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Diverse bacteriophages for biocontrol
of ESBL- and AmpC-b-lactamase-producing E. coli

Amira R. Vitt,1,3 Anders Nørgaard Sørensen,1,3 Martin S. Bojer,1 Valeria Bortolaia,2 Martine C. Holst Sørensen,1

and Lone Brøndsted1,4,*

SUMMARY

Novel solutions are needed to reduce the risk of transmission of extended spectrumb-lactamase (ESBL) and
AmpC b-lactamase producing Escherichia coli (ESBL/AmpC E. coli) from livestock to humans. Given that
phages are promisingbiocontrol agents, a collectionof 28phages that infect ESBL/AmpCE. coliwere estab-
lished. Whole genome sequencing showed that all these phages were unique and could be assigned to 15
different genera. Host range analysis showed that 82% of 198 strains, representing the genetic diversity
of ESBL/AmpC E. coli, were sensitive to at least one phage. Identifying receptors used for phage binding
experimentally as well as in silico predictions, allowed us to combine phages into two different cocktails
with broad host range targeting diverse receptors. These phage cocktails efficiently inhibit the growth of
ESBL/AmpC E. coli in vitro, thus suggesting the potential of phages as promising biocontrol agents.

INTRODUCTION

The rise of antibiotic resistance and emergence of multi-drug resistant bacteria is a global problem. Of special concern are extended spectrum

b-lactamase (ESBL) and AmpC b-lactamase (AmpC) producing E. coli (hereafter referred to as ESBL/AmpC E. coli ) that are resistant to a broad

spectrumof antibiotics, including penicillin and third generation cephalosporins.1 ESBL/AmpC E. coli show large genomic diversity and are rep-

resented in all phylogroups and sequence types (STs) ofE. coli.2–4 In accordance, theO-antigenof the lipopolysaccharides displayedbyESBL are

highly diverse, representing a large proportion of the 185 different O-antigens found in E. coli.5 The AmpC b-lactamases are chromosomally en-

coded genes showing upregulated expression in resistant strains,6 whereas ESBL genes are mainly associated with a wide range of conjugative

plasmids.7–10Due to the transmissible natureof theseplasmids, ESBLgenesmay spreadboth in vitroand in vivo.11 In livestock ESBL/AmpCE. coli

is mainly commensal but may transfer antibiotic resistance genes into pathogenic E. coli as well as related pathogens to the human reservoir

through contaminated foods.12,13 Thus, applying a One Health approach reducing the prevalence of ESBL/AmpC E. coli in animal reservoirs

may minimize emergence of antibiotic resistant pathogenic E. coli.14 Different decolonization approaches have been proposed to reduce

ESBL/AmpCE. coliprevalence inpoultryflocksandpigpens.15Amongtheseapproachesarediversecleaninganddisinfectionagents, attempting

competitive exclusion usingprobiotic cultures, and specific feed additives showed strongeffect inprevention in some studies (reviewed inBecker

et al.,16) However, complete decolonization of animals has proven challenging, and, in most cases, the applied approaches were ineffective

against ESBL/AmpC E. coli.15,16 There is therefore a need for alternative methods to reduce the numbers of ESBL/AmpC E. coli in livestock.

Bacteriophages (phages) are viruses that infect and kill bacteria and have been used for biocontrol purposes as well as phage therapy

targeting pathogenic bacteria (reviewed in Wittebole et al.,17). Phages are host-specific, often infecting only specific species or even strains,

leaving the rest of the microbiota unharmed. Additionally, they are self-replicating and self-limiting as they replicate only in the presence of a

suitable host.18 Many diverse phages infecting E. coli have been described and diverse collections are well characterized, providing an insight

into their diversity, genomics, and interactions with their E. coli host.19–26 These studies show that coliphages are found in diverse environ-

ments, including feces, wastewater, soil, and water and have host ranges infecting specific E. coli strains. The host specificity is highly influ-

enced by receptor binding proteins (RBPs) forming tail fibers or tail spike proteins located at the distal tail allowing binding to specific host

receptors.27 For coliphages receptors may be proteins residing in the outer membrane, most of which forms a b-barrel structure and serve as

permeability channels for nutrients, toxins, and antibiotics.28,29 For example, phage T2 recognize the outer membrane protein Tsx of E. coli.30

In addition, surface carbohydrates like capsular polysaccharides, enterobacterial common antigen and lipopolysaccharides carrying the high-

ly diverse O-antigen may serve as receptors for E. coli phages.25 However, the capsule as well as the long chains of O-antigen may also mask

the outer membrane including the protein receptors and prevent infection, thus playing a dual role in phage susceptibility of E. coli.31 Thus,

through evolution phages have developed diverse RBPs for binding different receptors and ensuring recognition of their host bacteria.
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Still, for phages infecting ESBL, receptors have not been identified yet as only a few studies using existing coliphage collections with limited

characterization have been used to determine phage susceptibility of ESBL/AmpC E. coli. Two studies showed that phages isolated using envi-

ronmental E. coli strains can infect and kill ESBL/AmpC E. coliwith varying but low efficiency.24,32 In addition,wepreviously determined the ability

of 16 coliphages isolated on the E. coli Reference collection (ECOR) to infect and form plaques on a large diverse ESBL/AmpC E. coli collection.4

However, these phages were only able to infect 23% of the 198 strains in the collection with varying efficacy, suggesting a need for other phages

to cover the diversity of ESBL/AmpC E. coli.4 Other studies isolated phages using ESBL/AmpC E. coli as hosts, but only determined lysis on bac-

terial lawns adding phages in high concentration and true phage infectionwere not demonstrated.33–36 Thus, studies characterizing phage infec-

tion of ESBL/AmpCE. coli aswell as their potential for biocontrol are limited. To increase the diversity of phages infectingESBL/AmpCE. coli and

provide well-characterized phages for biocontrol, we isolated and characterize phages infecting diverse ESBL/AmpC E. coli. Subsequently, the

collection was used to compose two different phage cocktails to explore the possibility of using them for biocontrol of ESBL/AmpC E. coli.

RESULTS

Isolation of phages infecting ESBL/AmpC E. coli using a diverse set of strains and samples

For isolating phages infecting ESBL/AmpC E. coli, we took advantage of our previously established large collection of 198 ESBL/AmpC E. coli

covering the genetic diversity of this group of bacteria.4 Tomaximize the chances of isolating diverse phages, 19 diverse strains were selected

as isolation hosts based on different genetic background defined by multi-locus sequence typing (MLST) and carriers of diverse b-lactamase

genes and plasmids (Figure 1). The samples for phage isolation were collected from environments expected to contain ESBL/AmpC E. coli

including five samples of pig waste from a biogas production plant and two samples of broiler feces. Additionally, two samples from aeration

tanks in a wastewater treatment plant were collected to increase the likelihood of capturing diverse phages, as wastewater has proven to be a

rich source of phages.23 A total of 28 phages were isolated either by direct plating or by enrichment in the presence of one of the 19 different

isolation host (Figure 1). Most phages were isolated from wastewater (n = 14) and pig waste (n = 12), whereas only two phages were isolated

from broiler feces. There were no apparent correlations between the origin of isolation hosts and samples, as host strains originating from pig

mostly isolated phages from wastewater and two phages from pig waste, whereas broiler strains isolated phages from all sources. Finally,

most strains isolated only 1–2 phages, thus indicating potentially diverse phages.

Taxonomic assignment and overall genetic comparison of ESBL/AmpC E. coli phages

To assign the phages into current taxonomic phage genera, all 28 isolated phages were subjected towhole genome sequencing and compared

to existing phage genomes at the NCBI database using whole genome BLAST similarity search. Our analyses showed that the phages could be

assigned to four different families:Ackermannviridae,Autographiviridae,Drexlerviridae, andStraboviridae as well as several different subfamilies

and 15 genera. Among the families, Straboviridae phages were the most abundant, represented by 16 phages belonging to the genera Krisch-

virus, Mosigvirus, and Tequatrovirus. The majority of the 28 phages showed high nucleotide similarity (96–99% identity, 92–98% coverage) to

other phages infecting E. coli (Table 1). Exceptions were Rosemountvirus AV127 showing similarities to phages infecting Salmonella and phage

Figure 1. Diverse ESBL/AmpC E. coli are used for phage isolation from animal and wastewater samples

The MLST as well as O- and H- antigen was extracted from Enterobase and a phylogenetic tree was made and visualized using iTOL v6.37 Columns indicate ST

using MLST, serotypes, origin of strain (gray), type of b-lactamase gene (yellow) carried on specific plasmid types or the chromosome (blue) obtained from Vitt

et al.,4 Number of phages isolated from either pig waste, chicken feces, or wastewater on each isolation host is indicted (green).
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Table 1. Genome characteristics of phages infecting ESBL/AmpC E. coli

Phage

Isolation

host

Isolation

source

Predicted

Family

Predicted

Subfamily

Predicted

Genus

Genome

size (bp) ORFsb tRNA

G+C

(%)

GenBank

acc. no.

Query

cover

%

identity

Name of the

closest

relative

GenBank

acc. no.

AV101a ESBL58 Wastewater Ackermannviridae Aglimvirinae Agtevirus 156759 199 4 49.0 OQ973471 0.85 0.976 Escherichia

phage

vB_EcoM-ZQ1

MW650886.

1

AV102a ESBL53 Wastewater Autographviridae Slopekvirinae Drulisvirus 43345 59 NDc 51.4 OR352933 0.95 0.965 Escherichia

phage Minorna

NC_048172.

1

AV103a ESBL58 Wastewater Autographviridae Studiervirinae Teseptimavirus 39735 53 ND 48.6 OR352934 0.89 0.960 Escherichia

phage

JeanTinguely

MZ501081.1

AV104 ESBL128 Wastewater none Guernseyvirinae Kagunavirus 43102 76 ND 50.7 OR352935 0.75 0.888 Escherichia

phage vB_EcoS

_fFiEco02

MT711523.1

AV105a ESBL128 Wastewater Drexlerviridae Tempevirinae Warwickvirus 49722 87 ND 44.5 OR352936 0.93 0.989 Escherichia

phage ityhuna

MN850582.

1

AV106 ESBL80 Wastewater Drexlerviridae Tunavirinae Tunavirus 50922 83 ND 45.6 OR352937 0.94 0.927 Shigella phage

SH6

NC_047785.

1

AV108 ESBL10 Pig waste Straboviridae Tevenvirinae Krischvirus 166043 264 ND 40.4 OR352938 0.93 0.978 Enterobacteria

phage

GEC-3S

HE978309.1

AV109 ESBL91 Pig waste Straboviridae Tevenvirinae Mosigvirus 168521 260 2 37.4 OR352939 0.92 0.984 Escherichia

phage

vB_EcoM_

G2469

MK327934.1

AV110 ESBL102 Pig waste Straboviridae Tevenvirinae Mosigvirus 170007 269 ND 37.6 OR352940 0.97 0.986 Escherichia

phage

vB_EcoM_

WFbE185

MK373778.1

AV111 ESBL158 Wastewater Straboviridae Tevenvirinae Mosigvirus 172602 268 3 37.6 OR352941 0.93 0.975 Escherichia

phage SF

NC_055749.

1

(Continued on next page)
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Table 1. Continued

Phage

Isolation

host

Isolation

source

Predicted

Family

Predicted

Subfamily

Predicted

Genus

Genome

size (bp) ORFsb tRNA

G+C

(%)

GenBank

acc. no.

Query

cover

%

identity

Name of the

closest

relative

GenBank

acc. no.

AV112 ESBL153 Wastewater Straboviridae Tevenvirinae Mosigvirus 167943 260 10 37.7 OR352942 0.96 0.980 Escherichia

phage ST0

NC_041990.

1

AV113 ESBL56 Wastewater Straboviridae Tevenvirinae Mosigvirus 167942 260 10 37.7 OR352943 0.96 0.980 Escherichia

phage ST0

NC_041990.

1

AV114 ESBL197 Pig waste Straboviridae Tevenvirinae Mosigvirus 168522 259 2 37.5 OR352944 0.92 0.984 Escherichia

phage

vB_EcoM_

G2469

MK327934.1

AV115 ESBL197 Pig waste Straboviridae Tevenvirinae Mosigvirus 167064 260 2 37.5 OR352945 0.92 0.986 Escherichia

phage

vB_EcoM_

MM02

MK373784.1

AV116 ESBL188 Pig waste Straboviridae Tevenvirinae Mosigvirus 167816 263 2 37.4 OR352946 0.93 0.984 Escherichia

phage

vB_EcoM_

G2469

MK327934.1

AV117 ESBL153 Wastewater Straboviridae Tevenvirinae Mosigvirus 168908 266 2 37.7 OR352947 0.98 0.979 Escherichia

phage

vB_EcoM_

JS09

KF582788.2

AV118 ESBL102 Pig waste Straboviridae Tevenvirinae Mosigvirus 169872 266 2 37.4 OR352948 0.93 0.982 Escherichia

phage

vB_EcoM_

MM02

MK373784.1

AV119 ESBL146 Pig waste Straboviridae Tevenvirinae Tequatrovirus 169342 277 8 35.3 OR352949 0.94 0.967 Escherichia

phage

vB_EcoM_F1

NC_054912.

1

(Continued on next page)
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Table 1. Continued

Phage

Isolation

host

Isolation

source

Predicted

Family

Predicted

Subfamily

Predicted

Genus

Genome

size (bp) ORFsb tRNA

G+C

(%)

GenBank

acc. no.

Query

cover

%

identity

Name of the

closest

relative

GenBank

acc. no.

AV120 ESBL197 Pig waste Straboviridae Tevenvirinae Tequatrovirus 169342 275 8 35.3 OR352950 0.94 0.967 Escherichia

phage

vB_EcoM_F1

NC_054912.

1

AV121 ESBL133 Pig waste Straboviridae Tevenvirinae Tequatrovirus 169535 274 11 35.3 OR352951 0.95 0.999 Escherichia

phage

vB_EcoM_

G4500

MK327945.1

AV122a ESBL83 Wastewater Straboviridae Tevenvirinae Tequatrovirus 167386 269 10 35.4 OR352952 0.97 0.979 Escherichia

phage

vB_EcoM_

R5505

MK373786.1

AV123 ESBL12 Broiler

feces

none Stephanstirmvirinae Justusliebigvirus 146801 252 13 37.4 OR352953 0.97 0.988 Escherichia

phage

EmilieFrey

MZ501063.1

AV124a ESBL33 Wastewater none Vequintavirinae Mydovirus 144944 240 14 44.7 OR352954 0.80 0.966 Klebsiella

phage

vB_KpnM_

Seu621

MT939253.1

AV125 ESBL49 Pig waste none Stephanstirmvirinae Phapecoctavirus 152808 278 11 39.0 OR352955 0.93 0.994 Escherichia

phage

ESCO13

NC_047770.

1

AV126a ESBL80 Wastewater none Stephanstirmvirinae Phapecoctavirus 149254 272 11 39.1 OR352956 0.94 0.984 Escherichia

phage ukendt

NC_052661.

1

AV127 ESBL188 Broiler

feces

none none Rosemountvirus 53045 75 ND 46.0 OR352957 0.98 0.974 Salmonella

phage ciri

MT074442.1

AV128 ESBL120 Wastewater none none Wifcevirus 68483 103 ND 46.2 OR352958 0.94 0.960 Escherichia

phage

vB_EcoM_

WFH

NC_048194.

1

AV129 ESBL49 Pig waste none none Dhillonvirus 45321 63 ND 54.5 OR352959 0.93 0.926 Escherichia

phage

vb_EcoS_

bov22_1

MT884014.1

aPhage isolated by direct plating on the isolation host; the remaining phages were isolated after enrichment in the presence of the isolation host.
bORF: open reading frames.
cND: no tRNAs were identified.
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AV124 to Klebsiella phage Seu621 belonging to the genusMydovirus. The lowest sequence similarity to other known phages was observed for

phageAV104, sharing only 88%nucleotide identity over 75% coverage to its closest relative phage fFiEco02, aKagunavirus infectingE. coli. Thus,

while a few phages were genetically distinct from previously sequenced phages, most of the phages in our collection are genetically related to

known phages.

To understand the genetic diversity within the phage collection, all genomes were compared at nucleotide level constructing an

identity matrix based on the whole genome sequencing (WGS) data (Figure 2). This analysis showed that the phages are distinct

from each other and confirmed that they cluster according to their predicted taxonomic classification. Further genomic analysis re-

vealed varying number of open reading frames (ORFs), tRNAs as well as guanine-cytosine (GC) content associated with the assigned

genus (Table 1). Functional annotation of the larger group of phages belonging to the subfamily of Tevenvirinae demonstrated high

overall similarity and synteny in genome organization (Figures 3A and 3B). These phages contain the typical features of Tevenvirinae

including genome sizes of 162–250 kb, a genomic organization of clusters of early, middle, and late genes, a varying number of homing

endonucleases, the presence of several tRNAs and hyper modification of cytosine residues to protect the phage against different re-

striction-modification systems of the host.38–40 Comparative genomics of Tevenvirinae phages within Mosigvirus and Tequatrovirus

showed minor variations in all parts of the genome. In addition, the region encoding the long tail fiber gp37 and the gp38 adhesins

known recognize host receptors in Tequatrovirus phages T4 and T2 and T6, respectively, varies between phages (Figures 3A and

3B). Finally, functional annotation of the more rarely isolated Phapecoctavirus phages AV125 and AV126 identified large numbers of

uncharacterized ORFs and hypothetical genes. For example, 253 of 278 genes are annotated as hypothetical genes in AV125. Moreover,

we found only few differences between these two phages including a specific putative RBP present in region encoding several tail fibers

and tail spikes (Figure 3C). Based on the genome annotations, none of the phages in the collection encode integrases or potential re-

pressors to maintain lysogeny, suggesting that all phages are virulent. Finally, screening all phage genomes for virulence factors and

antibiotic resistance genes using the program VirulenceFinder41 suggested that none of the phages encode virulence genes and thus

may be for biocontrol applications targeting ESBL/AmpC E. coli.

Figure 2. Genomic similarity among isolated phages infecting ESBL/AmpC E. coli

Alle phage genomes were aligned, and the average nucleotide identity (ANI) was calculated for each pair of genomes based on all aligned regions of the whole

genome alignment. The color bar indicates ANI as the percentage of exactly matching nucleotides.
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Figure 3. Comparative genomics of phages infecting ESBL/AmpC E. coli

The ESBL/AmpC E. coli phages belong to (A) Mosigvirus, (B) Tequatrovirus, and (C) Phapecoctavirus. Putative receptor binding proteins as gp37 and gp38 for

Mosigvirus and Tequatrovirus as well as diverging genes in the tail fiber locus of Phapecoctavirus are indicated by red arrows.
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Phage host range of a large collection representing the diversity of ESBL/AmpC E. coli

To determine the ability of the isolated phages to infect diverse ESBL/AmpC E. coli, we performed an extended host range analysis determining

plaque formation using our large collection of ESBL/AmpC E. coli. This collection contains 198 commensal ESBL/AmpC E. coli from two animal

reservoirs including pigs and broilers and the meats hereof, representing all known phylogroups as well as 65 STs and 49 different O-antigens.4

Despite thegenomicdiversityof theESBL/AmpCE. coli collection, a total of 162 strains (82%of all 198 strains) showedsusceptibility toat least one

phage in our collection (Figure 4). The sensitive ESBL/AmpC E. coli belongs to phylogroups A, B1, and C that mainly are represented by

commensal E. coli and phylogroups B2, D, E, F, G, and clade I that may carry virulence genes and are potentially pathogenic42 (Figure 4). For

example,Mosigviruswere the only phages infecting strains of phylogroupG, while strains in phylogroupB2were only infected by Tequatrovirus,

Justusliebigvirus, andPhapecoctavirusphages (TableS2). Inaddition, the sensitiveESBL/AmpCE. colibelongs todiverseSTsandcarriesdifferent

O-antigens showing no obvious correlation tophage sensitivity (Figure 4).Overall, the host range of the entire phage collection span acrossmost

STs and phylogroups infecting many diverse serotypes, thus demonstrating phage infection of genetically diverse ESBL/AmpC E. coli.

Thehost rangeanalysisalsodemonstratedthateachphageshowinguniquehost rangeprofile.Whilesomephageswere infectingonlyoneora

few ESBL/AmpC E. coli, others formedplaques on nearly 40%of the entire strain collection (Figure 4). Several phages like for exampleAgtrevirus

AV101,MosigvirusAV109, andWificvirusAV127 showednarrowhost rangeswith specificity only toward their isolationhost and a fewother strains

(Figure 4). In contrast, other phages showed broad host ranges infecting ESBL/AmpC E. coli across most phylogroups and many different STs

(Figure 4; Table S2). For example,Mosigvirus AV110 and AV111, Tequatrovirus AV119 and AV120 as well as Justusliebigvirus AV123 infects be-

tween 46 and 55 strains of ESBL/AmpC E. coli (Figure 4). Finally, Phapecoctavirus AV125 and AV126 displayed the broadest host range of all

phages in the collection, infecting 84 and65 ESBL/AmpCE. coli, respectively (Figure 4). Remarkably, these phageswere not only infecting closely

related strains but also awide range of genetically diverse isolates belonging to 28 to 35different STs and six phylogroups (Table S2).Overall, the

broad complementary anddiverse host ranges suggest that singlephagesmay be combined into a cocktail covering themajority of ESBL/AmpC

E. coli diversity.

Receptor identification

To determine the bacterial receptors used for phage binding, 10-fold serial dilutions of phage stocks were spotted on lawns of wild type E. coli

ECOR4 and as well as defined deletion mutants of known phage receptors (Figure 5A). This identified the phage receptors among outer

membrane proteins BtuB, OmpA, OmpC, and Tsx as well as lipopolysaccharide (LPS) for nine phages that were able to infect wild-type

E. coli ECOR4 (Figure 5A). The LPS mutants waaC lack the conserved inner and outer LPS core and waaR only lack the distal glucose and

heptose of the outer LPS core. However, phages not infecting wild type ECOR4 could still not infect these mutants, demonstrating that

the core LPS did not mask infection of phages of the wild type (Figure 5A). In contrast, phages like AV117 infecting waaR but not waaC

may bind to remaining conserved residues of the inner or outer LPS core of ECOR4. In contrast, phages like AV111 and AV122 not infecting

either of the LPS mutants requires either the distal glucose and heptose of the outer LPS core or the O-antigen. However, ECOR4 is reported

to lack theO-antigen,43 suggesting that the receptors for AV111 andAV122may be residues of the conserved inner or outer core. Thus, the 19

phages that cannot infect ECOR4 may be dependent on the highly diverse O-antigen of E. coli, as this is quite common for E. coli phages.25

To propose receptors for the remaining Tevenvirinaephages, extracted sequences of predicted RBPs were compared by BLASTp analysis.

The well-studied Tevenvirinae phage T4 uses long tail fibers (Gp37) to interact with the host receptor.44 In addition, in phage T4 Gp38 serves

as chaperone for Gp37 folding, whereas Gp38 homologues of related Tevenvirinae phages T2 and T6 encode an adhesin responsible for

binding to the bacterial receptors.30 Amino acid alignment demonstrated that seven phages encode long tail fibers similar to phage T4 (Fig-

ure S1) as well as a chaperone showing 83–100% similarity to Gp38 of T4 (Figure S2). These phages include mosigvirus AV110, AV112, AV113,

AV116, AV117, and AV118 as well as tequatrovirus AV122, hence predicted to use their Gp37 long tail fibers to bind their receptors. Alignment

analysis identified themajor differences were observed within the Gp37 head domain (corresponding to 918–973 of gp37 of T4) of the tail tip,

previously demonstrated to be responsible for receptor binding of phage T445 (Figure S1). Phylogenetic analysis indicated that Gp37 of

phages AV110, AV112, and AV113 may bind to OmpC, as confirmed experimentally for phages AV117 and AV118 (Figures 5A and 5B). How-

ever, the involvement of LPS cannot be ruled out by this analysis. In contrast, phage AV116may be dependent on LPS for infection like AV122,

but an unidentified outer membrane protein cannot be ruled out as a secondary receptor (Figure 5B).

The remaining Tevenvirinae eight phages showed similarity to theGp38 adhesin of T2 andT6 responsible for host recognition (Figure S3). The

Gp38 adhesin of Tevenvirinae phages T2 and T6 consist of an N-terminal attaching to the long tail fibers and a C-terminal comprised five

conserved glycine-rich motifs (GRMs) and four hypervariable segments (HVSs).30 Alignment analysis demonstrated that mosigvirus AV111 as

well as tequatrovirus AV119, AV120, and AV121 are most similar to the Gp38 adhesin of T6, whereas Krischvirus AV108 and mosigvirus AV109,

AV114, and AV115 showed similarity to the Gp38 adhesin of T2 (Figure S3). In general, the main differences among all Gp38 homologues

were found within the HVSs responsible for host recognition (Figure S3). Phylogenetic analysis showed that the Gp38 adhesin of phages

AV119, AV120, and AV121 are most closely related to Gp38 of phage AV111 dependent on OmpA and LPS for infection, suggesting that these

phages depend on both receptors for infection of ECOR4 (Figures 5A and 5C). Phylogenetic analysis confirmed that the Gp38 adhesin of phage

AV109 is closely related to phages AV114 and AV115, shown to recognize Tsx, thus suggesting that phage AV109 may use this receptor as well

(Figures 5A and 5C). In contrast, phage AV108 uses OmpA as receptor and while its Gp38 adhesin showed similarities to the adhesins of AV109,

AV114, andAV115, differenceswithin theHVS3andHVS4maybe responsible forbinding to twodifferent receptors (FigureS3).Overall, ourphage

collection may target at least six different receptors, some predicted by bioinformatic analysis while others were demonstrated experimentally.
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Phage-mediated growth inhibition of ESBL/AmpC E. coli in vitro

To demonstrate the therapeutic potential of our phages, we tested the ability of selected individual phages to inhibit growth in vitro of two

different strains; ESBL102 that carries a CTX-M-1 b-lactamase on an IncI1 plasmid and ESBL145 expressing a chromosomal upregulated

AmpC. Moreover, ESBL102 and ESBL145 belong to phylogroups C and B1, as well as ST-88 and ST4663, respectively, thus representing

diverse ESBL/AmpC E. coli. At MOI of 10, single phages AV110, AV111, AV114, AV118, and AV125 inhibited growth for up to 8 h whereafter

growthwas initiated probably due to development of resistance (Figures 6A and 6B). At lowerMOIs similar patterns were observed, but with a

tendency of an earlier onset of growth and thus resistance development (data not shown). Thus, to prevent resistance development, two

phage cocktails consisting of phages targeting different receptors were designed. In both cases phapecoctavirus AV125 were included in

Figure 4. Phage host range analysis using plaque assay on 198 diverse ESBL/AmpC E. coli

Strains are grouped according to phylogeny with phylogroups marked with different colors.4 Columns indicate ST using MLST and serotypes (O- and H-antigen)

extracted from Enterobase. ND: Could not be determined. Information about isolation hosts can be found in Table 1. More than 108 pfu per mL (dark green).

Between105 to 9.99 3 107 pfu per mL (medium green). Less than 9.99 3 104 pfu per mL (light green). No plaques observed (white).
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the cocktail, as this phage infects the most strains (n = 84) (Figure 3). A remarkable feature of the Stephanstirmvirinae phages like phapecoc-

tavirus AV125, is the presence of four different sets of tail fibers and two tail spike proteins that form a structure resembling an open ‘‘nano-

sized Swiss army knife’’ with tail fibers pointing in three directions.46 Such tail structure is suggested to provide broad host specificity pro-

posed to target polysaccharides of the capsule, enterobacterial common antigen and lipopolysaccharides as receptors.25,46 We

composed one cocktail of mosigvirus AV114 (infecting 29 strains using Tsx as receptor), mosigvirus AV118 (infecting 9 strains using OmpC

as receptor) and phapecoctavirus AV125. The second cocktail was composed of mosigvirus AV110 (infecting 48 strains with the predicted

receptors LPS and OmpC), mosigvirus AV111 (infecting 46 strains using OmpA as receptor), mosigvirus AV114 (infecting 29 strains using

Tsx as receptor), and phapecoctavirus AV125. Interestingly, both cocktails were able to inhibit growth of their target strain for entire 24 h

of the experiment (Figures 6C and 6D). Overall, the results suggested that phage cocktails targeting different receptors can be used to inhibit

the growth of ESBL/AmpC E. coli in vitro and could potentially be used for biocontrol.

DISCUSSION

The rise of antibiotic resistance is a global problemwithin human and veterinary medicine. Resistance to broad spectrum b-lactam antibiotics

is found among highly diverse ESBL/AmpC E. coli with the main reservoir in livestock. Thus, there is a risk of transmission of resistant bacteria

as well as antibiotic resistance genes to farmers and consumers through direct contact to animals and food. Thus, reducingESBL/AmpC E. coli

in livestock and foods may prevent spreading of antibiotic resistance to the human reservoir and thus positively impact human health. Since

phages are a promising approach to reduce ESBL/AmpC E. coli, we established and characterized a collection of 28 diverse phages targeting

a broad range of ESBL/AmpC E. coli representing the genetic diversity found worldwide.4 Subsequently, we demonstrated application of

phages as a promising approach for biocontrol of ESBL/AmpC E. coli.

Although most of our phages fall into established genera of coliphages, exhibiting high overall nucleotide similarity over 90%, they are

distinct from their closest relatives and genus/subfamily representatives, thus expanding on coliphage diversity. In addition, the closest rel-

atives of several phages showed similarities to other phages isolated from wastewater,21,23,25 highlighting the abundance of these phages in

wastewater treatment plants across different geographical locations. Interestingly, phages AV124 and AV104 showed low overall nucleotide

similarity of 77% (96.5% identity, 80% coverage) and 66% (88.8% identity, 75% coverage), respectively, to known phages. AV124 were classified

within the Vequintavirinae subfamily (likelyMydovirus genus), whereas AV104 belongs to Kagunavirus ofDrexlerviridae. Interestingly, the few

known kagunavirus were identified through metagenomics data originating from microbiome studies.47 Phage AV124, on the other hand,

only had close relatives of phages infecting Klebsiella, thus likely explaining its narrow host range within the ESBL/AmpC E. coli. Similarly,

another narrow host range phage AV127, belonging to Rosemountvirus genus, and showed similarity to Salmonella phages only. The host

ranges of the coliphages in our collection may therefore extend to other species of Enterobactericeae such as Enterobacteria, Klebsiella, Sal-

monella, and Shigella yet most of the closely related phages infect E. coli.

Phages for biocontrol or phage therapymust be specific against the target bacterium and preferably have a broad host range to cover the

diversity of the target bacterial population. Importantly, phages of our collection combined infect all phylogroups and most of the 65 ST

groups as well as diverse O-antigens of our ESBL/AmpC E. coli collection, thus showing a broad coverage of the diversity of ESBL/AmpC

E. coli. Furthermore, isolating phages specifically targeting ESBL/AmpC E. coli significantly increased the coverage from 23% in our previous

study to 82% in the present work.4 Still, the overall susceptibility of ESBL/AmpC E. coli could be further improved by isolating phages using

ESBL/AmpC E. coli know to be resistant to phage infection. Among E. coli up to 185 diverse O-antigens of LPS have been identified.5 Thus,

some phages of our collection may have a limited host range, potentially due to targeting specific O-antigens, but this remains to be verified.

However, the long chains of O-antigen may also prevent infection by masking outer membrane protein receptors as demonstrated previ-

ously,31 thus influencing the host ranges. Interestingly, this study demonstrated that several phages within the Tevenvirinae subfamily as

well as phages belonging to Stephanstrimvirinae hadbroad host ranges covering all E. coliphylogroups and various STs not limited to specific

O-antigen of the host. To some extent, such a wide host range may be attributed to protection against anti-phage defense mechanisms by

genomic modifications, such as hyper modification of cytosine characteristic for Tevenvirinae phages also identified in our phages and rham-

nose modification in Stephanstrimvirinae phages.21,23,25,48 While the cytosine hyper modification has proved to be efficient against RM-sys-

tems for phages of Tevenvirinae subfamily, some Stephastirmvirinae phages were shown to be sensitive to many RM-systems.21,23,25,48 Thus,

suggesting that other mechanisms potentially encoded by some of the many unknown genes may allow successful infection of a wide host

range of strains.

Phages are equippedwith tail fibers or tail spikes thatmay allow recognitionof diverse surface structures displayedbyESBL/AmpCE. coli.49,50

In addition to binding specificity, tail spikes hold enzymatic activity toward their polysaccharide receptor.51,52 In contrast, tail fibers are more

diverse, with some encoding depolymerase activity for digesting surface polysaccharides and allowing the phage to reach the bacterial surface

and eventually bind a second receptor.25,46 Stephanstirmvirinae phages encode three conserved tail fibers carrying glycosidase and colanidase

activity, some phages encode an additional tail spike with N-acetylneuraminidase activity but is not found in phages AV125 and AV126 (data not

Figure 5. Identification of bacterial receptors

(A) Log10(PFU per mL) obtained from plaque assay on lawns of E. coliwild-type ECOR4 as well as ECOR4 deletionmutants as indicated. Blue: No infection ofwild

type, waaC and waaR mutants; Green: No infection of receptor mutant.

(B) Phylogenetic relatedness of long tail fibers gp37 ofMosigvirusphages AV110, AV112, AV113, AV116, AV117, andAV118 as well as Tequatrovirus phage AV122.

(C) Phylogenetic relatedness of gp38 adhesins of Krischvirus phage AV108,Mosigvirus phages AV109, AV111, AV114, and AV11 as well as Tequatrovirus phages

AV119, AV120, and AV121.
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shown). So far, the specific receptors were not determined for our Stephanstrimvirinae, but other studies have suggested that these phagesmay

initially bind to polysaccharides of enterobacterial common antigen and then to the outer core of lipopolysaccharide for DNA injection, but the

role of the specific tail fibers in host binding have not been elucidated yet.46 However, the tail fibers carrying glycosidase and colanidase activity

may be involved in degrading surface polysaccharides otherwise masking access to the receptor, thus broaden the host range of the Stephan-

strimvirinae phages. The Tevenvirinae phages of our collection encode tail fibers with similarity to homologues of either gp37 of T4 or the gp38

adhesin homologues of T2 or T6. The diversity of the tail fibers wasmainly due to variationswithin the hypervariable segments (HVSs) of the gp38

homologues of T2 or T6 and in the head domain of the tail tip of the homologues of gp37 of T4, known to influence phage binding to the host. In

accordance, phages AV110, AV112, and AV113 encoding highly similar long tail fibers showed similar host range profiles, whereas the remaining

phages using gp37 for host binding showed differences in tail fibers as well as host ranges. Interestingly, phages AV111, AV119, and AV120

showed the broadest host rangewithin our Tevenvirinaephages andwere encoding highly similar gp38 adhesins possibly targetingOmpA inde-

pendently of LPS, which may explain their relatively brad host ranges. The host ranges among these phages were quite similar, but minor dif-

ferences were observed thatmay be due to amino acid substitutions in HVS1 and the C-terminal of the three phages. Yet, it should be noted that

some Tevenvirinaephagesmay recognize different receptorswhen infecting diverse strains and that a few amino acid differences of the receptor

binding domains may change the receptor recognized by Tevenvirinae.53 Overall, the broad host range of some phages, like the Justusliebig-

virus, Phapecoctavirus, and Tevenvirinae phages suggest that they may be promising candidates for biocontrol of ESBL/AmpC E. coli.

Notably, a few studies have tested the efficacy of commercially available phage cocktails against ESBL/AmpC E. coli, including the Intesti

bacteriophage cocktail consisting of at least 23 phages infecting different bacterial species causing intestinal, urinary tract, and oral cavity

infections caused by E. coli among other bacteria.54 Yet, the cocktail has not been tested systematically against ESBL/AmpC E. coli. Here,

Figure 6. Phage-mediated growth inhibition of ESBL/AmpC E. coli in vitro

(A) Growth of ESBL102 in the absence (orange) of phages and presence of phage mosigvirus AV114 (dark blue), mosigvirus AV118 (light green), and

phapecoctavirus AV125 (light blue).

(B) Growth of ESBL145 in the absence (light red) of phages or in the presence ofmosigvirus AV110 (light purple), mosigvirus AV111 (light green), mosigvirus AV114

(dark blue), and phapecoctavirus AV125 (light blue).

(C) Growth of ESBL102 in the presence (dark green) or absence (orange) of phage cocktail consisting of mosigvirus AV114 (Tsx receptor), mosigvirus AV118

(OmpC receptor) and phapecoctavirus AV125. (D) Growth of ESBL145 in the presence (dark green) or absence (light red) of phage cocktail consisting of

mosigvirus AV110 (predicted OmpC), mosigvirus AV111 (OmpA receptor), mosigvirus AV114 (Tsx receptor), and phapecoctavirus AV125.

All experiments were done in triplicates and the mean and error bars are visualized in the graphs.
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we designed two different phage cocktails and tested their ability to inhibit growth of ESBL/AmpC E. coli in vitro using knowledge of host

ranges to select phages infecting the target strain. Similarly, for specific applications, phages for cocktails may be selected based on knowl-

edge of the target ESBL/AmpC E. coli strain. To compose themost efficient phage cocktails, we used the obtained data to select phages that

binds to diverse receptors when infecting ESBL/AmpC E. coli, thus reducing the chances of phage resistance development. Indeed, in vitro

experiments demonstrated that the phage cocktails could inhibit the growth of ESBL/AmpC E. coli strains ESBL102 and ESBL145 over 24 h

without phage resistant development. In contrast, treatment by single phages leads to resistance development within up to 8 h, thus demon-

strating the power of phage cocktails in preventing resistance development.55–59 In conclusion, the present work demonstrates that phages in

our collection are promising to target diverse ESBL/AmpC E. coli and have thus laid the foundation for further development for phage cock-

tails used for biocontrol of ESBL/AmpC E. coli.

Limitations of the study

This study describe isolation of 28 phages infecting ESBL/AmpC E. coli and provide a comprehensive host range analysis as well as receptor

identification. However, further studies are needed to better understand the biology and potential applications of these phages, for example

identification of the receptors of broad host range Phapecoctavirus as well as functional assignment of their unknown ORF. Future studies

could as well focus on the host range determinants of phages in the collection, including the role of O-antigen as well as their ability to infect

other commensals E. coli that may be beneficial for the gut health or alternatively pathogenic strains of E. coli. Additionally, the potential for

biocontrol could be further investigated by determining safety aspects as well as the ability of the phage cocktails to decolonize animals using

mice models or farm animals as well as phage resistant development in vivo.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E. coli strain ECOR 4 Ochman et al. 198460 N/A

ECOR4 DompW This study N/A

ECOR4 Dtsx This study N/A

ECOR4 DwaaC This study N/A

ECOR4 DtonB This study N/A

ECOR4 DwaaR This study N/A

ECOR4 DompF This study N/A

ECOR4 DfadL This study N/A

ECOR4 DompA This study N/A

ECOR4 DompC This study N/A

ECOR4 DfhuA This study N/A

ECOR4 DfepA This study N/A

ECOR4 DbtuB This study N/A

ECOR4 DtolC This study N/A

ECOR4 DlamB This study N/A

ESBL001-ESBL198 Vitt et al.4 ESBL strains

AV101 This study Genbank: OQ973471

AV102 This study Genbank: OR352933

AV103 This study Genbank: OR352934

AV104 This study Genbank: OR352935

AV105 This study Genbank: OR352936

AV106 This study Genbank: OR352937

AV108 This study Genbank: OR352938

AV109 This study Genbank: OR352939

AV110 This study Genbank: OR352940

AV111 This study Genbank: OR352941

AV112 This study Genbank: OR352942

AV113 This study Genbank: OR352943

AV114 This study Genbank: OR352944

AV115 This study Genbank: OR352945

AV116 This study Genbank: OR352946

AV117 This study Genbank: OR352947

AV118 This study Genbank: OR352948

AV119 This study Genbank: OR352949

AV120 This study Genbank: OR352950

AV121 This study Genbank OR352951

AV122 This study Genbank: OR352952

AV123 This study Genbank: OR352953

AV124 This study Genbank: OR352954

AV125 This study Genbank: OR352955

AV126 This study Genbank: OR352956

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Lone Brøndsted

(lobr@sund.ku.dk).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AV127 This study Genbank: OR352957

AV128 This study Genbank: OR352958

AV129 This study Genbank: OR352959

Chemicals, peptides, and recombinant proteins

Lysogeny Broth Oxid Cat# CM1023

Brain Heart Infusion broth Oxid Cat# CM1135

Cefotaxime Sigma Cat# C7912

DNase I (1 U/ml) Thermo Fisher Scientific Cat# EN0521

RNase A (10 mg/ml) Thermo Fisher Scientific Cat# EN0531

Proteinase K 50 mg/ml Thermo Fisher Scientific Cat# EO0491

Glycogen Thermo Fisher Scientific Cat# R0551

Ammonium acetate Sigma Cat#A1542

Kanamycin Sigma Cat# BP906

Ampicillin Sigma Cat# A0166

L-arabinose Sigma Cat# A3256

CaCl2 Sigma Cat# C3306

Water, nuclease-free Thermo Fisher Scientific Cat# R0582

Critical commercial assays

DNA Clean & Concentrator-25 Zymo Research Cat# D4011

Nextera XT v.3 Illumina Cat# 15031942

Quick & Easy E. coli Gene Deletion Kit Gene Bridges Cat# K006

Amplicon Taq 2x Master Mix Red Amplicon Cat# A190301

GeneJET PCR Purification Kit Thermo Fischer Scientific Cat# K0702

Oligonucleotides

Primers for deletion fragment amplification See Table S4 N/A

Primers for deletion control See Table S5 N/A

Software and algorithms

CLC Genomics Workbench v. 9.5.3 Qiagen N/A

CLC Workbench v. 21 Qiagen N/A

RAST v. 2.0 Aziz et al.61 https://rast.nmpdr.org

ARAGORN software v. 2.4.1 Laslett et al.62 http://www.ansikte.se/

ARAGORN/

BLAST v. 2.15.0 NCBI https://blast.ncbi.nlm.nih.

gov/Blast.cgi

EasyFig version v. 2.2.2 Sullivan et al.63 http://mjsull.github.io/

Easyfig/files.html

iTOL v.6 Söding et al.37 https://itol.embl.de

VirulenceFinder v. 2.0.3 Joensen et al.41 https://cge.food.dtu.dk/

services/VirulenceFinder/
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Materials availability

Bacterial isolates and bacteriophages are available by request from the lead contact under the conditions of a material transfer agree-

ment (MTA).

Data and code availability

� Assembled bacteriophage genomes have been deposited at NCBI and are publicly available as of the date of publication. For acces-

sion numbers for phage genomes see key resources table. Bacterial genomes are available at NCBI under designated Bioprojects as

noted in Table S1.
� This paper does not report original code.
� Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains

ESBL/AmpCE. coli strains (n=198) (Table S1) originating frompoultry, broilermeat or pig caecumwere collected as part of Danish surveillance

program and previously characterized.4 E. coli strains were cultured in Lysogeny Broth (LB) and LB agar (LA) (Oxoid, Roskilde, Denmark). LA

plates were supplementedwith cefotaxime (SigmaAldrich, Copenhagen, Denmark) at final concentration of 1 mg/ml. Overnight cultures were

prepared in LB with 2-3 colonies shaking at 200 rpm at 37�C for 16-20 hours. Among 198 ESBL/AmpC E. coli, 19 strains were chosen for the

isolation of the phages based on their characteristics as summarized in Figure 1.

METHOD DETAILS

Processing of animal and wastewater samples

Samples were collected from broiler faeces (n=6), pig waste (n=4); wastewater (n=2) was used to isolate phages.26 Faeces were diluted (1:10

w/v) in sterile SM buffer (0.1 M NaCl, 8 mMMgSO4, 50 mM Tris-HCl, pH 7.5), vortexed and centrifuged at 10.000 x g for 10 min at room tem-

perature. Waste and wastewater samples were centrifuged at 6000 x g for 10 min. Following centrifugation, all supernatants were filtered

through 0.45 mm filters and stored at 4�C.

Phage isolation, purification, and propagation

For isolation and purification andpropagationwe followed a previous establishedmethod.26 Depending on the size of the Petri dish used, the

bacterial lawns were prepared from 100 or 300 ml overnight cultures of isolation strains that were mixed with 4 or 10 ml of molten overlay agar

(LBov; LB broth with 0,6% Agar bacteriological no.1 (Oxoid)) and spread on 9 or 12 cm LA (LB with 1,2% agar) plates, respectively. Bacterial

lawnswere allowed to settle for 15minutes and then dried in a laminar hood for 45min to be used immediately thereafter. For phage isolation,

a total of 5 drops of 10 ml of sample were spotted on the lawns of isolation host strains and were incubated ON at 37�C aerobically. When no

plaques were detected, the samples were subjected to selective enrichment with the isolation strains: 500 ml filtered sample, 500 ml ON isola-

tion host culture and 1 ml LB mixed and incubated ON at 37�C with shaking at 180 rpm. The following day, the enrichment inoculums were

centrifuged at 10.000 x g for 10 min and ten-fold serial dilutions in SM buffer were spotted on a lawn of the enrichment strain. Up to three

plaques with different and consistent plaquemorphologies were pickedwith a pipette tip and suspended in 200-400 ml of SMbuffer, vortexed

and ten-fold diluted. A 100 ml aliquot of selected dilution(s) weremixed with 100 ml of the isolation strain in 4 ml LBov and spread on LA plates.

Each single plaque was purified for at least three rounds. Single plaques from the final purification steps were used for phage propagation on

the isolation strain and phage stocks were prepared by plate lysis method adapted from64 withmodifications. Briefly, 100 ml of predetermined

phage dilution, corresponding to a confluent lysis, was mixed with 100 ml of ON inoculum of the host strain, prepared as described above.

After 10 min, 4 ml molten LBov was added, mixed gently, and poured over a pre-made LA plate. After settling of the overlay agar, the plates

were incubated ON at 37�C. The next day, plates were examined, the layer with overlay agar was scraped off with a sterile inoculation loop,

collected into a centrifuge tube andmixedwith 5ml SM-buffer. After thorough vortexing, themixture was centrifuged at 8000 x g for 10min at

4�C and the supernatant filtered once through 0.22 mm filters and stored at 4�C.

Phage plaque assay

A double layered plaque assay was used to determine phage titers.65 Briefly, ten-fold serial dilutions (up to 10-7 - 10-8) of the phage stocks in

SM buffer were prepared and 3 droplets of 10 ml aliquots were spotted on pre-made plates of bacterial lawns. Following an overnight incu-

bation at 37�C, plaques were counted and plaque forming units per ml (PFU ml-1) were calculated for each strain.

Host range analysis

Phage host rangewas determined in two steps: spot assay and, if lysis spots were observed, plaque assaywas performed.65 For the spot assay,

bacterial lawns were prepared in 12 cm round plates as described above. Brain Heart Infusion (BHI) (Oxoid) with 1.2 % agar for the basal

plates and 0.6% agar for the overlays were used throughout the host range experiments. 10 ml of ten-fold diluted phage stocks (titers above

108 PFUml-1) were spotted on the air-dried bacterial lawns prepared with BHI 1.2 and 0.6 % agar and incubated 18-24 h at room temperature.
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To confirm phage infection for the spots with lysis, plaque assay was performed with one spot of 10 ml of each dilution. The plates were incu-

bated 18-24 h at room temperature, plaques were counted and plaque forming units (PFU) ml-1 were calculated.

Determination of receptors in E. coli strain ECOR4

Specific gene knockout strains were obtained with theQuick & Easy E. coliGene Deletion Kit (Gene Bridges). Linear gene deletion fragments

were generated by PCR (Amplicon Taq 2x Master Mix Red) using primers designed to match the FRT-PGK-gb2-neo-FRT cassette supplied

with themutagenesis kit. Each of the primer pairs were equippedwith 50 bp 5’ extensionsmatching the terminal nucleotides of the respective

genes of the ECOR4 chromosome. PCR products were purified and concentrated using the GeneJET PCR Purification Kit (Thermo Fischer

Scientific) by elution in 10 ml nuclease-free water. First, E. coli ECOR4 were made competent by inoculation of 1 ml of an overnight culture

in 100 ml fresh LB and incubation for 2.5 hours at 37�C with shaking at 180 rpm. The cells were put on ice for 10 min and collected by centri-

fugation at 4�C for 3 min at 4500 x g followed by two washes in 20 ml ice-cold 0.1 M CaCl2 before resuspension in 5 ml ice-cold 0.1 M CaCl2.

100 ml of competent cells were incubated on ice with 1 ml purified pRedET (amp) plasmid for 30 min before heat shock for 1 min at 42�C and

addition of 900 ml LB followed by incubation for 1 hour at 30�C with shaking at 180 rpm. Cells were plated on LA containing 100 mg/ml ampi-

cillin and incubated overnight at 30�C. Next, ECOR4 bearing the Red/ET expression plasmid were grown in a shaking flask in LB plus 100 mg/

ml ampicillin at 30�C until an OD600 of 0.3 followed by addition of L-arabinose at 0.35% final concentration and continued growth at 37�C for

1 hour. Cells were cooled on ice andwashed four times in ice-coldwater (2 times 1 volume, 1 time½ the volume, and 1 time 1/4 the volume) and

gently resuspended in 1/100 the volume of ice-cold water. 50 ml of cells were added 2 ml of concentrated deletion fragment and electropo-

rated in pre-chilled 0.2 cm electroporation cuvettes using a MicroPulser Electroporator (Bio-Rad) at Ec2 settings. Fresh LB was added, and

cells were incubated at 37�C for 2-3 hours before plating on LA containing 50 mg/ml kanamycin and overnight incubation at 37�C. Successful
gene knockout was confirmedwith gene-specific primers for respective target genes. After the construction of the ECOR4mutants, the phage

infectivity was evaluated using a normal plaque assay (see STAR Methods above).

Single bacteriophage and bacteriophage cocktail growth inhibition assay

Growth inhibition effect of ESBL/AmpC E. coli strains was performed following previous described method.59 Firstly, ESBL/AmpC E. coli

strains ESBL102 and ESBL145was chosen as hosts because of their genetic diversity. Secondly, Phages AV114, AV118 and AV125were chosen

as phage cocktail against ESBL102 whereas phages AV110, AV111, AV114 and AV125 were combined against ESBL145. Both single phages

and the cocktail were evaluated for their growth inhibition ability against the strains. A single colony of each strain were inoculated in 5 mL LB

media and incubated overnight at 37�C and 180 rpm. The following morning, the cultures were diluted to 1*10^8 CFU/mL and 100 mL of the

culture was added to 96 wells plates (TPP). Afterwards, the phages (MOI of 10) were added to the samples and the plates were incubated in

Gen5 plate reader (Agilent BioTek) for 24 hours at 37�C andOD600 values were determinate every 15minutes. ESBL102 and ESBL145 without

phages were used as negative controls. The growth inhibition assay was done in three triplicates and the standard deviations were calculated

in GraphPad Prism9 (version 9.5.0).

DNA extraction and sequencing

High titer (>108 PFU ml-1) phage stocks were subjected to DNA extraction and purification by ethanol precipitation with modifications.66

Briefly, phage stocks were treated with RNase A (Thermo Fischer Scientific, Waltham, MA, USA) and DNAse I (Thermo Fischer Scientific)

at final concentrations of 10 and 20 mg ml-1 and incubated at 37�C for 1-2 h. Phage DNA was released from capsids by treatment with

proteinase K (50 mg/ml, Thermo Fischer Scientific) in the presence of SDS (0.5%) at 56�C overnight. After cooling the samples to room tem-

perature, DNA was precipitated with 0.1 volume of 3 M sodium acetate (pH 5.5), glycogen (final concentration of 0.05 mg/ml, Thermo Fischer

Scientific) and 2.5 volumes of ice-cold ethanol (96%) were added and incubated 2-6 days at -20�C. Precipitated DNA was centrifuged at

10000rpm for 30 min and washed two times with 70% ice-cold ethanol (10000rpm, 20 min). Pellets with DNA were air-dried at 37�C and dis-

solved in 10 mM Tris-HCl (pH 8) at 4�C overnight. Dissolved DNA was further purified using DNA Clean & Concentrator-25 (Zymo Research)

following manufacturer’s instructions with elution in 50-150 ml of 10 mM Tris-HCl (pH 8). DNA concentrations were measured using Qubit

(Thermo Fischer Scientific) and DNA libraries were prepared using Nextera XT v.3 (Illumina, San Diego, CA, USA) kit. Next generation

sequencing was performed using MiSeq (Illumina) platform with paired-end (2 X 250-bp) mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

Genome assembly and analyses

The sequences were de novo assembled using CLC Genomics Workbench 9.5.3 (Qiagen Digital Insights, Aarhus, Denmark). Open reading

frames and tRNAs were detected and annotated automatically using Rapid Annotation Subsystem Technology RAST version 2.061[NO_PRIN-

TED_FORM]. tRNAs were additionally determined with ARAGORN software.62 All tools were run with default parameters. The phages were

assigned their taxonomy by overall genome BLAST similarities to their closest phage genome available at the NCBI.

Bioinformatics analyses

The 19 isolating ESBL/AmpCE. coli genomeswas extracted fromEnterobase and a phylogenetic tree based on their cgMLSTwas visualized in

iTOL v. 6 using default settings.37 CLCWorkbench version 22 (Qiagen Digital Insights, Aarhus, Denmark) was used to alignment of all phage
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genomes with the default settings (minimum initial seed length: 15, allow mismatches in seeds: yes and minimum alignment block length:

100). Pairwise comparison of the analysis was conducted to create a heatmap displaying the average nucleotide identity (ANI) using default

settings (table types: ANI, distancemeasure: euclideandistance and linkage criteria: complete linkage). Easyfig version 2.2.5with 0.4minimum

identity for BLAST setting was used to align and visualize the phage genomes in the Tequatrovirus, Mosigvirus and Phapecoctavirus genera

(Sullivan, Petty, and Beatson 2011). Furthermore, ClustalO67 available in CLC was used for alignment of receptor binding protein sequences

(Gp37 and Gp38) of the phages in the Tevenvirnae subfamily with default settings; Gap cost 10, gap extension cost 1, end gap cost: as any

others and alignment mode: very accurate. VirulenceFinder version 241 was used to estimate if any virulence genes were present in the phage

genomes. The Gp37 of phage T4 (Accession number MT984581) and Gp38 of phage T2 (Accession number MH751506) and T6 (Accession

number AP018814) was used for alignment of the Gp37 and Gp38 of Tevenvirinae phages isolated in the study.
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