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ABSTRACT

Genetic characterization of bacteriophage evolution with multidrug-
resistant Escherichia coli

Ricardo Enrique Abadie Saenz

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Dongeun Yong)

Multidrug-resistant (MDR) bacteria are one of the major threats to global public
health. MDR Escherichia coli (EC), especially carbapenem-resisters are one of
the most urgent threats causing serious infections, necessitating novel treatment
strategies. Bacteriophages (phages), viruses that can kill bacteria, are being
explored as an alternative to combat MDR bacterial infections. However, phage
resistance and limited host range are challenges. This study conducted a short-
term lab experiment to evolve phages targeting multidrug-resistant E. coli. A
cocktail of four phages was co-cultured with two sets of 11 E. coli strains each
for 30 rounds, with the goal of broadening host range and understanding the
underlying genetic mechanisms. Set-1 included phage-resistant mutant EC strains
(®R-Mut), while set-2 included naturally phage-resistant EC strains (Nat-®R).
After 30 rounds, two evolved phages (EC_7.1® and EC_9.1®) were isolated from
set-1, showing recombination events and mutations affecting tail structures
proteins, suggesting their potential contribution to the phages' re-adaptation to
the ®R-Mut strains. In set-2, three phages (EC_6.2®, EC_8.2®, and EC_110)
were obtained. EC_6.2® had insufficient titer for further analysis, while EC_8.2®
and EC 11® were nearly genetically identical. EC 8.2® displayed genetic
dissimilarity to the four original/parent phages but exhibited DNA homology with
prophage regions of a Nat-®R strain (EC 5.2). These findings suggest that

viii



phages evolve more rapidly to counteradapt against hosts that were previously
sensitive to the phage, and prophages from bacterial genomes can "jump" to infect
other bacterial strains. This research offers potential for developing phages
capable of countering phage-resistant mutants and inducing prophages from
bacterial genomes, potentially expanding their host range for more effective

phage applications.

Key words: bacteriophage, MDR E. coli, phage-resistant mutants, phage evolution,

prophage induction.

The author of this thesis is a Global Korea Scholarship scholar sponsored by the

Korean Government



Genetic characterization of bacteriophage evolution with multidrug-
resistant Escherichia coli

Ricardo Enrique Abadie Saenz

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Dongeun Yong)

I. INTRODUCTION

Escherichia coli are a large and diverse group of bacteria of the order
Enterobacterales found in the environment, foods, and intestines of people and
animals. Although most strains of E. coli are harmless, others are pathogenic
causing gastrointestinal infections, urinary tract infections, respiratory illness,
pneumonia, and among others', with community-associated as well as

nosocomial infections %3,

The emergence of multidrug-resistant (MDR) bacteria is a global health threat
and concert with an urgent need for attention and a solution. Multidrug-resistant .
coli are globally distributed in healthcare facilities and are increasingly being
found in the community * 3. Especially carbapenem-resistant Enterobacterales
(CRE) where are included E. coli, have the major threat to the global health by

increasing health care expenses, hospitalization time, morbidity, and death®.

Bacteriophages, or phages, are the most abundant microorganisms in the planet
where are present in all areas where bacteria grow and play a significant role in
the population dynamics and evolution of their host’. Phages are viruses that can
infect and kill specifically bacteria by hijacking the host bacteria’s metabolic
mechanisms to replicate and to produce multiple progeny phages that leads with

the host lysis®°.



Nowadays phages are being extensively studied as an alternative for treatment
of multi-drug resistant (MDR) bacterial infection. And it was demonstrated that
phages are safe and effective in reducing a pathogenic intestinal bacteria burden
in vivo where in many cases the use of antibiotics to slow down the spread of the
disease is not recommended because of their side effects on the resident
microbiota and the selection of antibiotic-resistant bacteria'®. Phage infectivity is
very strain host-specific, infecting only the target bacteria while not affecting

other bacteria or cell lines of another organism!!.

However, bacteria, alike with antibiotics, can also become resistant to

12115 " which could be unfavorable for phage therapy'.

bacteriophage infection
Bacteria can become resistant to phage through different mechanisms, including
surface modification by spontaneous mutation, CRISPR-CAS bacterial adaptive
immune system and restriction modification systems'?. Additionally, another
concert about phage application is the narrow host range of some phages,
generating a necessity to isolate new phages with a wider host spectrum!®. There
are many efforts in research to improve the efficacy of phage application,
including phage evolution or phage training, cocktail of phages targeting different
receptors, genetically engineered phages, and combination of phages with

antibiotics!31> 1720,

The objectives of this study are 1) to generate novel and more effective evolved
phages in vitro with an expanded host range, and adapting to phage-resistant £.
coli mutants. This aims to address the limitations of phage narrow host ranges
and phage resistance; and 2) to evaluate the genetic mechanism of this

evolutionary process on the phages.



II. RESEARCH METHOD

1. Bacterial strains and original phages

A. Escherichia coli strains

Clinical E. coli strains were provided by our laboratory. The criteria for
multidrug resistance were those E. coli strains that are resistant to one or more
antibiotics in three or more antimicrobial classes?!. The selection and initial
typification of E. coli strains were according to their antibiotic and phage
susceptibility profile. The antibiotic susceptibility test (AST) of the E. coli strains
was determined by disk diffusion. All interpretations were according to the
Clinical and Laboratory Standards Institute (CLSI) guideline?. In total 17 clinical
E. coli strains with different antibiotic/phage susceptibility profiles were selected
and distributed in 2 sets with 11 E. coli strains each to use them for the phage

evolution experiment.

B. Original phages

The 4 parent bacteriophages targeting E. coli to form the cocktail were
selected from our laboratory phage bank based on their different host range and
2 of them with high genetic homology. These 4 phages are the phage EC 10
(3697.10), EC 20 (1005®), EC_3® (3415®), and the phage EC 4® (3697.20).
The phages’ WGSs were previously performed.

C. Phage-resistant E. coli mutants

A group of E. coli strains that initially were sensitive to some of the four
phages of the cocktail were selected. To make phage-resistant £. coli mutants, the
phage with each selected E. coli strains were prolongly cultured (= 24 hours) in
Luria-Bertani (LB) broth, after that, an inoculum from the co-culture were taken

and streaked on MH agar plates and incubated overnight. Next day, up to 5



potential phage-resistant colonies per plate were selected and contrasted with the
phage by spotting the phage onto lawns of each individual colony and incubated
at 37°C overnight. Colonies that did not show lysis by the phage on the spot arca

were considered as phage-resistant mutants.

2. Bacteriophage training/evolution

A. E. coli strain sets conformation for the phage training

For the phage evolution/training experiment, we utilized 17 clinical E.
coli strains selected and distributed across two sets, with 11 E. coli strains each.

(Table 1).

Set-1 consisted of three strains that were susceptible to the phage
cocktail, serving as phage propagation hosts. Additionally, it included six phage-
resistant E. coli mutants against the phages in the cocktail, and two naturally

phage-resistant E. coli strains to the cocktail's phages.

Set-2 was composed of the same three strains susceptible to the phage
cocktail for phage propagation. It also included eight naturally resistant strains to

the phages in the cocktail, with two strains overlapping with those in Set-1.



Table 1. Escherichia coli strain sets conformation for the phage evolution
experiment

E. coli strain sets conformation

Set

phages' hosts phage-refractory strains
®-R.Mut (6):
1 3): EC 4.1, EC 5.1, EC 6.1
EC 1 EC_7.1,EC_8.1,EC 9.1 Nat.®-R (2):
EC_2 Nat.®-R (6) EC_10EC_11
2 EC 3 EC_4.2, EC 5.2, EC 6.2

EC_7.2,EC_8.2,EC_9.2

®-R.Mut phage-resistant mutant strains
Nat.®-R naturally phage-resistant strains (no mutants)

B. Appelmans protocol for the phage evolution experiment

For the phage evolution/training experiment, a protocol called
Appelmans protocol, was performed as described by Burrowes et al., 2019 1" with
some adaptations. Phage titer of each phage were determined to make the initial
input cocktail by combining the four phages (~10'° PFU/mL each). Then 100 puL
of the phage cocktail and its serial dilutions (until 10~ dilution) were added to the
96-well microplate for each strain of the bacteria sets and right after 100 pL of
the bacterial strain suspension (10 puL of overnight culture in 1mL of LB broth)

were added. (Fig. 1).

Later the 96-well microplate were incubated on a shaker incubator at
37°C and 150-200 rpm overnight (16 — 18 hr.). After incubation, the microplate
was inspected for wells showing lysis. All wells showing complete lysis and their
next dilution were pooled. If not lysis wells were seen, the undulated well was
pooled. Pooled lysates were treated with chloroform 1% and centrifuged at
15000xg for 15 min and filtrated through a 0.22 um filter. This filtration was the

round 1 cocktail and the method was repeated until round 30. Host range was



performed for the cocktails of the 10", 20™, and 30™ rounds to determine the

presence of evolved phages (phages that acquired new ability to infect new hosts).

Dilution of cocktail
Setl Set?2
10%10210" 10°  10°10710™ 10°
H G F E D CB A

1
2
3
e 4
S 5
[
3 7
w g
9
10
11
+/-C 12

Figure 1. Schematic representation of the 96-well-plate for the phage
evolution experiment. +/-C = positive and negative controls (only bacteria and
only media, respectively).



C. Evolved phage isolation and propagation

From the round 30 pooled lysis cocktail, individual evolved phages that
acquired new ability to infect new hosts (phage-resistant mutant strains or
naturally phage-resistant strains) were 3 times purified on their respective new
host by double-layer overlay technique?. Briefly 100 pl of the round 30 cocktail
(diluted) was mixed with 100 pl of an overnight culture of the new host in a tube
with 4 ml of molten soft agar at 55°C, and then pouring on MH plate and
incubated overnight at 37°C. Next day, single phage plaques on a double-layer
overlay were harvested by removing the plaque with an inoculation loop/needle
and transferring it to a 1 ml of Sodium-Magnesium (SM) buffer. Then the double-
layer overlay method was repeated 3 times and finally a single plaque was

isolated

For the phage propagation and store we used the polyethylene glycol
(PEG) - sodium chloride (NaCl) precipitation method 2*2* with some adaptations.
Briefly, first we made a stock solution of PEG/NaCl (3x) which consisted in PEG
6000 to 8000 (30% w/v) and NaCl (3 M) in ddH»0 and autoclaved. Then the
purified phage was mixed with a fresh culture of its respective host in 30 ml of
LB broth at multiplicity of infection (MOI) of ~0.1 and incubated overnight-
shaking. Next day, phage-bacteria culture was centrifuged at 10,000 x g for 10
minutes at 4°C, and the phage-rich supernatant was filtered through a 0.22 um
filter. 15 ml of the stock solution PEG/NaCl (3X) was mixed with the 30 ml
filtered supernatant making a final concentration of PEG 10% and NaCl 1 M and
incubated overnight at 4°C. The following day, the PEG/NaCl-phage complex
was obtained after centrifugation at 15,000 x g for 1 hour at 4°C. Then, the
supernatant was discarded and the pellet was resuspended in 1.5 ml of SM buffer

and then filtered with a 0.22 pum filter and stored at 4°C for further studies.



3. Original and evolved phage characterization

Host range?, adsorption, one-step growth, and lysis assays were conducted

23,25

according previously described methods with some modification.

A. Host range

First host range screening of the original and evolved phages was
performed against their respective set of E. coli strain with a high phage titer (>
10° PFU/ml) by spot test. For this the phage solution was then spotted (10 ul)
onto lawns of each individual bacteria (double-layer overlay agar) and incubated
at 37°C overnight and next day the plates were examined for the presence of lysis
or plaques on the phage spot. Second host range screening of the original and
evolved phages was performed against a panel of 40 E. coli strains, including the
17 strains from the two sets, and in here the high phage titer (~ 10° PFU/ml) and
its serial dilutions were spotted on the bacteria lawn to observe the presence of

plaques that could confirm real infection.

B. Adsorption rate assay

The adsorption rate assay determined the ratio of phage attachment in the
bacterial cell to observe the impact of the phage on bacteria®®. The procedure
consisted in adding the phage to the host bacterial suspension (~10° CFU/ml) at
aMOI of 0.001. Subsequently, samples were subjected to filtration through a 0.22
um syringe filter at different time points (0, 1, 2, 3, 4, 5, 10, 20 and 30 minutes)
to separate unabsorbed phage particles. The titer of the phage in the filtered

samples was then determined using the double-layered agar method.

C. One-step growth assay

One-step growth assay allowed us to determine the bacteriophage yield

during an infection cycle, and this experiment let us know, as well, the latent



period and burst size with the growth of the phage?* %. Fir this test, 30 ml of host
bacterial suspension (~107 CFU/ml) was centrifuged at 10,000 x g for 15 minutes
at 4°C. After removing the supernatant, the bacteria-rich pellet was reconstituted
with 10 ml of LB broth and the phage at MOI 0.001, and then the sample was
incubated at room temperature for 10 to 30 minutes (depending of the phage
adsorption rate time previously determined) to allow for phage adsorption.
Following this, the sample was subjected to centrifugation at 12,000 x g for 10
min at 4°C, and the supernatant was discarded to isolate the phage that had
attached to the bacteria located in the pellet. This pellet was then resuspended in
10 ml of fresh LB broth and subjected to incubation at 37°C shaking. Phage
samples were collected at 5S-minute intervals for 100 minutes, and their titers were

determined using the double-layered agar method.

D. Lysis test

Lysis assay determines how effective the bacteriophage is at killing the
bacteria at different multiplicity of infection (MOI) over a period of time. For
this, the bacterial solution (~107 CFU/ml) was mixed with the phage at MOIs of
10, 1, and 0.1 in a 96-well plate. The plate was then incubated afor24 hours at
37°C and optical density (OD600) was measured at hourly intervals using the
VersaMax™ ELISA Microplate Reader and data collection using the Softmax®
Pro version 5.4.1 (Molecular Devices, San Jose, CA, USA).



4. Phage and bacteria genome analysis

A. DNA extraction and whole genome sequencing (WGS)

Phage DNA was isolated for WGS using the phage DNA Isolation Kit
(Norgen Biotek Corp., Canada) according to manufacturer’s instructions.
Bacterial genomic DNA of all E. coli strains from both sets were isolated using
FastDNA Spin Kit for Soil (MP Biomedicals, Irvine, CA, USA) following the
manufacturer’s instructions. The WGS of the phages was conducted by Macrogen,
Inc (Seoul, Korea) utilizing the [llumina platform, and the DeNovo assembly was
performed by various k-mer using SPAdes (Platanus-alle for EC 7.1®). The
WGS of the bacteria strains was executed by the Yonsei Laboratory Medicine
Department, and the DeNovo assembly was performed using Geneious (Geneious
Prime 2023.2.1;).

B. Multi-locus sequence typing (MLST) and the phylogenetic tree
construction
Multi-locus sequence typing (MLST) and the phylogenetic tree
construction were performed to determine the genetic diversity of both sets of E.
coli strains used in this study. For this we used the whole genome sequencing
(WGS) information of the E. coli strains. The MLST and the phylogenetic tree
(by CSIPhylogeny tool) were determined and constructed, respectively, using the
free online bioinformatics services provided by Center for Genomic

Epidemiology, DTU, Denmark?” 28 at https://www.genomicepidemiology.org.

And the visualization and design of the phylogenetic tree was made using

Geneious Prime® 2023.2.1 program.

10
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C. Resistance genes and point mutations in resistance-determining
regions detection

The resistance genes and point mutations in resistance-determining

regions from the WGS data of the 17 E. coli strains were detected using the tool

ResFinder 4.1 on the free online bioinformatics services provided by Center for

Genomic Epidemiology, DTU, Denmark?%-31,

(https://www.genomicepidemiology.org).

D. Prophage regions identification

Prophage regions in the bacterial genomes were identified using PHAge
Search Tool Enhanced Release (PHASTER)*? (https://phaster.ca/).

E. Phage genomes alignment and annotation

The phage genome sequences were annotated using Rapid Annotations
Subsystems Technology®® (RAST; http://rast.nmpdr.org/) and BLASTP (NCBI,;

https://www.ncbi.nlm.nih.gov/) and genome alignment was performed using the

NCBI Blastn suite, and the visualization/display was done using Progressive
MAUVE and Easyfig version 2.2.5.

F. Detection of the genetic mechanisms of the evolved phages

For determining the genetic mechanisms of the evolved phages: origin,
recombination events and mutations were visualized through the alignment
between the annotated genomes of the original phages (or EC_5.2 prophage
regions for EC.8.2 @) vs the evolved phages using MAFFT3*through Geneious
Prime® 2023.2.1 program, and BLASTP (NCBI; https://www.ncbi.nlm.nih.gov/)

was performed to detect the substitution of amino acids in mutated ORFs

11
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E. Prophage induction experiment

We executed experiment to induce prophages in the genome of the 17 E.
coli strains using mitomycin C (mitC), which is well known for prophage
induction. This experiment was conducted as described before with some
modifications®. Briefly, 40l of overnight culture of each bacterium were added
to 2 tubes with 4 ml of LB broth each and incubated at 37°C shaking for 1 h
(ODgoo = 0.15 ~ 0.2). At that moment, one tube was left as a control were no
inducing agent was added (to observe spontaneous induction of prophages), and
in the second tube was added mitomycin C to a final concentration of 1pg/ml.
Then both tubes were incubated for 4 h more at 37°C shaking to be after
centrifuged at 7000 x g for 10 min at 4°C and the supernatant filtrated through a
0.22 pum syringe filter. Finally, the filtered supernatant was analyzed to observer

the presence of induced prophages by spot test.
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ITI. RESULTS

1. Escherichia coli strains and original phage

A. Escherichia coli strains

(1) Antibiotic susceptibility profile

Among the 17 isolates of E. coli strains, 88.2% (15/17) were resistant to
ampicillin, 76.5% (13/17) to ciprofloxacin, 70.6% (12/17) to cefotaxime, 64.7%
to amoxicillin-clavulanate, piperacillin-tazobactam, cefepime, ceftazidime and
aztreonam each, 47.1 (8/17) to trimethoprim-sulfamethoxazole and ertapenem
each, 41.2% (7/17) to cefoxitin and meropenem each, 35.3% (6/17) to tetracycline,
29.4% (5/17), and 11.8% (2/17) to amikacin. Among the 17 EC strains 82.4%
(14/17) were considered as multi-drug resistant (MDR) strains (non-susceptible
to 1 drug in 3 antimicrobial classes) and 47.1% (8/17) were carbapenem-resistant
E. coli strains (CREC). It should be noted that EC strains EC_7.1 (1005_¢R) and
EC 8.1 (3415_ ¢R) are the phage-resistant mutants of the strains EC_2 (1005)
and EC 3 (3415), respectively. Table 2.

(2) Multi-locus sequence type (MLST) and phylogenetic tree
construction
Among all the 17 E. coli strains distributed in the 2 sets, the strain
EC_5.1 belongs to the sequence type (ST) 95, the strain EC_4.1 to ST998 and the
EC 9.2 to ST73, the strains EC 5.2, EC 7.2, EC 8.2 and EC_11 all belong to
the ST131, the strains EC_1 and EC_6.1 belong to the ST1193, the strain EC_10
to ST48, the strains EC_2, EC_7.1and EC_9.1 all belong to the ST224, the strain
EC_4.2to ST405, and the strains EC_3, EC_8.1 and EC_6.2 belong to the ST38.

(Fig. 2).
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Table 2. Antibiotic susceptibility profiles of the sets of Escherichia coli

AMINGGLY TLACTAM COMBINATION MONGBACTA — FLUORG  FOLATE TETRACYCL
PENNICILINS CEPHALOSPORINS CARBAPENEMS Drug-
cosiEs AGENTS MS_ QUINOLONES PATHWAY NES .
o ™ TP resistance
. Amoxicilin-  Piperacilln-
Bacteria code  Amikacin Ampicilin "““I‘" " "'::' "™ Cefepime  Cefomxime  Cefoxitn  Cefazidime  Aztreonam  Ciprofloxacin sufamethoxazo Erapenem Imipenem  Meropenem  Tetracycline definition
dlavulanate  tazobactam

mm Int. mm Int. mm Int. mm It mm . mm . mm It mm . mm . mm It mm e mm . mm It mm e mm  Ine. and MDR %

1005 EC_2

65-1 R EC 4.1
13242 R EC 5.1
21161 REC 6.1
1005 R EC_7.1
3415 R EC_8.1
3959 oR EC_9.1
28-1-1 EC_10
478 EC_11
20152 EC 4.2
2016-6 EC_5.2
2016-9 EC 6.2
2017-6 EC 7.2
2017-10 EC_8.2
20-7-1 EC 9.2
() 64.7 64.7 70.6 41.2 64.7 1 d 29.4
mm = diameter of inhibition in mm; int. = interpretation; S = susceptible; I = intermediate; R = resistant; MDR = multidrug-

resistant; CR = carbapenem-resistant.

0.0992

O EC_5.1(ST95)

EC_4.1 (5T998)
0.0182

D1 EC9.2 (5T73)

EC_5.2 (ST131)
EC_8.2 (ST131)
y EC_11 (ST131)

EC_ 7.2 (ST131)

EC_1 (sT1193)
0.0449

0024 EC_6.1 (ST1193)

EC_10 (5T48)

EC_9.1 (5T224)

) EC_2 (5T224)

EC_7.1 (5T224)

EC_4.2 (ST405)

EC_6.2 (ST3§)

) EC_3 (ST28)

EC_8.1 (ST38)

Figure 2. Phylogenetic tree and MLST of the 17 E. coli strains from the both
sets. Same color means closer related strains.
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(3) Antibiotic resistance genes and point mutations in resistance-
determining regions

Among the WGS data for 17 E. coli strains, the following resistance

genes and point mutations in resistance-determining regions were identified

(either complete or partial), with the number of strains found indicated in square

brackets. See details in Table 3.

Resistance genes: For beta-lactam resistance: blaTEM-1B [6],
blaCTX-M-15 [5], blaOXA-1 [3], blaKPC-2 [3], blaSHV-182 [3], blaKPC-3 [2],
blaOXA-9 [2], blaTEM-1A [2], blaCMY-2 [2], blaCTX-M-14 [2], blaOXA-48
[1], blaCTX-M-27 [1] and blaCTX-M-55 [1]. Genes in bold encode the
production of carbapenemases. For aminoglycoside resistance: aadA5 [5], aadA2
[3], aac(3)-11d [3], aph(3")-1b [3], aph(6)-Id [3], aph(3")-la [2], aac(3)-lia [2] and
aadAl [1]. For fluoroquinolone and aminoglycoside resistance: aac(6")-Ib-cr [3].
For fluoroguinolone resistance: gnrS1 [1]. For macrolide resistance: mph(A) [8]
and erm(B) [2]. For phenicol resistance: catB3 [3], cmlAl [1], floR [1]. For
folate pathway antagonist resistance: sull [7] and sul2 [2] for sulfamethoxazole
resistance, dfrAl7 [5], dfrA12 [3] and dfrAl5 [1] for trimethoprim resistance.
For tetracycline resistance: tet(A) [5] and tet(M) [1]. For disinfectant resistance:
SitABCD [13] for hydrogen peroxide resistance, gacE [7] and gacL [1] for

guaternary ammonium compound resistance.

Point mutations in resistance-determining regions: Point mutations
in quinolone resistance-determining regions for nalidixic acid and ciprofloxacin
resistance: gyrA p.S83L [14], gyrA p.D87N [11], gyrA p.D87Y [2], parC p.S80I
[13], parE p.S458A [6], parC p.E84V [4], parE p.I529L [4], parE p.L416F [2].
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Table 3. Antibiotic resistance genes and point mutations in resistance-
determining regions of the 17 E. coli strains from both sets

Bacteria Resistance . Identity Coverage Accession
Code gene Mutation % ty % g Phenotype 0.
aadA5 100 100 Aminoglycoside resistance AF137361
blaCMY-2 100 100 Beta-lactam resistance X91840
dfrA17 100 100 Trimethoprim resistance FJ460238
mph(A) 100 100 Macrolide resistance D16251
EC 1 gacE 100 84.68 Disinfectant resistance X68232
(369_7) SitABCD 97.34 99.74 Disinfectant resistance AY598030
sull 100 100 Sulphonamide resistance U12338
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S80I Quinolone resistance
parE p.L416F Quinolone resistance
blaCTX-M-15 100 100 Beta-lactam resistance Alternate name; UOE-1  AY044436
blakPC-2 100 100 Beta-lactam resistance AY034847
blaOXA-9 99.88 100 Beta-lactam resistance KQ089875
EC 2 blaTEM-1A 99.88 100 Beta-lactam resistance Alternate name; RblaTEM-1 HM749966
(100-5) SitABCD 97.42 99.60 Disinfectant resistance AY598030
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S801 Quinolone resistance
parE p.S458A Quinolone resistance
aac(3)-la 99.88 100 Aminoglycoside resistance CP023555
aadA2 100 100 Aminoglycoside resistance JQ364967
blaCTX-M-14 100 100 Beta-lactam resistance AF252622
blaKPC-3 100 100 Beta-lactam resistance HM769262
blaSHV-182 99.88 100 Beta-lactam resistance KP050489
dfrA12 100 100 Trimethoprim resistance AM040708
EC_3 erm(B) 99.86 100 Macrolide resistance JN899585
(3415) mph(A) 100 100 Macrolide resistance D16251
gacE 100 84.68 Disinfectant resistance X68232
sull 100 100 Sulphonamide resistance U12338
gyrA p.D87Y Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S80I Quinolone resistance
parE p.S458A Quinolone resistance
aac(3)-1ld 99.88 100 Aminoglycoside resistance EU022314
aadA5 100 100 Aminoglycoside resistance AF137361
aph(3")-1b 100 100 Aminoglycoside resistance AF321551
aph(6)-1d 100 100 Aminoglycoside resistance CP000971
blaTEM-1B 100 100 Beta-lactam resistance Alternate name; RblaTEM-1 AY458016
EC 41 dfrA17 100 100 Trimethoprim resistance FJ460238
©- s1 Li)R) mph(A) 100 100 Macrolide resistance D16251
- gacE 100 84.68 Disinfectant resistance X68232
SitABCD 97.34  99.74 Disinfectant resistance AY598030
sull 100 100 Sulphonamide resistance U12338
sul2 100 100 Sulphonamide resistance AY034138
tet(A) 100 100 Tetracycline resistance AJ517790
gyrA p.S83L Quinolone resistance
EC 5.1 mph(A) 100 100 Macrolide resistance D16251
(131 ey oR) SitABCD 99.1 99.74 Disinfectant resistance AY598030
— SitABCD 97.75 99.74 Disinfectant resistance AY598030
aac(3)-1ld 99.88 100 Aminoglycoside resistance EU022314
blaTEM-1B 100 100 Beta-lactam resistance Alternate name; RblaTEM-1 AY458016
sitABCD 97.34  99.74 Disinfectant resistance AY598030
EC 6.1 ik X
Q1-16-1_gR) gyrA p.D87N Qu!nolone res!stance
- gyrA p.S83L Quinolone resistance
parC p.S801 Quinolone resistance
parE p.L416F Quinolone resistance

16



Table 3. Antibiotic resistance genes and point mutations in resistance-determining
regions of the 17 E. coli strains from both sets (cont.)

Bécgsgla Res;t::ce Mutation Ideoj:lty Cov;orage Phenotype Acc:;swn
blaCTX-M-15 100 100 Beta-lactam resistance Alternate name; UOE-1 ~ AY044436
blaKPC-2 100 100 Beta-lactam resistance AY034847
blaOXA-9 99.88 100 Beta-lactam resistance KQ089875
EC 71 bIgTEM—lA 99.88 100 Beta-lactam resi_stgnce Alterna_te name; RblaTEM-1 HM749966
(100 5— oR) SitABCD 97.42 99.60 Disinfectant resistance AY598030
- gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S80I Quinolone resistance
parE p.S458A Quinolone resistance
aac(3)-lla 99.88 100 Aminoglycoside resistance CP023555
aadA2 100 100 Aminoglycoside resistance JQ364967
blaCTX-M-14 100 100 Beta-lactam resistance AF252622
blakPC-3 100 100 Beta-lactam resistance HM769262
blaSHV-182 99.88 100 Beta-lactam resistance KP050489
dfrAl12 100 100 Trimethoprim resistance AMO040708
EC 81 erm(B) 99.86 100 Macrolide resistance JN899585
(3415_¢R) mph(A) 100 100 Macrolide resistance D16251
gacE 100 84.68 Disinfectant resistance X68232
sull 100 100 Sulphonamide resistance U12338
gyrA p.D87Y Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S80l1 Quinolone resistance
parE p.S458A Quinolone resistance
blaKPC-2 100 100 Beta-lactam resistance AY034847
blaSHV-182 99.88 100 Beta-lactam resistance KP050489
EC 9.1 gyrA p.D87N Quinolone resistance
(3959_¢R) gyrA p.S83L Quinolone resistance
parC p.S80I Quinolone resistance
parE p.S458A Quinolone resistance
aadAl 100 100 Aminoglycoside resistance JQ414041
aadA2 100 100 Aminoglycoside resistance JQ364967
blaTEM-1B 100 100 Beta-lactam resistance Alternate name; RblaTEM-1 AY458016
cmiAl 99.84 100 Phenicol resistance M64556
floR 98.11 99.92 Phenicol resistance AF118107
EC_10 dfrAl2 100 100 Trimethoprim resistance AMO040708
(28-1-1) gacL 92.22 94.00 Disinfectant resistance NG_048048
tet(A) 99.92 100 Tetracycline resistance AF534183
tet(M) 96.15  99.95 Tetracycline resistance X04388
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S80l1 Quinolone resistance
aadA5 100 100 Aminoglycoside resistance AF137361
aph(3')-la 100 100 Aminoglycoside resistance V00359
aph(3")-1b 100 100 Aminoglycoside resistance AF321551
aph(6)-1d 100 100 Aminoglycoside resistance CP000971
blaCTX-M-27 100 100 Beta-lactam resistance AY156923
blaOXA-48 100 100 Beta-lactam resistance AY236073
dfrA15 100 100 Trimethoprim resistance AF221900
dfrA17 100 100 Trimethoprim resistance FJ460238
EC_11 mph(A) 100 100 Macrolide resistance D16251
(4178) gackE 100 84.68 Disinfectant resistance X68232
sull 100 100 Sulphonamide resistance U12338
sul2 100 100 Sulphonamide resistance AY034138
tet(A) 100 100 Tetracycline resistance AJ517790
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.E84V Quinolone resistance
parC p.S80l1 Quinolone resistance
parE p.1529L Quinolone resistance
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Table 3. Antibiotic resistance genes and point mutations in resistance-determining

regions of the 17 E. coli strains from both sets (cont.)

Bacteria

Resistance

Mutation

verage

Phenotype

Accession

Code

gene

Identity Co
%

%

no.

aac(3)-1ld 99.88 100 Aminoglycoside resistance EU022314
aadA5 100 100 Aminoglycoside resistance AF137361
aph(3")-1b 100 100 Aminoglycoside resistance AF321551
aph(6)-1d 100 100 Aminoglycoside resistance CP000971
blaCMY-2 100 100 Beta-lactam resistance X91840
blaTEM-1B 100 100 Beta-lactam resistance Alternate name; RblaTEM-1 AY458016
dfrA17 100 100 Trimethoprim resistance FJ460238
EC 42 mph(A) 100 100 Macrolide resistance D16251
(201-5_'2) qacE 100 84.68 Disinfectant resistance X68232
SitABCD 97.31 99.60 Disinfectant resistance AY598030
sull 100 100 Sulphonamide resistance U12338
sul2 100 100 Sulphonamide resistance AY034138
tet(A) 100 100 Tetracycline resistance AJ517790
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.S801 Quinolone resistance
parE p.S458A Quinolone resistance
aac(6')-Ib-cr 100 100 Fluoroquinolone and aminoglycoside resistance ~ DQ303918
blaCTX-M-55 100 100 Beta-lactam resistance DQ810789
blaOXA-1 100 100 Beta-lactam resistance HQ170510
catB3 100 69.83 Phenicol resistance AJ009818
EC_5.2 SitABCD 97.34 99.74 Disinfectant resistance AY598030
(2016-6) gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.E84V Quinolone resistance
parC p.S801 Quinolone resistance
parE p.I1529L Quinolone resistance
EC 6.2 aph(3')-la 100 100 Aminc_)glycoside resistance EU722351
(201_6-9) blaCTX-M-15 100 100 Beta-lactam resistance Alternate name; UOE-1 ~ AY044436
gnrsS1 100 100 Quinolone resistance AB187515
aac(6')-1b-cr 100 100 Fluoroguinolone and aminoglycoside resistance  DQ303918
blaCTX-M-15 100 100 Beta-lactam resistance Alternate name; UOE-1 ~ AY044436
blaOXA-1 100 100 Beta-lactam resistance HQ170510
blaTEM-1B 100 100 Beta-lactam resistance Alternate name; RblaTEM-1 AY458016
catB3 100 69.83 Phenicol resistance AJ009818
EC_7.2 SitABCD 97.34 99.74 Disinfectant resistance AY598030
(2017-6) tet(A) 100 100 Tetracycline resistance AJ517790
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.E84V Quinolone resistance
parC p.S801 Quinolone resistance
parE p.1529L Quinolone resistance
aac(6')-Ib-cr 100 100 Fluoroguinolone and aminoglycoside resistance  DQ303918
aadA5 100 100 Aminoglycoside resistance AF137361
blaCTX-M-15 100 100 Beta-lactam resistance Alternate name; UOE-1 ~ AY044436
blaOXA-1 100 100 Beta-lactam resistance HQ170510
blaTEM-1B 99.88 100 Beta-lactam resistance Alternate name; RblaTEM-1 AY458016
catB3 100 69.83 Phenicol resistance AJ009818
dfrA17 100 100 Trimethoprim resistance FJ460238
EC_ 82 mph(A) 100 100 Macrolide resistance D16251
(2017-10) qacE 100 84.68 Disinfectant resistance X68232
SitABCD 98.84  99.74 Disinfectant resistance AY598030
sull 100 100 Sulphonamide resistance U12338
gyrA p.D87N Quinolone resistance
gyrA p.S83L Quinolone resistance
parC p.E84V Quinolone resistance
parC p.S801 Quinolone resistance
parE p.1529L Quinolone resistance
(Ezg_7912) SitABCD 97.22 99.74 Disinfectant resistance AY598030
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(4) Prophage regions in the E. coli sets’ strains

In all the 17 E. coli strains from both sets were identified at least one
intact prophage region (Table 4). Among the 17 EC strains, in the EC_1 strain,
nine prophage regions have been identified (of which 3 regions are intact, 3
regions are questionable, and 3 regions are incomplete). In EC_2 strain, ten
prophages regions were identified (4 intact, 1 questionable, and 5 incomplete). in
EC_3 strain, ten prophage regions of which 2 are intact, 1 questionable, and 7

incomplete.

In EC_4.1 strain, nine prophages have been identified (3 intact, 2
questionable, and 4 incomplete). In EC_5.1 strain, sixteen prophage regions were
identified (6 intact, 4 questionable, 6 incomplete). The strain EC_6.1 has thirteen
prophage regions of which 6 are intact, 3 questionable, and 4 incomplete. In
EC_7.1 strain, eleven prophages have been identified (5 intact, 1 questionable,
and 5 incomplete). In EC_8.1 strain, eleven prophage regions were identified (2
intact, 2 questionable, 7 incomplete). The strain EC_9.1 has seven prophage

regions of which 1 is intact, 0 questionable, and 6 incomplete.

In EC _10 strain, eleven prophages have been identified (2 intact, 0
guestionable, and 9 incomplete). In EC_11 strain, seven prophage regions were

identified (4 intact, 1 questionable, 2 incomplete).

The strain EC_4.2 has seventeen prophage regions of which 3 are intact,
2 questionable, and 12 incomplete. In EC_5.2 strain, also seventeen prophages
have been identified (8 intact, 3 questionable, and 6 incomplete). In EC_6.2 strain,
eleven prophage regions were identified (1 intact, 1 questionable, 9 incomplete).
The strain EC_7.2 has fifteen prophage regions of which 5 are intact, 3
questionable, and 7 incomplete. In EC_8.2 strain, also fifteen prophages have
been identified (6 intact, 2 questionable, and 7 incomplete). In EC_9.2 strain, five

prophage regions were identified (2 intact, 1 questionable, 2 incomplete).
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Table 4. Prophage regions in the genome of the 17 E. coli strains

Set (BB P_rophage regions Most common prophage [intacts]
code Intact Questionable Incomplete Total
1 PHAGE_Entero_BP_4795_NC_004813(20)

3 3 3 9 PHAGE_Escher_TL_2011b_NC_019445(40)

(3697)
PHAGE_Escher_500465_1_NC_049342(12)

PHAGE_Klebsi_4L\V2017_NC_047818(30)

Set1&2  Ec 2 PHAGE_Entero_lambda_NC_001416(23)

(1005) 4 = 2 1S PHAGE_Entero_mEp460_NC_019716(10)
PHAGE_Salmon_SJ46_NC_031129(3)
EC 3 ) 1 7 0 PHAGE_Entero_P4_NC_001609(10)
(3415) PHAGE_Entero_lambda_NC_001416(17)
PHAGE_Escher_SH20265tx1_NC_049919(4)
} 6?1_4(;)11{) 3 2 4 9 PHAGE_Klebsi_4L\/2017_NC_047818(30)
B PHAGE_Entero_lambda_NC_001416(24)
PHAGE_Vibrio_X29_NC_024369(16)
PHAGE_Entero_lambda_NC_001416(17)
EC_51 o . 6 % PHAGE_Entero_HK630_NC_019723(6)
(13-24-2 ¢R) PHAGE_Escher_phivV10_NC_007804(41)
PHAGE_Salmon_SEN34_NC_028699(23)
PHAGE_Shigel_Sfll_NC_021857(24)
PHAGE_Entero_fiAA91_ss_NC_022750(25)
PHAGE_Entero_DE3_NC_042057(17)
st I_EI%I‘S'I(DR) s s . 1 PHAGE_Entero_BP_4795 NC_004813(18)
< PHAGE_Escher_500465_1 NC_049342(12)
PHAGE_Salmon_118970_sal3_NC_031940(4)
PHAGE_Escher_TL_2011b_NC_019445(39)
PHAGE_Klebsi_4LV2017_NC_047818(30)
w1 PHAGE_Entero_mEp460_NC_019716(9)
a 005 q‘jR) 5 1 5 11 PHAGE_Entero_lambda_NC_001416(22)
- PHAGE_Salmon_118970_sal3_NC_031940(13)
PHAGE_Escher_RCS47_NC_042128(3)
EC_8.1 P 2 7 1 PHAGE_Entero_lambda_NC_001416(17)
(3415_9R) PHAGE_Entero_P4_NC_001609(10)
(3'3‘5:;9&) 1 0 6 7 PHAGE_Escher_prol47_NC_028896(28)
EC_10 ) 0 0 " PHAGE_Shigel_Sfll_NC_021857(39)
(281-1) PHAGE_Klebsi_4L\/2017_NC_047818(29)
et 182 PHAGE_Burkho_phiE255_NC_009237(31)
EC 11 . N ) ; PHAGE_Entero_BP_4795_NC_004813(23)
(@179) PHAGE_Pectob_ZF40_NC_019522(12)
PHAGE_Stx2_c_1717_NC_011357(4)
PHAGE_Entero_DE3_NC_042057(20)
(Ezgﬁ'zz) 3 2 12 17 PHAGE_Escher_HK639_NC_016158(7)
PHAGE_Entero_P2_NC_001895(33)
PHAGE_Yersin_L_413C_NC_004745(15)
PHAGE_Entero_P88_NC_026014(42)
PHAGE_Entero_cdtl_NC_009514(6)
EC_52 8 s 6 . PHAGE_Pectob_ZF40_NC_019522(12)
(2016-6) PHAGE_Entero_BP_4795_NC_004813(22)
PHAGE_Yersin_L_413C_NC_004745(23)
PHAGE_Entero_mEp460_NC_019716(32)
PHAGE_Stx2_c_Stx2a_F451_NC_049924(3)
Eﬁzﬁé 1 1 9 11 PHAGE_Stx2_c_Stx2a_F451_NC_049924(3)
iz PHAGE_Entero_P88_NC_026014(31)
EC_7.2 PHAGE_Burkho_BcepMu_NC_005882(31)
e 5 3 7 15 PHAGE_Entero_BP_4795_NC_004813(23)
PHAGE_Pectob_ZF40_NC_019522(12)
PHAGE_Entero_BP_4795_NC_004813(8)
PHAGE_Entero_BP_4795_NC_004813(24)
PHAGE_Entero_mEp460_NC_019716(11)
EC_82 6 ) ; 5 PHAGE_Pectob_ZF40_NC_019522(12)
(2017-10) PHAGE_Burkho_phiE255_NC_009237(22)
PHAGE_Entero_P88_NC_026014(31)
PHAGE_Escher_500465_1_NC_049342(12)
EC 02 ) 1 5 s PHAGE_Entero_DE3_NC_042057(24)
@0-7-1) PHAGE_Entero_cdtl_NC_009514(6)
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B. Original phage
(1) Genome similarity between the phages of the original cocktail

For this study, we employed four different E. coli phages provided by

the phage bank of our laboratory. These 4 phages are the phage EC_1® (3697.1®),
EC 2 @ (1005®), EC 3® (3415®), and the phage EC 4® (3697.2®). The
genome alignment of the 4 bacteriophages showed that the phages EC 1® and
EC_2® had significant DNA homology (Coverage 95% and identity 98.22%).
The phages EC 3® and EC 4® did not show significant genetic similarity
between them and nor with the phages EC_1® and EC_2® (Figs. 3 and 4). The
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ce length of the phages EC_1®, EC 2®, EC 3® and EC 4® are 151,549,
9, 40,584, and 39,358 base pairs, respectively.
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Figure 3. Multiple genome alignment between original phages using
progressive MAUVE.
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Figure 4. Pairwise genome alignment between the original phages EC_1®
and EC_2® using Easyfig ver. 2.2.5.

(2) Host range of the original phages among the 17 E. coli strains
from both sets

At the beginning of the experiment, the host range of the original 4
phages among the 2 sets of E. coli strains used for the phage evolution experiment
is shown in Table 5. The phage EC_1® infects the 3 strains of the phage-
cocktail’s hosts (EC_1, EC_2, and EC_3). The phage EC_2® infects only the
strains EC_2 and EC_3. The phage EC_3® infects only the strain EC_3. The
phage EC_4® infects only the strain EC_1. And the 4-phage cocktail infects the
strains EC_1, EC 2, and EC 3.

(3) phage-resistant E. coli mutant strains

As it was mentioned in methods, the Set-1 included phage-resistant
mutants to the original phages. The strain EC_4.1 was initially susceptible to the
phage EC_1®, but after the prolonged co-culture with this phage, the strain
become resistant to that phage. The strains EC 5.1 and EC_6.1 were originally
susceptible to the phages EC_1® and EC 4®, but after the co-culture with the
two phages, became resistant to both. The strains EC_7.1 and EC_9.1 were
initially susceptible to the phages EC_1® and EC_2®, and after the prolonged
co-culture with the phage EC_1¢, both strains become EC_1® -resistant and had
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cross-resistance to the phage EC_2®. The strain EC_8.1 was originally
susceptible to the phages EC 1@, EC_2®, and EC_3®, and after the co-culture
with the EC 1@, the strain become resistant to this phage and had cross-
resistance with the phages EC 2® and EC 3®. (Tables 5 & 7).

Table 5. Initial original phages host range and E. coli bacterial sets list

Phages | Phages |
Bacterial SET-1] Elg 2|§ %@ 9r|§, £ Bacterial SET-2] §|§_ glﬁ %@ 9r|§_ g
VELUEVUIVE 3 VEVEVrUE 3
HFCeR-@A-RA2 O HFCecR-@A A2 O
= . 3697 EC_1 + - - + + =, 3697 EC 1 + - - + +
g E’ 1005 EC_2 + + - - + § E 1005 EC_2 + + - - +
8 3415 EC_3 + + + - + 8 a5 EC3 + + + - +
6-5-1_ oR EC 4.1 - - - - - 20152 EC_4.2 - - - - -
o 13242 oR EC 51 - - - - - 2016-6 EC 52 - - - - -
g 21-16-1_oR EC_6.1 - - - - - o 20169 EC 6.2 - - - - -
z 100s R EC_ 7.1 - - - - - & 2076 EC 72 - - - - -
3415 oR EC 8.1 - - - - - § 201710 EC_8.2 - - - - -
3959 oR EC_9.1 - - - - - 20-7-1 EC_ 9.2 - - - - -
= 2811 EC_10 - - - - - 2811 EC_10 - - - - -
e 4178 EC 11 - - - - - 4178 EC_11 - - - - -
+ visible lysis ®-R.Mut phage-resistant mutant strains
- no lysis Nat.®-R naturally phage-resistant strains (no mutants)
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2. Bacteriophage evolution outcome

A. Evolved phages

From Set-1-Round-30 cocktail, two evolved phages (EC_7.1® and

EC_9.1®) that acquired infectivity to phage-resistant mutant E. coli strains were
isolated. EC_7.1® phage infected the 3 cocktail’s hosts and the ®-R.Mut EC_7.1
strain. EC_9.1® phage infected two of the cocktail’s hosts and ®-R.Mut EC_8.1
and EC_9.1 strains. Notice that no visible lysis onthe EC_8.1 strain was observed
from the Set-1-rounds' cocktails, but after isolation and propagation, the EC9.1®
phage was able to infect the EC_8.1 strain. (Table 6A).

From Set-2-Round-30 cocktail, three phages (EC_6.2®, EC_8.2® and
EC_11®) infecting naturally phage-resistant E. coli strains were isolated.
EC_6.2® phage infected only the strain EC_6.2. The phages EC_8.2® and
EC_11® each infected the strains EC_8.2 and EC11. (Table 6B). EC_6.2® phage
did not produce enough titer for further analysis. EC_8.2® and EC _11® resulted

to be 99.99% identical, with just one nucleotide difference. EC_8.2® was chosen

for further analysis.
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Table 6. Original/evolved phages and rounds’ cocktails host range in the 2 sets of E. coli strains

A B
Set-1 Set-1 Set-2 Set-2
Original ®s rounds’ evolved Original ®s rounds’ evolved
Bacterial cocktail - Bacterial cocktail Ds
- S S o e B
SIS Eh . = = R & & &
SHNSHNSUNS) o o o I o O o c o o 3T
=R REER 2 = me=E PPFER IS
2 3697 EC 1 + -+ + o+ o+ o+ + . 2 3697 EC 1 + - -+ + + o+ o+ .-
T8 - T 8 -
8 1005 EC 2 + + - . + + + o+ + + X8 wspEC 2 + o+ . L + o+ o+ o+ ..
8 i — 8 = -
(@) 315 EC 3 + + + + + + 4+ + + O 3415 EC 3 + + + + + + o+ - -
ss1grEC 41 - - - - - - - - - . ms2 EC 42 - - - - - - - - o -

- 13-2420R EG 511 - - - - - - - - - - W66 EC 52 - - - - - - - - - -

E 21-16-1 R EC 6.1 - _ _ _ - - _ _ _ - 20169 EC 6.2 - _ - - - + + : + -

& . . K -

& 005 R EC 71 - - - - S e MEC 72 - - - - - - - - - -
MISOREC 81 - - - - - - - - -+ E WO EC 82 - - - - - + + E- + i -+ o+
WOREC 91 - - - - e ‘f + i -+ 2TIEC 92 - - - - - - .. .-

é - »11EC 10 - - - - - - - - - - »11EC 10 - - - - R

z AEC 11 - - - - - - - - - asEC 11 - - - - -+ AL+
+ visible lysis ®-R.Mut phage-resistant mutant strains
- no lysis Nat.®-R naturally phage-resistant strains (no mutants)
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B. Original vs evolved phages host range

A Second host range screening of the original and evolved phages was
performed against a panel of 40 E. coli strains, including the 17 strains from the
two sets. (Table 7)

The evolved phage EC_7.1® from the Set-1 displayed a host range
similar to the original phage EC_1, except for its newly acquired ability to infect
the phage-resistant mutant EC_7.1 strain. Likewise, the evolved phage EC_9.1®
from the set-1 demonstrated a host range similar to the original phage EC 2,
apart from their newfound capability to infect the phage-resistant mutants EC_8.1

strain and EC_9.1 strain.

The phage EC_8.2® derived from Set-2 exhibited a distinct spectrum of

hosts (3 out 40), compared to the host range of any of the four original phages.
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Table 7. Host range of the original and evolved phages against a panel of 40 Escherichia coli strains

Bacteria code
1 2 3 45 6 7 8 9 101112 13 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
_aa
2% zzz 5 &
Phage $ 937998686, asose a8l
7 3 8w W T g6 6 _
sggtdzE85282E23¢E 238 S
@8 Jecaozceed§ieygaedygy a8
€22 o oo 9 995 58§ § NN ¥ RR22wsavy oo o7 8
I s N (s (= N == e B B B S e = =
I I I W W W WM W W W W WWmWwwwmeTIIdPYNYNPTI LI RIKLKKIIIRL VR
O EC_1® '+ + + & d + o+ 4+ 4+ L+ o+ 4+ + 4 :
EW EC_7.19 + + + S - + + + + o+ o+ o+t + A
OrP EC 20 + + - + + + By I S B .-'
EVP EC_9.1® + + + + - + + + iy I B K
OrP EC 3® + + +
OrP EC 40  + o+ 4+ + + + +
EvP EC_8.20 + + +

OrP Original phage
EvP Evolved phage

i 'Iysis and plague-forming units (PFUs) visualization in dilutions (infection)
- turbid spot but no plaques in dilutions (no infection)
- clear spot but no plaques in dilutions (no infection)

- no lysis nor plaques (no infection)
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C. Original vs evolved phages characterization

The characterization tests were made between the original phage (OrP)
vs the evolved phage (EvP) that had similar host range. The OrP EC_1® vs the
EvP EC _7.1® on the host EC_1. The Or® EC_2® vs the Ev®d EC_9.1® on the
host EC_2. And the Ev® EC_8.2® alone on its host EC_8.2.

(1) Adsorption rate

In the adsorption test between the OrP EC_1® vs the EVP EC_7.1® to
the strain EC_1 demonstrated that at 5 min the Or® EC_1® vs Ev® EC _7.1®
had absorption rate of 79.2% vs 62.7%, respectively. 93.4% vs 80.2% at 10 min,
99.1% vs 95.5% at 20 min. And the absorption ration at 30 min was 99.7% vs
99.1%, respectively. (Fig. 5A)

In the adsorption test between the OrP EC_2® vs the EVP EC_9.1® to
the strain EC_2 showed that the adsorption rate between the EC_2® vs EC_9.1®
was 18.1% vs 66.5% at 20 min, and 29.2% vs 77.8% at 30 min, respectively. (Fig.
5B).

The adsorption rate of the evolved phage EC_8.2® to the strain
EC_8.2 was 79.2% at 5 min, 93.4% at 10 min, 99.1% at 20 min, and 99.7%
at 30 min. (Fig. 5C)
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Figure 5. Adsorption rate between original phages and evolved phages. Mean
standard * deviation data are from triplicate experiments.
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(2) One-step growth

In the one-step growth test, the original phage EC_1® and the evolved
phage EC_7. 1® with the E. coli strain EC_1 had both a latent period of 35 min

and a burst size of 54 and 71 virions per infected cell, respectively. (Fig. 6A).

The original phage EC_2® and the evolved phage EC_9.1® using the
E. coli strain EC_2 had both a latent time of 25 min and a burst size of 20 and 41
virions per infected cell, respectively. (Fig. 6B).

And finally, the evolved phage EC_8.2® from the Set-2 using the E.
coli strain had a latent period of 45 min and a burst size of 22 virions per infected
cell. (Fig. 6C)

A Onestep growth of EC_1®and EC_7.1¢ with B Oue step growth of EC_2® and EC_9.1®with

EC_1 EC 2
LOE+07 1.0E+07
1.0E+06 LOE+06
g 1.0E405 E 1.0E+05
£
5
B 1.0E+04 ——EC_1® B 1.0E+04 ——EC_20
1.0E+03 EC 712 1OE+03 ——EC_9.1®
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time (min) Time (min)
C One step growth of EC_8.2® withEC_8.2
1.0E+06
1.0E+05
g
5 1.0E+04
59
A~ ——EC_ 820
1.0E+03
1.0E+02

0 10 20 30 40 50 60 70 80 90 100
Time (min)

Figure 6. One step growth of the original phages and evolved phages. Mean
standard * deviation data are from triplicate experiments.
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Figure 7. Lysis test of the original phages and evolved phages. EC 1® and
EC _7.1® against the strain EC_1. EC 2@ and EC_9.1® against the strain EC 2,
and EC_8.1® and against the strain EC_8.2. At different MOIs 10, 1 and 0.1.
Mean standard + deviation data are from triplicate experiments.
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(3) Lysis test

In the lysis test between the original phage (OrP) EC_1® and the
evolved phage (EvP) EC_7.1® against E. coli strain EC_1, at a multiplicity of
infection (MOI) of 10, both phages inhibited bacterial growth for the first 8 hours.
By the end of the 24-hour test, EC_1® exhibited slightly stronger growth
inhibition compared to EC_7.1® (Fig. 7A1). At MOI 1, EC _1® inhibited
bacterial growth for the first 6 hours, whereas EC_7.1® suppressed growth for
the initial 8 hours. Additionally, EC_7.1® exhibited a slightly stronger reduction
in bacterial growth compared to EC_1® by the end of the 24-hour test (Fig. 7A2).
At an MOI of 0.1, EC_1® inhibited bacterial growth within the first 7 hours,
while EC_7.1® achieved this within the first 8 hours. Over the 24-hour duration
of the experiment, the EvP slightly beat the OrP in reducing bacterial growth (Fig.
7A3).

In the lysis test conducted between the OrP EC_2® and the EvP
EC_9.2® against E. coli strain EC_2 atan MOI of 10, EC_2® inhibited bacterial
growth within the first 10 hours, whereas EC_9.2® achieved this within the
initial 12 hours of the test. Additionally, the EC 9.2® reduced the bacterial
growth lightly more compared with the EC_2@® throughout the test (Fig. 7B1).
At MOI 1, EC_2® and EC_9.1® inhibited bacterial growth within the initial 8
and 7 hours, respectively. From the 11th hour until the end of the 24-hour
experiment, both phages reduced bacterial growth at a similar rate (Fig. 7B2). At
MOI 0.1, EC_2® inhibited bacterial growth within the first 9 hours, whereas
EC_9.2® achieved this within the initial 10 hours. Notably, throughout the test,
the EC_9.1® reduces the bacterial growth significantly compared with the
EC_2® (Fig. 7B3).

The lysis test of the evolved phage EC_8.2® against the strain EC_8.2
showed that at MOls of 10 and 1, the phage inhibited the bacterial growth within

the first 5 hours. However, at MOI of 0.1 the bacteria grew in parallel with the
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positive control for the first 3 hours and then the phage paradoxically reduced
bacterial growth more compared to MOls of 10 and 1 by the end of the experiment
(Fig. 7C).

D. Genetic characterization of the evolved phages
(1) Evolved phage EC_7.1® (From Set-1)

The genome alignment between the evolved phage EC_7.10 with the
four original phages exhibited that the evolved phage EC 7.1® had significant
DNA homology with the original phage EC_1® (cover 98% and ident. 99.06%)
as well as with the original phage EC 2® (cover 96%, ident. 99.84%) (Figs. 8
and 9), and did not show significant genetic similarity with the original phages
EC 3® and EC_4® (Fig. 8). The sequence length of the evolved phage EC_7.1®
is 152,915 base pairs.

The alignment between annotated genomes was performed to find the
possible genetic mechanisms involved in the genome of the evolved phage
EC _7.1® from their ancestors the original phages EC_1® and EC 2®. Genome
analysis revealed recombination events and mutations occurring between and
from the original phages EC_1® and EC 20, resulting in the formation of the
evolved phage EC_7.1®. Among the 280 ORFs, (269 CDSs and 11 tRNAs) found
in the evolved phage EC 7.1® genome, 157 ORFs were identical to ORFs of
EC 20,77 ORFs to EC_1®, 38 ORFs same to both EC_1® and EC_2®, 6 ORFs
were a recombination of EC_1® and EC_2® (4 unique for EC_7.1® and 2 shared
with EC_9.1®), one ORF from EC_1® with an insertion mutation, and one ORF
from EC_2® with point mutation (shared with EC_9.1®) (Fig. 10A).

The OREF #25 coding the tail fiber protein came from the phage EC_1®

(Fig. 10B). Among the four unique ORFs resulting from recombination between
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EC 1@ and EC 2® phages, we have the ORF #24 coding the non-contractile tail
sheath, the ORF #41 coding the DNA polymerase I, the ORF #42 coding the
putative DNA Né6-adenine methyltransferase, the ORF #48 coding
glycosyltransferase (Figs. 10C-10F). And the two recombinant ORFs shared with
EC 9.1® were the ORF's #229 and #231 both coding ribonucleotide reductase
of class Ia (aerobic), beta subunit (EC 1.17.4.1) (Figs. 10G-10H). Then the ORF
with an insertion mutation with the addition of an adenine (A) was the ORF #113
that came from the EC_ 1® phage and codes a hypothetical protein (Fig. 10J).
Also the missense mutation was found in the ORF #33 that comes from the EC _
1® phage and codes the tail fiber protein (Fig. 10I), changing cytosine (C) to
thymine (T), leading the substitution of the amino acid proline (P) with serine (S),
and this mutated ORF is shared with the another evolved phage, EC_9.1®, which

is also described in the next point.
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Evolved phage EC_7.1® genome

A
:l f‘x,(?()() 1 (),IC()() 1 Ia,l()()() 7(),I()(7() 2,‘7,.()()(3 3(),‘0()0 'is,p(}() 4(],{)()() 4'3,(])()() 5(),5)(1() .‘3,":,?)()() 6(),‘()(][} 65,.(]()() /(),.()()() /S,I()()() 8(),[(]()()
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Figure 10. Recombination events and mutations in the evolved phage EC_7.1® genome. A: shows the origin of the different ORFs: CDSs
(colored arrows) and tRNA (black and gray arrows) of the EC_7.1®, where yellow arrows are the ORFs identical with EC_1®, green arrows are
ORFs identical to EC_2®, purple arrows are ORFs with recombination of EC_1® and EC_2®, red arrows are ORF with mutations, and pink arrows
are ORFs that are same in both EC_1® and EC_2®. B: shows the match of the ORF with EC_1® that codes phage tail structure which could explain
why the phage EC_7.1® kept similar host range with the EC_1®. C-H: show the recombinant EC_7.1®’s ORFs from EC_1® and EC_2®’s ORFs.
I: shows the ORF that came from EC_2® with missense mutations (this ORF is shared with EC_9.1®). And J shows the ORF that comes from the
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(2) Evolved phage EC_9.1® (From Set-1)

Similarly, the genome alignment between the evolved phage EC 9.1
with the four original phages showed that the evolved phage EC 9.1® had
significant DNA homology with the original phages EC_1® (cover 98% and ident.
99.47%) and EC 2® (cover 97%, ident. 99.86%) (Figs. 11 and 12), and did not
exhibit significant genetic similarity with the original phages EC 3® and EC_ 40
(Fig. 11). The sequence length of the evolved phage EC 7.1® is 150,342 base

pairs.

The alignment between annotated genomes showed the possible genetic
mechanisms involved in the new genome of the evolved phage EC 9.1® from
their ancestors the original phages EC_1® and EC_2®. The genome analysis of
the evolved phage EC 9.1®, much like what was observed with EC 7.10,
revealed recombination events and mutations originating from both the original
phages EC 1® and EC 2®. Among the 281 ORFs (270 CDSs and 11 tRNAs
sequences) found in the evolved phage EC 9.1® genome, 133 ORFs were
identical to CDSs of EC_2®, 95 ORFs identical to EC_1®, 38 ORFs were same
to both EC_1® and EC_2®, nine ORFs were a recombination of ORFs of EC_1®
and EC_2® (7 unique in EC_9.1® and 2 shared with EC_7.1®), five ORFs that
came from one from EC_2® with missense mutations (one shared with EC_7.10),

and one ORF with a deletion mutation. (Fig. 13A).

Among the 7 unique ORFs in EC 9.1® resulted by recombination
between the original phages EC 1® and EC 2® are: the ORF #42 coding the
DNA polymerase I, the ORF #50 coding glycosyltransferase, the ORF #58 that
codes a hypothetical protein, the ORF #64 which codes the tellurite resistance
gene, and the ORFs #153, #171, #171 all coding hypothetical protein. (Figs. 13B
to 13H). And the two recombinant ORFs shared with EC_7.1® were the ORFs
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#230 and #232 both coding ribonucleotide reductase of class Ia (aerobic), beta
subunit (EC 1.17.4.1) (Figs. 101-10J).

Among the five ORFs in EC_9.1® with missense mutations that came
from the EC_2®, they are: the ORF #19 coding the baseplate hub that had a
change in the nucleotide cytosine (C) for thymine (T) which led the substitution
of the amino acid alanine (A) with valine (V) (Fig. 13K). The ORF #24 coding
the non-contractile tail sheath by changing the nucleotide guanine (G) for
thymine (T) leading the substitution of the amino acid glycine (G) to tryptophan
(W) (Fig. 13L). The ORF #28 coding the baseplate wedge subunit with the
change of the nucleotide guanine (G) for adenine (A) which led the substitution
of the amino acid alanine (A) for threonine (T) (Fig. 13M). In the ORF #30
coding for the tail fiber protein there was the substitution of 2 nucleotides,
thymine (T) for cytosine (C), and guanine (G) for adenine (A) thus leading the
substitution of 2 amino acids, isoleucine (I) for threonine (T) and serine (S) for
asparagine (N) (Fig. 13N). The ORF #34 (shared with EC_7.1®) codes the tail
fiber protein, changing cytosine (C) to thymine (T), leading the substitution of
the amino acid proline (P) with serine (S) (Fig 130). There was a deletion
mutation [of a guanine (G)] from the ORF in EC_2® leading a shorter ORF (ORF
#25) in the evolved phage EC 9.1®, which codes for hypothetical protein. (Fig.
13P)
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Evolved phage EC_9.1® genome
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Figure 13. Recombination events and mutations in the evolved phage EC_9.1® genome. A: shows the origin of the different ORFs:
CDSs (colored arrows) and tRNA (black and gray arrows) of the EC_9.1®, where yellow arrows are the ORFs identical with EC_1®,
green arrows are ORFs identical to EC_2®, purple arrows are ORFs with recombination of EC_1® + EC 20, red arrows are ORF with
mutations, and pink arrows are ORFs that are same in both EC_1® and EC_2®. B-J: show the recombination of EC_9.1®’s ORFs between
EC 1@ and EC 2®’s ORFs. K-O: show EC_9.1®’s ORFs that came from EC_2® with missense mutations. And P shows the ORF that

come from the EC_2® with a nucleotide deletion. *Same in EC_7.1®. In B-P grey and black parts indicate the agreement and disagreement
of nucleotide matching, respectively.
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Figure 13 (Cont.). Recombination events and mutations in the evolved phage EC_9.1® genome. A: shows the origin of the different
ORFs: CDSs (colored arrows) and tRNA (black and gray arrows) of the EC_9.1®, where yellow arrows are the ORFs identical with
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(3) Evolved phage EC_8.2® (From Set-2)

The evolved EC 8.2 phage genome, obtained from the Set-2
experiment, did not exhibit any significant DNA similarity with any of the four
original phages (Fig. 14). However, it did show DNA homology with prophage
regions of the Set-2 E. coli EC_5.2 (Fig. 15). The sequence length of the evolved
phage EC_8.2® is 32,064 base pairs.

The screening of the presence of prophage regions of the genome of the
E. coli strain EC_5.2 used in the Set-2 of experiment for phage evolution,
identified 17 prophage regions showed in the Table 8, and after performing the
genome alignment of the evolved phage EC_8.2® with each of the 17 prophages
regions, three prophages regions (region 1, 9 and 12) matched with the genome

of the EC_8.2® (Fig. 15).

In Table 9 are the most common phages name of the 3 prophage regions
that originated the phage EC 8.2. In the table, the phage names that had more
than 4 hit genes matching are highlighted with colorful letters. Phage names
sharing the same color within the list indicate a commonality, where the 3 regions
share common phage names. Among them, the 3 most in common phage names
between the 3 regions are PHAGE Yersin L 413C NC 004745,
PHAGE_ Entero fiAA91 ss NC 022750, and PHAGE Escher vB EcoM
12474111 NC_049457.

The alignment of the annotated genomes of the evolved phage EC_8.2®
with the 3 prophage regions of the E. coli strain EC_5.2 allowed us to know the
origin of the ORFs of the EC_8.2® (Fig. 16A). Among of the 43 ORFs of the
phage EC 8.2@, twenty ORFs came from the EC 5.2 prophage region 9, ten
ORFs came from the region 1, ten ORFs came from the region 12. Two ORFs
were a recombination between region 9 and 12 genes, the ORF #1 coding the

phage terminase, ATPase subunit GpP (Fig. 16B), and the ORF #5 coding the
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phage replication protein GpA, endonuclease (Fig. 16C). One ORF (#13)
originated from prophage region 12 but contained a single nucleotide difference
leading a missense mutation affecting the phage immunity repressor protein GpC.
This mutation involved the substitution of a guanine (G) with an adenine (A),
resulting in the replacement of the amino acid glycine (G) with glutamic acid (E)

(Fig. 17D).

Table 8. Prophage regions in the Escherichia coli strain EC_5.2

Region Region Completeness (score) Reg_i_on # Tot_al Fisrt Most_ Common Phage
length Position Proteins Name (hit genes count)
1 18.2Kb intact(150) 350-18563 24 PHAGE_Yersin L 413C_NC 004745(15),  52.72%
2 49.8Kb intact(150) 1858644-1908485 58 PHAGE_Entero_P88_NC_026014(42), 52.00%
3 36.8Kb questionable(90) 1921582-1958385 53 PHAGE_Burkho_BcepMu_NC_005882(31) 54.93%
4 33.5Kb incomplete(20) 2158312-2191860 19 PHAGE_Escher_SH2026Stx1_NC_049919(5)  49.42%
5 25.5Kb intact(150) 2199466-2224993 32 PHAGE_Entero_cdtl_NC_009514(6) 51.64%
6 36Kb incomplete(30) 2362456-2398500 32 PHAGE_Pectob_ZF40_NC_019522(5) 50.38%
7 49.4Kb intact(150) 2835764-2885234 65 PHAGE_Pectob_ZF40_NC_019522(12) 48.17%
8 52.3Kb intact(150) 2926872-2979175 58 PHAGE_Entero_BP_4795_NC _004813(22)  52.89%
9 27.8Kb intact(120) 3092797-3120632 38 PHAGE_Yersin_L_413C_NC_004745(23) 50.60%
10 87.2Kb intact(150) 3664212-3751473 107 PHAGE_Entero_mEp460_NC_019716(32) 51.04%
11 9.9Kb incomplete(50) 4143976-4153944 15 PHAGE_Escher_SH2026Stx1_NC_049919(3)  48.68%
12 39.3Kb questionable(70)  5062915-5102313 18 PHAGE_Entero_fiAA91 ss_ NC _022750(9)  48.72%
13 6.6Kb incomplete(50) 5099167-5105859 12 PHAGE_Entero_P1_NC_005856(2) 47.80%
14 14.2Kb questionable(70) 5114116-5128405 18 PHAGE_Escher_SH2026Stx1_NC_049919(4)  55.99%
15 30.1Kb incomplete(30) 5146973-5177098 17 PHAGE_Entero_933W_NC_000924(2) 49.92%
16 6.5Kb incomplete(30) 5233794-5240318 13 PHAGE_Escher_phil91_NC_028660(1) 55.34%
17 24.8Kb intact(150) 5291330-5316173 38 PHAGE_Stx2_c_Stx2a_F451 NC_049924(3)  49.87%

Table 9. List of the most common phage names of the prophage regions 1, 9
and 12 of the Escherichia coli EC_5.2 strains

Most Common Phage Names (hit genes count)

Region 1 Region 9 Region 12
PHAGE_Yersin_L_413C_NC_004745(15) PHAGE_Yersin_L_413C_NC_004745(23) PHAGE_Entero_fiAA91_ss_NC_022750(9)
PHAGE_Entero_fiAA9L_ss_NC_022750(15) PHAGE_Entero_fiAA91_ss_NC_022750(19) PHAGE_Escher_P2_NC_041848(9)
PHAGE_Escher_vB_EcoM_12474111_NC_049457(15) PHAGE_Yersin_L_413C_NC_004745(8),
PHAGE_Escher_pro483_NC_028943(13) PHAGE_Escher_vB_EcoM_12474111_NC_049457(18) PHAGE_Salmon_SP_004_NC_021774(7)
PHAGE_Escher_P2_NC_041848(12) PHAGE_Entero_P2_NC_001895(17) PHAGE_Escher_pro147_NC_028896(7)

PHAGE_Escher_pro483_NC_028943(17) PHAGE_Escher_vB_EcoM_12474111_NC_049457(5)
PHAGE_Entero_P2_NC_001895(10) PHAGE_Escher_pro147_NC_028896(16)
PHAGE_Escher_pro147_NC_028896(7) PHAGE_Escher_P2_NC_041848(12) PHAGE_Entero_P2_NC_001895(4)
PHAGE_Salmon_SP_004_NC_021774(5) PHAGE_Escher_pro483_NC_028943(4)
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Figure 14. Multiple genome alignment between the evolved phage EC_8.2®
with the four original phages using progressive MAUVE.
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Figure 15. Multiple genome alignment between the evolved phage EC_8.2®
and the prophage regions 1, 9 and 12 of the strain EC_5.2 using Easyfig ver.
2.2.5.
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E. Prophage induction experiment in the 17 E. coli strains from
both sets

Having obtained a phage (EC_8.2®) that did not come from any of the
original phages but rather came from prophages regions of one of the E. coli
bacteria used in the phage evolution experiment, we conducted an additional
experiment to induce prophages in the genome of the 17 tested E. coli strains
using mitomycin C (mitC), which is well known to induce prophage to come out.
A control group, without mitomycin C, was included to observe any spontaneous
induction of prophages during the experiment.

During the experiment, each bacterium was cultured for a short period
with or without the addition of mitomycin C. The cultures were then centrifuged,
and the resulting supernatant was sterile-filtered and analyzed to detect the
presence of inducible prophages capable of producing plaques. For detailed
methodology, please refer to the method section. After the prophage induction
experiment, filtered supernatants from each E. coli strain were tested for phage
plague formation on their respective strain (e.g., EC_3 strain supernatanton EC_3
strain). However, none of the bacterial supernatants, whether induced with
mitomycin C or not, produced plagques on their own bacteria. (Table 10A). Later
we tested each bacterial supernatant against the E. coli strain EC_8.2 (the host of
phage EC_8.2®) and coincidentally only the supernatants (+/- mitomycin C) of
the E. coli strain EC_5.2 produced plaques on the E. coli strain EC_8.2 (Table
10B). We then tested the supernatants from strain EC_5.2, both with and without
mitomycin C induction, against all 17 E. coli strains. However, plague formation
was only observed on E. coli strain EC_8.2 (Table 10C). Finally, 2 plaques with
different morphology were isolated from each EC_5 strain supernatant (with and
without mitC) on the host EC_8.2 to be later purified and propagated. Later a host
range test of the propagated plaques was performed against the 17 E. coli strains,

where the plaque #1 (mitC) and plaque #1 (control) infected only the strains
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EC_8.2and EC_11 coinciding with the host range of the evolved phage EC _8.2®
among the 17 E. coli strains, and the plaque #2 (mitC) and plaque #2 (control)
only infected the strain EC_8.2 (Table 10D).

Table 10. Prophage induction with and without mitomycin C in the 17 E. coli
strains used for the phage evolution experiment

Prophage induction in the 17 E. coli strains 2] Prophage induction in the 17 E. coli strains

against against the
Prophage induction Prophage induction
E. coli E.coli ith il E. coli wiith control
supernatant strain mitomyeinC mii\glrinlsgl:]tc) strain mitomycin C mii\év;:;git:]tc)
EC 1 EC 1 No plaques  No plaques EC 1 EC 8.2 No plaques  No plaques
EC_2 EC_2 No plaques  No plaques EC_2 EC_82 No plagues  No plagues
[EC_§ EC 3 No plaques  No plaques IEC_3 EC_8.2 No plagues  No plagues
EC_4.1 EC_4.1 No plaques  No plaques EC 4.1 EC_8.2 No plagues  No plagues
EC 5.1 EC 5.1 No plagues  No plaques IEC 5L EC_8.2 No plaques  No plaques
EC_6.1 EC_6.1 No plaques  No plaques EC 6.1 EC 8.2 No plagues  No plagues
EC 7.1 EC 7.1 No plaques  No plagues EC 7.1 EC 82 No plagues  No plaques
EC 8.1 EC 8.1 No plaques  No plagues EC 8.1 EC 8.2 No plaques  No plagues
EC 9.1 EC 9.1 No plagques  No plaques EC 9.1 EC 8.2 No plaques  No plaques
EC_10 EC_10 No plaques  No plaques EC_10 EC 8.2 No plagues  No plaques
EC_11 EC_11 No plaques  No plaques EC 11 EC 8.2 No plagues  No plaques
EC 4.2 EC 4.2 No plaques  No plaques EC 42 EC 8.2 No plagues  No plaques
EC 5.2 EC 5.2 No plagues  No plaques EC'5.2 EC 8.2 Plaques Plaques
EC_6.2 EC 6.2 No plaques  No plaques EC 6.2 EC 82 No plaques  No plaques
EC_7.2 EC 7.2 No plagues  No plaques EC 72 EC 8.2 No plagues  No plaques
EC_8.2 EC 8.2 No plaques  No plaques EC 82 EC 82 No plaques  No plagues
EC 9.2 EC 9.2 No plagues  No plagues EC 9.2 EC 8.2 No plagues  No plaques
Prophage induction in the strain Host Range of induced strain's prophages
against propagated in strain against
: ~ Prophage induction Propagated prophage
E. coli = cqll -, control E. coli with control (without
supernatant strain e (without strain mitomycin C mitomycin C)
mitomvcin C) Plaque #1 Plaque #2 Plaque #1 Plaque #2
EC 52 el Noplagues No plaques EC 1 nolysis  nolysis  nolysis  no lysis
EC 5.2 EC 2 No plaques _No plaques EC_2 nolysis nolysis  nolysis  nolysis
EC 52 EC3 No plagues No plagues EC 3 nolysis  nolysis nolysis  nolysis
EC 52 EC 4. No plaques No plaques EC_4. nolysis nolysis nolysis  nolysis
EC.52 EC 51 No plagues _No plagues EC 5.1 nolysis nolysis nolysis  nolysis
EC.52 EC 6.1 No plagues _No plagues EC 6.1 nolysis  nolysis  nolysis  nolysis
EC 5.2 EC 7.1 No plagues _No plaques EC_7.1 nolysis  nolysis  nolysis  no lysis
EC 5.2 EC 81 No plagues  No plaques EC_8.1 nolysis nolysis nolysis  nolysis
EC 52 EC 9.1 No plagues No plagues EC_9.1 nolysis  nolysis  nolysis  nolysis
EC 5.2 EC_10 No plagues No plagues EC_10 nolysis  nolysis  nolysis  no lysis
EC 5.2 EC_11 No plagues No plaques EC_11 lysis  nolysis  lysis  nolysis
EC 52 EC 4.2 No plagues  No plagues EC 42 nolysis nolysis nolysis nolysis
EC 5.2 EC 5.2 No plaques  No plagues EC 5.2 nolysis  nolysis nolysis nolysis
EC 5.2 EC_6.2 No plagues  No plaques EC_6.2 nolysis nolysis nolysis nolysis
EC 52 EC 7.2 No plaques  No plaques EC 7.2 nolysis  nolysis nolysis  nolysis
EC 52 EC 82 Plaques Plaques EC_8.2 lysis lysis lysis lysis
EC_5.2 EC 9.2 No plaques  No plaques EC 9.2 nolysis nolysis nolysis nolysis
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IV. DISCUSSION

Phage therapy is a promising candidate to combat multi-drug resistant
bacterial infections. However, there is still much to study and understand about
the interactions between phages and their hosts, which can provide valuable
insights for improving phage applications. Given that bacteriophages exhibit high
specificity and often have a narrow host spectrum, and considering bacteria's
ability to adapt and acquire phage resistance through various mechanisms, there
is an imperative need to discover and develop phages that can effectively address

these challenges.

In our study, 4 phages were co-cultured with sets of E. coli strains (hosts,
previous hosts and non-previous hosts) to observe how the phages can evolve
after a period of 30 days/rounds of consecutive co-culture and propagation. We
considered two different sets of E. coli strains to use for the phage evolution
experiment, where in set-1 we included phage-resistant mutants (previous hosts
of some of the cocktail’s phages), while in set-2 were included naturally phage-
resistant strains (non-previous hosts). Those sets were designed to observe how
the phages can evolve depending of the kind/set of bacterial strains used for the

experiment.
Set-1

e From the set-1 phage evolution experiment, we obtained phages that
effectively evolved to re-infect phage-resistant mutant strains, showing the
capability of the phage to readapt quickly to previous hosts as co-evolutionary
arms race, where the phages evolve new strategies of regain infection when
faced with those bacterial strains. The two evolved phages (EC_7.1® and
EC_9.1®) isolated from the set-1 experiment were product of recombination
event + some mutations between two phages (EC_1® and EC 2®) of the

original cocktail that had significant DNA homology. In another study*’ using
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Pseudomonas aeruginosa phages, they showed also that the evolved phages
were product of recombination events between the phages present in the
cocktail, generating more genetic diversity that would contribute to the
expanded host range, arguing that those recombination events have more
opportunity to occur between phages with high genetic homology in short-

term laboratory experiment.

The evolved EC_7.1® phage had most of the ORFs/genes inherited from the
EC 2® phage. However, the EC_7.1® phage demonstrated a host range
similar to the EC_1® phage, except for its newly acquired ability to infect
one of the phage-resistant mutant strains, suggesting that this phage acquired
specific genes from EC_1® related to host recognition. Indeed, the ORF #25
of the EC_7.1® phage encoding part of the tail fiber protein structure came
from the EC_1® phage (Fig. 10B), and this protein shares significant
similarity (82% coverage and 96.44% identity) with a protein previously
published®® called proteolytically matured endosialidase 92* (endoN92*),
mature tail spike protein, endo-alpha-2,8-sialidase (Escherichia phage phi92)
which is known for its role in recognizing and removing host cell surface
receptors. This suggests that this protein could play a critical role in host
recognition by EC_7.1® phage. Another ORF, which is unique for phage
EC_7.1®, derived from the recombination of EC_1® and EC 2®, is the ORF
#24 that encodes the non-contractile tail sheath (Fig. 10C) which is crucial
component of phages for the binding to bacterial cells, penetrate the host, and
deliver the genetic material for replication, which may contribute to the
phage's ability to recognize and infect new hosts, in this case the phage-
resistant mutant strain. Also this ORF shared significant similarity (100%
coverage and 76% identity) with the protein Phi92_gp142 which functions as
a potential tail fiber protein with glycosidase activity or carbohydrate binding

module?’.
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Similarly, the another evolved EC_9.1® phage also inhered most of the
ORFs/genes from the EC 2® phage and kept similar host range to EC 2®
besides of its recently acquired capability to infect two of the phage-resistant
mutant strains, suggestion changes in genes related to host receptor
recognition. Precisely, the EC _9.1® presented some mutations in genes
(derived from EC_2®) coding tail structure proteins responsible for the host
recognition. Among those changes in EC_9.1® are: the ORF #19 coding the
baseplate hub, the ORF #24 coding the non-contractile tail sheath, in the
ORF #28 coding the baseplate wedge subunit, and in the ORF #30 coding
tail fiber protein. These mutations resulted in missense mutations, leading to
the substitution of specific amino acids (Figs. 13K — 13N). Furthermore, a
deletion mutation was identified in the ORF #25 (Fig. 13P), which encodes
a hypothetical protein. It was hypothesized that the function of this protein
might be associated also with the phage tail, as it exhibited a significant
similarity of 83.85% with a known E. coli phage tail protein, as indicated by
its accession number WKV168171. As mentioned before the non-contractile
tail sheath is an essential component of phages as it plays a critical role in
binding to bacterial cells, penetrating the host, and delivering the genetic
material required for replication; and the baseplate is a complex structure
located at the tail end of the phage and plays also a role in recognizing and
binding to particular receptors on the surface of the bacterial cell®® We
propose the all these multiple mutations in genes coding complex structures
related to the bacterial receptor recognition and the host specificity have
equipped the evolved phage with the capacity to recognize and re-infect the

phages-resistant mutant strains.

In the case of other recombined or mutated ORFs in EC_7.1® and EC_9.1®,

which encode DNA polymerase I, methyltransferase, glucosyltransferase,
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ribonucleotide reductase or hypothetical proteins, some of them are
associated with DNA replication and metabolism. However, it is our belief
that these changes do not significantly impact the phages' ability to acquire
new capabilities, such as re-infecting phage-resistant strains. In some

instances, the functions of these proteins remain unknown.

Set-2

On the other hand, the phage isolated from set-2, the EC_8.2® phage, was
not originated from any of the 4 original/parent phages of the input cocktail.
However, it was derived from prophages regions of the E. coli strain EC_5.2.
During our phage evolution experiment was possible to lead to the activation
and release of prophages from the bacterial genome. The induced prophage
from E. coli strain EC_5.2 isolated through the host EC_8.2 revealed a unique
pattern of infectivity. Contrary to expectations, this prophage did not infect
the original E. coli strain EC_5.2 from which it was derived. Instead, it
exhibited the capability to infect other bacterial strains (EC 8.2, EC 11,
2018-60) (Table 7), shedding light on the complex dynamics of prophage-
host interactions. It suggests that prophages may not always have a
straightforward relationship with their host strains, and their infectivity might
be influenced by a variety of factors, including the genetic makeup of the host.
The mechanism underlying this phenomenon warrants further investigation.
However, it appears that the prophages derived from one strain can infect
closely genetically related strains, as evidenced by strains EC 5.2, EC 8.2,
and EC 11, were found to be closely related in phylogenetic analysis (Fig. 2).

We do not have the genetic information of the 2018-60 strain.
Following the phage evolution experiment in set-2, which resulted in the
isolation of the phage EC 8.2® derived from bacterial prophage, we

conducted a prophage induction with mitomycin C and a control group
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without mitomycin C (for spontaneous prophage induction) of all the 17 E.
coli strains utilized for the phage evolution experiment. Even though
prophage regions were found in the genome of all the 17 strains, no induced
prophages (with or without mitomycin C) were observed to infect their
respective own strains (Table 10A). However, since we knew that the
EC_8.2® phage genome came from prophage regions of the EC 5.2 strain,
we tested if the supernatant of this strain (EC 5.2) after the prophage
induction experiment could infect or not the strain EC_8.2. Remarkably, only
the supernatants of the strain EC 5.2 (+/- mitomycin C) produced visible
plaques on the strain EC 8.2 (Tables 10B & 10C). Subsequently, plaques
isolated and propagated from the EC 5.2 strain supernatants (+/- mitomycin
C) were found to exclusively infect the EC 8.2 and EC 11 strains among the
17 tested strains (Table 10D). This mirrored the host range observed for the
EC_8.2® phage across the same 17 E. coli strains, as outlined in Tables 6
and 7. These findings strongly suggest the prophage isolated from the EC_ 5.2

strain supernatant and the EC_8.2® phage are likely the same or ancestors.

Furthermore, the prophage induction in the E. coli strain EC_5.2 appeared to
be spontaneous, as it did not require mitomycin C for induction. An important
yet frequently overlooked occurrence is the spontaneous activation of these
elements within individual bacterial cells, even when there's no external
stimulus present, a phenomenon referred as '"spontaneous prophage
induction" (SPI)*°. In one study with Mycobacterium abscessus phages,
authors* isolated the phage phiT46-1 in the strain M. abscessus BWH-C from
the culture supernatant of another strain M. abscessus Taiwan-46. In a
different study, the authors*' suggested that inducible prophage mutants of E.
coli could lyse new hosts, where among the 54 E. coli strains tested, the
lysates (supernatant) of E. coli strains K88 and DE147 generated phages

capable of lysing clinical isolates of avian pathogenic E. coli (APEC) strain
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DEO048. These studies corroborate our findings, demonstrating that the
supernatant of one strain can contain inducible prophages capable of infecting

other hosts.

e  With the result of the prophage induction experiment, we can deduce that the
ancestor (prophage) of the EC_8.2® phage was originated at the beginning
of the phage evolve experiment from the strain EC_5.2 and was continuously
propagated on its new hosts (EC 8.2 and EC 11) of the set-2 for the 30
days/round when the EC_8.2® was finally isolated. Genome analysis of
EC_8.2®d phage reveled that two ORFs of this phage were product of
recombination of 2 prophages regions of the EC_5.2 strain. First, the ORF #1
that codes for the phage terminase, ATPase subunit GpP (Fig. 16B), a vital
component involved in supplying energy for translocating phage DNA into
the capsid during viral replication*?. The incorporation of this gene highlights
the adaptive nature of EC 8.2®, as this enzyme is crucial for efficient
replication cycles. Second, the ORF #5 that encodes the phage replication
protein GpA, endonuclease (Fig. 16C), a key player in phage DNA replication
processes. Furthermore, a missense mutation was observed in ORF #13,
originating from prophage region 12 of the EC_5.2 strain (Fig. 16D). This
ORF encodes for the phage immunity repressor protein GpC, which plays a
vital role in regulating the lysogenic/lytic cycle switch®. The mutation in this
regulatory protein hints at potential alterations in the phage's lifecycle
dynamics, possibly affecting its ability to enter lysogenic or lytic pathways in

response to environmental signals.

Our findings suggest that the outcome of phage evolution experiments may
be influenced by the choice of bacterial strains used in the experiment, as well as
their genetic background and the genetic similarity of the phages present in the

cocktail.
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In the set-1 experiment, phages with significant DNA homology within the
input cocktail underwent recombination and acquired mutations that facilitated
their adaptation to and reinfection of phage-resistant mutant strains. The presence
of these phage-resistant mutant strains in the set-1 experiment, which were
formerly hosts, played a pivotal role in driving rapid phage evolution for re-
infection. Indeed, bacteriophages can evolve and again infect the phage-resistant
mutant strains'3!%, Coevolution between bacteriophage with their respective host,
is a common phenomenon that occur naturally in microbial communities**.
Additionally, bacteriophages can enhance their host range efficacy through
recombination with other phages'” or by acquiring genes from prophages within
host bacterial genomes'®. This last mechanism suggests that one route to the
improvement of evolved phages involves recombination with prophage genes
present in the host bacteria's genome'. However, in our study, original phages
did not engage in recombination with prophage genes from our tested bacterial
strains. In contrast, in a separate study, an evolved phage rapidly emerged
independently, employing directed evolution to re-infect phage-resistant E. coli

variants'.

On the other hand, in the set-2 experiment, the four original phages were
unable to evolve to infect any of the tested strains, as these strains were naturally
resistant to the four phages and were phylogenetically distant from the phages'
usual hosts. Nevertheless, we succeeded in obtaining a phage derived from the
prophage regions of the EC 5.2 E. coli strain. This suggests that the ability to
induce prophages depends on the specific strain included in the experiment;
without the EC 5.2 strain, our results would have been different. Notably, the
EC 5.2 strain carried a larger number of intact prophage regions compared to the
other tested strains (Table 4), which likely increased the probability of obtaining
inducible prophages. It is worth mentioning that even though the EC 11 strain

was present in both sets (Table 6), induction of prophages from the Set-2 strain
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(EC_5.2) resulted in a phage capable of infecting the EC_11 strain, which was

not observed in Set-1.

The Appelmans protocol employed in the phage evolution experiment
effectively facilitated the evolution of the parent phage, enabling it to re-infect
phage-resistant mutant strains and inducing prophages spontaneously from the

bacterial genome.
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V. CONCLUSIONS

e Our research indicates that phages exhibit a heightened capacity for
evolutionary adaptation when confronted with hosts to which they were
previously susceptible. This adaptation is facilitated by specific genetic
mechanisms, primarily recombination events and missense mutations in key
phage tail structure proteins.

e The presence of prophages within a bacterial genome reveals a remarkable
capacity for these genetic elements to 'jump' and infect other bacterial strains.

e The phage evolution seemed to depend on the bacterial sets, with phages in
Set-1 readapting to infect phage-resistant mutants while the emergence of the
phages in Set-2 appeared to be independent of the original phages but rather
driven by prophages present in the bacterial set.

e Studying phage-host interactions can help in developing better phage-based
therapies for MDR infections by understanding how phages evolve and adapt

to new host strains.
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