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Bacteriophage LHE83 targeting OmpA as a receptor exhibited synergism with
spectinomycin against Escherichia coli

Jianyu Zhen,*' Rui Liu,*' Cheng Man,* Shijie Xu,* Wenxiu Zhang,* Ling Zou,* Wenhua Liu,*
Hong-Bo Ni,* Ming Zou,* Tao He, Ran Wang,' Xiao-Xuan Zhang,* and Can Zhang ®*

“College of Veterinary Medicine, Qingdao Agricultural University, Qingdao, China; and {Institute of Food Safety and
Nutrition, Jiangsu Academy of Agricultural Sciences, Nanjing, China

ABSTRACT Understanding the characteristics of
bacteriophages is crucial for the optimization of
phage therapy. In this study, the biological and geno-
mic characteristics of coliphage LHE83 were deter-
mined and its synergistic effects with different types
of antibiotics against E. coli E82 were investigated.
Phage LHES83 displayed a contractile tail morphology
and had a titer of 3.02 x 10 pfu/mL at an optimal
MOI of 0.01. Meanwhile, phage LHES83 exhibited
good physical and chemical factors tolerance. The 1-
step growth analysis revealed a latent period of
approx. 10 min with a burst size of 87 pfu/infected
cell. Phage LHES3 belongs to the genus Dhakavirus.
Its genome consists of 170,464 bp with a 40% GC
content, and a total of 268 Open Reading Frames
(ORF) were predicted with no detected virulent or

resistant genes. ORF 218 was predicted to encode the
receptor binding protein (RBP) and confirmed by
the antibody-blocking assay. Furthermore, a phage-
resistant strain F. coli ES2R was generated by co-cul-
turing phage LHE83 with E. coli E82. Genomic anal-
ysis revealed that OmpA served as the receptor for
phage LHE83, which was further confirmed by phage
adsorption assay using F. coli BL21AOmpA, E. coli
BL21AOmpA: OmpA and FE. coli BL21:0OmpA
strains. Additionally, a synergistic effect was observed
between phage LHES83 and spectinomycin against the
drug-resistant strain F. coli E82. These results pro-
vide a theoretical basis for understanding the interac-
tions between phages, antibiotics, and host bacteria,
which can assist in the clinical application of phages
and antibiotics against drug-resistant bacteria.
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INTRODUCTION

Pathogenic Escherichia coli, as an opportunistic path-
ogen and commensal bacterium, widely exists in the
environment and the intestines of animals. It is responsi-
ble for intestinal infections, peritonitis, and coliseptice-
mia, posing significant challenges to animal production
worldwide. Antibiotics have traditionally been used for
the treatment of colibacillosis. However, the improper
and excessive use of antibiotics has resulted in antibiotic
residue and the emergence of multidrug-resistant strains
(Monroe S, 2000; Ajiboye, et al., 2009). Therefore, there
is an urgent need to explore alternative substitutes for
antibiotics (von Baum and Marre, 2005).
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Bacteriophages are increasingly recognized as viable
alternatives to antibiotics in the prevention and treat-
ment of bacterial infections, particularly those caused
by drug-resistant strains (Clokie, et al., 2011; Gordillo
Altamirano and Barr, 2019; Strathdee, et al., 2023).
Phages could specifically adsorb to their bacterial host
surface through receptor binding proteins (RBP), initi-
ating the lysis process with high host specificity(Lavelle,
et al., 2020; Taslem Mourosi, et al., 2022). However, this
specificity limits their lytic spectrum in clinical applica-
tions. Combining multiple phages in a cocktail is a com-
mon approach to enhance successful infection and lysis,
ultimately improving the overall efficacy of phages.
However, The design of a phage cocktail should focus on
specific phage selection through a rational and evidence-
based approach (Jin, et al., 2023).

It is currently believed that RBP at the tip of the
phage tail fibers plays a key role in host receptor recogni-
tion (Gonzalez-Serrano, et al., 2020; Taslem Mourosie
et al., 2022; Degroux, et al., 2023). Phages can target
various bacterial surface elements, such as peptidogly-
can and teichoic acids, glycolipid moieties,
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polysaccharide components, membrane proteins, pili,
and flagella (Ofir and Sorek, 2018). During the long co-
evolutionary process between phages and bacteria, the
most common adaptation of host bacteria is to alter
their receptors (Labrie, et al., 2010), which leads to
rapid resistance development (Oechslin, 2018). The
importance of bacterial surface receptors is so crucial
that phage infection simply cannot take place without
them. Therefore, the combination of phage cocktails tar-
geting different receptors could reduce resistance likeli-
hood and antagonism. Thus, understanding the phage-
host interaction is vital for developing effective phage
cocktails (Gordillo Altamirano and Barr, 2021).

It is reported that the combination of phages with
antibiotics can produce synergistic effects, effectively
increasing the susceptibility of bacterial strains to drugs
and promoting the generation of progeny phages (North
and Brown, 2021). The synergistic interaction between
bacteriophages and antibiotics is attributed to various
mechanisms, such as modulation of bacterial metabolism
and replication, activation of the immune response, and
destabilization of bacterial biofilm. For instance, OmpA,
a potential receptor for bacteriophages, plays a crucial
role in the resistance of A. baumannii to chlorampheni-
col, aztreonam, and nalidixic acid(Smani, et al., 2014).
These synergistic effects significantly enhance the bacte-
rial susceptibility to antibiotics (Wang, et al., 2021; Zuo,
et al., 2021). However, the specific synergy mechanism
between phages and various antibiotics has not been
fully elucidated, highlighting the need for further explo-
ration of unexplored phage-antibiotic combinations.

In this study, a novel phage LHE83 was isolated and
identified, its RBP was characterized, and the specific
receptors on the host cell surface recognized by RBP
were identified. Additionally, the synergy effects of
phage LHES83 in combination with Spectinomycin
against F. coli E82 were assessed. These findings pro-
vided valuable insights for the development of phage
cocktails based on receptor recognition, which can
enhance the effectiveness of phage therapy against par-
ticular bacterial strains.

RESULTS

Characteristic Analysis of Bacteriophage
LHES83

Isolation and Morphology of Phage LHES83. A novel
virulent phage LHE83 was isolated from broiler feces
using the double layer method. LHES3 formed a clear
plaque (size: 1.5 £ 0.5 mm in diameter) on the lawn of
E. coli E82 (Figure 1A). The transmission electron
microscope (TEM) morphology showed that phage
LHES83 had a regular icosahedral head (approximately
110 nm in diameter) and a contractile sheathed tail
(approximately 100 nm in length) (Figure 1B).

Biological Characterization of Phage LHES83. The
host range of LHES83 was tested on 96 E. coli isolates,
and it was effective against 19.8% (19/96) of them,
including various serotypes such as 055, O78, O111,

A

Fio

Figure 1. Morphology of phage LHE83. (A) Phage plaques formed
on double-layered agar plates. (B) Morphology of phage LHES3 in
TEM (magnification: x 70.0 K).

0114, 0119, 0125, and O127a. Notably, the prolifera-
tion efficiency of phage LHES83 varied significantly
among the 19 host strains, with the efficiency of plating
(EOP) ranging from 10° to 10 pfu/mL (Table 1). Phage
LHES3 had the highest titer of 3.02 x 10 pfu/mL on the
E. coli E82 strain at an optimal MOI of 0. 01.

The tolerance of phage LHES83 to various physical and
chemical factors was examined. It showed that LHES83
had good resistance to ultraviolet radiation, with a 3-log
decrease in titer after 1 h of exposure (Figure 2A). It was
kept stable at 40° to 50°C (Figure 2B), as well as within
the range of pH 4 to 10 (Figure 2C). The one-step
growth analysis of phage LHE83 showed a latent period
of approximately 10 min, followed by a rapid increase in
the number of released viral particles. It took about
40 min to reach the growth plateau phase, with a burst
size of 87 pfu/infected cell (Fig 2D).

Genomic Characterization of Phage LHES83. The
phage LHES3 genome was sequenced and submitted to
GenBank Direct Submission (National Center of Bio-
technology Information, NCBI) nucleotide sequence
database and has been assigned the accession number
0Q561750. Its genome revealed a 170,464 bp length
with a 40% GC content. Genome annotation predicated
268 ORF, 227 of which were identified as positive-
stranded and 76 as negative-stranded. Further annota-
tion identified 120 functional genes, which play impor-
tant roles in various biological processes. There were 37
structure-related genes, 3 lysis-related genes, and 78
genes associated with transcription and replication.
Additionally, 2 tRNAs were predicted, while no viru-
lence or drug-resistance genes were found in the genome
(Figure 3). The genome sequence of phage LHE83 was
blasted with the GeneBank database, and an evolution-
ary tree was constructed using MEGA software
(Figure 4). The homology analysis revealed an 80.99% ~
98.00% similarity between phage LHES83 and 10 other
phages. According to the current guidelines of the Inter-
national Committee on Taxonomy of Viruses (ICTV),
all of these phages belong to the family Straboviridae
and the genus Dhakavirus. Additionally, due to the high
homology between phage LHES83 and our previously
reported phage Bp7, a genomic collinearity analysis was
conducted on them, indicating the absence of large-scale



Table 1. The host ranges of phage LHE83 and phage Bp7.
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Table 1 (Continued)

Strain name Serotype Bp7  EOP for LHES3 Strain name Serotype Bp7  EOP for LHES3

E4 055: K59 0.026 E66 O111: K58 (B4) - -

ES 0114: K90 0.025 EG67 O7: K1 (L) - -

E10 0119: K69 0.078 E68 06: K15 - -

E12 — - 0.003 E69 078: K80 (B) - -

El4 0127a: K63 + 0.031 E70 0125: K70 (B15) - -

E28 055: K59 | 0.010 E72 08 - -

E29 078: K80 + 0.009 E73 086: K61 (B7) - -

E30 078: K80 + 0.007 E75 O111: K58 (84) - -

E48 0142: K86 —+ - E76 08 - -

E53 078: K80 - 0.002 E77 — - -

E56 025: K19 T - E78 078: K80 (B) . -

E58 O111: K58 + 0.005 E79 — - -

E61 0119: K69 - 0.008 E80 078: K80 (B) - -

E63 015 n - E84 078: K80 (B) - ]

E71 0111: K58 0.010 E86 026 - -

E74 0125: K70 - 0.002 E87 026 - }

ES1 078: K80 + 0.223 ES8 078: K80 (B) - -

E82 078: K80 - 1 E89 — - -

E83 08 + 0.417 E92 026 - -

E&5 — - 0.252 E94 — - -

E90 — + 0.221 E95 078: K80 (B) - -

E91 078: K80 -+ - E96 04 - -

E93 — + 0.202

El 078: K80 (B) - -

E2 0125: K70 (B15) - .

E3 025: K19 (L) -

E5 015 - - . . . .

E6 0125: K70 (B15) - - sequence recombination, with a high degree of homology

gg 8;2 Egg (E) - - observed in most genes (Figure S1). However, the

Ell 014: K90 EBg i ) homology of tail fiber genes associated with the phage

E13 08: K40 (A), K47 (A) - - adsorption was notably low, which may be attributed to

g}g 83 K19 (L) - - the different host spectra between phage LHE83 and
19N - -

E17 025: K19 (L) - ] phage Bp7 (Table 1).

E18 015 B, _

E19 0111: K58 (B4) - .

E20 0142: K86 (B) - - L

E21 0128: K67 (B12) - - Identification of RBP of Phage LHE83

E22 06: K15 - .

ggi 8%:’ g;g (E%? - - The RBP at the tip of long tail fibers serves as the pri-

E25 0112)1; K90 EB) ) ) ) mary functional and structural units of T-even phages

E26 07: K1 (L) - - during the adsorption process. They also determine phage

gg; 8;33 - - host specificity, such as gene product 37 (GP37) or

E32 O78:K80 (B) GP38 in the T4 superfamily (Trojet et al., 2011). To iden-

E33 078: K80 (B) - - tify the RBP of phage LHES3, the predicted tail fiber

ggg 020: K17 (L) - - GP213, encoding by ORF 213 of phage LHES83, was com-

E36 _ i i pared with GP38 of phage Bp7, which is known as the

E37 O111: K58 (B4 - - RBP of phage Bp7 (Chen et al., 2020). The analysis

(B4) g y

ggg 0128: K67 (B12) - - revealed a high homology at the N-terminal region but a

F40 086: K61 (B7) i i low homology at the C-terminal region between GP213 of

E4l 0114: K90 (B) - - phage LHE83 and the RBP of phage Bp7 (Figure S2).

B2 0136: K78 - - Furthermore, the C-terminal sequence of GP213 exhibited

E43 055: K59 (B5) - . : . L . ) )

E44 044: K7 (L) ] ] typical mosaic features, which is consistent with a previ-

E45 0114: K90 (B) - - ous report (Trojet et al., 2011). Based on these findings, it

gig 8;%{ 1K10 (B15) - - is predicted that GP213 also serves as the RBP of phage

FA49 015 © i i LHES3. To further explore whether GP213 is involved in

E50 055: K59 (B5 - - the process of phage adsorption of host bacteria, ORF 213

(B5) g

E51 025: K19 (L) - - was expressed in E. coli BL21 (Figure S3). Subsequently,

E52 078: K80(B), 055: K59 (B5) - - . . .

E54 078: K80 (B) } ) the rabbit antiserum against GP213 was generated after 3

E55 — - - immunizations and used for the antibody-blocking assay.

gg; %1111‘11:'%(998(]3]24 - - The efficiency of the GP213 antiserum in blocking phage

E60 07 K1 (i)( ) i i LHES3 adsorption was tested on E. coli E82 (Figure 5A).

E62 086: K61 (BT) - - The results showed that the antiserum of GP213

ggé 8;? Egg EE%) - - completely blocked phage adsorption, indicating that

(continued)

GP213 indeed serves as the RBP phage LHES83, and plays
an important role in the adsorption process.
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Figure 2. Biological characterization of phage LHE83. (A) UV stability. (B) Thermal stability. (C) pH stability. (D) One-step growth curve on

E. coli E82. All the data are shown as the mean £ SD.

Identification of Receptor Targeted by Phage
LHES83

Resistant strain F. coli E82-R5 was isolated from a co-
cultured system of phage LHES83 and FE. coli E82. To
understand the genetic changes responsible for resis-
tance development, the genomes of E. coli E82 and FE.
coli E82-R5 were sequenced and compared. The analysis
revealed that in the genome of E. coli E82-R5, there
were 5 additional base insertions at the 394th base posi-
tion of ORF OmpA. This insertion caused a frameshift
mutation within the ORF OmpA, resulting in an altered
reading frame and premature termination of OmpA
translation. So it is predicted the OmpA serves as the
receptor targeted by phage LHES3. To further verify the
role of OmpA in phage LHE83 infection, the mutant
strain E. coli BL21 AOmpA was constructed using the
scarless Cas9-assisted recombineering (no-SCAR) sys-
tem to assay the phage adsorption rate changes. The
results showed that E. coli BL21 AOmpA caused an
approx. 50% decrease in phage adsorption rate com-
pared to the wild-type strain. Conversely, the comple-
mentary strain F. coli BL2IAOmpA: OmpA exhibited
approx.90% phage binding activity compared to the
wild-type strain. Moreover, the overexpression of OmpA
in E. coli BL21: OmpA strain led to an approx.120%
increase in phage adsorption rate (Figure 5B). These
findings confirmed that OmpA was the receptor recog-
nized by phage LHE83 and played a crucial role in the
phage adsorption process.

Synergistic Inhibition of E. coli E82 by Phage
LHE83 and Spectinomycin

It is reported that phage and antibiotics had synergis-
tic effects on the resistant bacterial strains (Allen, et al.,
2017).

A checkerboard assay was conducted by combining
serially diluted phage LHE83 and different antibiotics

on the drug-resistant strain F. coli E82, including Neo-
mycin (NEO), Doxycycline (DOX), Colistin (COL),
Amoxicillin (AMX), Enrofloxacin (ENR) and specti-
nomycin (SPEC). The antimicrobial effects were mea-
sured for 12 h with 1 h intervals. The results indicated
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Figure 3. Genome annotation of phage LHE83. The arrows indi-
cate the direction of transcription of each gene. The colors represent
ORF with different predictive functions: the structural and packaging
proteins are marked with orange, the lysis-related proteins are marked
with green, the proteins associated with transcriptional regulation are
marked with pink, and the hypothetical proteins are marked with grey.
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Figure 4. The evolutionary tree of phage LHES83. A total of 10
orthologous phages were selected for the phylogenetic analysis. The
evolutionary tree is constructed based on the whole genome using the
neighbor-joining method with the default parameter in MEGA soft-
ware. Reliability values are shown above branches, while evolutionary
distances are shown below branches. Distances less than 0.05 were hid-
den for clarity. ® Represents phage LHES3.

that phage LHE83 had no apparent interaction with
NEO/AMZX, had an antagonistic effect with DOX, and
had a slight synergic effect with COL/ENR (Figure S4).
A significant synergy was observed between phage
LHES3 and SPEC (Figure 6).

The E. coli E82 showed no growth inhibition when
treated with SPEC alone at concentrations ranging
from 0.5 to 32 ug/mL. Treatment with phage LHES3 at
a concentration of 10? pfu/mL led to significant growth
inhibition within 6 h (Figure 6A). However, resistant
bacteria rapidly emerged within 10 h (Figure 6B). Com-
pared to the groups treated with SPEC and phage
LHES3 alone, the combination of them exhibited signifi-
cant synergistic effects. The addition of phage LHES3 at
a concentration of 10% pfu/mL significantly inhibited
the growth of E. coli E82 with different concentrations
of SPEC, even at the lowest concentration of 0.5 ug/
mL, a noticeable bacteriostatic effect was observed and
maintained for at least 12 h (Figure 6B).
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DISCUSSION

Phages efficiently infect host bacteria and maintain a
dynamic balance with host bacteria through evolution.
In response, bacteria have developed various defense
mechanisms against phages, such as restriction modifica-
tion, CRISPR—Cas adaptive immunity, quorum-sensing
system, and receptor mutations. Among these strategies,
receptor modifications on the cell surface are the most
common defense strategies employed by bacteria to pre-
vent phage adsorption (Hoyland-Kroghsbo, et al., 2013;
Diaz-Munoz and Koskella, 2014; Tan et al., 2015; Hamp-
ton et al., 2020). The initial stage of phage infection is to
specifically adsorb receptors on the surface of the bacte-
ria. Structural alterations or loss of these surface recep-
tors can result in the inability of phages to successfully
adsorb to the bacterial surface (Li, et al., 2018). Gene
loss, inversion, insertion, and other genetic changes can
also affect receptor coding genes, such as MutL-medi-
ated loss of genomic fragments in P. aeruginosa, result-
ing in O-antigen deletion and prevention of phage
adsorption (Shen, et al., 2018). Identification of RBP
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Figure 6. Synergistic effects between phage LHE83 and SPEC
against the E. coli E82. The co-effect of phage LHE83 and SPEC in dif-
ferent concentrations on E. coli E82 after (A) 6 h and (B) 12 h of treat-
ment.
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Figure 5. The RBP of phage LHE83 and its recognized receptor identification. (A) The antiserum of GP213 completely blocked the adsorption
and infection of phage LHE83 to E. coli E82. A negative serum collected before immunization was used as a control. (B) The phage LHE83 adsorp-
tion rates on the knockout strain E. coli BL2IAOmpA, the complementary strain E. coli BL2IAOmpA: OmpA, and the overexpression strain E.

coli BL21:OmpA. All assays were performed in triplicate.
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and their receptors in isolated phages is crucial for devel-
oping phage cocktails targeting different receptors and
expanding the host range. Additionally, it facilitates the
expansion of the host range through phage engineering.
In this study, phage LHE83 was isolated and character-
ized, and its RBP and the corresponding receptor on the
host cell surface were successfully identified.

Based on homology analysis with the GenBank data-
base, Phage LHES83 showed a high homology with phage
Bp7, which belongs to the T-even like phage with GP38
as its RBP (Chen et al., 2020). The RBP of T-even-like
phages is typically encoded by genes GPS37 or GP38,
and had a common feature that highly conserved gly-
cine-rich motifs (GRM) were interval by highly variable
segments (HV'S) and showed a mosaic character (Trojet
et al., 2011). GP213 of phage LHE83 also showed a simi-
lar character. Therefore, it is speculated that GP213
serves as the RBP of phage LHES83. As anticipated, the
antibody-blocking assay provided further confirmation
that the antiserum of GP213 could completely inhibit
the adsorption of phage LHES83 to host bacteria.

Additionally, the genome sequence of phage LHES3-
resistant mutant E. coli E82R5 revealed that OmpA
served as the receptor of phage LHE83. However, the
strain F. coli E§2R5 had a multidrug-resistant pheno-
type, so the gene knockout and complement experiments
of OmpA were performed on engineered bacteria strain
E. coli BL21. Interestingly, the E. coli BL21AOmpA
strain remained susceptible to phage LHES83 with a 50%
reduction in absorption rate. Therefore, although the
OmpA mutation of E. coli E82 could be completely resis-
tant to phage LHES3, there should be additional recep-
tors on the surface of E. coli BL21 recognized by phage
LHES83 and need for further investigation.

There were high similarities in the genome and biolog-
ical characteristics between LHE83 and Bp?7, indicating
a close relationship between them. Furthermore, their
host spectrum was highly overlapped (Table 1). Both
phage LHES3 and Bp7 can infect various serotypes of F.
coli, but their host spectrum is inconsistent, primarily
due to their RBP. The N-terminal sequence of GP213
shows a high similarity to that of GP38, and their C-ter-
minal region exhibits similar GRM domains (Fig S2).
The main difference lies in the HVS regions in their C-
terminal sequence. This suggests that the HVS regions
are involved in receptor recognition, which determines
whether phage Bp7 and LHES3 recognize receptors
LamB and OmpC or OmpA on the host surface, thereby
affecting the host spectrum. Therefore, the host spec-
trum of phages can be expanded by modifying the HVS
regions of RBP through genetic engineering techniques,
potentially enhancing their antibacterial efficacy.

As a therapeutic agent, phage is not influenced by the
drug-resistance mechanisms of bacteria for its unique
receptor-recognized infection process (Elbreki, et al.,
2014). It was reported that phages can effectively inhibit
the growth of drug-resistant bacteria and the formation
of bacterial biofilm, thereby enhancing the efficacy of
antibiotic therapy (Chaudhry et al., 2017; Aghaee et al.,
2021; Li et al., 2021; Simon et al., 2021). Although some

antibiotics exhibited antagonistic effects against phages,
the overall benefits of combining the phage and antibiot-
ics outweigh the disadvantages (Torres-Barcelo et al.,
2018). Phage LHES3 exhibited diverse interactions with
various antibiotics on E. coli E82, ranging from synergis-
tic to uncorrelated or antagonistic effects. Phage LHES3
showed an obvious synergism with SPEC. Furthermore,
the combination treatment exhibited a longer bacterio-
static effect compared to using the phage alone. These
findings offer a promising strategy for combating antibi-
otic-resistant bacteria.

Bacteria have developed complex mechanisms to con-
fer strong resistance to antibiotics, such as the modifica-
tion in cell membrane permeability, production of
aminoglycoside-modifying enzymes, alteration in drug
targets on ribosomes, and acquisition/activation of mul-
tidrug efflux pump (Gao et al., 2022; Zhang et al., 2023).
Our investigation indicated a synergy mechanism
between SPEC and phage. SPEC is hypothesized to act
on the 30S subunit of bacterial ribosomes, subsequently
interfering with bacterial protein synthesis and increas-
ing bacterial susceptibility to phage infection. Further
research is needed to elucidate the specific mechanisms
underlying the synergy between SPEC and phage
LHES83, providing more effective treatment strategies
against antibiotic resistance.

CONCLUSIONS

In this study, a phage LHE83 with a well potential
application value was characterized, which absorbed the
OmpA receptor of host bacteria through its RBP
GP213. SPEC had a synergistic effect with LHES3, even
at a very low concentration. These findings will contrib-
ute to the future clinical application of phage LHES3.

MATERIALS AND METHODS

Description of Bacterial Strains and Culture
Conditions

A total of 96 clinical pathogenic F. coli, isolated from
the broiler farm in Shandong Province, China, were
used to test the host range of the phage (Table 1). E.
coli BL21 (DE3) strain was kept in our lab. All of the
bacterial strains were cultured to logarithmic growth
phase in Luria-Bertani (LB) medium at 37°C and stored
at 4°C until used. Neomycin, doxycycline, colistin,
amoxicillin, enrofloxacin and spectinomycin were pur-
chased from Macklin (Shanghai Macklin Biochemical
Co., Ltd., Shanghai, China).

Phage Isolation

The feces samples were collected from broiler farms in
Shandong Province to isolate phages using the previ-
ously described method (Zhang et al., 2013). In brief, E.
coli E82 was used to enrich phages in the sample extract,
followed by the isolation and purification of phages using
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the double layer agar plate method. The isolated phage
was named LHES83 and stored as 30% glycerol stocks at
—80°C until used.

Electron Microscope Observation of Phage
LHES83

The morphology of phage LHE83 was observed by
transmission electron microscopy (TEM, HT7700, Hita-
chi, Japan). Briefly, 10 uL suspension (10° pfu/mL) was
dropped onto a copper grid and incubated for 10 min at
room temperature, the grid was then stained with 2%
phosphotungstic acid (PTA) for 5 min. After air drying,
the phages on the grid were observed by TEM.

Host Range and EOP of Phage LHE83

The host range and EOP of phage LHES3 were evalu-
ated by the standard double-layer agar plate method as
described before (Sui et al., 2021). The EOP of phage
LHES83 on the FE. coli E82 strain was set as 1, and the
EOP on other host strains was determined by comparing
the phage titer on those strains to that on E. coli E82.

Optimal MOI for Phage LHE83 Production

The optimal multiplicity of infection (MOI) of phage
LHES83 was determined by double-layer agar plate
method. In brief, diluted phage LHES3 (10°~10° pfu/
mL) and E. coli E82 (107 cfu/mL) were co-cultured in
LB liquid medium at 37°C for 4 h. A culture of E. coli
E82 (107 cfu/mL) without phage LHES3 was used as a
control. The MOI that generated the highest phage titer
within 4 h was considered the optimal MOI. Each exper-
iment was repeated 3 times.

Stability Assay of Phage LHE83

The stability of phage LHE83 to temperatures, pH,
and UV light was evaluated by the double-layer agar
plate method. For the thermal-stability assay, phage
LHES3 (10° pfu/mL) was incubated at various tempera-
tures (40°-80°C), and samples were collected after 20,
40, and 60 min of incubation. For the pH stability assay,
a phage suspension was inoculated in LB broth at differ-
ent pH (3—12) at 37°C, and aliquots were collected at 1,
2, and 3 h. For the UV stability assay, a phage suspen-
sion was exposed to UV light, and samples were col-
lected every 10 min for up to 1 h. Each experiment was
repeated 3 times.

Sequencing and Genomic Analysis of Phage
LHES83

The genome of phage LHE83 was sequenced on an
INlumina Nextseq platform using PE150 strategies by
Novogene Co. Ltd (Chaoyang District, Beijing, China).
The acquired genome sequence was then annotated

using the RAST server (https://rast.nmpdr.org/) and
submitted to the GeneBank database (0Q561750). Fur-
thermore, an evolutionary tree was constructed using
MEGA software to analyze the genetic relationships
between phage LHES3 and other related phages.

Identification of Receptor Binding Protein of
Phage LHES83

According to the RAST annotation, the predicted tail
fiber GP213 of phage LHES83 was compared with the
RBP GP38 of phage Bp7, and the sequence features
were analyzed. Then, as previously described(Chen et
al., 2020), the ORF 213 sequence was amplified from
extracted phage LHE83 genomic DNA by PCR using
designed primers (Table S1) to construct the recombi-
nant plasmid pCold-GP213 using ClonExpress II One-
step cloning Kit (Vazyme, Nanjing). The plasmid was
transformed into E. coli BL21 and inducted by
0.1 mmol/L IPTG at 16°C for 12 h to express the recom-
binant protein. After ultrasonic treatment, the GP213
protein was purified by affinity chromatography. To
prepare antiserum of GP213, New Zealand white rabbits
were immunized 3 times with GP213 protein. The serum
was collected 5 days after the final immunization and
stored at - 80°C until use. To evaluate the antibody-
blocking effect of GP213, 100 uL of the GP213 antise-
rum was mixed with an equal volume of phage LHES3
(10* pfu/mL), then incubated with 200 uL of E. coli
BL21 (10® pfu/mL) at 37°C for 5 min. Serum collected
before immunization was used as a control. The mix-
tures were centrifugated at 12 000 g for 5 min, and the
free virions in the supernatant were counted by the dou-
ble-layer agar method to quantify the phage adsorption
rates. Each experiment was performed in triplicate.

Selection of Phage-Resistant Strains

Phage-resistant strains were selected through the co-
cultivation of phages and host bacteria by the double-
layer agar method. Briefly, phage LHE83 and E. coli
E82 were added to the top agar layer in a ratio of 10:1
(MOI = 10) and incubated overnight at 37°C. Subse-
quently, individual colonies were picked and streaked on
agar plates for purification through 3 generations to
obtain phage-resistant strains. Phage sensitivity assays
were performed on mutant strain E. coli E82-R5 using
the double-layer agar method with phage LHES3.

Genomic Sequencing and Analysis of
Phage-Resistant Mutants

Whole-genome sequencing of E. coli E82 and E. coli
E82-R5 was conducted using an Illumina Nextseq plat-
form with PE150 sequencing strategies by Novogene Co.
Ltd. Then, their genome sequences were aligned using
the Burrows-Wheeler-Algnment tool (BWA) to iden-
tify the specific locus responsible for phage resistance.
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Identification of OmpA as the Receptor on
E. coli BL21

Based on genome sequencing and analysis, the gene
potentially encoding the receptor was knocked out in the
E. coli BL21 strain using the no-scar system as described
before (Reisch and Prather, 2015). In brief, the sgRNA
was designed to construct plasmid pKDsg-OmpA
(Table S1). Then, plasmids Cas9 and pKDsg-OmpA were
transferred into E. coli BL21. After induction with
50 mM L-arabinose, competent cells of F. coli BL21 were
prepared. A 140-bp DNA fragment containing both sides
of the target OmpA gene-coding region, with 3 phosphor-
othioate bonds at the 5 end (Table S1), was electropo-
rated into E. coli BL21 competant cells. The transformed
cells were then screened using 50 pg/mL kanamycin, 25
ng/mL SPEC, and 100 ng/mL aTc at 30°C. The gene
knockout strain F. coli BL2IAOmpA was identified by
PCR. The E. coli BL21AOmpA were incubated at 37°C
to eliminate the temperature-sensitive plasmid pKDsg-
OmpA. Moreover, the OmpA gene of E. coli E82 was
amplified to construct the recombinant plasmid pCold-
OmpA. The plasmid was then transferred into E. coli
BL21 or E. coli BL21AOmpA, and inducted with 0.1 mM
IPTG at 37°C for 8 h to obtain the overexpressing strain
E. coli BL21:OmpA or the complementation strain F.
coli BL21AOmpA: OmpA. The adsorption rates of phage
LHES3 on these strains were assayed using the double-
layer agar method to confirm the role of OmpA. The E.
coli BL21 wild-type strain was used as a control, and
each assay was repeated 3 times.

The Synergy Assay of Phage LHE83 and
SPEC in the Inhibition of E. coli E82

Several antibiotics were used to evaluate the synergis-
tic effect of phage LHES3 on the F. coli E82 strain,
including NEO, DOX, COL, AMX, ENR, and SPEC.
Briefly, 100 uL various concentrations of antibiotics (0
—256 pg/mL) and phage LHES3 lysate (0—10” pfu/mL)
were mixed in equal volume. A total of 100 uL E. coli
E82 cells in the logarithmic growth phase were added to
the mixture in 96-well plates. The plates were then incu-
bated at 37°C for 12 h. The ODg3 of the mixed cultures
was measured every 30 min. The data were analyzed
using Prism software for statistical analysis. The experi-
ment was repeated 3 times.
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