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Abstract: The virulent phage ST32 that infects the Escherichia coli strain ST130 was isolated from a
wastewater sample in China and analyzed. Morphological observations showed that phage ST32
belongs to the Myoviridae family, as it has an icosahedral capsid and long contractile tail. Host range
analysis showed that it exhibits a broad range of hosts including non-pathogenic and pathogenic E. coli
strains. Interestingly, phage ST32 had a much larger burst size when amplified at 20 °C as compared
to 30 °C or 37 °C. Its double-stranded DNA genome was sequenced and found to contain 53,092 bp
with a GC content of 44.14%. Seventy-nine open reading frames (ORFs) were identified and annotated
as well as a tRNA-Arg. Only nineteen ORFs were assigned putative functions. A phylogenetic tree
using the large terminase subunit revealed a close relatedness with four unclassified Myoviridae
phages. A comparative genomic analysis of these phages showed that the Enterobacteria phage
phiEcoM-G]J1 is the closest relative to ST32 and shares the same new branch in the phylogenetic tree.
Still, these two phages share only 47 of 79 ORFs with more than 90% identity. Phage ST32 has unique
characteristics that make it a potential biological control agent under specific conditions.

Keywords: Escherichia coli; virulent phage; genomic characterization; lytic activity; biocontrol

1. Introduction

Pathogenic Escherichia coli (E. coli) is a common zoonotic agent that poses a significant threat to
public health and safety. Shiga-toxin-producing E. coli (STEC) strains are one of the most important
foodborne pathogens [1,2]. The Shiga toxin (Stx) cleaves ribosomal RNA, thereby disrupting protein
synthesis and killing the intoxicated epithelial or endothelial cells [3]. STEC infection can result in
diseases such as diarrhea, hemorrhagic colitis, and hemolytic-uremic syndrome (HUS) in humans and
animals. These diseases are subjected to various pharmaceutical treatments including antibiotics, such
as ampicillin, streptomycin, sulfonamides, and oxytetracycline [4,5].

It is well-known that the use of antibiotics can lead to the spread of antibiotic-resistant bacteria in
the environment, which poses a risk to human health [6-8]. Antimicrobial resistance of E. coli is an issue
of the utmost importance since it can affect both animals and humans [9]. This bacterial species has a
great capacity to accumulate antibiotic resistance genes, mostly through horizontal gene transfer [10,11].
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For example, the intensive use of various antibiotics in aquaculture has had significant benefits to the
fish industry but it has also led to serious negative effects on the environment, including the emergence
of a pool of antibiotic-resistant bacteria and transferable resistance genes [6,12-14]. Some of those
antibiotic-resistance genes can be transferred horizontally from bacteria in aquatic environments to
pathogenic bacteria, affecting land animals and humans [13,14]. Moreover, the transmission of resistant
clones and resistance plasmids of E. coli from poultry to humans has also been identified [15,16].

Of note, the highest rate of antibiotic-resistance genes was found in E. coli strains of a sewage
treatment plant that treats both municipal and hospital sewage [17-19]. Although wastewater treatment
processes reduce the number of bacteria in sewage by up to 99%, E. coli cells can still reach the receiving
water and contribute to the dissemination of resistant bacteria into the environment [20]. As a result,
antimicrobial resistance in E. coli is considered one of the major challenges for both humans and
animals at a worldwide scale and it needs to be considered as a real public health concern.

Alternative strategies must be developed to reduce the risk associated with the dissemination of
antimicrobial resistance and to control the risk of disease transmission. The use of phages as biocontrol
agents has received increasing attention recently as a possible alternative or as a complement to
antibiotics [21-27]. For example, bacteriophages have demonstrated efficacy in controlling pathogenic
bacterial populations in, among others, poultry meat [28], aquaculture [23], wastewater, and minimally
processed, ready-to-eat products and fresh fruits [25,29-31]. It can also help to remove bacteria on
chicken skin [22] and on dairy cows at different lactation stages [26]. Interestingly, these bacterial
viruses can be highly specific to a single bacterial species or to only a few strains within that species,
or can productively infect a range of bacterial species [32,33].

In the present study, we used the host pathogenic E. coli ST130 (flagellin H21) carrying Shiga
toxin (stx1, stx2) genes to isolate and characterize a new virulent coliphage, named ST32. This phage
was isolated from sewage water and possesses appealing characteristics that could be of interest for
specific biocontrol purposes.

2. Materials and Methods

2.1. Bacterial Strain

Escherichia coli ST130 was obtained from the Chinese Center for Disease Control and Prevention
(China CDC). This bacterium was used as the phage host.

2.2. Phage Isolation and Purification

Phage ST32 was isolated from a wastewater sample of a sewage treatment plant in Beijing,
and was propagated and titrated using methods described previously [34]. Samples were filtered
with a 0.45 um sterile PES syringe filter (Sarstedt, Niimbrecht, Germany, catalog number 83.1826),
and then, 2.5 mL of the filtered sample and 1 mL of an overnight E. coli ST130 culture were added
to 7.5 mL of Luria broth (LB) (1% bacto-tryptone, 0.5% bacto-yeast extract, and 1% NaCl) incubated
overnight with agitation (200 rpm) at 37 °C. The resulting supernatant was filtered and serially diluted
in order to isolate phage plaques using the double layer agar method. Briefly, 100 uL of serially diluted
lysate and 100 pL of an overnight E. coli culture were added to 4 mL of LB supplemented with 0.75%
agar. The inoculated soft agar was then poured into LB plates (1.5% agar). The plates were incubated
overnight at 37 °C, and single phage plaques were picked, propagated, and purified three times.

2.3. Phage Morphology

Phage ST32 was purified and concentrated by CsCl gradient as described previously [35]. Phage
particles were stained with 2% (w/v) aqueous uranyl acetate on a carbon-coated grid and were observed
using a JEM-1230 transmission electron microscope (JEOL, Tokyo, Japan) [36]. Over 10 specimens were
observed and used for size determination.
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2.4. Host Range

The host range of phage ST32 was tested on 73 bacterial strains from different genera, species,
and serotypes using the spot test method and a diluted phage lysate. In brief, 200 puL of overnight
culture of E. coli, Shigella, Salmonella, or Citrobacter was mixed with 3.5 mL of LB containing 0.75%
(w/v) soft agar. The inoculated soft agar was then poured on LB (1.5% (w/v) agar) plates. Then, serial
dilutions of phage lysate were made in buffer (50 mM Tris—HCl at pH 7.5, 100 mM NaCl, and 8 mM
MgSOy,). Five microliters of various serial dilutions (10°, 1072, 10~ and 10~°) was spotted on the top
agar. After overnight incubation at 37 °C, phage plaques or lysis zones were recorded.

Moreover, the propagation of phage ST32 on non-pathogenic host strains (E. coli HER1036,
HER1155, HER1222, HER1315, HER1375, and HER1536) was compared to that of the pathogenic E. coli
ST130 strain. In brief, the strains were grown at 37 °C in LB medium until an optical density at 600 nm
(OD) of 0.25. Then, approximately 10° PFU-mL~! of phage ST32 was added. The phage-infected
cultures were incubated with agitation at 37 °C until complete bacterial lysis was achieved. The phage
lysate was centrifuged to remove cell debris, and the supernatant was filtered using a 0.45 pm syringe
filter. Then, the phage lysates were serially diluted in buffer and titered by spot test as described above.
Of note, the pathogenic E. coli ST130 strain was used for phage titration after propagation.

2.5. One-Step Growth Curve Assay

The influence of the incubation temperature on phage ST32 plaque formation was investigated
by spot test as described above. Following the spot test assay, the plates were incubated at various
temperatures (ranging from 10 to 42 °C).

One-step growth curve assays were also performed in triplicate. Briefly, phages were mixed with
2 mL of a mid-exponential phase culture of E. coli ST130 (OD of 0.8) with a starting multiplicity of
infection (MOI) of 0.05. ST32 phages were allowed to adsorb to E. coli ST130 cells for 5 min at various
temperatures (20, 30, or 37 °C), and then the mixture was centrifuged for 1 min at 16,000 g. The pellet
was resuspended, diluted, and added to 10 mL of LB. This suspension was incubated at three different
temperatures (20, 30, or 37 °C) without agitation, and samples were taken to test the phage titers.
The phage titer of each sample was determined using the double layer agar method. All plates were
incubated overnight at 30 °C. The burst size was calculated by subtracting the initial titer from the
final titer and then dividing by the initial titer. The latent phase corresponded to the middle of the
exponential phase of the curve [37]. The data were analyzed under a one-way analysis of variance
(ANOVA) followed by a Tukey test to correct the p-values for the multiple comparisons. Significant
differences were reported at an alpha level of 1%.

2.6. E. coli ST130 Growth

E. coli ST130 growth was also determined at various temperatures using OD and recorded
in triplicate. In brief, 200 uL of ST130 overnight culture was added to 5 mL of LB medium. Then,
inoculated samples were incubated with agitation (200 rpm) at 20, 30, and 37 °C. The OD was measured
at intervals of 30 min.

2.7. Sequencing and Analysis

Phage DNA was extracted as described elsewhere [38]. DNA was sequenced using the Illumina
Hiseq (PE250) platform at Beijing Fixgene Tech Co., Ltd. (Beijing, China). More than 5000-fold
coverage of the phage genome was generated. The paired-end reads were assembled using ABySS
v. 1.3.6. Open reading frames (ORFs) were predicted using PHASTER [39]. The identified ORFs
were confirmed with GeneMark.hmm prokaryotic (http://exon.gatech.edu/GeneMark/gmhmmp.cgi)
and ORF Finder (https://www.ncbinlm.nih.gov/orffinder/). ORFs were considered candidates
for evaluation when they encoded 45 or more amino acids (aa) and possessed both a conserved
Shine-Dalgarno sequence (5'-AGGAGGU-3’) and a start codon (AUG, UUG, or GUG). BLASTp was
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used to identify the putative functions of the proteins. Hits were considered valid when the E-value
was lower than 10~3. The percent identity between proteins was calculated by dividing the number
of identical residues by the size of the smallest protein. The theoretical molecular weights (MW) and
isoelectric points (pl) of the proteins were obtained using tools available on the ExXPASy webpage
(http:/ /web.expasy.org/compute_pi/). The bioinformatic tool tRNAscan-SE (http://lowelab.ucsc.
edu/ /tRNAscan-SE/) was used for tRNA detection.

2.8. Terminase Tree

A phylogenetic tree was generated based on the large terminase subunit amino acid
sequences of phage ST32 and multiple phages available in databases sharing sequence identity.
The corresponding phage protein sequences were retrieved from GenBank (https://www.ncbinlm.
nih.gov/). In constructing the terminase phylogenetic tree, these sequences were aligned with
MAFFT [40] using the E-INS-i alignment algorithm. Thereafter, MAFFT-profile alignment was
processed, as previously described [41], in order to generate the tree. Briefly, ProtTest 3.2 was applied to
find an appropriate model of amino acid substitution and was implemented in PhyML 3.0 to calculate
a maximum likelihood tree. Finally, the Shimodaira-Hasegawa-like procedure was used to determine
the branch support values and the Newick utility package was used to render the trees.

2.9. Nucleotide Sequence Accession Number

The complete genome sequence of phage ST32 was deposited in GenBank under the accession
number MF044458.2.

3. Results and Discussion

3.1. Phage Morphology

The morphological characteristics of phage ST32 were examined by transmission electron
microscopy. Electron micrographs (Figure 1) showed that phage ST32 has an icosahedral capsid with an
apex diameter of 64 + 6 nm and a long contractile tail with a length of 132 £ 9 nm. These morphological
features [42] indicate that phage ST32 belongs to the Caudovirales order and the Myoviridae family.

(A)

Figure 1. Transmission electron micrograph of phage ST32 with uncontracted (A) and contracted
(B) tails.

3.2. Host Range

Currently, phages are tested for biocontrol purposes against E. coli strains that may cause
infections [43,44] or used as indicators of coliform contamination [45]. The host range plays a key role
in the selection of any given phage for therapy or biocontrol purposes, as a broad host range phage is
likely to kill multiple strains of a given bacterial species and maybe even beyond the species or genus
levels for enterophages [43,46].

To this end, the host range of phage ST32 was evaluated on 73 bacterial strains obtained from the
Félix d’Hérelle Reference Center for Bacterial Viruses (Table 1). Phage ST32 was able to infect 10 strains
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(14%), including four pathogenic and six non-pathogenic strains. Pathogenic strains infected by phage
ST32 included four E. coli strains of multiple serotypes. In order to reduce the risk of possible harmful
substances from the pathogenic host strain in phage lysate, we evaluated the ability of phage ST32
to propagate on its sensitive, non-pathogenic host strains (++++; Table 1). The results showed that
phage ST32 was propagated to a high titre (10° PFU/mL) when using five (E. coli HER1036, HER1222,
HER1315, HER1375 and HER1536) out of six of these strains.

Based on the above, phage ST32 has a broad host range, infecting both pathogenic and
non-pathogenic E. coli strains. These features led us to consider phage ST32 to be a potential biocontrol
agent rather than a therapeutic agent. In order to use phage ST32 as a biocontrol agent, we further
studied the influence of temperature on its lytic activity as well as on the growth of E. coli host
strain ST130.

Table 1. The host range of phage ST32.

Non-Pathogen Pathogen

Genus/Species/Subspecies . Genus/Species/Subspecies Name of the

of the Hopst Strain F #HER  Name of the Host Strain - ®ST32 of the Hcfst Strain ’ #HER Host Strain PST32
Escherichia coli 1022 044:K74 MUL-B37.2 — Escherichia coli 1176 N/A +++
Escherichia coli 1024 B (11303) + Escherichia coli 1255 0157:H7 C-8299-83 -
Escherichia coli 1025 K12 C600 (A) + Escherichia coli 1256 0O157:H7 E318 -
Escherichia coli 1036 C (13706) ++++ Escherichia coli 1257 0157:H7 A7793-B1 -
Escherichia coli 1037 K12S + Escherichia coli 1258 0157:H7 C-8300-83 -
Escherichia coli 1040 K12 (A) Lederberg + Escherichia coli 1259 0157:H7 C-7685-84 -
Escherichia coli 1077 W3350 + Escherichia coli 1260 0157:H7 CL40 -
Escherichia coli 1128 MUL-B70.1 - Escherichia coli 1261 0157:H7 C-7111-85 —
Escherichia coli 1129 086:B7 MUL-B3.1 - Escherichia coli 1262 0157:H7 B1190-1 -
Escherichia coli 1139 K12 65 + Escherichia coli 1263 0157:H7 B1328-C10 -
Escherichia coli 1144 K12S Lederberg - Escherichia coli 1264 0157:H7 A8188-B3 -
Escherichia coli 1155 K1 ++++ Escherichia coli 1265 0157:H7 C7420-85 -
Escherichia coli 1213 JE-1 (N3) - Escherichia coli 1266 0157:H7 3283 -
Escherichia coli 1217 JE-2(R62Rpilc) + Escherichia coli 1267 0157:H7 C-7140-85 -
Escherichia coli 1218 J53(RIP69) - Escherichia coli 1268 0157:H7 5896 —
Escherichia coli 1219 K12J62-1(R997) - Escherichia coli 1269 0157:H7 C-7142-85 —
Escherichia coli 1221 K12 J53-1(R15) + Escherichia coli 1270 0157:H7 C-91-84 -
Escherichia coli 1222 JE-1 (RA1:TN5Sqr) +++ Escherichia coli H21 ST130 +H++
Escherichia coli 1240 J62-1 (R27:TN7) + Escherichia coli 0O165:H8 ST120 -
Escherichia coli 1252 40 + Escherichia coli O8:H16 ST110 ++
Escherichia coli 1253 HM 8305 - Escherichia coli H8 ST100 ++
Escherichia coli 1271 K12 C600 (H-19]) + Escherichia coli 0153:H12 BW -
Escherichia coli 1275 K12 C600 + Shigella sonnei 1043 Y6R +
Escherichia coli 1290 CSH39 - Shigella dysenteriae 1031 aSH -
Escherichia coli 1299 K12 C600 (933-]) + Shigella dysenteriae 1020 SH(P2) -
Escherichia coli 1315 F492 (08:K27-:H-) ++++ Salmonella paratyphi 1045 Btypel -
Escherichia coli 1337 0103 2929 + Salmonella typhi 1038 ViA subtype Tananarive = —
Escherichia coli 1366 K12 MC4100 + Citrobacter freundii 1518 CEF3 -
Escherichia coli 1374 E69 09:K30:H12 - Citrobacter freundii CF4 -
Escherichia coli 1375 CWG 1028 +H++ Citrobacter freundii 1516 CF5 -
Escherichia coli 1382 Ymel mel-1 supF58 + Citrobacter freundii CF7 -
Escherichia coli 1383 Ymel (HK97) + Citrobacter freundii CF8 -
Escherichia coli 1392 0103 GVs - Citrobacter freundii Sal -
Escherichia coli 1393 Rougier - Citrobacter freundii Sa6 —
Escherichia coli 1445 TC4 — Citrobacter freundii Sa59 -
Escherichia coli 1446 MB4 -

Escherichia coli 1462 C-3000 +

Escherichia coli 1536 SlyD +H++

Notes: (—) Do not infect; (+) lysis zone at dilution 10° or “lysis from without [47]”; (++) infect at dilutions of 10° to
1072; (+++) infect at dilutions of 10° to 10™%; (++++) infect at dilutions of 10° to 10°.

3.3. One-Step Growth Curve

The influence of temperature on plaque formation was first analyzed by spot test at 10, 20, 30,
37, and 42 °C. The results showed that phage ST32 produced clear plaques at dilutions of 10! to
10~7 when plates were incubated at 10, 20, 30, and 37 °C. Turbid plaques were seen but only at 42 °C.
A one-step growth curve was conducted at 20, 30, and 37 °C to determine its latent period and burst
size at these temperatures. Moreover, the growth of the bacterial host strain followed under the
same conditions.

As indicated by the results of the one-step growth curve experiments (Figure 2a), the burst size
of phage ST32 was very low at 37 °C, to the extent that only 2 & 0.1 new virions were released per
infected cell with an estimated latent period of 55 &= 6 minutes. When the phage-infected cells were
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incubated at 30 °C, the average burst size of phage ST32 increased to 64 & 30 new virions per infected
cell, and the latent period remained the same (54 £ 2 min). Interestingly, the burst size of phage
ST32 was significantly higher when the infected cells were incubated at 20 °C with an average of
602 £ 159 new virions being released per infected cell. Conversely, the latent period increased to
approximately 102 4+ 10 min. Of note, the growth of the E. coli ST130 host strain was much faster at
30 °C and 37 °C compared to that at 20 °C (Figure 2B). Nonetheless, phage ST32 could still kill its host
at these temperatures.

Phage ST32 is evidently part of a low-temperature (LT) phage group with an optimum burst at
20 °C [48]. Of note, this phage was isolated from a wastewater sample of a sewage treatment plant
in Beijing that has a temperature of about 20 °C. Therefore, it appears to be adapted to replicate at
such ambient-like temperatures. These features make this phage a potential agent for the biocontrol
of E. coli. For instance, it could be used to control pathogenic bacteria present in wastewater where
physical conditions, such as temperature, are optimal for its lytic activity. Moreover, it may provide
an effective intervention against foodborne pathogens and spoilage bacteria in minimally processed,
ready-to-eat products and fresh fruits [29-31]. It could also help to remove bacteria from poultry meat
that are often found to be contaminated with potentially pathogenic micro-organisms [28]. In order to
support its potential as a biocontrol agent, we further characterized phage ST32 at the genomic and

phylogenetic levels.
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Figure 2. Lytic activity of phage ST32 at various temperatures. (A) One-step growth curve of phage
ST32 at 20 °C, 30 °C, and 37 °C; (B) The growth of E. coli ST130 strain at 20 °C, 30 °C, and 37 °C.

3.4. Genomic Features of Phage ST32

The genome sequence of phage ST32 consists of a double-stranded DNA molecule of 53,092
bp with a GC content of 44.14% as well as 79 open reading frames (ORFs) and a tRNA (Table 2).
The tRNA-Arg of 95 bp (from 15,909 bp to 16,003 bp), without an intron, found in the genome of
phage ST32, shares 99% identity with phage phiEcoM-GJ1 [49]. tRNA-Arg is often found in phage
genomes [50]. The 79 ORFs have the same transcriptional orientation, and ATG is the most common
initiation codon (81.0%), followed by GTG (11.4%) and TTG (7.6%).

Based on the BLASTp analyses, 19 of the 79 ORFs (24.1%) were assigned a putative function,
including lysis, capsid, and tail morphogenesis as well as transcription and DNA replication.
The functions of the remaining sixty putative ORFs remained unknown, and they were annotated
as hypothetical proteins. Besides the predicted protein functions, Table 2 shows the predicted size,
the genomic position, the transcriptional orientation, and the closest phage protein homolog. In several
cases, protein homologies were with proteins of phages belonging to the Podoviridae or Myoviridae
families. The best matches for a large portion of these ORFs were with proteins of the Enterobacteria
phage phiEcoM-GJ1 belonging to the Myoviridae family [49]. Thereafter, phylogenetic trees were
constructed for further investigation of the relatedness of phage ST32 to other phages.
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Table 2. Features of the open reading frames (ORFs) of phage ST32.

7 of 16

Aligned

Start End Size MW a Predicted o b . Accession
ORF Strand (pb) (pb) (aa) (kDa) pI SD Sequence (AGGAGGU) Protein Function BLAST (Extent, % aa Identity) I;;::e:; ) E Value Number
gp01 [Enterobacteria phage
1 + 673 2613 646 727 609  TGGAGACttacaaATG RNA polymerase B ] (598 o6, 93%) 648 0 YP_001595396.1
gp02 [Enterobacteria phage _17
2 + 2640 2846 68 789 451  AGGATGGcattagTTG S EcoM-GJ1] (48,/55; 877%) 55 1x10 YP_001595397.1
hypothetical protein [Klebsiella 4
3 + 3959 4177 72 414 815  AGGAGAAtaaaATG phoge KPS] (33,73, 32%) 71 8x 10 AVJ48916.1
gp04 [Enterobacteria phage 23
4 + 9217 4453 78 8.9 963  CGGAGAGcagaaATG S EcOM.GI1] (49, 7%; 687%) 76 8 x 10 YP_001595399.1
gp05 [Enterobacteria phage _37
5 + 456 4644 62 7.5 453  ACGAGGTtaatcATG SRiRCOM-GI1] (61/62; 98%) 62 1x10 YP_001595400.1
6 + 4641 4835 64 7.3 9.7 TGGAGGCcaaATG N/A
7 + 4832 5077 81 9.4 432 AGGCGGGttggttGTG N/A
8 + 5087 5260 57 6.7 925  AGGAGTAttaaATG Eﬁ)gfl&t_g‘]’f‘]’cé":/“5§ﬁ;8g§) ) 57 6x 10734 YP_001595402.1
9 + 5356 5667 103 116 45 AGGTAATtaaATG Eﬁfgﬁﬁﬁﬁﬁﬁﬂgﬁéﬁ ) 99 2% 10-%  YP_001595404.1
10 + 5683 5943 86 97 5.6 GGGAGTTattATG §§§£’}f‘;’?f‘]’i§§j’8§5§§; ) 87 6x 1075  YP_001595404.1
11 + 5036 6118 60 6.4 464  TGGGAGTtctgtaccATG N/A
gp10 [Enterobacteria phage _45
12 + 6121 6348 75 8.4 524  AGGATAAtATG S ECoM.CI1] (67/75; 89%) 75 5 x 10 YP_001595405.1
13 + 6345 6575 76 8.6 958  ACAAGGTttattgcaATG }%ﬂéf&t_eé‘]’ﬁc(glfg‘g;) 68 1%10-16  YP 0015954061
14 + 6639 6929 96 107 947  TGGAGCAHATG Eﬁég&t_g‘]’ﬁc(gz/“gfgﬁglg; ) 9 7% 107 YP_001595407.1
15 + 6922 7155 77 8.8 522  AGAAGGTgaagcGTG Igf;jlgcﬁ’}[t_eé‘]’ll"]’cgg/"7§%‘g§; ) 77 5x10-%  YP_001595408.1
16 + 7152 7439 95 108 93 TGGAGAAattaaagcaATG ?ﬂéﬁ’}[{‘é‘ﬁ’?“gz’;’g‘g@ ) 95 1x107%  YP_001595409.1
IME11_76 [Escherichia phage _y
17 + 7439 7636 65 782 981  AGGTGATgtaATG IME11] (29/65:45%) 68 3% 10 YP_006990681.1
18 + 7715 8197 160 188 879  TGGAGGGCHATG Eggﬁﬁi /[fgét Z];f/c)t eriumphage ¢ 2%107%  AMMA43911.1
; o
ssDNA-binding gp15 [Enterobacteria phage 54
19 + 8323 8700 125 142 578  AAGAGAAtcttaatcATG arotein S ECOM-GI1] (96,155, 97%) 126 6% 10 YP_001595410.1
gp17 [Enterobacteria phage —109
20 + 8823 9719 298 332 774  GTGAGGAatatcATG S iEcoM-GI1] (159,229, 69%) 229 5 x 10 YP_001595412.1
gp18 [Enterobacteria phage _80
21 + 9775 10,125 116 131 607  CGGAGCAHATG S EcoM.GI1] (114/ 116,98%) 116 2x10 YP_001595413.1
22 + 10,122 10355 77 872 529  AGGAAGTtaaATG 8p19 [Enterobacteria phage 77 5x 10732 YP_001595414.1

phiEcoM-GJ1] (56/77; 73%)
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Table 2. Cont.

Aligned

ORF  Strand (S;;;t Z"S (S;az)e 3’({]‘;; , el SD Sequence (AGGAGGU)®  Dre0iC!ed BI AGT (Extent, % aa Identity) ® IS’;::e(i;) E Value nccession

23 + 10345 10614 89 103 47 AGGAAATccattccGTG N/A

24 + 10,607 11,023 138 157 948  AGGAGCTgaaaaATG endolysin §¥ég§t_€éﬁ‘]’C(tl"lré”/figi‘f;o/o) 131 1x10772  YP_001595416.1
25 + 11,04 1132 92 109 57 TGGAGCAtccgATG N/A

26 + 11,309 11,857 182 212 403  GGGAGAAactcaATG ;rr‘:tre"ijfri“i‘m Eﬁfécgsﬁtz‘;’i‘]”{ﬁ;“ /ﬁgf?§00/0> 181 2 x10-10  YP_001595417.1
27 + 11,850 12,089 79 92 6.9 CGAAGGGatactattctcaaATG Eﬁfg’gﬁ”&‘;f‘]‘cé‘e;’/“%h;zgi) 79 4x10-%  YP 001595418.1
28 + 13,092 13295 67 75 458 TGGAGAGttcctATG Eﬁfggﬁtg‘;ﬁﬁglfg}‘ggi) 69 3x10-®  YP_001595420.1
29 + 13,292 13,582 96 11.3 9.1 AGGAGCTgcaaaaATG N/A

30 + 13579 13869 96 10.6 525 CGGAGTTccatTTG gﬁfgfﬁ%ﬁﬁg%ﬂhgﬁ ) 97 3x107%  YP_001595422.1
31 + 13872 14546 224 259 828  ACAAGGCcactaaaaATG gﬁfggﬂ%‘;’;‘ﬁgﬁ /glz‘z;ggego/o) 224 2107165 YP_001595423.1
32 + 14670 15008 112 123 447  ATAAGGTatatacaaATG Eﬁfgc[offl\’/’[tz‘;’i‘]”(tfﬁ“ /ﬁ’?;;ggeg%) 112 9x 10775 YP_001595424.1
33 + 15395 15532 45 51 899  CGGAGCAataattaatTTG N/A

34 + 15547 15789 80 88 924  AGAAGCTatgccaatGTG I;‘ﬁf’gf&%‘;i’?if;l/“gghggi ) 80 1x10°%  YP_001595425.1
35 + 16029 16,169 46 438 376  TGGAGTCcteATG N/A

36 + 16,178 16414 78 8.5 9.05 AGGTGATHATG ?ﬁf’écfh’j[tg?ll"]‘it;;’;7gh;§i ) 78 1x10-%  YP 001595426.1
37 + 17404 17,634 76 85 489 TGGAGAGaaacATG g?écfﬁtg‘]’f’f%"i’/”%h;ﬁ ) 76 2% 104 YP_001595427.1
38 + 17601 18341 216 248 599  CGGAGAGcaaATG Z}%Ei}:ate ;”gfé’f&f%‘}’{ﬁ%’?/‘;ﬁ?;% ) 216 8x 1071 YP_001595428.1
39 + 18,346 20,109 587 66 595  ACCAGGAataaataaATG helicase/primase I;”ﬁ?gf&%‘;’{ﬁfgé” /1;;‘;;‘5;’50 % 587 0 YP_001595430.1
40 + 20,175 22,109 644 746 641  TGGAGCCatactGTG DNA polymerase gfgcfh’j[tec’;‘;ll"]”(g? /222:5;’90 %) 644 0 YP_001595432.1
4 + 22109 22381 90 101 437  CAGAGATtcactaATG ﬁfgfﬁgﬁﬁgg?%f‘;g; ) 90 2x10°%  YP_001595433.1
2 + 2412 23278 288 31 486  AGGTACTcaaaATG gfgfﬁg‘;’;ﬁ%ﬂ /ggg;gleoo%) 288 0 YP_001595434.1
43 + 23312 24349 345 39.4 8.09 GGGAGCCtttaattTTG exonuclease gﬁfggﬂ%‘;’i‘ﬁg;ﬂ /gzg;ggego %) 345 0 YP_001595435.1
14 + 24361 24885 174 201 946  TGGAGTTggaATG Eﬁféc[oi’/’[tz‘;’;‘]”(tf%“ /};?Z;ggego/o) 174 3% 10712 YP_001595436.1
45 + 24875 25630 251 285 8.64 AGAAAGAatcttaATG DNA ligase 8p42 [Enterobacteria phage 251 6x 10175 YP_001595437.1

phiEcoM-GJ1] (233/251; 93%)
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Table 2. Cont.

Aligned

ORF  Strand (S;;;t E’“b‘i (S;az)e ?1’([]‘;; , el SD Sequence (AGGAGGU)*  Tre0iCted  BI AGT (Extent, % aa Identity) ® IS’;::e(i;) E Value nccession
46 + 25623 26249 208 235 6.38 GTGAGGAaagttTTG ﬁﬁfgfﬁg‘}fﬁ%@,@%&g;g% ) 208 1x10°%  YP_001595438.1
47 + 26252 26,839 195 207 666  ATCAAGT d’P;O)'(yuridme 8p44 [Enterobacteria phage -105

, , . X ATCAAGTagagaaataatcATG iutclilelz)}tlio;;}ﬁ;’:r(ﬂasephiECOM_G]1] (164/195; 82%) 199 4 x10 YP_001595439.1
48 + 26,858 27,064 68 82 432 TGGAGCAtccATG gggil—gﬁggfgﬁgermm phage 73 3x10"7  APD19639.1
49 + 27,082 27411 109 122 97 TGGAACCtatctgaaATG Eﬁfggﬁtz ?117‘]“:1"5;”/1;3;}‘519000/0) 109 4x10-™  YP_001595440.1
50 + 27467 27,652 61 7 44 CGGAGTCgcttATG Eg‘gﬁ’}[{g‘]’f‘]’“g{i/agﬂ‘fgg%) 61 1%10-¥  YP 0015954411
51 + 27,672 29,690 672 76 6.02 AAGAGAAcgaatcaATG i;g;ii‘;?e‘*“it lfglgcﬁj[tfgll"]’ifgg’ /12}7‘;‘;’5;90 %) 671 0 YP_001595443.1
52 + 29,693 29,905 70 79 9.18 TGGATGTaaatATG ﬁﬁ?gfﬁfgi"f?ﬁ;i;’7§i§(‘§% ) 70 7%10-%  YP 0015954441
53 + 29905 31221 438 491 816  AGGAAGAaataATG portal protein ﬁﬁ?gfﬁfeéﬁﬁﬂf/ﬁéf;%> 438 0 YP_001595445.1
54 + 31,190 32,254 354 39 48 AAAGGGTaacgcaaGTG ;”ﬁ?é&i’j{“é‘}’i’?‘é";;” /lggz;g;’g%) 354 0 YP_001595446.1
55 + 32264 32737 157 164 626  ATAAGGTaagacaATG ;"ﬁfﬁf&“&‘}’iﬁﬁi’y‘lﬁ??g54/ ) 157 2107100 YP_001595447.1
56 N 32818 33,030 70 73 606  TGTAACIGTG %ﬁ%gfr;;j/no;a phage vB_EamM-Y2] 2x10°3  YP_007004717.1
57 + 33,086 34093 335 367 517  TGGATTAaattacATG ;?t‘grfapﬁd gfgfh’jﬁg‘;l{‘]”éz;“ /1;2;‘5;’60 " 335 0 YP_001595448.1
58 + 34,140 34580 146 16.1 5.34 AAGAGA AatagtaATG é‘ﬁféfﬁfeé‘}fﬁﬁe{é”/ﬂ‘;g%f’/o> 146 1%x10-71  YP_001595449.1
59 + 34581 34970 129 14.6 448 AGTTGGCgtaaATG ﬁfgfh’/’;g‘;’i‘r{fg&“ /filz‘g;g;%) 129 2%10°8  YP_001595450.1
60 + 34967 35329 120 13.9 9.16 GGGTCACagtTTG }‘fﬁf’ggﬂ%‘;’i‘ﬁg&“ /};}zlg;glem%) 120 4x10°8  YP_001595451.1
61 + 35326 35838 170 193 498  AGGAGTTagagaaATG gﬁf’gg&%‘;’fﬁfgﬁ /};?g;ggso/o) 170 2x 107120 YP_001595452.1
62 + 35,839 37,287 482 50.9 475 AGGGAATctaaATG gﬁfggﬂ%‘;’fﬁfg /ﬁgg;g;%) 482 0 YP_001595453.1
63 + 37,298 37,753 151 165 655  AGGTGCGataaGTG Eﬁ?gfﬁtgﬁ’]‘C(tle;g“/ﬁ’}s‘;’;ggeso/o) 151 2x10710%  YP_001595454.1
64 + 37,765 38223 152 17.3 5.1 AGTAAGTATG 8p60 [Enterobacteria phage 152 4x107197  YP_001595455.1

phiEcoM-GJ1] (152/152; 100%)
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Table 2. Cont.

Aligned

ORF  Strand (S;;;t E’“b‘i (S;az)e ?1’([]‘;; , el SD Sequence (AGGAGGU) 2 ng:f;egumﬁm BLAST (Extent, % aa Identity) b Is’ir;:e(i;) E Value ﬁf;f:r’“
65 + 38229 38399 56 6.7 467 CGGAGAC agtttagtatccATG ﬁgg&fg‘;?ﬁ?g;@gﬁg& ) 73 8 x 10-32 YP_001595456.1
66 + 38383 42,108 1241 1346 536  AGAAACTcgaaccagtagATG tail fiber S’lﬁflzzfﬁt.eé‘}fﬁtgié”/’i??ée%%) 1239 0 YP_001595457.1
67 + 40182 43291 369 407 513  AATAGGTatatcgcaATG gfgf&tg}”ﬁfgggﬂ/gggggg/) 369 0 YP_001595458.1
68 + 43291 44178 295 312 598  TGGAGTCattttaATG gfgg&%‘;i’ﬁg? /ggsa?foov/o) 295 0 YP_001595459.1
69 + 4175 44537 120 137 507  GGGACGTatcctATG gfgg&%‘;?‘;iﬁg‘ /}igg?foo%) 120 2% 1078 YP_001595460.1
70 + 44530 45324 264 282 58 AGAGTGTacttgaacGTG ::::f:;lt; protein ;‘ﬁ?ﬁfﬁf&’ ‘;’i‘]“( fzfgéﬂ/ggz;gggo/o) 264 0 YP_001595461.1
71 + 45324 45695 123 135 522 ATGAAATaATG gﬁfgg&%‘;’ﬁ"{f{? /};}z‘g;g;o/o) 123 7x 10780 YP_001595462.1
72 + 45671 46828 385 412 455  CGGAATTcttaacATG gﬁfgcgfl\’/‘[t_ﬁcr‘;’;‘]lC(;fgiﬂ/ggg;g;%) 385 0 YP_001595463.1
73 + 46,830 47471 213 235 582  CAGATGTgacagtataatATG gﬁfgcgsﬁt_gcr‘;’i‘]’ff’;;“/g?;g;%) 213 1x1071%  YP_001595464.1
74 + 47471 48,619 382 03 549 CGGAGAAataATG Eﬁfggﬁtegﬁ‘ﬁg? /52;;59630%) 382 0 YP_001595465.1
75 + 48619 50,016 465 50.2 817  AGGCCATaATG }g)fﬁfégl\’/’[teé‘}ﬁc(g‘ﬁ“ /5}6‘53;‘56‘*80/0) 465 0 YP_001595466.1
76 + 50,025 51,071 348 36.3 6.6 AGGATTCaaaATG tail fiber protein Eﬁfgf&feg]’ﬁC(tz";é“/lgzg;g;zo/o) 356 3x 10715  YP_001595467.1
77 + 51,079 51420 113 123 795  AGGAACIATG holin Eﬁfggﬁtfg}ﬁtfc(tlelréu};?;;ggef/o) 113 §x10-7  YP.001595468.1
78 + 51438 51,992 184 207 957  AGGAACTcgaATG endolysin I%EZSCE)EI\%ZL])llu]w(tle;;a/ligz;g;f/o) 184 7%10-181  YP_001595469.1
79 ribonucleotide gp75 [Enterobacteria phage

+ 51,992 53,092 366 422 476  AGGAAATCtgtaATG Zi(li)?li{atse beta S EcoM-GI1] (340/ 366, 93%) 372 0 YP_001595470.1

2 Start codon indicated in bold; Match to SD sequence is indicated by underlining; SD position is indicated in uppercase. ® The number of identical amino acids/The total of amino acids of
smallest protein.
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3.5. Phylogeny of Phage ST32

The conserved sequence of the large terminase subunit (ORF51) has been used previously to study
the phylogeny of numerous phages [41,42]. As an ATP-driven protein motor, the phage terminase is
generally a hetero-oligomer composed of two subunits (small and large) that translocates the phage
genome into the preformed capsid. The large subunit usually possesses endonucleolytic and ATPase
activities [51,52]. A phylogeny tree, based on the amino acid sequences of the large terminase subunit
(ORF51), was constructed to examine the evolutionary relationships between phage ST32 and other
phage genomes (Figure 3). The phylogeny tree supported the finding that phage ST32 belongs to the
Myoviridae family. Moreover, phage ST32 was on the same branch as phage phiEcoM-G]J1 (EF460875.1),
indicating a close relatedness between these two phages and suggesting that they belong to the same
new cluster. Interestingly, phiEcoM-GJ1 phage currently belongs to an unclassified genus of the
Myoviridae family [49]. Moreover, the tree indicated that the closest evolutionary relatives to both
phages were the Pectobacterium virulent phages PM1 [53] and PP101 and the Erwinia virulent phage
vB_EamM-Y2 [54]. This relatedness between the PM1, vB_EamM-Y2, and phiEcoM-GJ1 phages was
revealed in a previous study [53].

Tree scale: 1 \
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Figure 3. Phylogenetic tree based on the amino acid sequences of the large terminase subunit (ORF51)
of phage ST32 and the phages available in databases sharing sequence identity. The corresponding
phage protein sequences were retrieved from GenBank (https://www.ncbinlm.nih.gov/). The colors
in the internal and external circular layers categorize phages, genera, and families, respectively. When
the genera or the family of a phage is not indicated, it means that it was not available in the database or
in the associated publication. Branches with branch support values greater than 90% are marked with
a blue dot. The size of the dot is directly proportional to the branch support value.

Thereafter, we compared the percent identity between the genome sequences of these five phages.
Our results showed that the percentage of nucleotide sequence identity between phages in the same
branch was relatively high compared to phages in different branches. For example, the percent identity
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between phages ST32 and PM1 did not exceed 36% compared to 84.5% between the two Pectobacterium
phages PM1 and PP101.

3.6. Comparative Genomic Analysis

The genomic sequences of the ST32, phiEcoM-GJ1, PM1, PP101, and vB_EamM-Y2 phages were
further analyzed, compared, and aligned using the deduced amino acid sequences of all of the ORFs.
A comparative analysis showed that when using a cut-off of 80% identity, phage ST32 shares 54 proteins
with phage phiEcoM-GJ1, while the Pectobacterium phages PM1 and PP101 share 53 proteins. On the
other hand, at the same cut-off, the Erwinia phage vB_EamM-Y2 shares only three proteins with the
other four phages (Figure 4). Notably, at 70% identity, this number went up to 14 proteins, as indicated
by the gray shading in Figure 4.

S§T32

10 kb

Figure 4. Schematic representation of the genomic organization of phage ST32 compared to phages
phiEcoM-GJ1, vB_EamM-Y2, PM1, and PP101. Each line represents a different phage genome and
each arrow represents an ORF. Arrows of the same color indicate ORFs that share more than 80%
identity. White arrows indicate that the identity is less than 80% or there is no homologous putative
protein. Gray shading indicates vB_EamM-Y2 phage ORFs sharing more than 70% with that of other
aligned phages.

Interestingly, with more than 60% identity, 31 proteins were shown to be shared by the four
phages ST32, phiEcoM-GJ1, PM1, and PP101. Based on this comparative analysis, these five phages
can be separated into three distinct groups, which is consistent with their three-branch division in the
phylogenetic tree (Figure 3). Based on the close relatedness between phages ST32 and phiEcoM-GJ1
shown in the above analysis, we compared them further.

The genomic organization of phage ST32 compared to phage phiEcoM-G]J1 (Figure 4) showed
that all genes from both phage genomes have the same transcription orientation (5’ to 3’ from left to
right in the figure). Moreover, 47 of 79 ORFs share more than 90% identity, of which eight (ORF42,
ORF49, ORF50, ORF52, ORF60, ORF64, ORF68 and ORF69) are 100% identical (Table 2). The latter
are proteins with hypothetical functions. Interestingly, six of these eight ORFs are found in very few
phage genomes available in databases [49,53], including the ones closely related to phage ST32 that
were used for the genomic comparison in Figure 4.

The global analysis of both phage genomes showed that they are organized into functional
clusters to which different roles can be assigned. First, both phages share a cluster of a high number
of small genes at the beginning of the genome (starting from ORF2), reminiscent of those on of T4
coliphages which are involved in host takeover [42,49,55] (Figure 4). Most of the phage ST32 ORFs in
this cluster share less than 90% identity with those of phage phiEcoM-GJ1 (Table 2). Then, downstream
of the genome, several putative replication-related genes were identified, encoding a single-stranded
DNA-binding protein (ORF19), thymidylate synthase (ORF38), helicase/primase (ORF39), DNA
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polymerase (ORF40), 5'-3" exonuclease (ORF43), DNA ligase (ORF45), deoxyuridine 5'-triphosphate
nucleotidylhydrolase (ORF47), and ribonucleotide reductase beta subunit (ORF79). In addition to the
replication-related genes, the last ORFs in the genome of phages ST32 and phiEcoM-GJ1 encode a
ribonucleotide reductase beta subunit. In this regard, it is interesting to note that the ORF1 of both
phages encodes a single-subunit RNA polymerase which is a feature of phages of the T7 group of
the Podoviridae [49]. These transcription-related ORFs share more than 90% identity (Table 2). Then,
downstream of the replication-related genes, we identified a cluster of DNA packaging, capsid, and
tail morphogenesis conserved genes sharing more than 90% identity, except for two ORFs, ORF66 and
ORF76, encoding for two putative tail fiber proteins and sharing 76% and 72% identity, respectively.

Finally, further main differences were identified between the two phages. For example, three
ORFs were only found throughout the genome of phage phiEcoM-GJ1, encoding for three putative
HNH endonucleases (ORF34PhiEcoM-GJ1 - ORE3gPhiECOM-GI1 * 3nq ORF47PhiEcoM-GI1y [49]. Moreover,
five additional ORFs (ORF17, ORF18, ORF33, ORF35, and ORF56) encoding proteins with unknown
functions were found in the genome of phage ST32 but not in that of phage phiEcoM-GJ1. Interestingly,
the best match for one (ORF56) of these five ORFs was with that of the Erwinia phage vB_EamM-Y2,
which is closely related to phage ST32, as shown in the phylogenetic tree (Figure 3).

4. Conclusions

In this study, the virulent phage ST32 was isolated from wastewater using the pathogenic host
E. coli ST130. Morphological and genomic characterization showed that phage ST32 belongs to the
Myoviridae family. Host range analysis showed that it can infect a broad range of hosts including
non-pathogenic and pathogenic bacteria. Moreover, phage ST32 has a very high burst size at 20 °C
which is far from the optimal growth of its host. Phylogenetic analysis, based on the large terminase
subunit (ORF51), revealed a close relatedness with the Enterobacteria phage phiEcoM-GJ1 belonging
to an unclassified genus of the Myoviridae family. Interestingly, both phages are part of a new branch
in the phylogeny. Moreover, neighboring branches carry unclassified Myoviridae relatives, among
others, the Pectobacterium phages PM1 and PP101 and the Erwinia phage vB_EamM-Y2. A comparative
genomic analysis of the five phages based on nucleotide and amino acid sequences, showed that phage
phiEcoM-GJ1 is by far the closest relative to phage ST32. A more detailed genomic comparison between
these two phages showed that 47 of 79 ORFs in the phage ST32 genome have more than 90% identity
with the phage phiEcoM-GJ1. Many of these ORFs had few homologs in databases. Some striking
differences were detected, including the absence of three putative HNH endonucleases of phiEcoM-GJ1
ORFs in phage ST32. On the other hand, five additional ORFs with unknown functions were detected
in the phage ST32 genome. Taken together, the newly characterized phage ST32 has appealing and
unique characteristics that make it a potential biological control agent under specific conditions.
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