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Abstract

Background: Bacteriophage (phage) therapy has regained attention as an alternative to antimicrobial agents for
eliminating bacteria; however, the emergence of phage-resistant bacteria during the therapy is a major concern.
One method to control this emergence is to create a cocktail composed of multiple phages.
Materials and Methods: In this study, we isolated 28 phages infecting Escherichia coli and evaluated their
bacteriolysis (lysis) activity, lytic spectrum, adsorption rate constant, burst size, and titer of a 1-day incubation,
followed by clustering of the phages based on these physiological characteristics.
Results: The variation in lysis onset time and duration was more significant for cocktails of phages from
different clusters than for phage cocktails from the same cluster.
Conclusions: This suggests that a combination of phages with different physiological characteristics is nec-
essary to create a cocktail that rapidly and continuously lyses bacteria over a prolonged duration while sup-
pressing the emergence of resistant bacterial strains.

Keywords: bacteriophage, cocktail, Escherichia coli, phage therapy

Introduction

The development of drug resistance in bacteria rap-
idly eliminates treatment options available for bacterial

infections.1–4 The World Health Organization has published
a list of 12 antimicrobial-resistant microorganisms (ARMs),
including Enterobacteriaceae and Acinetobacter baumannii,
for which the development of new antimicrobial agents is
urgently needed as they pose a huge threat to human health.5

Nevertheless, ARM infection, including the bacteria listed,
leads to a reliance on natural healing process.4,6,7 Therefore,
new approaches are required to control or prevent the emer-
gence of drug-resistant bacteria.

Phages suppress bacteria differently than antibacterial
drugs and have drawn attention because they do not cause an
increase in ARMs.8,9 In general, bacteria acquire resistance
to phages, and cocktailing phages is an effective means for
avoiding this resistance. A cocktail consisting of phages that
recognize different receptors delays the emergence of phage-

resistant bacteria.10–14 However, several reports have not sta-
ted clear criteria for combining phages to create a cocktail.15,16

This is because identifying the receptor requires generally
generating phage-resistant bacteria and then identifying
the mutation location by whole genome sequencing of the wild
type and resistant, so identifing receptor requires time-consuming,
labor-intensive, and expensive.17,18 Therefore, a new method
that is independent of receptor identification is required.

There are several considerations in phage therapy practice.
First, phages can be lytic or lysogenic. Lysogenic phages do
not lyse the host but rather enter lysogenic cycle, during
which they are ineffective for bacteriostasis.16,19 Second, the
infectious range of phages is generally narrow.19,20 Third,
similar to drug-resistant bacteria, bacteria exposed to phages
become resistant.10,21

Based on these factors, it is helpful to collect a wide vari-
ety of phages that infect the target bacteria and evaluate
their characteristics when studying phage therapy. Since
Escherichia coli, a member of the Enterobacteriaceae, has

1Department of Life Science and Medical Bioscience, Waseda University, Tokyo, Japan.
2Phage Therapy Institute, Comprehensive Research Organization, Waseda University, Tokyo, Japan.
3Department of Microbiology and Immunology, Tokyo Women’s Medical University, Tokyo, Japan.

PHAGE: Therapy, Applications, and Research
Volume 4, Number 3, 2023
ª Mary Ann Liebert, Inc.
DOI: 10.1089/phage.2023.0016

128



become increasingly drug resistant and is involved in the
pathogenesis of inflammatory bowel disease, phage therapy
for E. coli eradication is a relevant treatment option.19,22–26

Therefore, in this study, E. coli from a mouse with dextran
sodium sulfate (DSS)-induced colitis was selected as the
target bacterium for phage therapy.

In this study, we screened, characterized, and classified 13
phage strains that lyse E. coli derived from a colitis-induced
mouse and summarized the lysis effects when combining
two of these phage strains into cocktails. We then discussed
whether phage classification based on physiological prop-
erties could be useful for preparing effective cocktails for
long-term lysis. In addition, we conducted a genomic analysis
of each phage and discussed whether phage classification
by phenotype was consistent with phage classification by
genotype.

Materials and Methods

Bacterial strains

E. coli strain, TK001, as the host bacteria, was isolated
from the feces of a female C57BL/6JJcl mouse with indu-
ced colitis using DSS (MP Biomedicals, Soho, OH, USA).
Unless otherwise stated, E. coli strain, TK001, was used for
experiment. Luria–Bertani (LB) liquid medium (BD Difco,
Franklin Lakes, NJ, USA) was used for bacterial culture.

Phage screening and isolations

Phage enrichment from sewage was performed as descri-
bed previously.13 Mouse fecal supernatant was prepared
from a female C57BL/6JJcl mouse with induced colitis using
DSS. The fecal sample was homogenized, centrifuged, and
the resulting supernatant was mixed with an equal volume of
chloroform.

Phages were isolated from the phage concentrate or fecal
supernatant, and purified more than three times using the
double-layer agar plate method (Supplementary Table S1).13

Institutional review board approval

All animal experiments in this study were reviewed and
approved by the ethical committee of Waseda University
Academic Research Ethics Committee (approval number:
2020-A009).

Lysis activity

E. coli cultures in the logarithmic growth phase were
diluted in LB medium to an optical density at 660 nm (OD) of
0.01. The diluted culture suspension (3.96 mL) was placed in
an L-shaped test tube, and 40 lL of phage solution was added
to achieve a multiplicity of infection (MOI) of 0.01. The test
tubes were immediately placed in an Advantec TVS062CA
biophotorecorder (Advantec Toyo Co. Ltd., Tokyo, Japan)
and incubated with shaking. The ‘‘lysis onset time’’ was
defined as the time at which the OD began to decline, and the
period between this and the point when the OD started to
increase again was termed the ‘‘lysis duration time.’’

Lytic spectrum of phage isolates

Phage was spotted onto soft agar (0.5%) containing over-
night bacterial culture.27 Transparent and translucent spots

were confirmed as successful infections. The bacteria, their
sources, and purpose of use are summarized in Supplemen-
tary Table S2.

Adsorption test of phage isolates

Adsorption tests were performed under OD 0.1 and MOI
0.01 conditions (technical replicates q2, biological repli-
cates q2). Phages were added to the bacterial sample, and
after 0, 2, 5, and 10 min (OD = 0.1), 10 lL of the culture was
added to 990 lL of sodium chloride-magnesium sulfate (SM)
buffer and 100 lL of chloroform, after which the solution
was vortexed and stored on ice. The bacterial debris were sub-
sequently precipitated by centrifugation (7,607 g, 5 min, 23�C),
and 100lL of the supernatant was used for titer measurement.

The plaque-forming unit (PFU) value (P) was divided by
the PFU value at time 0 (P0) to calculate the reduction ratio.
The adsorption rate constants were determined by plotting
the reduction ratio (P/P0) as a function of time and fitting the
data with the following equation28:

P=P0¼ e� kN0t,

where N0 is the bacterial concentration (OD) [-] at 0 min, t is
the time [min], and k is the adsorption rate constant [/min].

Burst size measurement

One step test was performed under OD 0.1 and MOI
0.01 conditions (technical replicates q2, biological repli-
cates q2). Ten minutes after the addition of the phage, the
sample was centrifuged (21,130 g, 1 min, 23�C), and the su-
pernatant was replaced with LB medium to remove the free
phages. This procedure was repeated three times. At 20, 30,
40, 50, and 60 min (up to 70 min depending on the phage)
after the addition of phage to the sample of bacteria
(OD = 0.1), 10 lL of the culture was added to 990 lL of SM
buffer, and the sample was vortexed and stored on ice.

For all samples except for those at the initial sampling time
of 20 min, 100 lL of chloroform was predosed into the SM
buffer to prevent phage growth during sampling. The sample
collected after 20 min was used for titer measurement within
30 min of phage administration. The burst size was calculated
by dividing the maximum titer value [PFU/plate] during the
sampling time by the initial titer value [PFU/plate].

Yield assessment of phage isolates

Phages (3.0 · 106 PFU/mL, 10 lL) were added to 990 lL
of TK001 (OD 0.1) in the log growth phase and cultured
by shaking (120 rpm, 24 h, 37�C). The culture medium was
centrifuged (21,130 g, 5 min, 23�C), the supernatant was
mixed with 100 lL of chloroform, and the solution was vor-
texed followed by centrifugation (21,130 g, 5 min, 23�C).
Phage titer (yield) was determined as described above.

Cocktail of phages

Cocktails were prepared by mixing equal amounts of dif-
ferent phages with the same titer [PFU/mL] (MOI = 0.01,
technical replicates q2, biological replicates q1). Onset
extension ratio was calculated by dividing the lysis onset time
of the cocktail by the earlier onset time of the individual

TAILORING EFFECTIVE PHAGE COCKTAILS 129



phages in the cocktail. The duration extension ratio was
calculated by dividing the lysis duration time of the cocktail
by the longer lysis duration time of the individual phages.

Principal component analysis and clustering

For the lytic spectrum, the lysis spectrum data were nor-
malized by allocating values of 1 to the presence of lysis
and 0 to the absence of lysis for all the bacteria, excluding
TK001–TK005, in which lysis occurred with all phages. The
yield was converted to logarithm base 10, and principal
component analysis (PCA) was performed on the normalized
data. A vector indicating the degree of contribution of each
feature was plotted based on the factor loadings of the fea-
ture. The Euclidean distance between the phages was cal-
culated using the principal component values of each phage.
Hierarchical clustering was performed using the minimum
variance method29 based on the calculated distances, to
provide a total of three clusters.

Phage DNA extraction and analysis

Phage DNA was extracted using a phage DNA isolation kit
(Norgen Biotech, Canada), according to the manufacturer’s
protocol. DNA was sequenced using contract analysis (BGI)
with DNBSEQ G400 (150 bp read length), and the data
were filtered with SOAPnuke software (BGI, Shenzhen,
Guangdong, China) using the following parameters: ‘‘ -n 0.01
-l 20 -q 0.4 –adaMis 3 –outQualSys 1.’’30

Genome analysis of phages

Velvet software (ver. 1.2.10) was used for de novo
assembly.31 The genome annotation was performed by
DFAST with default options.32,33 Phage nucleotide differ-
ences were scanned using GenomeMatcher software (ver.
3.06, options: blast+, parameters: defaults).34

Data availability

The phage genomes were deposited in the DNA Data Bank
of Japan with the following accession numbers: FWec172
(LC739530), FWec174 (LC739531), FWec177 (LC739532),
FWec179 (LC739533), FWec181 (LC739534), FWec186
(LC739535), FWec187 (LC739536), FWec188 (LC739537),
FWec189 (LC739538), FWec190 (LC739539), FWec191
(LC739540), FWec193 (LC739541), and FWec196
(LC739542).

Statistical analysis

The data were analyzed using R (ver. 4.0.3) and its
packages.35–46

Results

Lysis activity

E. coli TK001, in the logarithmic growth phase, was
diluted in LB medium to an OD of 0.01. Screened phages
were added to the medium to achieve an MOI of 0.01. The
OD was measured every 15 min (Fig. 1A).

Of the 28 phage strains tested, 15 showed increasing ODs
that remained constant at a specific value, similar to the
positive control (only TK001 added to the LB medium).

In contrast, 13 isolates showed a lysis curve in which the OD
decreased to *0 (Fig. 1B). The 13 phage strains that showed
this lysis curve differed in terms of lysis onset time and
duration (Table 1).

Lytic spectrum

The lytic spectra of the phage were determined using a spot
test. The lysis spectra of the 13 phages against 17 bacteria that
showed discoloration in the spot area for at least one phage
are summarized in Figure 2. The spectra for all phages and
bacteria tested in this study are summarized in Supplemen-
tary Figure S2.

All phages showed bacteriolytic activity against all E. coli
strains (TK001–TK005) isolated from mice, regardless of
the location of these isolates or the condition of the isolated
mice. In contrast, bacteriolytic activity against human E. coli
and laboratory strains differed significantly among the pha-
ges. The bacteriolytic activity against Enterobacteriaceae
other than E. coli also differed among phages.

Other physiological characteristics

The adsorption rate constant, burst size, and yield
were measured using the logarithmic growth phase cultures.
Each phage had a unique set of physiological characteristics
(Supplementary Fig. S3–S7).

PCA and clustering

PCA results based on the lysis onset time, lysis duration
time, lytic spectrum, adsorption rate constant, burst size, and
yield data showed that the proportion of variance was 48.4%
for the first principal component and 22.1% for the second
principal component (Supplementary Table S3). The factor
loadings for lysis duration time and certain lytic spectra
were significant and contributed considerably to the char-
acterization of each phage (Supplementary Table S4 and
Supplementary Fig. S8).

Grouping the phages into three clusters resulted in Cluster
No. 1 containing six phages, Cluster No. 2 containing three
phages, and Cluster No. 3 containing four phages (Fig. 3).

Lysis activity of the two-phage cocktails

The lysis activities of 78 combinations were examined.
Certain phage cocktails showed earlier or later lysis onset
time than the single phage, and in some cases, a longer or
shorter lysis duration than the original (Fig. 4A, B), Sup-
plementary Table S5. Excluding the 24 cocktail pairs that
did not show lysis, the distantly related cocktail pairs tended
to show greater variation in both onset extension and duration
extension ratios than the closely related pairs (Fig. 4C, D).

Phage genome

Whole genomes of the 13 phage strains were sequenced
using shotgun sequencing. The complete genome of each
phage was obtained (Supplementary Table S6). Differences
in genome size were detected by GenomeMatcher for two
pairs of phages with the same genome size (Supplementary
Fig. S9).

Analysis of genome size and guanine and cytosine content
(%) indicated that 9 of the 13 phages were distinct from each
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other, except for 2 pairs (FWec181 and FWec186, and
FWec193 and FWec196) that shared the same genome size
(Supplementary Table S6). Despite the genomes being the
same size, there were regions of differences between the
phage (Supplementary Fig. S9). For these pairs, Wec193 and
FWec196 did not differ significantly in physiological char-
acteristics. In contrast, FWec181 and FWec186 showed a
10-fold difference in yield.

Discussion

There have been limited studies on tailoring phage cock-
tails with high bacteriolytic efficacy (which are less likely
to produce resistant bacteria) without phage receptor identi-
fication; therefore, this study proposed conditions for the
preparation of high-efficiency phage cocktails. In this study,
we isolated phages that lyse E. coli from colitis-induced

FIG. 1. Lysis kinetics of
TK001 infected with phages.
(A) The absorbance of
TK001 (initial OD = 0.01)
cultures infected with each
phage incubated in LB
medium in L-shaped test
tubes by shaking at 40 rpm
at 37�C. OD660 was measured
every 15 min. An MOI of
0.01 was used for all phages.
The horizontal axis is time
[h: min], and the vertical axis
is OD660 [-]. Plots (line) and
error bars are expressed as
the mean – SD of three tech-
nically independent experi-
ments. (B) Magnified view
of absorbance of the culture
medium showing the lysis
curve. LB, Luria–Bertani;
MOI, multiplicity of infec-
tion; OD, optical density; SD,
standard deviation.

Table 1. Lysis Onset Time and Lysis Duration

of TK001 Lytic Phage

Phage Lysis onset time Lysis duration time

FWec172 2:50 7:30
FWec174 2:50 6:25
FWec177 3:15 6:50
FWec179 1:20 9:15
FWec181 2:25 8:25
FWec186 2:30 7:10
FWec187 2:00 4:15
FWec188 2:00 6:15
FWec189 2:10 4:40
FWec190 2:45 7:35
FWec191 1:55 4:35
FWec193 2:00 4:55
FWec196 1:30 4:30
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mouse and classified these phages based on their physio-
logical characteristics. We then evaluated the relationship
between the cocktail lysis duration and the phage character-
istics that composed the cocktail. The results suggest that
phage clustering based on physiological characteristics is a
prerequisite for extending the lysis duration of the phage
cocktail.

Characterization of lytic phage cocktails

Greater than half of all combinations had an onset exten-
sion ratio of >1, which indicated a delay in the lysis onset

time for more than half of the cocktails compared with the
single phage (Fig. 4C; Supplementary Table S5; Supple-
mentary Fig. S10). However, some cocktails had an on-
set extension ratio of <1, signifying a shorter lysis onset
time than that of the single phage (Fig. 4C; Supplementary
Table S5; Supplementary Fig. S10). In addition, some of the
cocktails showed increased lysis durations (duration exten-
sion ratio >1) compared with the single phage, whereas others
show decreased durations.

The delay in the lysis onset time for greater than half
of the cocktails may relate to the reduction in the absolute
amount of phage in the earlier onset time by half compared
with that of the single phage. The shortening in the lysis onset
time may be due to noncompetitive infection, proliferation,
and lysis by phages in the cocktail. Bacterial resistance may
have been effective for both the phages in the cocktail,
thereby causing a shorter lysis duration, whereas longer lysis
durations may indicate that bacteria resistant to one phage
were susceptible to the other phage.

Variation in the extension ratios of the onset and duration
of lysis tended to be more significant in the cocktails of
phages with different clusters than in those with the same
clusters. The cocktails of phages with different clusters
showed no bias toward larger or smaller extension ratios,
which suggests the presence of other phage physiological
characteristics that contributed significantly to the performance
of the phage cocktail, but were not measured in this study.
However, as discussed above, cocktails composed of phages
from different clusters contained more cocktails with smaller
onset extension ratios or larger duration extension ratios com-
pared with cocktails composed of the same cluster phages.

In other words, distantly related phages appear to differ
from each other physiologically, and have different mecha-
nisms of infection and lysis than closely related phages.
Therefore, even if a bacterium acquires resistance to one
phage, the other phage can multiply through a different path-
way. This is supported by the fact that all 13 combinations
with a lysis duration ratio >2, having increased persistence,
were distantly related phage combinations.

It is also noteworthy that among the 13 pairs of this dis-
tantly related phage cocktails, the cocktail of FWec181 and

FIG. 2. Lytic spectrum of TK001 infected with phages. The measurement was performed by spotting the phages. Black
indicates complete lysis (Supplementary Fig. S1A), gray indicates incomplete lysis (Supplementary Fig. S1B), and white
indicates no lysis (Supplementary Fig. S1C); TK002–TK004, Escherichia coli isolated from the upper, middle, and lower
small intestine of DSS-induced colitis mice; TK005, Escherichia coli isolated from feces of healthy mice; TWCC 59747,
Escherichia coli isolated from blood cultures of patients with suspected bacterial translocation; Ef, Escherichia fergusonii
NBRC102419; Sp, Salmonella enterica subsp. Enterica serovar Pullorum NBRC3163; St, Salmonella enterica subsp.
Enterica serovar Typhimurium NBRC13245; Se, Salmonella enterica subsp. enterica serovar Enteritidis NBRC3313; Sm,
Salmonella enterica subsp. enterica serovar Minnesota NBRC15335; Ca, Citrobacter amalonaticus isolated from feces of
DSS-induced colitis mice; DSS, dextran sodium sulfate.

FIG. 3. Clustering of normalized phage phenotypes. Each
phage was plotted with the first principal component (PC1)
on the horizontal axis and the second principal component
(PC2) on the vertical axis. Cluster 1 is red, Cluster 2 is
green, and Cluster 3 is blue. The Euclidean distance between
the phages was calculated using the values of each principal
component of each phage, and hierarchical clustering was
performed using the minimum variance method (Ward’s
method) to produce three clusters.
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FWec191, a combination of Clusters 1 and 3, had a lysis
duration ratio >6, and the cocktail of Wec179 and FWec193,
or that of FWec181 and FWec193, had a lysis duration ratio
of >22 (Supplementary Table S5).

Conclusion

In this study, we isolated and characterized 13 phages
lysing E. coli, followed by classifying them into three groups
based on their physiological properties. Then, we assessed
the lysis activity of 78 phage cocktails comprising two phage
strains by analyzing lysis curves. As a result, we observed
that the combinations involving distinct cluster phages had a
greater tendency to exhibit altered lysis activity, particularly

those with prolonged lysis durations, indicating a delay in
the development of resistant bacteria.

The findings suggest that phages must be combined with
different characteristics to obtain an effective cocktail that
is less prone to the emergence of resistant bacteria. This
information is essential for the preparation of phage cock-
tails to design phage therapy in the future.
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