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ABSTRACT

Choi, Hojeong
Department of Agricultural Biotechnology
The Graduate School

Seoul National University

Shigella is an important causative agent of shigellosis causing diarrhea.
Considering the antibiotic resistance, bacteriophage can be used as an antibiotics
alternative for controlling Shigella. However, bacterium can become resistant to
phage by modifying their cell surface receptor. Therefore, phage treatment that
targets various host receptors is more effective than single phage treatment. In this
study, new phages targeting Shigella flexneri were isolated and their specific host
receptors were identified to understand the phage-host interaction. To identify the
host receptors of the five phages (SFPB, SFP17, SFP20, SFP21A, SFP21B), various
mutant libraries were constructed using lambda-red recombination and the TnJj
transposon in S. flexneri 2a strain 2457T. The host receptor identification results
showed that there were three types of receptors; an outer core of lipopolysaccharide
(LPS), an O-antigen of LPS and a FhuA (ferrichrome porin). Phage SFPB uses the
outer core as the receptor, while phage SFP20, SFP21A, and SFP21B use the O-
antigen of LPS as the receptor. Phage which utilize FhuA for adsorption was SFP17.
Interestingly, in the mutation of the ga/U gene that directly affects the synthesis of

the S. flexneri LPS core, SFP21A showed different lytic activity than SFP20 and



SFP21B. For further understanding of the host-phage interaction, protein structure
prediction was performed and showed that the Gp09 of SFP21A is a receptor binding
protein having a homotrimeric structure. The binding activity using EGFP-Gp09
fusion proteins revealed that the C-terminal domain is involved in receptor binding.
Furthermore, multiple sequence alignment revealed that one amino acid (V669) at
the C-terminus of Gp09 was predicted to be a key residue affecting binding in the
galU mutant. Point mutation analysis revealed that the single point mutation in the
C-terminal domain (V669A) could no longer bind to the ga/U mutant, indicating that
valine present in the outer loop of the binding domain may play an important role
when binding to the host cell surface. Based on these characteristics, a spotting assay
was performed to confirm the lytic activity of SFP21A in the phage SFPB-resistant
mutant strains. As a result, despite being an O-antigen receptor, SFP21A effectively
inhibited the SFPB-resistant bacteria. Therefore, phage cocktail consisting of
SFP21A, SFPB, and SFP17 effectively inhibited the bacterial growth and the
emergence of resistant strains than the single phages. These results suggest that
phage cocktail using phage-host interactions can be applied as alternative biocontrol

agents against S. flexneri.
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1. Introduction

The genus Shigella generally comprises four major serological
groups: Group A (S. dysenteriae, 15 serotypes), Group B (S. flexneri, 19
serotypes), Group C (S. boydii, 19 serotypes), and Group D (S. sonnei, 1
serotype) (Sun, Lan et al. 2013). Among them, S. flexneri is a common
predominant species and 2a is a major serotype in this species (Kotloff,
Winickoff et al. 1999). The Shigella infection, a shigellosis, is an intestinal
infection by Shigella, causing bloody diarrhea, fever, sever stomach cramping,
nausea, and even vomiting (CDC 2018). In the United States between 1998
and 2008, major shigellosis outbreaks (58%) were food-borne, and these
outbreaks (54%) were restaurant-associated (Nygren, Schilling et al. 2013).
And raw food consumption and infected food handlers were major causes of
these outbreaks and most of their bacterial origin (79%) was S. sonnei. During
this period, 120 shigellosis outbreaks were reported and analyzed, resulting
in 6,208 food-borne illnesses, 197 hospitalizations, and one death (Nygren,
Schilling et al. 2013). In 20 countries of EU and UK for 2017, a total of 8,465
confirmed cases of shigellosis by S. sonnei were reported, and the highest
notification rate was observed in children under five years of age (ECDC

2020). This high shigellosis risk to children was also supported by shigellosis



outbreaks by S. flexneri in sub-Saharan Africa and South Asia, reporting that
nearly 70% of all deaths were children under the age of five (Jennison and
Verma 2004). Interestingly, S. sonnei is a major bacterial origin for shigellosis
in the developed countries, but S. flexneri is in the developing countries
(Kotloff, Winickoff et al. 1999).

Since various antibiotics have been treated to control and regulate the
shigellosis outbreaks, multidrug-resistant Shigella has been emerged globally,
especially ampicillin, chloramphenicol, co-trimoxazole, tetracycline, and
nalidixic acid (Bhattacharya, Sugunan et al. 2012, Control and Prevention
2018). Due to this multidrug resistance, WHO recommended antibiotics such
as ciprofloxacin (1% stage) and pivmecillinam, ceftriaxone, or azithromycin
(2" stage) for treatment of shigellosis in 2005 WHO guidelines (Williams and
Berkley 2018). However, a new control and regulation method for shigellosis
needs to be developed to reduce the shigellosis without the emergence of this
multidrug-resistance in Shigella. In addition, usage and application of
antibiotics is strictly prohibited in foods (European Commission 2003).
Therefore, bacteriophage has been suggested as an alternative approach to
control and regulate Shigella in foods (Jun, Kim et al. 2013, Llanos-Chea,
Citorik et al. 2019, Shahin, Zhang et al. 2021).

Bacteriophage is a bacterial virus and lyse a specific host bacterium

via its distinct lytic and lysogenic life cycles without emergence of antibiotic



resistance, suggesting human safety. Because of these characteristics,
bacteriophage has been considered as an alternative strategy for handling of
antimicrobial-resistant infections (Criscuolo, Spadini et al. 2017, De Sordi,
Lourenco et al. 2019, Dedrick, Guerrero-Bustamante et al. 2019). Previously,
food application of bacteriophage was approved as a natural food preservative
by US Food and Drug Administration (FDA) in 2006 (Lang 2006).
Furthermore, a new phage product, ShigaShield, was developed with a phage
cocktail of five Shigella lytic phages and commercialized by Intralytix (USA)
(Shahin, Zhang et al. 2021). However, this phage cocktail was prepared with
a random combination of those Shigella lytic phages without consideration of
phage-resistant mutant formation. To enhance the host lysis activity of
Shigella phages and to prevent phage-resistant mutant formation of the
Shigella host strains, their further characterizations, associated with host
receptor identification, its recognition, and even host lysis mechanisms, are
required.

It has been known that bacterial host often protects phage infection
by modification of its host receptor and consequently becomes resistant to the
phage (Kim and Ryu 2012, Shin, Lee et al. 2012, Bai, Jeon et al. 2019). To
overcome this limitation, it is important to identify the host receptor and to
characterize the interaction between the host receptor and its specific phage

to reduce the host resistance to phage infection (Kim, Kim et al. 2014, Bai,



Jeon et al. 2019, Yehl, Lemire et al. 2019). To initiate phage infection to
specific bacterial host, phage binds to a specific receptor on the surface of the
bacterial cell membrane, such as outer-membrane protein (OmpC),
ferrichrome outter-membrane transporter (FhuA), vitamin B12 trasporter
(BtuB), colicin E import outer-membrane (TolC), O-antigen of
lipopolysaccharides (LPS) and flagella (Shin, Lee et al. 2012, Bai, Jeon et al.
2019). Therefore, the modification of the specific host receptor can develop
the resistance of phage infection to the host strain. To reduce this phage
resistance of the host, phage cocktail containing a few or several phages
targeting different types of host receptors has been suggested (Kim, Kim et
al. 2014, Bai, Jeon et al. 2019). As an example, treatment of a Salmonella
phage cocktail containing three different phages targeting different host
receptors (BSPM4, flagella; BSP101, O-antigen of LPS; BSP22A, BtuB)
delayed effectively the emergence of phage-resistant Salmonella
Typhimurium in fresh lettuce and cucumber (Bai, Jeon et al. 2019). In
addition, a Salmonella phage cocktail containing two phages targeting two
different regions of LPS (SSU14, O-antigen; SSUS, outer core) reduced the
phage resistance of the host (Kim, Kim et al. 2014).

While only two S. flexneri phage Sf6 and Al-1 targeting three host
receptors (O-antigen of LPS, OmpA, and OmpC) and OmpA were identified

and characterized (Parent, Erb et al. 2014), no Shigella phage cocktails were



developed with consideration of host receptors to date (Shahin, Zhang et al.
2021, Shahin, Zhang et al. 2021). Treatment of a single phage vB_SflS-
ISFOO1 to S. flexneri-contaminated raw and cooked chicken breast samples
showed 2.0 log CFU reductions in 48 h and 24 h, respectively, suggesting that
S. flexneri phage treatment was more effective to cooked sample (Llanos-
Chea, Citorik et al. 2019). To increase the host lysis activity and to reduce the
phage-resistance in the host strain, the phage cocktail has been prepared and
evaluated. A phage cocktail containing S. flexneri phage SF-A2, S.
dysenteriae phage SD-11, and S. sonnei phage SS-92 was treated to ready-to-
eat spiced chicken contaminated with those host Shigella species, showing
2.0 log CFU reduction in 48 h (Zhang, Wang et al. 2013). In addition, an
extended phage cocktail containing S. flexneri phages vB_SflIS-ISF001/
vB_SfIM 004, S. dysenteriae phages vB_SdyS-ISF003/vB_SdyM_006, and
S. sonnei phages vB_SsoS-ISF002/vB_SsoS 008 was treated to four different
food samples such as cherry tomato, Chinese cabbage, baked breast chicken
meat, and yogurt, showing 3.8, 4.0, 3.3, and 3.4 log CFU reductions in 24 h,
respectively (Shahin, Zhang et al. 2021). Based on these results, the phage
treatment with a single phage, a cocktail of three different phages, and a
cocktail of six different phages (two phages per Shigella species) revealed
that the phage cocktail with more phage mixture has higher growth inhibition

and host lysis activities of Shigella in foods, but did not reduce the phage



resistance of the host strains due to no consideration of host receptors.
Therefore, further study regarding host receptor identification and recognition
of Shigella phages, and their interactions for synergic host lysis activity must
be performed to minimize the emergence of phage-resistant mutants. These
advanced host receptor studies would provide important information for
optimized formulation of phage cocktails to lengthen and maintain the host
growth inhibition activity of the phage cocktails without formation of phage-
resistant mutants. In addition, characterization of the phage receptor binding
proteins (RBPs) in the phage tails would be important to understand the
interaction between the host receptors and phage tails, because modification
of small region in RBP of E. coli T3 phage tail fiber protein affected the
binding activity to the host receptors (Yehl, Lemire et al. 2019). Therefore,
characterization of RBPs in Shigella phages is necessary for further
understanding of host recognition and phage infections between host
receptors and phage tails.

In this study, five S. flexneri phages were newly isolated from various
sewage samples and their phenotypic and genotypic characteristics were
analyzed. In addition, their host receptors were identified and compared to
elucidate the host specificities. Based on this, further receptor study was
performed to differentiate host receptors targeting O-antigen of LPS.

Furthermore, their RBPs were identified and characterized. Subsequently, a



phage cocktail was prepared with consideration of the host receptors and
RBPs and it was evaluated for host lysis, growth inhibition, and even
prevention of phage resistance of the host strains. Consequently, our findings
would be useful for development of a novel phage cocktail as a promising

alternative antimicrobial agent against Shigella.



2. Materials and methods

2.1. Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study were listed in Table
1 and 6, respectively. Shigella flexneri 2a strain 2457T was selected as an
indicator strain for isolation and propagation of bacteriophages. Shigella and
other gram-negative bacteria were grown in Luria-Bertani (LB) broth (Difco,
USA) with shaking for 12 h at 37°C. Gram-positive bacteria were cultivated
in Brain Heart Infusion (BHI) broth (Difco) for 24 h at 37°C. Agar and soft
top agar were prepared with the associated broth supplemented with 1.8%

agar and 0.6% agar (Difco), respectively.



Table 1. Bacterial strains and plasmids used in this study

Strain and plasmid

Relevant characteristic(s)?

References

Escherichia coli

MFDpir

DH5a, Apir

BL21 (DE3)

MG1655 RP4-2-Tc::[AMul::Aaac(3)IV-AaphA-
Anic35-AMu2::zeo] AdapA::(erm-pir) ArecA
@ 80dlacZAM15 A(lacZYA-argF)U169 hsdR17

recAl endAl gyrA96 deoR supE44 thi-1
relAl/Apir

F- ompT hsdSg (rs, mg”) dcm gal (DE3)

S. flexneri 2a strain 2457T

Awaal
AwaaG
AflgKk
AompA
AompC
AbtuB
AfhuA

galu::Tn5

AwaalL+pWaal
AwaaG+pWaaG
AfhuA+pFhuA
galU:: Tn5+pGalU

Plasmid

pRL27
pKD46
pKD3

pKD20

pUHE21-2 lacl®

pPET28a

pET28a-EGFP

waal deletion mutant of S. flexneri
waaG deletion mutant of S. flexneri
flgK deletion mutant of S. flexneri
ompA deletion mutant of S. flexneri
ompC deletion mutant of S. flexneri
btuB deletion mutant of S. flexneri

fhuA deletion mutant of S. flexneri

S. flexneri with transposon insertion in putative
galu

AwaalL complemented with WT waal gene
AwaaG complemented with WT waaG gene
AfhuA complemented with WT fhuA gene
galU::Tn5 complemented with WT galU gene

Tn5-RL27 (KmR-oriR6Ky) delivery vector
Pean(gam-bet-exo) oriR101 repA101(Ts); AmpR
oriR6Ky AmpR-FRT, and CmR-FRT

cI857 oripSC101(Ts) APr-flp;AmpR, CmR
reppmes lacl®; inducible Lac promoter; AmpR

His-tagged expression vector, T7 promoter, Kan®

pET28a with EGFP

(Ferrieres,
Hémery et al.
2010)

(Platt, Drescher
et al. 2000)

Novagen

This study
This study
This study
This study
This study
This study
This study

This study

This study
This study
This study
This study

(Larsen, Wilson
et al. 2002)
(Datsenko and
Wanner 2000)
(Datsenko and
Wanner 2000)
(Datsenko and
Wanner 2000)
(Soncini,
Véscovi et al.
1995)

Novagen

(Son, Kong et
al. 2018)



pWaalL

pWaaG

pFhuA

pGalU

EGFP-Gp09
EGFP-GpOONTD
EGFP-Gp09CTD
EGFP-Gp09V669A

pUHE21::waal; AmpR
pUHE21::waaG; AmpR
pUHE21::fhuA; AmpR
pUHE21::galU; AmpR
pET28a::EGFP-Gp09; AmpR
pET28a::EGFP-GpOINTD; AmpR
pET28a::EGFP-Gp09CTD; AmpR
pET28a::EGFP-GpO9VE69A; AmpR

This study
This study
This study
This study
This study
This study
This study
This study

aAmpR, ampicillin resistant, KanR, kanamycin resistant, CmR, chloramphenicol resistant

10



2.2. Bacteriophage isolation and stock preparation

Diverse sewage samples were collected from Jungnang, Seonam,
Kyongan, Opo, Seongnam and Gonjiam Sewage treatment plants in South
Korea. The phage isolation was performed according to the previously
described protocol (Park, Kim et al. 2017). And then, the phage spot assay
was performed to select virulent phages forming clear plaques with host lysis
activity. After virulent phage selection using the spot assay, only one phage
with the largest diameter of the clear plaques was chosen as a representative
virulent phage per one sample. Before phage propagation, the S. flexneri host
strain was incubated in 3 ml of fresh LB medium with shaking at 37°C up to
ODsoo = 0.5. A single phage plaque from the agar plate of selected phage was
picked and added to the incubated culture, and additionally incubated at 37°C
for 3 h. After incubation, the culture was centrifuged at 8,000 x g for 20 min
and the supernatant was filtered with 0.45 pm syringe filter (Pall Co., USA)
to remove the host strain. The filtrate containing the selected virulent phage
was used for the next propagation step with 10 ml culture of the indicator
strain. After that, this propagations step was repeated with 20, 200, and 800
ml of the culture to increase the culture volume. After serial phage
propagations, the selected virulent phage was concentrated by precipitation
with polyethylene glycol (PEG) 8000 (Daejung, Korea) and purified using

Cesium chloride (CsCl) density gradient ultracentrifugation (78,500 x g for

11



2h at 4°C) (HIMAC CP100p; Hitachi, Japan). After ultracentrifugation, the
phage band was extracted using a sterilized syringe, and then dialyzed with
sodium chloride-magnesium sulfate (SM) buffer (100 mM NaCl, 10 mM
MgSO4-7H20 and 50 mM Tris-HCl at pH 7.5). The concentrated phages were

stored at 4°C for further experiments.

2.3. Transmission electron microscopy (TEM)

The diluted phage solution (1 x 10° PFU/ml) was negatively stained
with 2% uranyl acetate (pH 4.0) on carbon-coated copper grids. Morphology
of the stained phages was observed under transmission electron microscopy
(TEM; JEM1010, Japan) at 80 kV in National Instrumentation Center for
Environmental Management (NICEM) of Seoul National University (South
Korea). The phages were identified and classified on the basis of International
Committee on Taxonomy of Viruses (ICTV) classification (Letkowitz,

Dempsey et al. 2018).

2.4. Bacteriophage host range analysis

All selected strains for host range analysis were listed in Table 1.
After bacterial incubation, 100 pl of the culture was added to 6 ml of 0.6%
soft top agar and the mixture was poured onto the agar plate. The phage was

10-fold serially diluted with SM buffer and the serially diluted phage

12



suspension was spotted onto the prepared agar plates and they were incubated
for 24 h at 37°C. After incubation, the number of formed single plaques was
recorded to determine the phage sensitivity of the indicator strain. To clarify
the ability of phage infection to specific indicator strain, the efficiency of
plating (EOP) was determined by comparison of the phage titer of the selected

indicator strain with that of the host strain, S. flexneri 2a strain 2457T.

2.5. Genome sequencing and bioinformatics analysis

Phage genomic DNAs were extracted using the Viral Gene-spin™
Viral DNA/RNA Extraction Kit (Intron, Korea), and sequenced using the
[Mlumina HiSeq DNA sequencer (Illumina, USA) and MinlON sequencer
(Oxford Nanopore, USA). Open reading frames (ORFs) were predicted using
Glimmers (Altermann and Klaenhammer 2003), FgenesV (Softeberry, Inc.,
USA), and GeneMarkS (Besemer, Lomsadze et al. 2001), and ribosomal
binding sites were predicted using RBSfinder to confirm ORF predictions (J.
Craig Venter Institute, USA). Functions of the predicted ORFs were
confirmed and annotated using BLASTP (Altschul, Madden et al. 1997) and
InterProScan programs (Quevillon, Silventoinen et al. 2005). BLAST Ring
Image Generator (BRIG) was used to visualized genome of the phages
(Alikhan, Petty et al. 2011). To find the receptor binding domain, the trimer

structure of tail fiber protein (Gp09) was predicted using the AlphaFold v2.2

13



through a local installation (Jumper, Evans et al. 2021) with AlphaFold-
multimer implementation (Evans, O’Neill et al. 2022) for the prediction of
multiple chains. The resulting trimer structure was displayed by the PyMol
program (DeLano, 2002). DNA and protein sequence alignment analyses
were conducted using ClustalX2 (M.A. Larkin et al., 2007) and Genedoc

(Karl B. Nicholas et al., 1997), respectively.

2.6. Mutant library constructions using Tn5 transposon

A Tn)5 transposon mutant library was constructed as follows: A donor
strain, E. coli MFDpir containing a suicide vector pRL27 and a recipient
strain, S. flexneri 2a 2457T was harvested at ODsoo = 0.6, and they were
washed three times with 10 mM MgSO4. A mixture of donor and recipient
cells (3:1, v/v) was spotted onto the LB plate supplemented with 0.3 mM
diaminopimelic acid (DAP). After 24 h incubation, the cell spot was
resuspended with 1 ml of fresh LB broth medium, plated onto LB agar plate
containing kanamycin sulfate (50 pg/ml), and incubated at 37°C for 24 h to
obtain isolated colonies.

To isolate host receptor mutants for phage resistance from the mutant
library, 5 ul of phage (10® PFU/ml) were spotted onto the mutant-spread agar
plates and incubated at 37°C for 24 h. After obtaining the colonies, their phage

resistance was verified by the spot assay with the host receptor mutants. To
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determine the TnJ transposon insertion site, the genomic DNA of the selected
transposon mutant was extracted and randomly digested with BamHI (New
England Biolabs, USA). After purification of BamHI-digested DNA
fragments, they were self-ligated with T4 ligase (Roche, Switzerland),
transformed into E. coli DH5a Apir by heat-shock method, and plated on the
fresh LB plate containing kanamycin sulfate (50 pg/ml). Due to presence of
RO6KY origin in the Tn5 transposon, only colonies harboring self-ligated DNA
fragment with Tn5 transposon were selected after incubation at 37°C for 24
h, and sequenced with a pair of sequencing primers, tpnRL17-1 (5’-AAC
AAG CCAGGGATGTAACG-3’)and tpnRL 13-2 (5’-CAG CAACACCTT
CTT CAC GA-3’) (Larsen, Wilson et al. 2002) to obtain DNA sequences
neighboring Tn5 transposon. And then Tn5 transposon-neighboring DNA
sequences were compared with complete genome sequence of Shigella
flexneri 2a strain 2457T (GenBank accession number AE014073.1) to
identify the TnJ5 transposon insertion site. Based on the Tn5 transposon
insertion site and the phage resistance of the mutant, the host receptor was

identified.

2.7. Mutant library construction using lambda red mutation
To construct the mutant library by specific gene mutations, the

lambda red recombination system was used (Datsenko and Wanner 2000,
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Ranallo, Barnoy et al. 2006, Lee, Bai et al. 2016). The plasmid pKD46 was
transformed into the host strain, S. flexneri 2a strain 2457T using
electroporation (2.5 kV and 200 Q), and then colonies of the transformant
was selected on the LB agar plate containing ampicillin (50 pg/ml). For
preparation of electrocompetent cells, the transformant strain was incubated
in 50 ml of LB broth containing ampicillin (50 pg/ml) at 30°C up to ODeoo =
0.5. After incubation, the culture was heat shocked at 42°C for 15 min,
transferred to an ice-water bath for 10 min to enhance the electroporation
efficiency. And then, bacterial cells are harvested by centrifugation at
maximum speed for 15 min and resuspended with 1 mM MOPS and 20%
glycerol solution. This step was repeated 3 times for electrocompetent cell
washing. The chloramphenicol resistant (Cm®) cassette from plasmid pKD?3
was amplified using primers containing 50-mer homologous sequences of
host receptor-associated genes and verifying sequence of pKD3 (Table 2).
And then, electrocompetent cells were electroporated with the PCR fragment
(0.1-0.4 pg) at 2.5 kV and 200 Q. The transformed electrocompetent cells
were recovered in 1 ml of fresh LB broth for at least 1 h at 30°C, and then
plated on LB agar plates containing chloramphenicol (20 pg/ml). After colony
selection, FLP recognition target site of the chloramphenicol resistant cassette
was removed by additional electroporation of plasmid pCP20. Specific gene

deletion was confirmed by PCR (Table 3). For complementation of the mutant,
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each host receptor gene was amplified using PCR with the associated
forward/reserve primer set (Table 4). The PCR product and pUHE21-2 lac"
plasmid vector were double-digested with BamHI/HindIll and ligated. After
electroporation of the ligated vector into the associated S. flexneri mutant, the
transformants were selected on fresh LB agar plates containing ampicillin (50
ng/ml). The cloned gene in the vector was verified by DNA sequencing with
specific sequencing primer set (Table 4). The selected transformants were
induced using 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) for

complementation of the inactivated gene in the mutant.
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Table 2. Primers used for construction of S. flexneri mutants

Gene Primer Oligonucleotide sequence (5'-3")2
target name
waal waal- TTGTTT TTC ATC GCT AAT AAT AAG CCG GCG TAA ACG
RED-F CCT AAT AAATTT GGG TGT AGGCTGGAGCTGCTITC
waal- CTCAACATTATTTTT CTCTCT CGA GAA AAA AAACTG
RED-R GAT AGCGTACTGGAATGGGAATTAGCCATGGTCC
waaG waaG- GCT GCT GTC GAT AAATTACTG CCCTCCTCC ACG ACA
RED-F GGT ACGTCGTTATGC ATATGAATATCCTCCTTAG
waaG- CGT GGC AAACGGCTCTTT AAGTTC AAC CAT CCAGAC
RED-R CACCCGTTATGATAGTGT AGGCTGGAGCTGCTTCG
flgk flgK- AAC CTC CAT GTC CAG CTT GAT CAATAA CGC CAT GAG
RED-F CGG ACT GAACGC GGG TGT AGGCTGGAGCTGCTITC
flgK- CCTTAG CGAATGTTA ATC AGC GCATCA AAAATC
RED-R GCGTTTGCCGTCTGC AGATGG GAATTAGCCATGGTC
Cc
ompA ompA- GCGGGGTTTTTC TAC CAG ACG ATAACT TAAGCCTGC
RED-F GGC TGAGTT ACAACGTGT AGGCTGGAGCIGCTTC
ompA- GGA TGA TAA CGA GGC GCA AAA AAT GAA AAA GAC
RED-R AGC TAT CGC GAT TGC AGATGG GAATTAGCC ATG GTC
C
ompC ompC- GACGCCGTTTAAAATTCGTTT AGAAAATACGTT TAA
RED-F CGATAATTAAAAGGGTGT AGGCTGGAGCTGCTITC
ompC- AGC ACT TAA ATC AAA AAC CAG CCC AGA GAA GGG
RED-R CTG GTC AGG AGAGGACGATGGGAATTAGCCATG
GTCC
btuB btuB- GTCTCATAATCT TTG TCG AAC AGG TTG GCT ATTTTA
RED-F CCACGAACTGTCAGGTGT AGGCTGGAGCTGCTITC
btuB- TAT TGT GGATGC TTT ACA ATG ATT AAA AAA GCT TCG
RED-R CTGCTG ACG GCG TGT GGG AATTAGCCATGGTCC
fhuA fhuA- GGT GTC GAC TTT ATG CGT ATG CGT AAT GAC ATC AAC
RED-F GCCTGGTTT GGT TAG TGT AGGCTGGAGCTGCTTC
fhuA- AAC AGC CAACTT GTG AAATGG GCA CGG AAATCC
RED-R GTG CCC CAA AAG AGA AAATGG GAATTA GCCATG

GTICC

a Sequences of the priming sites in pKD3 are underlined.

18



Table 3. Primers used for confirmation of S. flexneri mutants

Primer name

Oligonucleotide sequence (5'-3")

Reference

waaL.-confirm-F
waaG-confirm-F
flgK-confirm-F
ompA-confirm-F
ompC-confirm-F
btuB-confirm-F

fhuA-confirm-F

C1

GGG ATG GCG TAACTC AAAGA
CGC CAT TTC AAA GCG CAG AG
GGT CGCTGC CGATAATACTC
GGC ATT GCT GGG TAA GGA AT
CGACTT CGATCACAT ATCGA
ACG TGG TTC AGA AGG TGT AG

GCA ATG TCG ATT TAT CAG CG

TTT TCACCATGG GCA AAT AT

This study
This study
This study
This study
This study
This study

This study

(Datsenko and
Wanner 2000)
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Table 4. Primers used for complementary of S. flexneri mutants

Gene target Primer name

Oligonucleotide sequence (5'-3")?

waal pUHE21-waal -BamHI-F
pUHE21-waal-HindllI-R
waaG pUHE21-waaG-BamHI-F
pUHE21-waaG-HindllI-R
fhuA pUHE21-fhuA-BamHI-F
pUHE21-fhuA-HindllI-R
galu pUHE21-galU-BamHI-F

PUHE21-galU-HindI11-R

GAA ATG GAT CCC AAT AAGTTG
ACATCG GAG

GGT TTG AAT AAA GCT TAA GGC
CGC ATT ATG

GGC AGATGG ATC CGC TGC TGT
CGATAAATT ACT

TTT TAACTT CAA GCT TAG GAT
CTT TGC CGC GCC

GAG ATG GAT CCATGG CGC GTT
CCAAAACTGC

TGC CCC AAAAAAGCTTTT AGA
AAC GAAAGG TTG

CTT GGA TCC GCT GAT ATACTG
GGATGC GA

GTCAAGCTTTCAACGCCGTTT
CGT GGATA

a8 Restriction sites are underlined.
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2.8. Lipopolysaccharide (LPS) extraction and SDS-PAGE analysis

LPS samples were extracted from S. flexneri 2a strain 2457T and its
LPS mutant strains using the phenol-water extraction method (Wang, Zhang
et al. 2010) with modifications. One milliliter of bacterial cultures (1
x 10® CFU/ml) was harvested, washed once with 1 ml DPBS (Dulbecco's PBS
containing 0.15 mM CacCl; and 0.5 mM MgCl,), and resuspended in 300 pl
molecular grade water. An equal volume of 68°C pre-heated Tris-saturated
phenol solution (Sigma-Aldrich, USA) was added. The mixture was
incubated at 68°C for 15 min with vigorous vortexing at every 5 min. After
incubation, the mixture was chilled on ice for 5 min and the aqueous phases
were separated by centrifugation at 10,000 x g, 4°C for 5 min. This LPS
extraction was conducted again with the same procedure. 500 pl Sodium
acetate (0.5 M, final concentration) and 10 ml absolute ethanol were added to
the aqueous phase containing extracted LPS, and incubated at —80°C for 24
h. After incubation, the LPS was precipitated by centrifugation at 10,000 x g,
4°C for 5 min, resuspended in 100 pl molecular grade water, and precipitated
again with absolute ethanol. Finally, the precipitated LPS was resolved in 50
ul molecular grade water and stored at —80°C until use. The purified LPS was
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) with a 12% acrylamide gel. The SDS-PAGE gel was

fluorescently stained using a Pro-Q™ Emerald 300 Lipopolysaccharide Gel
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Stain Kit (Molecular Probes, USA), according to the manufacturer’s

instructions and then visualized with Gel DOC™ EZ Imager (Bio-Rad, USA).

2.9. Assays of inhibitory effects of LPS on phage infection

The extracted LPS (25 pg/ml) was added to phage suspension (7 x 103
PFU/ml) and incubated at 37°C for 2 h. A hundred microliter of each serially
diluted mixture (10° — 10® dilutions) was added to 100 pl of an exponentially
grown culture of host strain (1 x 107 CFU/ml). And then, the LPS-phage-host
strain mixture was gently mixed with 6 ml of 0.6% soft top agar and poured
onto fresh LB agar plate. After incubation at 37°C for 12 h, the titer number
of each phage was determined. Phage without LPS was used as the negative
control (phage titer, 100%). Lowering effect of LPS on phage infection were
evaluated by EOP determination. Overall experiment was carried out in

triplicates.

2.10. Bacteriophage adsorption assay

Bacterial cells were harvested at ODgoo = 1.0 and diluted with fresh
LB broth to ODgoo = 0.1. Phage SFP21A was added to the diluted bacterial
culture at a multiplicity of infection (MOI) of 0.01 and incubated at 37°C.
One milliliter of the mixed culture was collected every 5 min and centrifuged

at 16,000 x g for 1 min to remove bacteria cells. And then, the supernatant
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was filtered using 0.22-um diameter syringe filter (Pall Co.). The number of
PFU in the collected supernatant was determined by spotting and overlay

assay using S. flexneri 2a strain 2457T as a bacterial host strain.

2.11. Adsorption assay with periodate and proteinase K treatments

S. flexneri 2a strain 2457T was treated with periodate or proteinase
K to examine the effect of the treatments on phage adsorption, according to
methods that were described by Kiljunen et al. (Kiljunen, Datta et al. 2011),
with some modifications. Briefly, When the ODgoo of the bacterial culture
reached 1.0, 1 mL of the culture was collected by centrifugation at 13,000 g
for 1 min and washed with 1 mL of fresh LB broth. Proteinase K (0.2 mg/mL,
final concentration) was added to the prepared sample and then incubated at
37°C for 2h. For periodate treatment, 2 mL of the culture was harvested by
centrifugation and washed with 1 mL of LB broth. The pellet was then treated
with 1 mL of sodium acetate (50 mM, adjusted to pH 5.2) or sodium acetate
containing either 10- or 100-mM periodate for 2 h in the dark. After the
treatments, cells were washed at least three times with 1 mL of LB broth,
which was adjusted to an ODgoo of 0.1, and then the phage adsorption assay

was performed as described above.

2.12. Bacterial growth inhibition assay
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Bacteria cells were incubated to 50 ml of fresh LB broth at 37°C.
When the ODgoo = 1.0, phage was added at a MOI of 0.1. During the
incubation, the culture sample was collected every hour and the bacterial
growth was monitored by the ODgoo measurement. Instead of phage, SM

buffer was added to the culture as a negative control.

2.13. Characterization of native tail fiber protein
2.13.1. PCR, Gene expression, and protein purification

The primer set for PCR amplification of a whole gene encoding Gp09
(tail fiber protein) consists of a forward primer containing EcoRI site (Gp09-
EcoRI-F) and a reverse primer containing HindlIll site (Gp09-HindIII-R)
(Table 5). From the structure analysis, two primer sets were designed for PCR
amplification of N-terminal domain and C-terminal domain with the same
restriction enzyme sites (Gp09-EcoRI-F/Gp09ntp-HindIII-R; Gp09ctp-
EcoRI-F/Gp09-HindlIII-R), respectively (Table 5). For PCR amplification,
PCR mixture (final volume, 50 pl) contained 1 pl of template DNA (40 ng/pl),
1 pl of forward and reverse primers (20 uM each), 25 ul of KAPA HiFi
HotStart ReadyMix (2X), and 23 pl of molecular water. The PCR conditions
were as follows: 1 cycle of 95°C for 3 min; 35 cycles of 98°C for 20 s, 60°C
for 15 s, and 72°C for 30 s; and 1 cycle of 72°C for 1 min. Following PCR,

16S rRNA amplicons were purified using a NICSROprep™ PCR Clean-up
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S & V Kit (Bionics, South Korea). After PCR amplification and purification,
each PCR product and pET28a-EGFP vector were double-digested with
EcoRI/Hindlll (Son, Kong et al. 2018) and they were ligated using T4 DNA
ligase (New England Biolabs). After heat shock of the ligated vector into E.
coli BL21(DE3), the transformants were selected on fresh LB agar plate
containing ampicillin (50 pg/ml). When the transformant cells reached to
ODeoo = 0.5, expression of the cloned gene was induced at 18°C for 16 h with
1 mM IPTG (final concentration). The cells were harvested by centrifugation
at 7,000 x g for 15 min, and resuspended with 5 ml of lysis buffer (50 mM
sodium dihydrogen phosphate, 300 mM NaCl, 10 mM imidazole, pH 7.4).
The resuspended cells were disrupted using a sonicator (ActiveMotif, USA)
with the condition of 2 s pulse on and 4 s pulse off for total 5 min. After
sonication, the lysate was centrifuged at 10,000 x g for 30 min and then the
supernatant was transferred to a new 15-ml falcon tube (Corning, USA). The
EGFP-tagged protein was purified by immobilized metal ion affinity
chromatography using a Ni-NTA agarose column (Qiagen, Germany),
according to the manufacturer’s protocol. After purification, the EGFP-
tagged protein was analyzed using 4-20% SDS-PAGE precast gradient gel
with a Precision Plus Protein Dual Xtra Standard protein marker (Bio-Rad).
In addition, as a negative control, the EGFP protein was obtained by heat-

shock transformation with pET28a-EGFP without insert DNA, IPTG
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induction, cell disruption with sonication, protein purification with Ni-NTA
column with the same protocols. And the obtained EGFP protein was

confirmed by SDS-PAGE analysis.
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Table 5. Primers used for construction of EGFP fusion proteins

Primer name

Oligonucleotide sequences (5'-3')2

Gp09-EcoRI-F
Gp09-HindIlI-R
Gp09ctp-EcoRI-F
Gp09ntp-HindIlI-R
F1-SDM

R1-SDM

F2-SDM

R2-SDM

GTA AAA GAATTC GAT GGT CGT ACC GTT GAG CA
GGT ACG AAG CTT TGAGGC TTT TAC CAT AGA GG
GTA AAA GAATTC GAT GGT CGT ACC GTT GAG CA
GGT ACG AAG CTT TGAGGC TTT TAC CAT AGA GG
CGG GAG TGC TAC CAT AGG CTCC

GGA AGC TAT TAAGTG CGG TAG CCT GAG GC
GCCTCAGGC TAC CGC ACTTAATAGCTT CC
GTACTCCCT GTT CAGCGCCTCC

2 Restriction sites are underlined.
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2.13.2. Host binding assay

Five hundred microliter of host bacterial culture was harvested at
ODsoo = 0.8 by centrifugation at 13,000 x g for 1 min and the cell pellet was
resuspended with 150 ul PBS buffer. And then 100 pl of purified EGFP-
tagged protein (1 mg/ml) was added to the resuspended host cell solution and
the mixture was incubated at room temperature for 15 min. The mixture was
washed twice with 1 ml PBS buffer and resuspended again with 100 pul PBS
buffer. Finally, 5 ul of the cell suspension were analyzed using a fluorescence
microscope (DM2500; Leica, Germany). The purified EGFP protein was

prepared and used as a negative control with the same procedures.

2.14. Characterization of the point-mutated tail fiber protein
2.14.1. Point mutation of native tail fiber protein

The site-directed mutagenesis (SDM) of a 2,511-bp gene encoding
tail fiber protein (Gp09) was performed by PCR-mediated overlap extension
with two different PCR reactions (Huss, Meger et al. 2021). The first PCR
was performed to obtain two PCR amplicons (front part, 2,075-bp; rear part,
970-bp) with F1-SDM/R1-SDM primer set and F2-SDM/R2-SDM primer set
(Table 5), and these PCR amplicons were overlapped in the middle of Gp09.
Because R1-SDM and F2-SDM primers were chemically synthesized with

two switched nucleotides by replacement of “TG” to “CA” in the overlapped
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region, these two PCR amplicons also have point mutated “CA” in the
sequences of overlapped region. And then, the second PCR was conducted
with these two PCR amplicons as DNA templates and Gp09-EcoRI-F/Gp09-
HindIII-R primers (Table 5) to obtain a whole gene encoding tail fiber protein
with replacement of “TG” to “CA”. This final PCR amplicon was purified
using a NICSROprep™ PCR Clean-up S & V Kit (Bionics, South Korea).
This point mutated gene of tail fiber protein was used for further cloning and

gene expression.

2.14.2. Gene expression, protein purification, and host binding assay of
the point-mutated tail fiber protein

The point-mutated Gp09 and pET28a-EGFP vector were double-
digested with EcoRI/HindIll and they were ligated. Point-mutated tail fiber
protein was obtained by heat-shock transformation with pET28a-EGFP, IPTG
induction, cell disruption with sonication, protein purification with Ni-NTA
column with the same protocols. And the obtained EGFP-tagged point-
mutated protein was confirmed by SDS-PAGE analysis. The binding assay of

the point-mutated tail fiber protein was also performed with the same protocol.

2.15. Isolation of spontaneous phage-resistant mutants

To isolate phage resistant mutants, S. flexneri 2a strain 2457T host
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strain was incubated up to ODgoo = 0.5, and then infected with a phage SFPB
at a MOI of 1. After incubation at 37°C for 12 h, 100 pl of infected bacterial
culture was plated on fresh LB agar and phage SFPB-resistant mutant
colonies were obtained. To purify the phage-resistant mutants, picking of a
single colony and its streaking on fresh agar plates were repeated at least 3
times. Finally, the purified phage-resistant mutants were verified using a spot

assay with a host strain, S. flexneri 2a strain 2457T.

2.16. Data analysis

Statistical analysis was carried out using GraphPad Prism version
9.0.0 Software (GraphPad, USA). Experimental data are presented as the
mean + standard deviation (SD) from three independent experiments.
Differences between means were tested by Student’s #-test. Differences were

defined as significant at p < 0.05.

2.17. Nucleotide sequence accession number

The complete genome sequences of S. flexneri-infecting phage SFPB,
SFP17, SFP20, SFP21A, and SFP21B, with its annotation information, were
deposited in the National Center for Biotechnology Information database
under the GenBank accession no. OQ031072, MN432485, 0Q031076,

0Q031074, and OQ031073, respectively.
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3. Results

3.1. Characterization of bacteriophages
3.1.1. Isolation and morphological determination of bacteriophages

S. flexneri phages were screened by a plaque assay from sewage
samples collected from various regions in South Korea. Five phages were
isolated, and transmission electron microscopy revealed that a phage SFPB
was resembled Myoviridae family, and phage SFP17 was resembled
Siphoviridae family. Phage SFP20, SFP21A and SFP21B were resembled
Podoviridae family (Fig. 1). Three Podoviridae phages were characterized
with an icosahedral head (53 = 1 to 55 + 6 nm) and a short non-contractile tail
(13 £ 3 to 16 +2 nm). One Myoviridae phage was characterized with isomeric
head (84 + 5 nm) and contracted tail (126 = 4 nm). One Siphoviridae phage
was characterized with an icosahedral head (63 + 1 nm) and noncontractile

flexible tail (142 = 7 nm).
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Fig. 1. Transmission electron microscopy image of Shigella phages.

Each phage name is indicated in the upper left corner of the image. Scale

bar, 50 nm.
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3.1.2. Host range analysis

The host range analysis of five phages was determined using S.
flexneri strains and other gram-negative and gram-positive bacteria (Table 6).
The result showed that Podoviridae phages have narrow host range compared
with the other two phages. Interestingly, phage SFP21B infects the K-12
strain of E. coli compared with the other two phages. The phage SFPB and
SFP17 form clear plaques on S. flexneri ATCC 12022. In addition, phage
SFPB also infect several strains of E. coli O157 and phage SFP17 can infect
E. coli MG1655, indicating that these bacteriophages have a host range that

extends to other S. flexneri strain or E. coli strains.
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Table 6. Host range of Shigella phages

Bacterial strains SFPB  SFP17 SFP20 SFP21A SFP21B

Shigella flexneri

2a strain 2457T +++ +++ +++ +++ +++

ATCC 12022 +++ +++ - - -
Shigella sonnei

KCTC 22530 - - - - -
Shigella boydii

KCTC 22528 - - - - -

Gram-negative bacteria
Escherichia coli
0157:H7 ATCC 43895
0157:H7 ATCC 35150
0157:H7 ATCC 43888
0157:H7 ATCC 43890
MG 1655 - ++ - - +
Cronobacter sacazakii
ATCC 29544 - - - - -
Pseudomonas aeruginosa
KACC 10186 - - - - -
Yersinia enterocolitica
ATCC 55075 - - - - -
Salmonella Typhimurium
ATCC 14028 - - - - -
DT 104 - - - - -

+ + + +
1
1
1
1

Gram-positive bacteria
Listeria monocytogenes
ATCC 15313 - - - - -
Bacillus cereus
ATCC 14579 - - - - -
ATCC 13061 - - - - -
Staphylococcus aureus
ATCC 29213 - - - - -
Clostridium perfringens
ATCC 3624 - - - - -

+++, EOP of 1 t0 0.5; ++, EOP of 0.5t0 0.2; +, EOP less than 0.2; -, no susceptibility to phage
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3.1.3. Genome sequence analysis

The complete genome sequence of the phages SFPB, SFP17, SFP20,
SFP21A, and SFP21B were analyzed and their general genome features were
summarized in Table 7. To understand their evolutionary relationships,
comparative phylogenetic analyses with major capsid proteins and tail fiber
proteins were performed (Fig. 2). Interestingly, these five phages were
categorized into three different groups: group A (SFPB), group B (SFP17),
and group C (SFP20, SFP21B, and SFP21A) in both selected proteins. The
genome analysis results revealed that these three groups have different
genome sizes (A > B > C) and G+C contents (A < B < C), but three phages in
group C showed very similar genome sizes and G+C contents, suggesting that
these three different phage groups might be originated from different
ancestors, while three phages in group C might share the common ancestor.
Previous host range analysis of three phage groups showed different host
range patterns (Table 6), supporting these different evolutionary relationships
from comparative genome analysis among phage groups. In addition,
different ORF arrangement patterns among five phage genomes also support
this (Fig. 3). However, these five phage genomes have all required functional
core proteins, such as structural and package proteins, tail structure proteins,
host lysis proteins, and DNA replication/modification proteins, for phage

reconstruction and host infection (Table 7). It is noteworthy that all five phage
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genomes have no virulence factor gene or antibiotic resistance gene (Fig. 3),

suggesting their safety for human and food applications.
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Table 7. General genome characteristics of five isolated phages

Characteristics SFPB SFP17 SFP20 SFP21A SFP21B
Genome size (bp) 88,550 52,151 39,499 39,004 39,356
G + C content (%) 38.6 44.59 53.86 53.25 53.62
Predicted ORFs 131 88 45 47 47
Structure/package proteins 5 6 11 9 9
Tail structure proteins 6 9 3 3 3
Host lysis related proteins 4 4 3 3 3
DNA replication/modification 15 3 9 8 8
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Fig. 2. Comparative phylogenetic analysis of conserved genes from five
isolated phages. Phylogenetic tree constructed using MEGA software based
on the amino acid sequence of the (A) major capsid protein and (B) tail fiber

protein. Bootstrap values are in the phylogenetic tree.
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of three phage genomes against the SFP21A genome (SFP20, SFP21B).
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3.1.4. Identification of host receptor

To identify the host receptors for the isolated phages, six well-known
host receptor genes (Parent, Erb et al. 2014, Bertozzi Silva, Storms et al. 2016,
Maffei, Shaidullina et al. 2021), which encode the O-antigen of
lipopolysaccharides (LPS), FIgK of flagella (flagellar hook-filament junction
protein), OmpA and OmpC (Outer membrane proteins), BtuB (Vitamin B12
transporter), and FhuA (ferric ion transporter), were determined and each host
receptor gene was deleted to obtain S. flexneri mutant without specific host
receptor using lambda-red recombination method. Among them, two mutants
(4waalL and AfhuA) with infection resistance to phages were selected (Table
8). The Awaal mutant showed phage infection resistance to three
Podoviridae phages (SFP20, SFP21A and SFP21B) and the Afhud mutant
showed resistance to a Siphoviridae phage (SFP17), substantiating that the
specific host receptor of those Podoviridae phages are the O-antigen of LPS
and one Siphoviridae phage is the ferrichrome porin. Interestingly, SFP21B
showed resistance to fonB as well as waaL mutant, which suggests that the
infection process of SFP21B requires the function of TonB (data not shown).
Subsequent complementation experiments using pUHE21-/ac? expression
vector system with cloning of wild-type waal or fhuA confirmed that they are
host receptors indeed.

To determine the host receptor for SFPB, a random mutant library of
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S. flexneri 2a strain 2457T was constructed using TnJ5 transposon (Larsen,
Wilson et al. 2002, Gordillo Altamirano, Forsyth et al. 2021). Of ~2,000
insertion mutants in the library, one phage-resistant mutant (4gal/U) was
selected. DNA sequencing of the TnJ insertion region in the mutant revealed
one TnJ transposon insertion in the middle of ga/U gene encoding UTP-
glucose-1-phosphate  uridylyltransferase, regarding LPS outer core
biosynthesis. In addition, the complementation experiment using pUHE21-
lac? expression vector system with cloning of wild-type ga/U gene showed
the complete recovery of phage infection sensitivity, confirming that it is real
host receptor. Therefore, each phage group recognizes and infects specific
host receptor (outer core of LPS for group A, FhuA for group B, and O-
antigen of LPS for group C), indicating that they do not share specific host
receptor (Table 1). Therefore, these different host recognition and infection
patterns among phage groups also support their different evolutionary

relationships.
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Table 8. Susceptibility of wild-type and mutant strains to Shigella phages

Phage  Receptor S. flexneri 2a strain 2457T

Wild-type Adwaal galU::Tn5 AwaaG AfhuA
SFP17  Outer membrane ++ ++ ++ ++ -
SFPB LPS ++ ++ - - ++
SFP20  LPS ++ - - - ++
SFP21A LPS ++ - ++ - ++
SFP21B LPS ++ + ++ + ++

++, EOP of 1 to 0.5; +, EOP less than 0.5; -, no susceptibility to phage
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3.2. Characterization of phage SFP21A using bacterial LPS mutants
3.2.1. LPS structure and spot formation of gene deletion mutants

The LPS is a gram-negative outer membrane component and is a
major compound linked by three domains: lipid A, core oligosaccharide and
O-antigen. Interestingly, although the phages SFP21A and SFP21B cannot
infect the AwaaL mutant, due to O-antigen of LPS as a host receptor, they can
infect the ga/U::Tnj5 mutant, suggesting that they may recognize and infect
O-antigen as well as inner core of LPS (Table 8 and Fig. 4A). However, phage
SFP21B had a receptor on the outer membrane, so it could be attached to parts
other than the LPS. Based on these results, phage SFP21A was selected and
characterized throughout the study.

The mutant of the waaG gene encoding glucose transferase
completely loses the same outer core as ga/U mutant. However, previous
studies have shown that the ga/U::Tn5 mutant additionally lacks of the third
heptose and N-acetylglucosamine substituent attached to the inner core of
LPS (Molinaro, Silipo et al. 2008). Therefore, to determine whether the
change in binding pattern is due to these additional deficiencies, the deletion
in waaG gene was constructed and structure was confirmed by SDS-PAGE
(Fig. 4B). Then, as a result of the spotting assay, surprisingly, the mutant of
the waaG completely lost the same outer core as ga/U::Tn5 mutant but did

not form plaques when treated with SFP21A phage (Fig. 5). These
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observations suggest that the GIcNAc substituent may interfere with host cell

binding of SFP21A phage.
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Fig. 4. SDS-PAGE of LPS from S. flexneri 2a strain 2457T and its mutants.

(A) Structure of the LPS from S. flexneri 2a strain 2457T. Kdo 3-deoxy-D-
manno-oct-2-ulosonic acid, Hep heptose, Glc glucose, Gal galactose, GIcNAc
N-acetylglucosamine (B) SDS-PAGE of LPS from S. flexneri 2a strain 2457T

and its mutants.
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Fig. 5. Effect of various S. flexneri 2a strain 2457T mutants on SFP21A

susceptibility. SFP21A spotting assay with three different LPS mutants.

Serially diluted SFP21A lysates were spotted on the lawns of indicated

Shigella mutants.
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3.2.2. Inactivation assay of SFP21A by LPS

To confirm O-antigen of LPS is the receptor of phage SFP21A, we
tested the effect of the extracted LPS on the infection by SFP21A. As shown
in Fig. 6, preincubation of SFP21A with the LPS extracted from WT greatly
reduced the EOP, whereas the LPS extracted from waaL mutant strain showed
no such effect. These results showed that blocking SFP21A with the extracted
LPS from WT significantly inhibited the efficiency of infection. Therefore,
these results revealed that O-antigen of LPS is the host receptor for phage

SFP21A adsorption.
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Fig. 6. Inactivation of SFP21A by LPS. Competitive binding assay is
shown by plaque-forming rates of phage SFP21A preincubated with LPS
extracted from different strains. Bars are as follows: 1: LPS-untreated; 2: WT-
LPS treated; 3: AwaaL-LPS treated; 4: AwaaL+pWaaL-LPS treated. PFU of
the group without LPS (black bar) was set as 100%. The experiments were
independently replicated three times. Error bars show standard by Student’s t

test for comparison between the mutant and the WT group. ***, p <0.001.
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3.2.3. Bacteriophage adsorption assays

The initial step of phage infection is the attachment and adsorption to
a susceptible host cell. Therefore, to verify whether SFP21A is affected by
the mutation in the first step of infection, phage adsorption analysis was
performed using S. flenxeri 2a strain 2457T and their LPS mutants such as
waaL, waaG and galU. In the case of waal and waaG mutants, it was
confirmed that the result of no plaque activity was also reflected in the
kinetics of adsorption rate. Interestingly, ga/U::Tn5 mutant formed plaques
similar to the wild-type, but the rate or extent of adsorption was significantly
slower and lower than that of WT (Fig. 5 and Fig. 7). These results suggest
that the third heptose residue and GIcNAc present in the inner core play an
important role for adsorption of SFP21A.

To clarify whether the host receptor for phage SFP21A is a
carbohydrate or protein, the host bacterial cells were treated with periodate or
proteinase K prior to the phage adsorption. Proteinase K can degrade peptide
bonds in cell surface protein structures, such as outer membrane proteins,
while periodate cleaves carbohydrate structures containing a diol motif, such
as oligosaccharides. When 10- or 100-mM periodate was treated to the host
S. flexneri 2a strain 2457T cells, the adsorption of SFP21A was significantly
inhibited compared to the non-targeted group (Fig. 8). In contrast, the group

treated with protease K, the phage particles were adsorbed to the cells without
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significant difference from the untreated group, and these results show that

the protein substances did not serve as a host receptor.
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Fig. 7. Effect of various S. flexneri 2a strain 2457T mutants on SFP21A
adsorption. (A) Awaal and Awaal+pWaal strains. (B) AwaaG and
AwaaG+pWaaG strains. (C) galU::Tn5 and galU::Tn5+pGalU strains.
Percent free phage was determined as a ratio of free phage at the time point
divided by the total phage added at the beginning of the assay. Error bars

present the standard deviations of three replicates.
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Fig. 8. Effect of periodate and proteinase K treatments on SFP21A

adsorption. Cells suspended in LB (Untreated) and cells in acetate buff
er were used as control. Error bars present the standard deviations of
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1).
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3.2.4. Bacterial challenge assay

To evaluate bacterial growth inhibition activity of phage SFP21A,
growth of S. flexneri, galU::Tn5 mutant, and their complementation strain
was periodically monitored after treatment of SFP21A at an MOI of 0.01.
When the exponentially growing S. flexneri was infected by SFP2IA,
bacterial growth inhibition was shown at 1 hr post-infection and was
continued for 8 hrs (Fig. 9). When the growing ga/U::Tn5 mutant was
infected by SFP21A, mutant strain showed sustained inhibition of bacterial
cell growth, although it was not inhibited as effectively as the WT. The
complementation of this gene restored the inhibitory ability of the phage

SFP21A.
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Fig. 9. Bacterial challenge assay of phage SFP21A against S. flexneri 2a
strain 2457T and galU::Tn5 mutant. The phage was added at a MOI of 0.01
to the bacterial culture after 3 hr incubation. The data are expressed as

means and standard deviations of individual triplicate assays.
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3.2.5. Binding activity of EGFP fusion protein

Phage tail fiber proteins recognize the host cell receptors and thus
play an important role in the receptor binding process and in determining host
specificity (Garcia-Doval and Raaij 2013). To understand the interaction of
host binding and adsorption by the tail proteins of SFP21A phage, binding
activity to the host bacteria and their mutant was performed. The fusion
protein of SFP21A tail fiber protein and EGFP, designated as EGFP-Gp09,
was expressed and purified (Fig. 10A). The results showed that EGFP-Gp09
bound to Shigella flexneri 2a strain 2457T and galU::Tn5 mutant (Fig. 11).
Interestingly, the recognition ability of mutant cells by EGFP-Gp09 was
different from that of wild-type, which is the same as the previous decrease

in adsorption rate (Fig. 7C).
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Fig. 10. SDS-PAGE analysis of purified EGFP-fused proteins. (A) SDS-

PAGE of purified EGFP (26.9 kDa), SFP21A EGFP-Gp09 (118.13 kDa), and

of EGFP-Gp09vesoa. Lane 1, protein standard (Bio-Rad); lane 2, purified

EGFP; lane 3, purified EGFP-Gp09; lane 4, purified EGFP-Gp09vesoa. (B)

SDS-PAGE of purified SFP21A EGFP-Gp09ntp (51.1 kDa) and of the EGFP-

Gp09ctp (93.94 kDa). Lane 1, protein standard (Bio-Rad); lane 2, purified

EGFP-Gp09~tp; lane 3, purified EGFP-Gp09ctp.
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Fig. 11. Binding activity of EGFP-Gp09. The ability of this protein to bind
Shigella cells with galU::Tn5 and galU::Tn5+pGalU was visualized by

confocal microscopy.
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3.3. Identification of phage SFP21A receptor binding protein

3.3.1. Bioinformatic analysis of Gp09

To find out which part of the phage tail protein affects this binding pattern,
protein structure analysis was performed using the structural prediction
program AlphaFold 2 (Jumper, Evans et al. 2021, Varadi, Anyango et al.
2022). The SFP21A tail fiber protein was predicted to have a complete
trimeric structure with three distinct domains including an N-terminal domain,
a neck, and a C-terminal domain (Fig. 12A and 12B). In addition, the
predicted AlphaFold structure showed structural similarities between the N-
terminal of the phage SFP21A tail fiber protein and the N-terminal of the
phage T7 tail fiber protein. In addition, a portion of the C-terminal domain of
SFP21A (amino acid 262-461) was found to be structurally similar to a
lipolytic enzyme. However, the tip of the C-terminal domain had no
homology with other phage tail fiber proteins or spike proteins (Fig. 12C).
These results suggest that the C-terminal domain of SFP21A Gp09 may be

related to the receptor binding region.
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Fig. 12. Predicted 3D structure of tail fiber protein of phage SFP21A.

(A) Predicted AlphaFold structure of the Gp09 homotrimeric complex with
individual chains colored blue, pink and green. (B) Predicted aligned error
(PAE) plot of AlphaFold structure of the Gp09 homotrimeric complex model.
Note the high confidence prediction (low PAE) for the interface between each
chain. (C) Structural similarity to the N-terminal and portion of the C-terminal

regions of SFP21A.
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3.3.2. Binding activity of EGFP-Gp09ctp and EGFP-Gp09~TD

To verify the carboxyl terminal domain of Gp09 has a direct effect
on cell binding, the EGFP-Gp09 fusion proteins using the C-terminal domain
(amino acid 228-832) and N-terminal domain (amino acid 1-227) of SFP21A
tail fiber protein, designated as EGFP-Gp09ctp and EGFP-Gp09ntp, were
expressed and purified (Fig. 10B). The observed bacterial binding indicated
that unlike the N-terminal domain (NTD), positive binding by EGFP-
Gp09ctp revealed that the C-terminal domain confers receptor binding (Fig.

13).
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Fig. 13. Binding activity of EGFP-Gp09ctp and EGFP-GpO9ntp.

The ability of these proteins to bind Shigella flexneri 2a strain 2457T was

visualized by confocal microscopy.

6 3



3.3.3. Binding activity of EGFP-Gp09vesoa

To determine which amino acids of the tail fiber protein of SFP21A
interact with the Shigella galU::Tn5 mutant, the isolated three Podoviridae
phage tail fiber proteins were compared by multiple sequence alignment (Fig.
14). The result shows that the tail fiber proteins share 98.68 to 98.92% identity
at the protein level. Among them, there were seven different amino acid
regions of the tail fiber protein, which is the same as the phage infection
pattern in the ga/U::Tn5 mutant: SFP21A and SFP21B with clear plaques and
SFP20 without plaques. In addition, host-receptor interaction changes most
likely occur in the distal loop of the C-terminal domain of the tail fiber protein
(Washizaki, Yonesaki et al. 2016, Dunne, Rupf et al. 2019, Islam, Fokine et
al. 2019). This suggested that V669 could be responsible for the ga/U::Tn5
mutant infection pattern. To verify whether changes in amino acid alter
binding activity to the host bacteria and their mutant, the fusion protein using
EGFP and the single point mutation of SFP21A tail fiber protein, designated
as EGFP-Gp09vesoa was expressed and purified (Fig. 10A). The results
showed that EGFP-Gp09vss9a bound to the wild-type but failed to bind to the
galU::Tn5 mutant (Fig. 15). These suggest that V669 located in the C-

terminal domain plays an important role in binding ga/U::Tn5 mutant.
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Fig. 14. Amino acid sequence alignment among Gp09 related tail fiber protein.
Amino acid alignment of SFP21A with S. flexneri phage SFP20 tail fiber protein and S. flexneri phage SFP21B tail

fiber protein.
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Fig. 15. Binding activity of EGFP-Gp09ves9a.
The ability of these proteins to bind Shigella cells with galU::Tn5 and

galU::Tn5+pGalU was visualized by confocal microscopy.
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3.4. Enhanced inhibition of Shigella by three different phages

3.4.1. Susceptibility of BIMs to other receptor-targeting phages

Bacteria often modify their surface structures to avoid phage adsorption and
become resistant to phage. In a previous study, a phage cocktail using three
different host receptors including O-antigen of LPS, outer membrane protein
BtuB and flagella was able to reduce the emergence of phage-resistant
Salmonella Typhimurium (Bai, Jeon et al. 2019). The receptors of the five
isolated Shigella phages are mostly LPS, but receptor assay was predicted that
unlike the phages of other O-antigen receptor groups, phage SFP21A will be
able to independently infect hosts using their own receptors regardless of the
development of bacterial resistance to phage SFPB. To investigate whether a
similar phenomenon could occur, spontaneous host-resistant SFPB mutants
were isolated through the high-titer overlay assay as previous described
(Hesse, Rajaure et al. 2020). Twelve mutants were obtained, and the
resistance against SFPB infection was verified by the spot assay (data not
shown). When the BIM strains were treated with SFP20, which had high
activity among the same O-antigen receptor group, and SFP21A, respectively,
most of the BIM strains appeared by SFPB treatment were more effectively

infected with SFP21A than SFP20 (Fig. 16).
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Fig. 16. Susceptibility of the mutants resistant to LPS core-specific phages.

The ability of the two O-antigen receptor group phages to infect BIMs obtained after other SFPB phage tre

atment. (A) phage SFP21A and (B) phage SFP20.



3.4.2. Growth inhibition assay by a phage cocktail

The BIMs susceptibility analysis suggests that a phage-cocktail including
SFP21A and SFPB may have a synergistic effect on host growth inhibition.
Therefore, the combination of SFP17 phage, which had the outer membrane
protein FhuA as a receptor, SFP21A and SFPB was suggested as a phage of
the cocktail to reduce the development of phage-resistant mutants. Although
SFP21A phage and SFPB phage were the same LPS receptor phages,
treatment of three phages was enhanced lytic activity and diminished
emergence of phage-resistant mutant than treatment with each phage (Fig. 17).
These results suggest that even when the same LPS receptor is used as a
cocktail, it can be used as a promising strategy for controlling S. flexneri
because it can effectively inhibit the growth of bacteria according to the

specific receptor pattern of SFP21A.
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Fig. 17. Bacterial challenge assay with phage cocktail.

Growth curves of S. flexneri 2a strain 2457T in the absence and presence of
phage predation. Cultures were grown in the absence of phage or with
SFP21A, SFPB, SFP17, at a multiplicity of infection of 0.01 or the phage
cocktail at a multiplicity of infection of 0.01 or 0.001. Error bars present the

standard deviations of three replicates.
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4. Discussion

Bacteria of the Shigella group are human pathogens that cause an
intestinal infection called shigellosis, and infections usually through unsafe
water or contaminated food. Phages have long been considered an alternative
antimicrobial agent for the biocontrol of Shigella flexneri but the evolution of
phage resistance bacteria should be overcome to develop more practical
phage therapies (Llanos-Chea, Citorik et al. 2019). Biological control of
bacteria with phage cocktails more effectively inhibits the emergence of
phage resistance when the cocktails are composed of phages using different
receptor types (Kim, Kim et al. 2014, Bai, Jeon et al. 2019). Also, since the
emergence of phage resistance in most cases occurs by modifying their
receptors of the cell surface, understanding the RBP-host receptor interaction
is an important prerequisite for the development of effective phage therapies
against pathogens. However, until the present, Shigella infecting phages have
not been extensively studied, and their host receptors have also not yet been
widely characterized. In this study, identification of various host receptors and
structural analysis of the RBP of phage SFP21A showing a novel binding

pattern of LPS were performed to suppress the development of phage
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resistance.

Isolation of five phages infecting Shigella flexneri from various
sewage treatment plants were characterized and determined that they have
distinct host ranges, and genome sequences. In addition, five novel virulent
phages targeting different receptors on S. flexneri (i.e., O-antigen, LPS outer
core, and FhuA) were identified by screening phages against a library of
bacterial mutants (Fig. 18A). A very interesting results is that the O-antigen
receptor phage SFP21A was able to infect ga/U mutant that lacks all the outer
core of LPS (Fig. 18A). The gene cluster of waa (rfa) are involved in the
biosynthesis of the inner core and outer core region of the LPS. Among them,
the waaG gene encoding glucose transferase is characterized by a complete
loss of the same outer core as the ga/U mutant. However, phage SFP21A was
able to infect the gal/U::Tn5 mutation, but not the mutant of the waaG gene.
Previous studies have shown that the ga/U mutation additionally lacks a third
heptose and N-acetylglucosamine substituent attached to the inner core of
LPS (Molinaro, Silipo et al. 2008). These results suggest that the GIcNAc
substitution may interfere with host cell binding of SFP21A phage.

Bacteriophages have the characteristic of specifically recognizing
target bacteria using receptor binding protein (RBP). Among them, the C-
terminal domain of most tail fiber proteins that form trimers enables host

recognition or receptor binding (Dunne, Rupf et al. 2019, Abdelkader,
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Gutiérrez et al. 2022). Previous studies have shown that T3 phage initially
binds to bacterial LPS through the C-terminus of the tail fiber for host
recognition (Ando, Lemire et al. 2015). Similarly, the C-terminal domain of
the Lambda phage tail fiber protein is responsible for the recognition of the
receptor protein LamB (Spinelli, Veesler et al. 2014). In this study, the protein
prediction for RBP of SFP21A showed that it is composed of a homotrimer
of the gene gp09 and the C-terminal domain (residues 228-832) is involved
in receptor binding. In addition, as a result of binding analysis by modifying
a specific amino acid of the C-terminal domain, it was confirmed that the
binding pattern may be changed even by one amino acid present in the outer
loop (Fig. 18B). Previous studies have shown that single point mutations in
Listeria phage PSA RBP (S302R, I306K/R, A332V, S334R and S354T)
transformed the host range from Listeria SV 4b to 4d, supporting this finding
(Dunne, Rupf et al. 2019). These changes suggest that mutation V669A does
not alter hydrophobicity or polarity, respectively, but the feature of having
slightly larger side chains may have an effect.

In general, bacteria modify surface receptors to develop defenses
against phages. As a result of comparing the sensitivity of two o-antigen
receptor phages to SFPB BIM having an LPS outer core as a receptor, only
SFP21A, which showed a re-binding pattern in the ga/U::Tn5 mutant,

effectively inhibited bacteria. This novel infection pattern of LPS suggests

h A2 of &



that even the same LPS receptor group can kill bacteria more effectively when
treated together. In addition, phage cocktail was designed that consists of
three different receptor phages including SFP21A in S. flexneri 2a strain
2457T to delay the emergence of bacterial resistance. The results showed that
treatment with a combination of phages targeting three different receptors
inhibited bacterial growth much more than treatment with each single phage.
Therefore, the synergistic effect of these three phages, SFP21A, SFPB, and
SFP17, in killing S. flexneri was demonstrated. These results are similar to
those of previous studies showing that combinations of phages targeting
different host receptors can reduce the likelihood and incidence of phage-
resistant mutants ((Kim, Kim et al. 2014, Bai, Jeon et al. 2019).

These results suggest that the preparation of phage cocktails that
target multiple host receptors would be helpful for the development of
effective alternative strategies to control S. flexneri with phages instead of
using conventional antibiotics. It can also provide insight into a more detailed
understanding of the functional and structural interactions between host

receptor and tail fiber protein.
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