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we characterized a lytic E. faecalis bacteriophage vB_EfaS_efap05-1 with a dsDNA
genome of 56,563 bp. Phage vB_EfaS_efap05-1 had a prolate head and a tail, and belongs
to Saphexavirus which is a member of Siphoviridae. Efap05-1 uses either surface
polysaccharide or membrane protein ComEA as the receptor because the mutation of
both genes (ComEA and UDP-glucose 4-epimerase galE) prevents phage adsorption and
leads to phage resistance, and complementation of ComEA or galE could recover its
phage sensitivity. Our results provided a comprehensive analysis of a new E. faecalis
phage and suggest efap05-1 as a potential antimicrobial agent.

Keywords: bacteriophage, phage receptor, Enterococcus faecalis, exopolysaccharide, ComEA protein

INTRODUCTION

Enterococcus faecalis is a gram-positive bacterium that could cause intestinal dysbiosis or
infections in humans, such as nosocomial sepsis, urinary tract, and surgical site infections
(Hayakawa et al, 2013; Jahansepas et al, 2018). In addition, the cytolysin-positive E. faecalis
strains are correlated with mortality in patients with alcoholic hepatitis (Duan et al., 2019).
However, the emergence of antibiotic resistance, especially vancomycin and daptomycin resistance,
is especially troubling (Hu et al.,, 2018). Thus, new therapeutic approaches are needed to treat
E. faecalis infections.

Bacteriophages are viruses that infect bacteria and are promising agents for antimicrobial
treatment (Kortright et al., 2019; Wu et al., 2021). Recently, phage therapy clinical trials are
initiated in many countries, and the number of case reports describing patients being treated
increased significantly word-wide. For example, COVID-19 patients with carbapenem-resistant
Acinetobacter baumannii infection were treated with a pre-optimized 2-phage cocktail and the
infection was significantly relieved (Wu et al., 2021). However, phage resistance is a potential
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barrier to successful phage therapy (Egido et al, 2021). To
confront this issue, the molecular mechanisms of phage resistance,
as well as the genomic and biological characteristics of a phage,
should be studied to provide the foundation for rational selection
of the phages for therapy (Pires et al.,, 2020).

In this study, we isolated a new E. faecalis bacteriophage
vB_EfaS_efap05-1 with a dsDNA genome of 56,563 bp. It belongs
to Saphexavirus which is a member of Siphoviridae, and efap05-1
could use either surface polysaccharide or membrane protein
ComEA as the receptor to adsorb to the bacterial surface.
Thus, phage-resistant mutants had both mutations of ComEA
and galE. In summary, this study provided a detailed
characterization of an E. faecalis bacteriophage and suggests
efap05-1 as a potential antimicrobial agent.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Phages
Enterococcus strains were collected from the Department of
Clinical Laboratory Medicine and were grown aerobically on
Brain-Heart Infusion Broth (BHI) broth at 37°C with shaking.
Bacteriophage was isolated from hospital sewage as previously
described (Yang et al., 2016). Briefly, the sewage was pelleted,
and the supernatant was filtered through a 0.22 pm-pore-size
filter. Then, 500pl of the sample was immediately mixed with
200pl of bacterial culture, and 4ml of molten BHI soft agar
(0.4%) was added and poured onto BHI agar plates. After
overnight culture, the formed plaque was picked, deposited in
1ml of BHI, followed by a 10-fold dilution and double-layer
agar assay to purify the phage. Then, one plaque from the
third round of the purification process was picked for this study.

Transmission Electron Microscopy

Phage particles were dropped on carbon-coated copper grids
for 10min. Then, the grids were stained with phosphotungstic
acid (pH 7.0) for 15s. The sample was examined under a
Philips EM 300 electron microscope. The sizes of the phage
were measured using AxioVision LE based on five randomly
selected images.

Phage Titering and MOI Experiment

The double-layer agar plate assay was used to calculate the
phage titer. Briefly, 10-fold dilutions of phage solution were
mixed with 200pl of host bacteria, then mixed with 4ml of
molten BHI broth with 0.4% agar. Then, pour the mixture on
a 1.5% agar plate. After overnight incubation at 37°C, the
number of plaques was calculated as a plaque-forming unit
(pfu). MOI experiments were performed by mixing log-phase
bacteria (OD600=0.6) with a different number of phages, and
the titer in the coculture was calculated using a double-layer
agar plate assay after 5h.

One-Step Growth
The one-step growth curve of efap05-1 was determined as
described (Zhong et al., 2020). Briefly, 1 ml of log-phase bacteria

and 1 ml of efap05-1 were mixed at an MOI of 10 and incubated
at 37°C for 10min. Then, the mixture was centrifuged for
Imin at a speed of 10,000x g, and the pellet was resuspended
in 6ml of BHI medium. And samples were taken at the given
time points, which are immediately pelleted and phage titer
in the supernatant was measured immediately.

Adsorption Rate Experiments

Bacteriophage adsorption assay with various time points was
performed as previously described (Al-Zubidi et al, 2019).
Briefly, the log phase bacterial cultures were pelleted and
resuspended in medium to a final concentration of 3 x 10° CFU/
ml. Then, phage was added to a final titer of 3x10° pfu/ml.
The samples were cultured at 37°C for 10min, and the phage
titer in the supernatant were measured using the double-agar
plating assays. The adsorption rate was calculated as (the original
phage titer—the remaining phage titer)/the original phage titer.

Determination of Host Range

Ten E. faecalis strains were selected to test the host range of
efap05-1 through spot testing by dropping 1pl of phage onto
the double-layer soft agar premixed with the bacterial and
cultured at 37°C for overnight. The formation of a clear plaque
is considered as sensitive to phage efap05-1 infection.

EOP Assay

Two microliter of serial 10-fold dilutions of phage efap05-1
were spotted on double layer agar plates containing a bacterial
host. The number of plaques observed after overnight incubation
were compared to the number obtained on the strain efa05.

Genome Sequencing and Annotation

The phage DNA extraction is performed as previously described
(Khan et al., 2021). Then, phage genomic DNA was sequenced
using an Illumina Hiseq 2,500 platform (~1 Gbp/sample). Fastp
(Chen et al., 2018) was used for adapter trimming and filtering
the raw reads. The data were assembled using the de novo
assembly algorithm Newbler Version2.9 with default parameters,
and the assembled genome was annotated using RAST (Overbeek
et al, 2014). The DNA and protein sequences were checked
for homologs with BLAST manually. The genome map was
drawn by SnapGene 4.1.8. The sequence data is available in
the NCBI under accession number OL505085.

Stability Studies

The stability of phage under various conditions was tested by
treating 10° pfu of phage under different pH (pH 2-13),
temperature (0°C, 30°C, 40°C, 50°C, and 60°C), or chloroform
concentration (10%, 25%, 50%, 75%, and 95%) for 60min,
the then the titer of the phage was determined by double-layer
agar assay.

Selection of the Phage-Resistant Mutants
The phage resistant mutants were selected as previously described
(Shen et al, 2018). The log phase bacteria were mixed with
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phage efap05-1 and cultured until the bacteria was lysed. Then,
the lysate was inoculated onto the BHI agar. After overnight
incubation, the single colonies were checked for its resistance
against phage using the double-layer agar assay, which confirmed
that all the colonies on the plates are resistant to phage infection.

Bacterial Genome Sequencing

The wide type strain efa05 and phage resistant mutant strain
efaO5R were selected for sequencing. Bacterial genomic DNA
was extracted using UNIQ-10 Column Bacterial Genomic DNA
Isolation Kit (sangon bitotec: SK1202), and then sent to Novogene
Corporation for sequencing using the Illumina Hiseq 2,500
platform. Trimmomatic was used to remove adapter sequences
and low-quality bases (Bolger et al., 2014). BWA was used to
map clean reads to the reference genome sequence of efa05.
Samtools (Li et al., 2009) was then used to prepare the data
for use with the Integrative Genomics Viewer (IGV). DNA
mutation locations were manually checked with IGV and SeqKit
(Shen et al., 2016).

Complementation of ComEA and galE

The ComEA gene and plasmid pMGP23:mCherry were
amplified by PCR (the primers for the amplification of
ComEA gene and the plasmid pMGP23:mCherry are listed
in Table 1), and the PCR products were purified. The ComEA
and plasmid were ligated by Gibson assembly to generate
pMG-ComEA, and the constructed plasmid was comfired
by sanger sequencing. The efa05R complementation strain
was generated by electroporation of pMG-ComEA into strain
efaO5R followed by selection on BHI agar erythromycin
(20ug/ml). The galE gene was complemented with the
same protocol.

Statistical Analysis

All the experiments were performed three times. The statistical
analysis was performed using One-way ANOVA or t-test, and
statistical significance was assumed if the value of p was <0.05.

RESULTS

The Biological Characterization of an
Enterococcus faecalis Phage

An E. faecalis phage was isolated using plaque assay. It forms
a clear plaque on the host strain efa05 in the double layer
agar plates (Figure 1A). The phage particle was observed by
transmission electron microscopy. It is a non-enveloped, head-
tail structural particle. The prolate head is approximately 100 nm
in length and 40nm in width (Figure 1B). Thus, based on
the morphology, phage vB_EfaS_efap05-1 belongs to Saphexavirus
which is a member of Siphoviridae. The optimal multiplicity
of infection (MOI) was 0.001, and the phage titer could reach
approximately 8*10" pfu/ml (Figure 1C). The one-step growth
curve of efap05-1 indicates that this phage replicates quickly
with a lysis period of about 20min, and the phage titer

TABLE 1 | Bacterial strains, phages, plasmids, and primers used in this study.

Names Characteristics and descriptions Source

Enterococcus faecalis

efa01 Human blood isolate

efa02 Human blood isolate

efa03 Human blood isolate

efa04 Human blood isolate

efa05 Human urine isolate This study

efa06 Human urine isolate

efa07 Human urine isolate

efa08 Human urine isolate

efa09 Human urine isolate

efal0 Human urine isolate

efaO5R phage resistant mutant

efaO5R::ComEA Complementation of ComEA strain

efaO5R::galE Complementation of galE strain

Phage

efap05-1 Siphoviridae; isolated from sewage This study

Plasmids

pMGP23 Modified from plasmid pMG36e, which contains )

. . . This study

erythromycin and kanamycin resistance gene

pMG-ComEA pMGP23 expressing ComEA from the native This study
promoter

pMG-galE pPMGP24 expressing galE from the native This study
promoter

Primers

ComEA-F aaaatattcggaggaattttgaaatggattggttgaaacagttac

ComEA-R atatcgtagcgccggttaacggtaaattctaatageattctetttaca

galE-F atatcgtagcgccggtcatctctgettaccttcecg

galE-R aaaatattcggaggaattttgaagtggaatcatttctaatcacagg

pPMGP23-F ccggcegctacgatatt

pMGP23-R ttcaaaattcctcegaat

TABLE 2 | The host range of phage efap05-1.

Strain Origin LG1 sensitivity
Enterococcus faecalis efa0O1 Blood -
Enterococcus faecalis efa02 Blood -
Enterococcus faecalis efa03 Blood +
Enterococcus faecalis efaO4 Blood -
Enterococcus faecalis efa05 Urine +
Enterococcus faecalis efa06 Urine +
Enterococcus faecalis efaO7 Urine -
Enterococcus faecalis efa08 Urine -
Enterococcus faecalis efa09 Urine +
Enterococcus faecalis efal0 Urine +

+ Indlicates the strain is sensitive to phage efap05-1, and EOP ranges between 0.007 and 1.

approached plateau after 20min (Figure 1D), and the burst
size was estimated as about 20 pfu per bacterium.

The host range of efap05-1 was estimated by EOP (efficiency
of plating) assays. Ten clinically isolated E. faecalis strains were
tested and five strains could be lysed by efap05-1, indicating
a modest host range (Table 2).

Stability of efap05-1

The stability of efap05-1 under various conditions was tested.
It could maintain stability under pH 5-10, and other pH
solutions could impair the viability of efap05-1 (Figure 2A).
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FIGURE 1 | Biological characterization of E. faecalis phage vB_EfaS_efap05-1. (A) Phage efap05-1 forms clear plaques on the agar plate. (B) The transmission
electron micrograph reveals that efap05-1 is a Saphexavirus which is a member of Siphoviridae. (C) The optimal MOI of phage efap05-1 is 0.001. (D) The one-step
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And efap05-1 is stable under 50°C because its titer was not
changed after 60min incubation at 50°C (Figure 2B), and is
completely inactivated over 70°C. Besides, chloroform treatment
did not affect the viability of phage efap05-1, indicating that
it is a non-enveloped phage (Figure 2C).

Genome Sequence Analysis of an
Enterococcus faecalis Phage

Phage efap05-1 is a double-stranded (ds) DNA phage with a
linear genome of 56,564 base pairs (bp). Its G+C content is
40% and encodes 99 ORFs and one tRNA (Figure 3), which
are predicted by RAST (Overbeek et al., 2014) and visualized
by SnapGene.

Most of the ORFs are functionally unknown, and 22 ORFs
are functionally annotated, which can be categorized into several
functional modules, including phage DNA replications, lysis,
phage structural protein (Figure 3). However, efap05-1 did

not encode any antibiotic-resistant gene or virulence gene,
indicating that it is a safe candidate for phage therapy.

Phage Resistant Mutant Contains Two
Mutations

To study the phage resistant mechanism of E. faecalis efa05
against phage efap05-1, we mixed phage with host and cultured
until the bacteria are lysed. And then inoculate the lysate on
BHI agar plate. One phage-resistant mutant efa05R was selected,
and its resistance against efap05-1 was confirmed by EOP
experiment (Figure 4B).

Then, efa05R and wild-type strain efa05 was sent for whole-
genome sequencing, and the mutation sites of these two strains
were detected as Late competence protein ComEA and
UDP-glucose 4-epimerase galE (Figure 4A). ComEA is a cell
membrane protein that binds to the double-stranded DNA
and initiates the DNA uptake process (Burghard-Schrod et al,,
2021). And UDP-glucose 4-epimerase is involved in the

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 866382


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Huang et al. An E. faecalis Phage efap05-1

A B C
124 151 15 —
104 w=  Trichloromethane
= 13 - g
84 £ 10 E 10
5 5 5
& 6 [ &
g 4 g 5 G
2.
0 b e 0 : T r ! 04
0 2 4 6 8 10 12 14 20 40 60 80 e
pH temperature/(°C) & » EAE

FIGURE 2 | Stability of efap05-1: (A) Phage efap05-1 is stable under pH5 ~ 10, and is completely inactived under pH3. (B) Phage efap05-1 is inactivated by 70°C
treatment. (C) Phage efap05-1 is resistant to chloroform because the titer was stable after chloroform treatment.

putative glutaredoxin major tail protein

major tail protein N-acetylmuramoyl-

Phage terminase, large e u
-alanine amidase

e : |
subunit [SA baFtenophaqes.., phage tail protein tRNA-Trp-CCA
q 4 phage portal protein B ‘ minor capsid protein phage minor structural protein ]

HNH endonuclease DNA polymerase |
I
DNA primase DNA methylase LPS glycosyltransferase
DNA replication protein putative adenylate kinase DNA polymerase |
| T T
|
transcriptional rlequlalor HNH homing endonuciease
tRANATIR-CCA replicative DNA helicase # Phage "m‘n" Phage DNA binding protein

FIGURE 3 | Genomic characterization of efap05-1. Phage efap05-1 is a dsDNA phage that encodes 99 predicted proteins and one tRNA.

A Late competence protein ComEA UDP-glucose 4-epimerase

Gly Gly
G99R G188D

C
Adsorption assay

efa05 100 - cfa05

g ® - = efaOSR

Y == efa05R::ComEA
efaO5R H efa05R::galE

2 40

o

<

»
=3

efaO5R::ComEA

efaO5R::galE ffovy .‘59-0& .*’4.

FIGURE 4 | Characterization of the phage-resistant mutant. (A) The mutation site in efa05R was detected as G99R in ComEA and G188D in galE. (B) The EOP
experiment of phage against wild type strain, phage resistant efaO5R, and the complemented strains. (C) Adsorption assay of phage onto each strain.

Frontiers in Microbiology | www.frontiersin.org 5 March 2022 | Volume 13 | Article 866382


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Huang et al.

An E. faecalis Phage efap05-1

biosynthesis of cell wall polysaccharides (Boels et al, 2001;
Lee et al., 2014).

Usually, phage resistance is selected with one key mutation
site (Li et al, 2018), the mutation of both genes detected in
phage resistant mutant efaO5R indicates that both genes are required
for phage infection. As expected, the complementation of either
ComEA or galE in efaO5R could recover the phage sensitivity
through enabling phage adsorption (Figures 4B,C). Thus, these
data indicate that phage could bind to either polysaccharides or
protein ComEA to initiate the phage infection cycle.

DISCUSSION

Enterococcus. faecalis have developed resistance to antibiotics,
including vancomycin and daptomycin (Hayakawa et al,
2013; Jahansepas et al., 2018). Thus, phage therapy is a
renewed interest to treat multidrug-resistant E. faecalis
infection. The biological and genomic characterization of a
phage is essential before applications in phage therapy (Barbu
et al., 2016; El Haddad et al., 2019; Pires et al., 2020). In
this study, we isolated an E. faecalis bacteriophage vB_EfaS_
efap05-1 with a prolate head. It is a completely lytic phage
without the antibiotic-resistant genes or virulence genes,
indicating it as a potential candidate for phage therapy.

The identification of phage resistance mechanisms is important
for rational select phage or designing a phage cocktail for therapy
(Labrie et al, 2010; Duerkop et al., 2016). Phage resistance is
quite common and is important for phage therapy because it
could lead to treatment failure. Selecting different phages that
target different receptors is a rational approach in selecting
phages for therapy (Yang et al., 2020). And in vitro, most phage
resistance is selected through modifications of the receptors
(Castillo et al, 2015; Duerkop et al, 2016). For example,
Pseudomonas aeruginosa phage resistant mutants are O-antigen
deficient to prevent phage adsorption (Shen et al, 2018). In
this study, phage resistance mutants are selected with mutations
in two genes. And the complementation of each gene could
restore the phage sensitivity as well as the phage adsorption.
Thus, it is reasonable to infer that phage efap05-1 uses either
polysaccharides or protein ComEA as the receptors. Polysaccharides
are common phage receptors for a lot of E. faecalis phages
(Duerkop et al.,, 2016; Chatterjee et al., 2020).

ComEA is a membrane protein, and the loss of the ComEA
decreases the binding of DNA to the competent cell surface
and the internalization of DNA and impairs DNA transformability
(Inamine and Dubnau, 1995). However, protein ComEA, to
our knowledge, is the first report to serve as a phage receptor,
which is an interesting biological phenomenon.
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