirus. The Genbank accession numbers of all amino sequences are as shown.

In our previous study, five phages SA12KD, SA30RD,
SA32RD, SA80RD, and SA126VB were confirmed by TEM
as Tl-like phages belonging to the family Siphoviridae.*’
However, through genomic analyses, SASORD and SA126VB
were further classified to the genera Seuratvirus.'® Likewise,
phage SA91KD was further classified to Carltongylesvirus
of the new Chaseviridae family."®

In addition, based on genomic analyses, four T4-like
phages were identified as members of the Tequatrovirus
(S21RB and SA20RB) and Mosigvirus (SA35RD and
SA79RD). Therefore, genome-based characterization reve-
aled that although phages may be phenotypically similar
based on TEM, they can still have significant genomic vari-
ation. This highlights the continued need for sequence-based
characterization of phages in conjunction with morphological
features to generate a more precise classification structure
of phages.

Bacteriophages largely can rely on host cells for metabolic
functions; however, some phages encode additional genes
such as tRNA that may play a role in DNA replication and
packaging.®® tRNAs predicted in this study using tRNAscan-
SE were considered to be valid tRNAs as the cutoff value was
>20.0 bits.®” Phages with larger genomes support additional
genes and are more likely to have tRNA encoding sequen-
ces. Six of the phages (SA30RD, SA32RD, SA12KD,
SA91KD, SASORD, and SA126VB) with smaller genomes
(<61.7kb) lacked tRNA-encoding sequences, whereas the 4
phages (SA20RB, SA21RB, SA35RD, SA79RD) with larger
genomes (> 166.3 kb) possessed between 2 and 11 tRNAs
genes.

It has been suggested that phages with tRNA genes have
a broader host range.® Differences in host range between
phages with and without tRNA genes in our previous study
support this hypothesis given that SA20RB, SA2IRB,
SA35RD, and SA79RD all exhibited broader host activity

against 22 serogroups of non-0157 E. coli.*’ Overall, the GC
contents of non-O157 phages decreased (44.1-35.5%) with
increasing genome size, a relationship that is common across
all phage genotypes.®” The majority of non-O157 phage
proteins had unknown functions.

Interestingly, CDS 51 for SA12KD had no homology with
any coliphage-related sequence in the GenBank database,
whereas SA91KD CDS8 had no homology to phiEcoM-GJ1
or to any reported E. coli-infecting phage- or bacteria-
associated sequences in the NCBI database. This suggests
that these proteins are novel in these phages and corrobo-
rates other studies with uncharacterized novel proteins in
phages.”®"!

According to Turner et al.,”® based on BLASTn, shared
DNA identity with values of >95% and >70% between dif-
ferent phages is grouped into the same species and genus,
respectively. Phage core genes encoding proteins showed
>79.5-96.8% similarity/identity to proteins of other E. coli-
infecting phages of the Tunavirus (SA12KD, SA30RD,
and SA32RD), Seuratvirus (SA80RD and SA126VB),
Carltongylesvirus (SA91KD), Tequatrovirus (SA20RB and
SA21RB), and Mosigvirus (SA35RD and SA79RD).

However, non-O157 phages shared <95% DNA identity
with other E. coli-infecting phage genera, and thus these
strains could represent new species. The relatedness of these
non-O157 STEC-infecting phages to other selected E. coli-
infecting phages revealed similar and dissimilar nucleotide
regions based on mauve alignment. Similar CDS patterns are
indicative of conservation within phage genomes, suggesting
that exchange of genetic material may play an infrequent role
in contributing to their diversity.

Bacteriophages are important agents of horizontal gene
transfer, and can disseminate AMR’? and virulence”® genes
between bacterial hosts. Therefore, a phage that possesses
virulence or AMR factors is not suitable for food safety
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applications from a regulatory perspective as it could have
attributes that are detrimental to human health. AMR and
virulence genes such as Shiga toxins were absent in the non-
0157 STEC-infecting phage genomes evaluated.

In addition to these properties, a strictly lytic phage is
considered a good biocontrol agent,”* as it can infect and kill
its bacterial host directly without risk of transfer of virulence
factors to its host during lysogeny. Phage genomes evaluated
in this study did not encode integrases associated with a
lysogenic cycle, suggesting they are strictly lytic and have
potential as an effective control against non-O157 STEC.

The phage terminase large subunit is a DNA cleavage
and packaging enzyme’> during infection. Cleaved DNA is
translocated by a portal protein into the major capsid pro-
tein using the headful packaging process.”” Terminase
large subunit, portal, and capsid proteins of non-O157
STEC-infecting phages clustered closely together with other
E. coli-infecting phages and suggest a lesser variation in
amino acid sequences within each genus. Distinct clusters
observed within monophyletic groups (Tequatroviruses and
Mosigviruses, and Carltongylesviruses, and Tunaviruses)
corroborate the importance of conserved gene(s) in genus-
level grouping of phages using phylogenetics.?

Tail fiber proteins in the order Caudovirales'® play a cru-
cial role in phage—host interactions and host ranges.”®’” Tail
fiber proteins also serve as a genetic marker to infer evolu-
tionary relatedness between tailed phages,’® and predict the
host range of newly isolated phages. The tail fiber proteins of
the non-O157 STEC-infecting phage clustered with other
E. coli-infecting phages, however, with distinct terminals
at the tip of the tree that may suggest a greater variation in
amino acid sequences that may be predictive of similar or
differential host interactions of phages in the same genus.

In addition, adaptive responses from phages within the
same genera to different evolving bacterial hosts may drive
genetic distinction in tail fiber proteins through mutations
within E. coli-infecting phages. Although SA80RD and
SA126VD are isolated from different areas in the North-West
region of South Africa, the amino acid sequence of tail fiber
proteins showed greater sequence relatedness among Seur-
atviruses. However, in our previous studies, SASORD and
SA126VD had differences in host specificity.?’” Similarly, tail
fiber proteins of SA35RD and SA79RD that appeared to
clone differed only in the ability to infect one bacterial host.>”

Overall, evaluated non-O157 STEC-infecting phages clus-
tered with closely related phages from different regions:
Denmark, Enterobacteria phage CAjan®*; Canada,
Enterobacteria phage phiEcoM-GJ®*; and Portugal, Escher-
ichia phage vB_EcoS_Chapo.®' Therefore, they have evo-
lutionary relatedness with other E. coli-infecting phages
isolated from different regions and ecosystems.

For example, Enterobacteria phage Cajan, phiEcoM-GJ1,
and phage vB_EcoS_Chapo were isolated from rat feces,
sewage from pig farms, and wastewater samples, respectively.
This suggests core traits of the phages could be conserved/stable
over time as they adapt to their E. coli hosts from different
regions that have similar phenotypic and genotypic traits.

Conclusions

In conclusion, this study applied comparative genomic
and proteomic approaches to characterize 10 non-O157

BUMUNANG ET AL.

STEC-infecting phages from feedlot cattle and dairy farms in
South Africa, revealing that cattle from this region harbor
diverse phage genotypes. As these phages do not contain
virulence and toxin genes, they may have application in
mitigating non-O157 STEC serogroups within cattle that are
produced in this region. Whole genome sequencing and
comparative analysis proved to be an important tool as it
enabled us to better classify non-O157 STEC-infecting
phages from the North-West region of South Africa, and
to validate their genomic safety for biocontrol.
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