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ABSTRACT

Investigating bacteria-bacteriophage interactions underlying
inflammatory bowel disease
Ji Hyun Yong

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Sang Sun Yoon)

Two murine gut commensal Escherichia coli strains and their phages were
used as a model system in investigating bacteriophage-E. coli interactions in
inflammatory bowel disease (IBD)-like environment. To this end, two novel
bacteriophages, ¢tEc and datEc, targeting two strains of E. coli were isolated
from sewage and characterized. Through genome sequencing, the two phages
¢tEc and datEc were predicted to replicate using distinct Proteobacterial hosts,
and each belong to families Drexlerviridae and Straboviridae, respectively.
Interestingly, under the presence of reactive oxygen species (ROS) stress, E. coli
were more tolerant of phage-mediated lysis. Transposon sequencing revealed the
lists of genes that mediate sensitivity or resistance to phage under ROS condition.
Genes that conferred increased tolerance to phage killing were involved in
multidrug efflux pump (mdtE), colonic acid capsule biosynthesis (manC), toxin

(hokA), prophage excisionase (xisR), and stress response (yciH, yhbO).



Considering the prevalence of E. coli in IBD and the co-existence of phages that
can target these bacteria in the gut, we propose that the high level of ROS in IBD
may be inducing a phage tolerant phenotype in gut commensal E. coli, which in
turn may contribute to the uncontrolled proliferation of E. coli in IBD that is

widely reported.

Key words : Escherichia coli, gut commensal bacteria, inflammatory

bowel disease, bacteriophage, reactive oxygen species
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Investigating bacteria-bacteriophage interactions underlying

inflammatory bowel disease

Ji Hyun Yong

Department of Medical Science
The Graduate School, Yonsei University

(Directed by Professor Sang Sun Yoon)

I. INTRODUCTION

1. What are bacteriophages?

Bacteriophages, also known as phages, are viruses that infect and replicate
within bacteria. They are the most abundant biological entities on Earth and can
be found in virtually every environment, from soil and water to the human gut'"
6, Bacteriophages are incredibly diverse in terms of their size, shape, and genetic
makeup. They can range from 20 to 200 nanometers in size’* and can have
either DNA or RNA as their genetic material. Bacteriophages have a complex
structure, consisting of a protein coat or "capsid" that encloses their genetic
material. Some phages have an additional layer called an "envelope" that
surrounds the capsid” '°. The envelope is made up of lipids and proteins and is
derived from the host bacterial cell membrane during the viral replication cycle.

The replication cycle of bacteriophages involves several steps. In case of

virulent phages, first, the phage attaches to a specific receptor on the surface of



the host bacterium. This recognition step is crucial for determining which
bacteria a particular phage can infect. Once attached, the phage injects its
genetic material into the host cell, where it hijacks the bacterial machinery to
produce new viral particles. Eventually, the newly formed phages are released
from the host cell through lysis'!. The released phages can then go on to infect
other bacterial cells and continue the cycle of replication. In the case of
temperate phages, they carry out a lysogenic life cycle, wherein the initial
attachment and injection of genetic material occur in a similar fashion as those
of virulent phages. However, rather than the injected genetic material being
used for synthesis of new viral particles, it gets integrated into the host bacterial
genome. Often, introduction of a stressor, for example nutrient starvation
condition, induces the temperate phage to enter lytic cycle, while spontaneous
lytic cycle can occur in the absence of an obvious stressor'?. Hence, the fate of
the temperate phage thus becomes intertwined with that of the host. Lysogenic
lifestyle constrains the phage replication to the rate of the host cell’s binary
fission, while it allows the lysogenized prophage the opportunity to alter the
host cell physiology through regulation of its gene expression'® or by
introducing novel functions through process called ‘lysogenic conversion’'*. In
addition to these two lifestyles, pseudolysogeny may occur, where the injected
phage genetic material does not integrate into the host genome but exists as an
episome within the host without actively producing new viral particles'.

Hence, given the innate ability of the bacteriophages to affect bacterial



populations, bacteriophages have long been studied as potential therapeutic
agents for bacterial infections, particularly those that are resistant to antibiotics.
Phages have a number of advantages over traditional antibiotics, including their
ability to specifically target certain bacterial strains and their ability to evolve
alongside their host bacteria, making it more difficult for bacteria to develop
resistance'®. Furthermore, several studies have reported a synergistic effect of
antibiotics-phage combination treatment'”'*. However, more research is needed
to fully understand the potential of phage therapy and to develop safe and

effective treatments.

2. Role of commensal bacteria and endogenous phages on host
health

In the human gut, commensal bacteria perform various functions that facilitate
normal physiology of the host. For example, commensal strains of Roseburia
hominis and Faecalibacterium prausnitzii have been shown to produce
metabolites such as butyrate that promote strengthening of the intestinal epithelial
barrier®, and other commensal bacteria such as Eggerthella lenta have been
shown to convert the host-produced primary bile acid into secondary bile acid
products that modulate the host immune response*. More recently,
bacteriophages, or phages, have received renewed attention as an additional
prominent component of the gut microbiota. Recent discoveries of the phages’

co-colonization of the human gastrointestinal tract with the commensal bacteria



have led to investigations of how they might influence the bacterial population
and furthermore host health?>?*. For instance, administration of bacteriophages
into the murine intestine colonized with a consortium of bacteria was shown to
be effective at altering the bacterial composition®, and multiple reports of altered
gut phage compositions in inflammatory bowel disease (IBD) gut in comparison
to normal intestine have been published**-?’.

In IBD, a condition where there is a significant inflammation of the gut,
dramatic expansion of the gut Escherichia coli population has been reported®-°.
One of the key modulators of bacterial population size in the gut ecosystem is
bacteriophages®: ! 2. Thus, even though E. coli is better adapted and
outcompetes other more strictly anaerobic gut commensal species when the
oxygen potential increases as in IBD*, it remains mysterious why the endogenous
coliphage population is no longer able to limit the E. coli proliferation. Moreover,
in no other microbiomes, as significant and unanimously reported as the
Enterobacteriaceae expansion in IBD has been observed, suggesting that the IBD
environment provides an important feature that facilitates such characteristic
expansion. Since high oxidative stress is one of the defining characteristics of the
IBD gut environment™ %> and simultaneously a major factor that supports the
proliferation of Enterobacteriaceae’®*®, 1 hypothesized that ROS may be
affecting change in E. coli such that they better resist killing by endogenous
phages.

In order to study how gut commensal E. coli interact with phages in IBD-like



condition, we selected two gut commensal E. coli strains, tEc and atEc, isolated
from antibiotic-treated mouse intestine in a previous study®. Antibiotic-treated
gut environment is similar to that of IBD gut environment, in that in both are high
levels of reactive oxygen species. This high ROS level is one of the main
characteristics that distinguish the inflammatory bowel, and therefore a
significant environmental stress for the bacteria that reside in the gut*>*. Thus,
as a model system of bacteriophage-E. coli interactions in IBD, we decided to use

the two E. coli strains isolated from ROS-high intestine and their phages.

II. MATERIALS AND METHODS

1. Single phage isolation

Phages were isolated from a sample of wastewater collected at Yonsei
university hospital by polyethylene glycol (PEG) precipitation method. Briefly,
NaCl was added to the wastewater sample to 1M, and stored at 4 °C overnight.
Subsequently, the sample was centrifuged at 13000 rpm for 10 min, and the
supernatant was put through a 0.45 pm filter (Sartorius). PEG-8000 (10%, Merck,
Boston, USA) was added to the filtered supernatant, and the suspension was
stored at 4 °C overnight. Then, the stored suspension was centrifuged at 15000
rpm for 30 min. Resulting pellet was then resuspended in 2 mL of saline

magnesium sulfate (SM) buffer (100 mM NaCl, 8 mM MgSO,-7H,0, 50 mM



Tris-Cl). For enrichment of specific host-killing phages, 1 mL of the crude phage
suspension was added to 40 mL of host bacterial culture and this mixture was
incubated at 37 °C overnight with shaking at 230 rpm. Mixture of phage and
bacteria was then centrifuged at 8000 rpm for 20 min, the supernatant was filtered
using 0.22 pm filter, and PEG-8000 was added prior to overnight storage at 4 °C.
Finally, the solution was centrifuged at 15000 rpm for 1 h, and the pellet was

resuspended in 2 mL of SM buffer.

2. Phage genome extraction and whole genome sequencing

Phage genomic DNA was isolated from high-titer phage stocks (~10°
PFU/mL) using Norgen Biotek phage DNA isolation kit (Cat. 46850, Canada).
For whole genome sequencing of the phage DNA, sequencing library was
prepared using Illumina DNA prep kit and indexes set (Cat. 20018704, 20027213;
San Diego, CA, USA). Prepared sequencing libraries were sequenced using
Illumina MiniSeq sequencer and the corresponding mid-output reagent kit (FC-
420-1004; San Diego, CA, USA). Resulting sequence data was trimmed and
quality controlled using Cutadapt*'. Processed reads were then de novo assembled
using SPADEs*. Assembled genomes were annotated using Prokka* and
Phaster*. Further analysis and visualization were performed using CLC Genomic

Workbench 20.0 (Qiagen, Aarhus, Denmark) and Proksee®.

3. Phage killing experiments in reactive oxygen species (ROS)



Overnight cultures of host E. coli strains in Luria-Bertani miller (LB) broth
were back diluted to ODgy 0.1 in fresh LB media supplemented with appropriate
volumes of hydrogen peroxide (Sigma Aldrich; H1009-100ML). Phages were
simultaneously added to the culture to multiplicity of infection of 0.1. The E.coli-
phage mixture was then incubated at 37 °C with shaking at 230 rpm for 3 h.
Subsequently, number of viable cells in the cultures were measured by serial

dilution of the cultures and spotting on LB plates.

4. Random transposon mutagenesis
Transposon-containing plasmid pBTK30 with a gentamicin resistance marker
was transformed into tEc and atEc by conjugation with E. coli x7213. The
transposon mutant libraries of tEc and atEc were cultured in 100 mL of LB media
containing the corresponding phages at MOI of 1, at 37 °C overnight with shaking
at 230 rpm. Overnight cultures were inoculated into 100 mL of fresh media
containing phages and cultured as previously. After thus passaging the libraries
under phage pressure, aliquots of the surviving cultures were plated onto LB
plates. Dozen individual colonies of each tEc and atEc mutants that formed on
the LB plates were isolated and the region into which the transposon had inserted,

in each colony was identified by sequencing.

5. Pre-treatment of phage with ROS

~10° PFU of ¢tEc and ¢atEc were mixed with appropriate volumes of H,O, in



LB media at 37 °C with shaking at 230 rpm for 1.5 h. Subsequently, catalase from
bovine liver was added to solution at 100 U/mL (C9322, Merck, Boston, USA)
and incubated at 37 °C for 30 min. Host bacterial cells were then added to the
phage solution and incubated at 37 °C for 1.5 h with shaking at 230 rpm. Viable

cell counts were performed on LB plates.

6. Sequential treatment of ROS and phage
Overnight cultures of tEc (n=3) were back diluted to ODeg 0.1 in fresh LB media
supplemented with appropriate concentrations of H>O-, and incubated for 2 h at
37 °C with shaking at 230 rpm. H,O, pre-treated cells were collected and
resuspended in fresh LB media. Phages were subsequently added at MOI 0.1 and

viable cell counts were performed 2 h post-infection.

7. Transposon sequencing (Tn-seq) library construction
Overnight cultures of tEc (n=3) were back diluted to ODeg 0.1 in fresh LB media
supplemented with appropriate concentrations of H>O-, and incubated for 2 h at
37 °C with shaking at 230 rpm. H,O, pre-treated cells were collected and
resuspended in fresh LB media. Phages were subsequently added at MOI 0.1 and

viable cell counts were performed 2 h post-infection.

8. Transposon sequencing (Tn-seq) passage

For passage under different stress conditions, a single aliquot of the tEc/mTn10



was used for each replicate (n=2). Thawed library cells were diluted to ODsw 0.1,
and 1 mL was inoculated into 300 mL. LB broth. This culture was incubated
overnight at 37 °C with shaking at 230 rpm. Next morning, 1 mL of the overnight
cultures were taken to prepare gDNA of the input library using Qiagen Blood &
Tissue kit. Overnight cultures were back diluted to ODeoo 0.2 in fresh 100 mL of
LB broth, containing different concentrations of H>O, and/or phage (MOI = 0.1)
as appropriate. Under different stress conditions, cultures were incubated for 3 h
at 37 °C with shaking at 230 rpm. Finally, gDNA was extracted from the surviving
cells in each output culture. Prior to sequencing the transposon insertion junctions,
genomic DNA were prepared by HTML-PCR following the protocol previously

described?*s.

9. Bioinformatic analysis of Tn-seq data
Tn-seq data was processed as described previously*’. Briefly, raw reads generated
by sequencing the HTML-PCR products using Illumina Miseq were quality-
filtered and adapter trimmed using CLC Genomics Workbench software.
Processed reads were then aligned to the reference tEc genome, and the output
mapping files were used as input for Hopcount data analysis**. Using the
Hopcount script and the annotated tEc genome, frequency of each insertion
mutant and thus dvalgenome (fitness) values of each gene under each stress

condition were calculated. Candidates passing the statistical cutoff were selected.



10. Lambda Red recombineering for deletion mutant generation
Lambda red system-harbouring pKD46 was transformed into tEc cells by
electroporation. Successful transformants were selected on LB ampicillin (100
pg/ml) plates. Electrocompetent tEc/pKD46 cells were made and used for
downstream transformation of the DNA fragment. First, 50 bp regions flanking a
candidate gene to be deleted were added to either end of a spectinomycin
resistance cassette by PCR amplification. Purified PCR product was then mixed
with electrocompetent tEc/pKD46 cells and transformed via electroporation at
2.5 kV. Successful deletion mutants would gain spectinomycin resistance, and
thus we selected the deletion mutants using LB plates supplemented with

spectinomycin (100 g g/ml).

11. Mutant competition assay
In-frame deletion mutants were co-cultured in LB broth with wild type tEc
under same conditions as Tn-seq. At the end of 3 hours, cultures were serially
diluted and 100 1 of each were spread on LB agar supplemented with 20
mg/ml X-gal and 100 mM IPTG, using sterile glass beads. After incubation at
37 °C overnight, numbers of each blue and white colonies were counted and

used to calculate competitive indices for each strain.

12. Measurement of gene expression by real-time PCR

Overnight cultures of tEc (n=6) grown for 16 hours at 37 °C with shaking at 230

10



rpm were backdiluted to ODeoo 0.1. When ODgy of the cultures reached 0.4, H,O,
was added to experimental group cultures to final concentration of 2 mM. After
incubation at 37 °C with shaking at 230 rpm for 30 minutes, 1 mL of each culture
was collected for subsequent RNA purification. Using Qiagen RNeasy Mini kit
(Cat. 74104, Qiagen, Aarhus, Denmark), total RNA from cells were collected
following the manufacturer’s protocol. For quantitative PCR (qQPCR), cDNA was
synthesized from 1 ug of total RNA using random hexamer primers and
SuperScript reverse transcriptase II (Invitrogen, Waltham, MA, USA). gPCR was
performed using PowerUP SYBR Green Master Mix (Applied Biosystems,
Waltham, MA, USA), and QuantStudio 3 Real-time PCR system (Applied
Biosystems, Waltham, MA, USA). All data were collected using QuantStudio
Design and Analysis software (v1.5.1, Applied Biosystems, Waltham, MA, USA)
and normalized to universal 16S RNA and gene expression values were obtained

using the AA-Ct method.

11



III. RESULTS

1. Isolation and characterization of coliphages

In order to investigate how gut commensal Escherichia coli strains interact
with phages, we isolated phages from wastewater collected at Severance
hospital, in Seoul, South Korea, following the protocol described in Material
and Methods (Fig 1A). Single phages that form clear plaques on lawns of
bacteria were purified and each phage was shown to target only tEc or atEc and
not able to target the other bacterial strain (Fig 1B). Each of these phages are
hereonafter referred to as $tEc and patEc. When each phage-bacteria pairs were
mixed at various multiplicity of infection (MOI), phages exhibited killing
activity proportional to the MOI. At the lowest MOI of 0.0001, lysis of tEc and
atEc occurred once ODgg reached approximately 0.5 and 0.6, respectively. At
the highest MOI of 10, lysis of tEc and atEc occurred at ODeoo of approximately
0.2 for both strains (Fig 2). Notably, tEc infected with phage at MOI of 1 and 10

both exhibited emergence of phage resistance bacteria within 6 hours.

12



Wastewater collected at
Severance Hospital

4

Enrichment of desired

coliphages : >
A tEc atEc
Single phage isolation dtEC Lysis No lysis
&
Characterization datEc No lysis Lysis

Figure 1 Isolation and characterization of E. coli-targeting phages. (A)
Wastewater sample collected at Severance hospital was enriched with host
bacterial strains and single phages able to form clear plaques on tEc and atEc
were isolated and purified. (B) Spot lysis test of the purified phage stocks

revealed each phage can target either one of tEc or atEc but not both.
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Table 1. Bacterial and phage strains, and plasmids used in this study

Strains/Plasmids Description Source
E. coli strains
tEc Isolate from mouse intestine. Parental (wild- 39
type) strain for gene deletion, wherein the
target gene was replaced by spectinomycin
adenyltransferase cassette derived from
pDL1098.
atEc Isolate from mouse intestine. 39
DHS5 Apir General cloning strain. Lab
Collection
Coliphages
PtEC Phage isolated from sewage collected at a This study
tertiary university hospital, targeting tEc.
datEc Phage isolated from sewage collected at a This study
tertiary university hospital, targeting atEc.
Plasmids
pKD46 Lambda red recombineering plasmid inducible 1 ap
with arabinose, replicates at < 30°C; ampicillin Collection
resistant.
pCVD442 Suicide vector used for deletion of hokA and [ ab
xisR; ampicillin and gentamicin resistant. Collection
pDL1098 Transposition vector carrying mTn10 for Tn- 47
seq, replicates at < 30°C; chloramphenicol and
spectinomycin resistant.
pDL1086 Transposition vector carrying mTn10 for Tn- 47

seq, replicates at < 30°C; chloramphenicol and
ampicillin resistant.

14
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Figure 2 Lysis curves. Lysis curves of each pair (A) tEc-¢tEc and (B) atEc-datEc

were measured by ODgy. Higher MOIs corresponded with increased lytic

efficiency.
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Additionally, since one of the key characteristics of bacteriophages is the
specific range of hosts they can target, we characterized the host range of the
two phages, using a panel of 65 clinical E. coli isolates for infection with each
phage. Bacterial strains that the phage could use to replicate and form clear
plaques by lysing the host cells were included in the phage’s host range. ¢tEc
was able to replicate on 12 strains, whereas datEc was able to use 5 strains as
host (Fig 3). Interestingly, the two phages shared only one host out of the 65
strains tested, indicating their high specificity for host. Moreover, this narrow

overlap in host ranges was reflected in their largely variable genomic contents.
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®tEc

11

datEc

1 4

Clinical isolate PtEc PatEc Clinical isolate PtEc PatEc Clinical isolate PtEc PatEc
1_[ua3ia 26 |601 51 _|U816

2 |Ba4s2 27 |B11762 52 (U973

3 |Ra34 28 |P567 53 [U1287

4_|P610 29 _|C750 54_|U480

5 |U4093 30 |B9259 55 |U1142

6 |c644 31_|N486 56 _|U1460 _:
7_|B5019 32_|MS1341 57 _|U1740

8 |P3ss 33 |N515 58 |U1795 |

9 |B7608 34 |N407 59 |U2093

10 |U3929 | 35 |N442 60 |U1838

11_|T164 36 |N459 61 |U2267

12_|U4257 37_|N47 62 |U2245

13 |B11671 38 |U4711 63 |U2404

14_|N27 N477 64 |U2448

15 _|P406 MS1043 65 |U208 |
16 _|N8 N467

17_|N32 N243

18_|U3948 N337

19 [N86 MS1350

20 [ce11 B14276 [No lysis |

21 _[N413 P846

22 |N678 N112

23 |U5634 N218

24 |N595 B13141

25 |N759 N231

Figure 3 Host range of ¢ptEc and ¢atEc. Host ranges of ¢tEc and patEc were

investigated using a panel of 65 clinical isolate E. coli strains. Only one out of 65

host bacterial strains was shared by the two phages.
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Phage genomes were extracted and sequenced from the single phage stocks,
and bioinformatically analysed. Genome of the datEc was much larger than that
of $tEc, where each was 39kbp (Fig 4) and 167kbp (Fig 5) long. Reflective of
“viral dark matter”, or our currently limited knowledge in phage proteins, most
of the predicted coding sequences were not annotated by Prokka or Phigaro,
tools used to annotate the phage genomes. The two phage genomes were used to
generate a predicted proteome, and they were compared to an online database of
4913 prokaryotic dsDNA viruses, to estimate their hosts and viral family (Fig
6). ptEc and datEc were both predicted to target Proteobacterial hosts, to which
E. coli belongs, and each belong to families Drexlerviridae and Straboviridae,

respectively.
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Figure 4 ¢ptEc genome map. Features of ¢tEc genome and map created using

whole genome sequencing data and Proksee.
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Figure 5 patEc genome map. Features of ¢atEc genome and map created using

whole genome sequencing data and Proksee.
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Figure 6 Proteomic tree of ¢ptEc and ¢atEc. Proteomic tree was drawn based
on the translated genomes of ¢tEc and ¢atEc phages in relation to 4913
prokaryotic virus genomes publicly available. Inner ring depicts the viral family
the phage is predicted to belong to, and the outer ring indicates the most likely
host group the phage may use as host. Red stars indicate where the two phages

are in relation to each other.
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2. Identification of putative host receptor proteins

Phages are known to use specific receptors on host bacterial cell to establish
adsorption and initiate infection. This specific selection of host receptor proteins
may attribute to the specific nature of host selection among phages. To identify
which host receptors each phage uses to infect their hosts, we performed random
transposon mutagenesis of the two host E. coli strains. Bacterial mutants that
exhibited resistance to the corresponding phage were isolated and the gene
disrupted by transposon insertion was identified by sequencing (Fig 7A). Based
on sequencing results, phages ¢tEc and ¢atEc were shown to use TonB-
dependent vitamin B12 receptor BtuB and outer membrane protein C as putative

host receptors, respectively (Fig 7B).
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Figure 7 Random Tn insertion mutants reveal candidate receptors. (A)
Mutants selected from random transposon mutagenesis exhibited complete
resistance to corresponding phages. (B) Putative host receptors used by each ¢tEc

and ¢atEc were identified by sequencing the junction of the transposon insertion.
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3. Escherichia coli strains exhibit tolerance to phages under reactive

oxygen stress

High levels of ROS is one of the key characteristics of IBD gut environment*>:
40, Using our model system of bacteriophage and gut commensal E. coli strains,
we performed an infection experiment at various H,O, concentrations and
counted the number of viable cells at 3 h post infection. Increasing concentrations
of H,O, lowered the number of viable cells, with 2 mM H»O, decreasing cell
counts by ~2 log fold in both tEc and atEc, while 4 mM H,O; killed all tEc cells
and decreased atEc cell counts by ~4 log fold (Fig 8A). atEc possesses one
additional catalase, eKatE, which makes the strain more resistant to H,O, than
tEc*. Phage-only treatment of the two strains resulted in ~5.5 log fold decrease
of cell counts and complete killing of tEc and atEc, respectively (Fig 8A-B).
Interestingly, however, when phage infection was initiated in the presence of 2
mM H0,, and 2 mM and 4 mM H,O, for tEc and atEc, respectively, the numbers
of cells were comparable to that of H,O»-only treated bacteria. Presence of
sufficiently high concentrations of H,O, seemed to reduce the degree to which
phages were able to lyse the host cells. Therefore, we suspected that ROS may be

inducing phage-tolerant phenotype in the two E. coli strains.

24



*ok

*k

*k

10g4o (CFU/mI)
i T 2
10g+o (CFU/mI)

0- T T T T
H,0,(mM) 0 2 4 0 2 4 H,0, (mM)
Phage - - - + + + Phage - - -

Figure 8 ROS-induced phage tolerance in E. coli . Phage infection assays of
tEc and atEc under various H>O, concentrations. Phage infection under H,O,
presence. ROS induced phage tolerance in (A) tEc and (B) atEc, *P < 0.05, **P

<0.01.
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However, we wondered if the reduced lytic effect of the phage may be due to
H,O; inactivating the phages directly. We tested this possibility by first pre-
treating the phages with H,O, for 1 h, and subsequently adding catalase to the
mixture to remove any remaining H>O,. These H>O,-pre-treated phages were then
used to infect their respective E. coli hosts as in previous infection experiments,
and again the number of viable cells were counted by plating. Interestingly, when
phages were first treated with H,O, and also catalase, phages exhibited no
difference in their lytic activity, decreasing the cell numbers by ~6 log fold in
both tEc and atEc, irrespective of the H,O, concentration used (Fig 9A). However,
when phages were only pre-treated with H,O, and not catalase, such that host
bacteria eventually became exposed to H,O,, phages were again only limitedly
effective at host lysis. While phages not pre-treated with H,O, significantly
decreased the cell numbers by ~5 log fold and ~6.5 log fold in tEc and atEc,
respectively, phages pre-treated with H,O, were only able to decrease the cell
numbers by ~2 log fold at 2 mM H,O, and 4 mM H:O: in tEc and atEc,
respectively (Fig 9B). Based on these findings, we ruled out the possibility that

HO, directly influences the phages’ lytic activity.
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Figure 9 Phage pre-treatment with H,QO,. (A) Viable cell counts after infection
with phages pre-treated with varying concentrations of H,O, and subsequent
catalase to prevent E. coli from exposure to ROS show no reduced lytic activity.
(B) Viable cell counts after infection with phages pre-treated with H,O, but not

catalase show reduced lytic activity. * P <0.05, *** P <(0.001.
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In contrast, the host E. coli strains seemed to be directly influenced by H,O,
treatment. When the two strains were treated with 1 mM and 2 mM H,0,, each
strain showed a significant morphology change (Fig 10). At intermediate
concentrations of H,O,, 1 mM for tEc (Fig 10A) and 1 mM and 2 mM for atEc
(Fig 10B), both strains exhibited a slightly elongated cell shape. However, tEc
treated with 2 mM H,O,, which is the concentration that induced the phage-
tolerant phenotype (Fig 8), cells exhibited a distinct wrinkled cell surface. While
atEc did not show this ruffled morphology at 2 mM, possibly due to its greater
resistibility to ROS, we speculate that at a higher concentration such as 4 mM, a
similar cell morphology to tEc will be observed. Thus, we concluded that the
ROS-induced phage-tolerance is due to a physiological change of the host

bacteria, and not that of the phage.
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Electromicroscopy images of E. coli cells after H,O»

reveal their cell morphologies are affected by ROS stress.
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4. Concurrent reactive oxygen stress is necessary for phage tolerant
phenotype

Next, we wondered whether concurrent ROS was required for phage tolerance
or if pre-treatment with H>O, prior to phage infection was sufficient for phage
tolerance. E. coli were cultured in LB media supplemented with different
concentrations of H,O,, for 1.5 h. Subsequently, cells were collected and
resuspended in fresh LB media that contained phage only. While pre-treatment
with increasing concentrations of H,O. suppressed bacterial growth in the
subsequent culture that excluded H,O,, phage-tolerant phenotype was not
observed in groups that were infected with phage (Fig 11). Based on this finding,
we concluded that simultaneous ROS presence is required for the bacteria to

exhibit phage tolerance.

30



ODGOO

0.8+ 10—
9_
0.6- %‘ 8+
2 7
0.4 O 67
o
-« LB 5‘,- 5
0.2 g = &
34 O
1
oc" 2- T T
o i é \;Q Q Q‘?W {Q
Time (hr) Q‘Q
0.25-
0.20-
0.154 o ¢
A H202+¢
0.104
0.05]
0.00 A .
0 1 2
Time (hr)

Figure 11 Simultaneous ROS stress is necessary for phage tolerance.
Sequential addition of H,O- and phages (A) Growth of H,O,-pre-treated tEc cells
grown subsequently in fresh LB media. (B) Lytic curves of H,O,-pre-treated tEc
cells (MOI=0.1) (C) Viable cell counts of H,O,-pre-treated tEc cells infected with

phage.
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5. Tn-seq identifies susceptibility and resistance genes in phage killing

In order to identify the gene(s) responsible for ROS-induced phage tolerance,
we performed transposon sequencing (Tn-seq) in tEc. Using the mini Tnl0
system, we created a high complexity Tn mutant library in tEc. This library was
cultured under 4 different conditions; LB (control), 8§ mM H,0O, (ROS only),
phage only, 8 mM H,O: + phage (double stress). Similar to our previous infection
experiments, surviving cells were collected and counted at 3 h post infection.
Again, we observed phage tolerance in cells that were mixed with phage under

the presence of H,O» (Fig 12).
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Figure 12 Schematic representation of Tn-seq design and viable cell counts
of input and output. Highly complex tEc mini Tn10 insertion mutant library was
put through 4 different culture conditions to identify genes that are important for
the ROS-induced phage tolerant phenotype. Viable cell counts verified that the

libraries exhibited increased tolerance to phage when grown in the presence of

ROS stress.
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From these surviving cells, genomic DNA was extracted and subsequently
prepared for sequencing of the transposon insertion junction. Analysis of the
sequencing data revealed the lists of genes that confer either sensitivity or
resistance under each stress conditions. In the phage only group, insertion
mutants of btuB and sdaC exhibited significantly increased fitness under phage
stress (Fig 13). These were predicted to be genes that encode the receptors that
¢tEc uses to establish infection and reflects the finding from our random
mutagenesis experiment (Fig 7). Indeed, when bfuB was deleted, tEc exhibited
complete resistance to the phage (Fig 14A), and phage adsorption was completely
blocked by bruB deletion (Fig 14B) indicating that BtuB is indeed a bona fide
outer membrane receptor used by the phage. In the double stress group, 6 genes
were predicted to confer tolerance to phage under presence of H,O (Fig 15). Thus,

these genes most likely mediate the ROS-induced phage tolerance in tEc.
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group data exhibit two candidate genes that confer sensitivity to phage.
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infection. (A) In-frame deletion mutant, AbtuB, exhibits complete resistance to
PtEc, regardless of H,O, treatment. (B) Phage adsorption assay revealed that

BtuB is indeed a host receptor molecule that enables phage adsorption, as AbtuB

shows no adsorption over time.
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6. Deletion mutants exhibit decreased phage tolerance compared to

wild type under ROS stress

In order to experimentally validate that the candidate genes predicted to
confer phage tolerance under ROS stress do indeed confer protection, we
performed a competition assay. First, we generated in-frame deletion mutants of
4 candidate genes as well as a lacZ deletion mutant to perform blue-white colony
screening. Next, we co-cultured the strains with wild type cells under the same
condition as Tn-seq, with or without the presence of ROS stress and/or phage.
When we counted the number of surviving cells, we noticed that the deletion
mutants exhibited decreased fitness (Fig 16), as evidenced by their competitive
indices (indices smaller than 1 signal reduced fitness compared to wild type).
Thus, this data supports that the deletion of these genes leads to fitness defect of
the cells when subjected to phage attack and concurrent ROS stress.

In order to examine the transcription levels of these tolerance genes under
oxidative stress, tEc cells were treated with H,O, and RNA was extracted from
these cells. RT-qPCR data revealed that transcription level of all of the 6 target
genes except for yhbO were either maintained at the same level or slightly
upregulated upon H,O, treatment compared to control (Fig 16B). Especially,
manC gene involved in colanic acid capsule biosynthesis and yciH encoding a
putative protein were shown to be significantly upregulated. This data
corroborates RNA sequencing data, as most of the tolerance genes were shown

to be transcriptionally upregulated (Fig 16A), while yciH was most robustly
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upregulated. Hence, this indicates that the tolerance genes are most likely to be
transcriptionally active during oxidative stress condition induced by H»O,, and
that their active transcriptional status enables the gene products in facilitating

phage tolerance under ROS condition.
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Figure 16 Experimental validation of deletion mutants via competition assay.

Competitive indices indicate the fitness of each strain relative to the wild type

tEc. Deletion mutants exhibited loss of ROS-induced phage tolerance.
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Figure 17 Transcription levels of candidate phage resistance genes in H,O,-
treated tEc cells. (A) RNA sequencing revealed that transcriptions of most target
genes, except for mdtE, are slightly upregulated, especially for hokA and yciH
with greater than 2-fold increases. (B) Real-time quantitative PCR similarly
showed that gene expression is upregulated for most genes when cells were
subjected to oxidative stress by H>O, and especially significantly for manC and

yciH. Data points were collected from 5 biological replicates. *P < 0.05.
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IV. DISCUSSION

In our model system of gut commensal E. coli isolates and their bacteriophages
under the presence of ROS, phage-bacteria interactions were closely investigated.
Most notably, the gut E. coli isolates exhibited increased tolerance to phage under
ROS (Fig 8), while ROS in and of itself did not seem to influence the phages’
ability to complete lysis (Fig 9). Moreover, phage tolerant phenotype was
observed only when the bacterial cells were exposed to a simultaneous and
sufficiently high level of ROS (Fig 10). Based on these findings, we speculated
that ROS induces a physiological change in the host bacteria, which confers

increased tolerance to phage.

Transposon sequencing (Tn-seq) of the tEc strain revealed potential genes that
confer sensitivity or tolerance to phage. When the transposon mutant library was
passaged in the presence of phage, with the two most relevant gene hits identified
as bruB and sdaC, encoding vitamin B12 receptor BtuB and serine transporter
SdaC, respectively (Fig 13). Detection of btuB mirrors the random transposon
mutagenesis results, where insertion in the bruB gene was similarly found to
confer resistance to phage infection (Fig 7). We suspect that BtuB is the outer
membrane receptor that the phage uses, as multiple phages have been reported to
use it to establish adsorption*’. Additionally, Tn-seq uncovered SdaC, most likely

the inner membrane receptor that the phage uses. SdaC have been reported to be
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the secondary receptor that phages utilize in combination with the primary
receptor BtuB, in order to inject their DNA into host cell*. Given our promising
results in detecting what genes are relevant for tEc under phage infection pressure,
we investigated into which genes may be conferring the phage tolerance
phenotype under ROS condition. For this, we compared the fitness of mutants
between two conditions, ROS+¢ (double stress) and ROS only. Using a stringent
cutoff of g-value > 0.001 , our analysis revealed 6 candidate genes - mdtE, manC,
xisR, hokA, yhbO, yciH - that seem to confer tolerance to phage in ROS culture
condition (Fig 15). Based on our RT-qPCR data, manC and yciH were
significantly upregulated, RNA sequencing results, all genes except for mdtE
exhibited increased transcription levels in the double stress condition (Fig 17B).
This highlights the likelihood of expression of these genes getting induced by

H,0; and thus facilitating ROS-induced phage tolerance.

Based on previous research, we speculate, as follows, how the identified
candidate resistance genes might be conferring ROS-induced phage tolerance
(Fig 18):

Firstly, hokA encodes the peptide toxin of a type I toxin-antitoxin system. One
of the immune mechanisms that bacteria use against phage attack is abortive
infection mediated through toxin-antitoxin systems>. Under normal conditions,
hokA mRNA is bound by the corresponding sok antitoxin mRNA, such that hokA

translation is suppressed. However, if hokA translation is somehow increased,

43



HokA toxins produced can result in programmed cell death®'. In phage-infected
bacterial cells, HokA activation results in “altruistic suicide” and its death
effectively prevents production of more phage particles and saves the bacterial
population.

Secondly, xisR encodes excisionase and is part of prophage Rac within the tEc
genome. XisR is required for the prophage’s excision from the host genome and
entering the lytic replication cycle®. Prophages are known to mediate defense
against phage infections through various mechanisms*. While the exact role of
excisionase in conferring resistance to a lytic phage superinfection is unknown,
we speculate that prophage induction during lytic phage infection can lead to loss
of host cell viability and thus unsuccessful replication of the lytic phage.

Thirdly, manC encodes mannose-1-phosphate guanylyltrasnferase, which is
involved in colanic acid biosynthesis and capsule formation. While there are
some phages that recognize and specifically bind to the bacterial capsule for
establishing adsorption, for other phages the capsule may function as a resistance
mechanism®’. In the latter case, the capsule is a protective layer against the
bacteriophage, physically obstructing the phage from getting into proximity with
the host and binding to its receptor*®. Thus, since ¢tEc uses the BtuB protein for
receptor (Fig 7B), the capsule most likely confers resistance against the phage to
tEc.

Forthly, mdtE encodes a multidrug efflux pump protein belonging to the

resistance nodulation division (RND) family. Multidrug efflux pump proteins
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have been reported to be receptors recognized by phages and important for
adsorption®:>? or known to confer antibiotic resistance to bacteria through efflux
of the drugs®%2. However, multidrug efflux pumps can export a wide range of
substrates, ranging from bacterial toxins®- % and chemicals®' to host-derived
substances such as bile salts and hormones®. Especially, bacterial toxins such as
hemolysin and colicin are also exported into the extracellular space through
multidrug efflux pumps®%. Presently, no research has yet reported MdtE or any
other multidrug efflux pump’s specificity for exporting phage-derived toxins.
However, given the relatively small size of phage-derived toxins compared to
bacterial toxins, it seems not all too impossible that there exists a multidrug efflux
pump that exports phage-derived toxins such as endolysin and holin. While this
speculation needs thorough validation, I speculate that MdtE may be a novel
tolerance mechanism against phage under oxidative stress condition, by exporting
phage-derived toxins, and thus inhibiting lysis of the host cell.

Fifthly, yhbO encodes a protein/nucleic acid deglycase, involved in repair of
glycated protein and glycated nucleic acid. YhbO is a general stress protein that
plays an important role in oxidative stress condition, as oxidative stress results in
glycation damage and cellular dysfunction in consequence® . No phage
tolerance mechanism directly involving YhbO has been reported yet, while it is
possible that inability to appropriately repair glycated proteins that themselves
play a role in mediating phage tolerance would hinder the bacterial cell more

susceptible to phage attack. Thus, YhbO may be functioning indirectly through
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repair of agents that are involved in phage tolerance in oxidative stress.

Lastly, yciH encodes a putative stress response regulator. It has been reported
that YciH regulates the expression of stress-related genes and significantly
decreased the production of their gene products®. Again, similar to YhbO, as a
general stress response protein, under oxidative stress condition, YciH may be
modulating specific downstream activities that additionally confer phage
tolerance.

While previously no specific association of yciH has been made with phage
infection, it may be possible that YciH moderates change in the tEc membrane

that is associated with stress response, such that it is more resistant to phage lysis.

In response to H>O,, tEc transcriptomic profile revealed increased transcription
of soxRS but not oxyR genes (data not shown). Genes in the soxRS regulon, such
as sodA encoding superoxide dismutase were upregulated. Notably, increased
levels of transcription were observed for all candidate genes except for mdtE, in
H,0,-treated tEc. (Fig 17A). These results are in alignment with the quantitative
PCR data, as most genes showed a trend of upregulated expression, with manC
and yciH being significantly upregulated (Fig 17B). These data collectively
support the likelihood these genes’ importance in effecting the E. coli’s
physiological changes in response to ROS, and thereby conferring ROS-induced

phage tolerance.
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gene product may confer tolerance to lysis by phage.
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While expansion of the E. coli population in inflammatory bowel disease (IBD)
gut environment is a widely acknowledged fact -, it remains unclear how the
bacterial population interacts with their counterpart bacteriophage population. It
is also yet unclear how such interactions shape the progression of the disease.
This study aimed to investigate how gut commensal E. coli isolates interact with
their bacteriophages, in a condition that mimics inflammatory bowel disease
(IBD) gut environment. Our findings that E. coli react to ROS in such ways that
they become more phage-tolerant add new knowledge to what we know about E.
coli-phage interactions. We hypothesize that this ROS-induced phage tolerance
is what enables the uncontrolled propagation of E. coli in the IBD gut
environment (Fig 19). Furthermore, since aborted phage infections that do not
result in phage replication leads to loss of infective phage material and therefore
may result in a decreased collective infective capacity of phages, this phenotype
also may cause a decline in the number of E. coli-targeting phages in the gut. This
reduced phage population can thereby feed into the cycle and exacerbate the

Enterobacteriaceae bloom in the gut and inflammation.
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Figure 19 Proposed E. coli — bacteriophage interactions underlying IBD.
Under normal condition, low oxygen potential in the gut allows maintenance of
sufficient phage infective capacity and eubiosis. Under high oxidative stress
condition as in IBD, E. coli may become tolerant to the endogenous gut phages,
and hence result in loss of phage infective capacity, which in turn aggravates the

dysbiotic proliferation of E. coli and inflammation in consequence.
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Finally, phages are potentially very important therapeutic tools in treatment of
microbiome-associated diseases, including IBD. However, with the ROS-induced
phage tolerant phenotype of E. coli that we observed in this study in mind, future
research may investigate if administration of drugs such as anti-inflammatory
drugs for lowering the level of ROS or molecules that can revert or impede the
ROS-induced changes of E. coli such that they are more phage susceptible, in

combination with phage therapy results in greater therapeutic efficacy.
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V. CONCLUSION

In this study, we hypothesized that interactions between gut commensal
E. coli and bacteriophage might be a contributing factor to the dysbiotic
expansion of the E. coli population in inflammatory environment such as the IBD
gut. For this, we established a model system of two gut commensal E. coli isolate
strains, previously shown to be well-adapted to surviving in the high ROS
environment, and lytic phages that can target these two strains. Interestingly, we
observed that ROS induced a phage tolerant phenotype in the two gut commensal
E. coli strains, through H,O»-mediated physiological changes of the bacteria, and
not due to changes of phages. Transposon sequencing successfully identified
genes that confer sensitivity to phage, as well as ROS-mediated phage tolerance.
Further experimental validation of deletion mutant phenotype is required to verify

the involvement of the identified genes in facilitating phage tolerance.
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