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ABSTRACT Phages that infect pathogenic bacteria present a valuable resource for treat-
ing antibiotic-resistant infections. We isolated and developed a collection of 19 Enterococcus
phages, including myoviruses, siphoviruses, and a podovirus, that can infect both
Enterococcus faecalis and Enterococcus faecium. Several of the Myoviridae phages that we
found in southern California wastewater were from the Brockvirinae subfamily (formerly
Spounavirinae) and had a broad host range across both E. faecium and E. faecalis. By search-
ing the NCBI Sequence Read Archive, we showed that these phages are prevalent globally
in human and animal microbiomes. Enterococcus is a regular member of healthy human
gut microbial communities; however, it is also an opportunistic pathogen responsible for
an increasing number of antibiotic-resistant infections. We tested the ability of each phage
to clear Enterococcus host cultures and delay the emergence of phage-resistant
Enterococcus. We found that some phages were ineffective at clearing Enterococcus cultures
individually but were effective when combined into cocktails. Quantitative PCR was used to
track phage abundance in cocultures and revealed dynamics ranging from one dominant
phage to an even distribution of phage growth. Genomic characterization showed that
mutations in Enterococcus exopolysaccharide synthesis genes were consistently found in the
presence of phage infection. This work will help to inform cocktail design for Enterococcus,
which is an important target for phage therapy applications.

IMPORTANCE Due to the rise in antibiotic resistance, Enterococcus infections are a
major health crisis that requires the development of alternative therapies. Phage
therapy offers an alternative to antibiotics and has shown promise in both in vitro
and early clinical studies. Here, we established a collection of 19 Enterococcus phages
and tested whether combining phages into cocktails could delay growth and the
emergence of resistant mutants in comparison with individual phages. We showed
that cocktails of two or three phages often prevented the growth of phage-resistant
mutants, and we identified which phages were replicating the most in each cocktail.
When resistant mutants emerged to single phages, they showed consistent accumu-
lation of mutations in exopolysaccharide synthesis genes. These data serve to dem-
onstrate that a cocktail approach can inform efforts to improve efficacy against
Enterococcus isolates and reduce the emergence of resistance.

E nterococcus species are regular members of vertebrate gut microbiomes and are
pathogens of enormous clinical significance due to their high potential for antibi-

otic resistance (e.g., widespread vancomycin-resistant Enterococcus) (1). Antibiotic
treatment often leads to a high abundance of Enterococcus spp. in the gut, as many
other members of the gut microbiome are more sensitive to antibiotics (2–5). There
are multiple species of Enterococcus that cause human disease, but the most common
are E. faecium and E. faecalis. Both E. faecium and E. faecalis develop resistance to
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vancomycin, and they are known to cause disease, particularly in individuals who have
undergone multiple rounds of antibiotics. The development of alternative therapies for
Enterococcus infections is vital for providing effective treatment options for recalcitrant
long-term infections, such as endocarditis.

Surprisingly, there are relatively few characterized Enterococcus phages. Bacteriophage
(phage) therapy is an alternative treatment to antibiotics that has shown promise for treating
Enterococcus in vitro and in animal models (6–8). However, there is a paucity of basic research
into phage safety, mechanisms of action, and best practices of use. Because of the propensity
for Enterococcus to develop antibiotic resistance, and the elevated abundance in critically ill or
antibiotic-treated patients, Enterococcus spp. are a logical focus for phage therapy.

Although phages hold much promise for overcoming antibiotic resistance, bacteria
can also evolve resistance to phage infection. Bacteria exist in a constant evolutionary
battle with phages and thus have evolved many systems to resist phage infection,
including preventing phage binding, restriction-modification systems, CRISPR-Cas9 im-
munity, and abortive infection (9, 10). Given strong selective pressure from a single
phage, bacteria often quickly evolve resistance to that phage in laboratory settings
(11). Despite the potential for evolved host immunity, unlike antibiotics, phages can
coevolve to combat and circumvent bacterial resistance mechanisms (12). Changes
that arise during coevolutionary exchanges can be tracked through experimental evo-
lution, sequencing, and analysis of the consistently arising mutations.

Cocktails of phages are often more effective at treating infection than any one phage,
because many phages have narrow host ranges. Multiple phages can be used in combination
to increase the likelihood that several or all strains of the target bacteria will be killed (13, 14).
Theoretically, phage cocktails also decrease the chance that a phage-resistant mutant will
arise, as such a development would likely require the simultaneous evolution of multiple or-
thogonal resistance mechanisms. The genetic changes that lead to phage resistance can also
provide a fitness disadvantage, for example, by making the bacteria more susceptible to infec-
tion by other phages (15). Similar to phage cocktails, combinations of antibiotics are used to
treat tuberculosis infections, and combinations of antivirals are used to treat HIV (16, 17). The
design principles for effective phage cocktails are an exciting frontier which may benefit from
knowledge derived from experimental coevolution.

Phage therapy has shown promise in in vitro and in vivo mouse experiments (7, 8,
18). Additionally, Enterococcus phages have been used to disrupt Enterococcus biofilms,
which are generally much harder to treat than planktonic cells, because antibiotics
have trouble penetrating biofilms (8). Enterococcus phages have also been used to
treat humans. Two phage cocktails sold by the Eliava Institute of Bacteriophages,
Microbiology, and Virology in Georgia contain phages against Enterococcus spp. as well
as phages against other common pathogens (19). In vitro, Enterococcus phage combi-
nations have been shown to be more effective than single phages at preventing the
growth of both antibiotic- and phage-resistant Enterococcusmutants (20). For example,
Morisette et al. recently reported that, when used in combination with daptomycin, a
two-phage cocktail exhibited a substantially improved capacity to eradicate E. faecium
and prevent the emergence of phage resistance, while resistance did emerge with ei-
ther phage by itself (21).While these examples are encouraging, they represent only
limited examples of cocktail design. Thus, part of our goal in this work was to further
compare the impact of different phage combinations on bacterial growth.

Our goals were the following: (i) characterize and test a diverse panel of phages for
their ability to reduce Enterococcus growth; (ii) determine if and how host growth
changes in the context of different phage combinations; and (iii) elucidate the under-
pinnings of phage resistance by identifying mutations in the Enterococcus host ge-
nome that are repeatedly found in the presence of phage infection.

RESULTS
Phage characterization and host range evaluation.We isolated a collection of 18

Enterococcus-infecting phages from Southern California wastewater influent samples.
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Genome sequencing showed 8 Myoviridae, 10 Siphoviridae, and 1 Podoviridae phages.
A list of the 18 newly isolated phages along with one already known Myoviridae phage,
EfV12-phi1 (V12), is shown in Table S3 in the supplemental material, together with ge-
nome size and GenBank accession numbers. Plaque assays were used to test the phage
susceptibilities of clinical isolates of E. faecium and E. faecalis, including both vancomy-
cin-resistant Enterococcus (VRE) and vancomycin-susceptible Enterococcus (VSE). Eleven
of 19 phages were able to lyse several strains of both E. faecalis and E. faecium (Fig. 1).
Most phages from the Myoviridae family showed broad host ranges, especially Ben, Bop,
and V12, which lysed almost all isolates.

Of the 10 Siphoviridae phages, 9 belonged to the genus Saphexavirus. Genome align-
ments showed that these phages share a core genome of 54 genes and approximately
43 accessory genes per phage (Fig. 2A and B). Their genomes were approximately 57 kb
in length, and only 3 genes could be annotated (Fig. 2C).

Of the 8 Myoviridae phages, all belonged to the Brockvirinae subfamily, but these
were divided into two genera, Kochikohdavirus and Shiekvirus (Fig. 2D). Their genomes
were approximately 150 kb in length with a core genome containing ;66 genes
shared among all phages in the subfamily and an accessory genome of approximately
133 genes per phage (Fig. 2E and F). The genomes were organized into two portions,
shown by representative phage V12 in Fig. 2F The first portion contained shorter genes
that were not always present in members of the subfamily, and the second portion
contained longer genes that were more conserved among members of the subfamily.
The second portion also contained the known structural genes, although most genes
remained unannotated.

A major limitation for phage therapy is that phages against any specific pathogen
are often not readily available. To gain a better understanding of how the phages we
isolated are distributed in nature, and how common they are to isolate when hunting
for candidate phages, we assessed the distribution of representative phages from the
Brockvirinae subfamily (Myoviridae V12) and the Saphexavirus genus (Siphoviridae
CCS3). We queried these genomes against 67,429 publicly available metagenomes in
NCBI’s Sequence Read Archive (Table 1) (22). Metagenomes with positive hits were
downloaded and aligned to representative Brockvirinae genomes to ensure most of
each genome was covered. Brockvirinae phages were found to be globally distributed
in human fecal metagenomes, including those sampled in the United States, Europe,
the Middle East, and Asia. Saphexavirus phages were only observed in two

FIG 1 Host ranges of Enterococcus phages as determined using spot assays (see Materials and Methods). Complete lysis is indicated by the orange boxes,
and white boxes represent no lysis. Several vancomycin-sensitive (light gray boxes around strain names) and vancomycin-resistant (dark gray boxes around
strain names) Enterococcus isolates were used for this study. GenBank accession numbers for the 18 additional phages discovered as part of this study
along with the Myoviridae phage, EfV12-phi1 (V12) obtained from the Félix d'Hérelle Reference Center for Bacterial Viruses at the Université Laval are listed
in Table S3 in the supplemental material.
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metagenomes. Sequences aligning to Brockvirinae phages were also found in nonhu-
man fecal metagenomes from condors, pigs, and bats. Brockvirinae phages were also
found to be highly abundant in two phage cocktails from the Eliava Institute designed
to treat intestinal issues, the Intestiphage cocktail and the PYO phage cocktail. These
phage cocktails contain many different phages targeting a wide range of bacterial
hosts, including Enterococcus.

Phage cocktails prevent Enterococcus growth longer than single phages. Many
bacterial hosts quickly develop resistance to infecting phages. Experimentally, this can
be detected by resumption of bacterial growth after a period of little or no growth fol-
lowing phage infection. Thus, we measured bacterial growth over 72 h in liquid me-
dium to observe whether phage cocktails could reduce bacterial growth for longer
than single phages, which would suggest that cocktails are more likely to prevent re-
sistance evolution. Four E. faecalis strains were chosen for testing the efficacy of phage
cocktails, with strain Yi6-1 allowing for the most combinations because it was suscepti-
ble to 17 of the 18 phages in our collection (Fig. 3; see also Fig. S1 in the supplemental
material). The multiplicities of infection (MOIs) of phage cocktails tested on E. faecalis
strains, including 0.1, 0.01, and 0.001, did not consistently affect the resumption of bac-
terial growth (see Fig. S2). Therefore, we chose to infect strains at the highest MOI of
0.1. To ensure that the effect on host growth was not simply due to adding more

FIG 2 Comparative genomics of major families Myoviridae (Kochiodavirus and Schiekvirus genera) and Siphoviridae (Saphexavirus genus).
(A) Phylogenetic tree made from the core genome of Siphoviridae phages. (B) Number of genes in the Siphoviridae core genome and
average number 6 standard error of the mean (SEM) of accessory genes per phage genome. (C) Layout of genes in a representative
Siphoviridae genome (phage SDS1), with known genes annotated. Colors indicate numbers of other phages that also contained each
gene (50% BLASTp similarity). (D) Phylogenetic tree made from the core genome of Myoviridae phages. (E) Number of genes in the
Myoviridae core genome and accessory genome per phage. (F) Layout of genes in a representative Myoviridae genome (phage phiV12)
with known genes annotated. Colors indicate numbers of other phages that also contain each gene (50% BLASTp similarity).
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phage, the amount of each phage was halved relative to the single-phage condition
when two phages were used and reduced to one-third when three phages were used.

Individual phages and phage cocktails had varying success in preventing host growth
over 72 h, with some phages and cocktails preventing growth and others failing to do so
(Fig. 3). Successful two-phage cocktails were usually composed of multiple phage families
(for instance, Myoviridae and Siphoviridae), but not all cocktails composed of two different
families were successful at preventing growth. Several successful two- and three-phage
cocktails against E. faecalis Yi6 included phages that were unable to prevent host growth
alone, suggesting that synergy between the phages was responsible for limiting host
growth. All combinations of two- and three-phage cocktails against E. faecalis strain V587
(VRE) were successful in preventing host growth. E. faecalis strain V587 was only suscepti-
ble to Myoviridae phages in our cocktails showing that synergy can occur within the same
family of phages.

Phage growth dynamics by qPCR. The dynamics of phage growth and phage-
phage interactions in a cocktail were examined by quantitative PCR (qPCR), which pro-
vides an estimate of the relative abundance of each phage throughout infection. We
formulated cocktails containing two or three phages that were ineffective alone but
successful together in preventing bacterial growth over 72 h, and we chose E. faecalis
strain Yi6-1 as the host. Phage DNA was extracted immediately after phage and host
inoculation (0 h), as well as at 24, 48, and 72 h postinoculation. Changes in phage
abundances over time in each of eight cocktails were compared with a phage-only
control that contained no bacteria. E. faecalis strain Yi6-1 growth without any phage is
shown for comparison, as well as results for each individual phage infecting E. faecalis
strain Yi6-1 alone (Fig. 4A and B).

When grown in culture without any phage, E. faecalis strain Yi6-1 grew to an optical
density at 600 nm (OD600) of 0.7. When these individual phages were added (remem-
bering that these phages were chosen because they failed to totally inhibit growth),
growth was inhibited to an OD600 of ;0.15 on average (Fig. 4B). When used in two- or
three-phage cocktails, the OD600 was reduced to nearly zero (Fig. 4A and C to J). Using
qPCR to measure phage abundances, we determined which phages were contributing
most to bacterial growth inhibition.

We monitored the concentration of each phage in two- and three-phage cocktails
against E. faecalis strain Yi6-1 (Fig. 4C to J). In seven of eight of the cocktails, the

TABLE 1 Enterococcus phages from the Sequence Read Archive

Phage SRA ID Title Location Sample type
phiV12 SRP077952 INTESTI bacteriophage cocktail genome sequencing and

assembly
Georgia Phage cocktail

phiV12 PRJEB23244 PYO phage cocktail Georgia Phage cocktail
phiV12 ERP017091 Gut microbiome in Crohn’s disease and modulation by

exclusive enteral nutrition
Guangdong, China Human fecal

phiV12 ERP006678 Gut and oral microbiome dysbiosis in rheumatoid arthritis Beijing, China Human fecal
phiV12 SRP071229 Gymnogyps californianusmicrobiome raw sequence reads USA (Los Alamos

National Laboratory)
California condor fecal

phiV12 ERP006046 Virus_Discovery_for_Vietnam_Initiative_on_Zoonotic_Infections__
VIZIONS_

Vietnam Viral metagenome

phiV12 ERP001956 Diagnostic metagenomics: a culture-independent approach to the
investigation of bacterial infections

Germany Human fecal

phiV12 SRP051511 New York City MTA subway samples metagenome USA (New York City) Subway samples
phiV12 ERP012929 Towards personalized nutrition by prediction of glycemic responses Israel Human fecal
phiV12 SRP040146 Clostridium difficile FMT USA (Massachusetts) Human fecal
phiV12 SRP115494 Longitudinal multi’omics of the human microbiome in inflammatory

bowel disease
USA (Massachusetts) Human fecal

phiV12 SRP099123 Metagenomic analysis of gut microbiota in sows and piglets Freie University of Berlin Pig fecal
CCS3 SRR1438030 Metagenomic identification of novel enteric viruses in urban wild rats

and genome characterization of a group A rotavirus
Berlin, Germany Rat fecal

CCS3 ERR2737461 Virus discovery for Vietnam Initiative on Zoonotic Infections (VIZIONS) Vietnam Viral metagenome

Phage Cocktails Constrain Growth of Enterococcus mSystems

July/August 2022 Volume 7 Issue 4 10.1128/msystems.00019-22 5

https://www.ncbi.nlm.nih.gov/sra/SRP077952
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJEB23244
https://www.ncbi.nlm.nih.gov/sra/ERP017091
https://www.ncbi.nlm.nih.gov/sra/ERP006678
https://www.ncbi.nlm.nih.gov/sra/SRP071229
https://www.ncbi.nlm.nih.gov/sra/ERP006046
https://www.ncbi.nlm.nih.gov/sra/ERP001956
https://www.ncbi.nlm.nih.gov/sra/SRP051511
https://www.ncbi.nlm.nih.gov/sra/ERP012929
https://www.ncbi.nlm.nih.gov/sra/SRP040146
https://www.ncbi.nlm.nih.gov/sra/SRP115494
https://www.ncbi.nlm.nih.gov/sra/SRP099123
https://www.ncbi.nlm.nih.gov/sra/SRR1438030
https://www.ncbi.nlm.nih.gov/sra/ERR2737461
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00019-22


abundances of the phages were similar, suggesting that all phages present were con-
tributing to bacterial lysis at a similar level. The one exception was in two-phage cock-
tail 6, in which phage Ump showed nearly a 6-fold increase in abundance over phage
Carl (Fig. 4H).

Phage infection selects for mutations in Enterococcus exopolysaccharide syn-
thesis genes. Host mutations that emerge across replicates after phage infection indi-
cate genes with the potential to confer phage resistance. To identify these genes, we
sequenced several strains of Enterococcus that could grow in the presence of phage
infection. These included E. faecalis strains DP11, Yi6, B3286, and TX2137 as well as E.
faecium strain TX1330. Target strains were also grown in identical conditions in the ab-
sence of phage to ensure that observed mutations were specific to evolution with
phages. Sequencing reads were compared to the original strain genome to determine
if any genes had acquired mutations. All observed mutations are summarized in
Table 2, with the position of mutations within the Epa locus shown in Fig. S3 in the

FIG 3 Phage cocktails cleared cultures and prevented growth of E. faecalis for 72 h. Data points indicate the final
OD600 of replicate bacterial cultures after 72 h of incubation with phage. Boxplots represent medians and interquartile
ranges. Combinations of one, two, or three phages were added to susceptible E. faecalis Yi6-1 (A) and E. faecalis V587
(B) cultures in exponential growth phase, and mixtures were incubated for 72 h. M, Myoviridae phage; S, Siphoviridae
phage; P, Podoviridae phage.
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supplemental material. Enterococcus strains consistently acquired point mutations in
genes involved in exopolysaccharide synthesis. The four E. faecalis strains acquired
mutations in the Epa exopolysaccharide synthesis locus, while E. faecium TX1330
acquired mutations in the Yqw exopolysaccharide synthesis locus. In the host-only
controls, mutations in the Epa locus were not observed; however, we did observe Yqw
mutants, indicating that these mutations may arise without the addition of lytic phage.

DISCUSSION

We set out to discover phages that can infect Enterococcus spp., characterize their
host ranges and genomes, evaluate their interactions as single phages and in cocktails,
and use experimental coevolution to define where selection pressures lead to accumu-
lation of functionally equivalent mutations. Several of the myoviruses we found in
Southern California wastewater were from the Brockvirinae subfamily (formerly
Spounavirinae), and were able to infect both E. faecium and E. faecalis. To better under-
stand the biology of these phages in the context of phage therapy, we examined their
prevalence in public sequence data. We evaluated fecal metagenomes and found that
Brockvirinae phages are globally distributed in animal and human microbiomes. We also
showed that phage infection dynamics change in the presence of multiple phages and
that cocktails of phages restrict bacterial growth for at least 72 h.

FIG 4 Phage abundances and E. faecalis Yi6-1 growth with phage cocktails. Phage was added at hour 0, and the cultures were
grown for 72 h. Individual phage abundances were measured by qPCR and plotted as the replicate mean 6 SEM of the log PFU
per milliliter increase from hour 0. (A) Bacterial growth when E. faecalis Yi6-1 was grown alone (host only), with each phage
separately (1 phage), or with phage cocktails (2 phages, 3 phages). The replicate mean 6 SEM OD600 is shown. (B) Each phage
was added separately to growing E. faecalis Yi6-1 cultures. The phage abundance is plotted in the top panel, and the bacterial
growth curve is shown in the bottom panel. (C to J) Phage cocktails were added to growing E. faecalis Yi6-1 cultures. The
abundance of each phage cocktail is plotted in the top panel, and the bacterial growth curve is plotted in the bottom panel.
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While using phage cocktails that include a diversity of phages targeting multiple
disparate bacterial types has been a common practice in phage therapy, there is no
standard for how many phages should be used, and the answer will likely change for
different bacterial hosts. Some phage cocktails are effective at killing bacteria and pre-
venting growth of resistant mutants, but the most effective phage combination is
unknown for the vast majority of pathogenic bacteria. For example, the pyophage
(PYO) cocktail from the Georgian Eliava Institute of Bacteriophages contains approxi-
mately 30 different phages targeting multiple bacterial hosts (19). Recent uses of
phage therapy designed to target a single strain of a bacterium have included
between one and six phages (23–25). Often, there is no obvious rationale behind the
number of phages chosen for phage therapy, although lack of access to phages
against the specific host of interest is often a limitation. Here, we show that combina-
tions of two phages are effective at inhibiting growth of several Enterococcus strains
over 72 h. Theoretically, using more phages in a cocktail would increase the chances of
choosing phages that displayed synergy in reducing the host growth. However,
increasing the number of phages could also lead to antagonistic interactions between
phages (26). Antagonistic interactions may arise from competition for finite host
resources, competition for host receptors, or the production of phage repressors.

Some phages in our collection were effective against E. faecalis and E. faecium,
including both VRE and VSE isolates, suggesting that they would be good candidates
for phage cocktails against a broad range of Enterococcus spp. If the phages in a cock-
tail target different bacterial proteins as binding sites, the cocktail will be more effec-
tive at lysing a pathogen even if a mutation in a single protein arises (27). As shown in
Fig. 3A, combinations of phages that individually cannot clear a culture of E. faecalis
Yi6-1 are able to do so when used in combinations. This shows that the evolutionary
advantage of phage-resistant mutants could be diminished with the use of well-
designed cocktails (28, 29).

Comparing the abundances of each phage over time in the eight phage cocktails
shown in Fig. 4 yields a wide range of outcomes, from one phage greatly outpacing
the other (cocktail 6), to relatively even abundances (cocktails 1, 7, and 8). Each of the
five phages was ineffective at clearing Enterococcus cultures alone, yet all cocktails,
with their varied phage dynamics, resulted in clearing of the Enterococcus cultures. This
shows that there is more than one path to an effective phage cocktail. Even if one
phage appears to dominate, the other phage may still be necessary to prevent the
emergence of a phage-resistant mutant.

When under selective pressure from Brockvirinae phages, Enterococcus produce
mutations primarily in exopolysaccharide synthesis genes, suggesting that phage re-
sistance may evolve by preventing phage recognition and initial binding. E. faecium
and E. faecalis both contain the highly conserved Epa capsule synthesis locus, in which
genetic variation has been observed consistently for E. faecalis strains (30, 31, 32).
Mutations in the Epa locus have been observed previously during coevolution with
Brockvirinae phages; these mutations impaired Enterococcus host colonization and
increased antibiotic sensitivity (7, 33). Consistent with the results presented herein,
Canfield et al. observed mutations to the E. faecium epaR and epaX genes during bacte-
riophage infection (34, 35). In addition to the Epa locus, E. faecium encodes the Yqw
exopolysaccharide synthesis locus, which is not present in E. faecalis. Mutations were
observed in the Yqw locus of E. faecium TX1330, but not in the Epa locus. Reproducible
mutations arising across replicates within genes of the Yqw locus were previously
observed during coevolution between phage and Enterococcus (36). However, in the
current experiments, mutations in Yqw locus genes occurred in both TX1330 host con-
trol cultures (which lacked phage) and cultures containing phage. Therefore, we can-
not attribute these mutations to phage evolutionary pressure.

The need for alternative therapies for antibiotic-resistant bacterial infections contin-
ues to grow. Bacteriophages present an alternative therapeutic route with the poten-
tial to replace or supplement antibiotics, but there is a significant knowledge gap that
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reduces the utility of phages. Challenges facing phage therapy include the emergence
of host resistance, limited information on how phages may collectively eradicate their
hosts, and a lack of guidance on the number of phages necessary for the formulation
of successful phage cocktails. Enterococcus is a good model bacterium because it is a
diverse genus containing multiple species capable of causing debilitating human infec-
tions, and it has the ability to acquire significant antibiotic resistance. Using this model,
we have demonstrated that simple two-phage cocktails have significant potential to
kill their hosts and reduce the emergence of resistant isolates. For Enterococcus, our
data suggest that host killing was not substantially increased by adding more than two
phages to cocktails, but a larger study is needed to confirm these findings. Rationally
designing phage cocktails with knowledge of phage-host interactions from experimen-
tal evolution has the potential to significantly advance phages as antibiotic alternatives
for the treatment of human pathogens such as Enterococcus.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in

Table S2 of the supplemental material. E. faecalis and E. faecium strains were added to our strain collection
from the patient population at UC San Diego Health; all personally identifying information was removed.
Each of these isolates was identified using a biotyper instrument based on matrix-assisted laser desorption
ionization–time of flight spectroscopy technology (Bruker, Billerica, MA, USA), and antibiotic susceptibilities
were assessed using broth microdilution techniques on the BD Phoenix instrument (Becton, Dickinson,
Franklin Lakes, NJ, USA). Four of the strains were obtained from the Human Microbiome Project repository
at the Biodefense and Emerging Infections Research Resources Repository (BEI: www.beiresources.org).
E. faecalis and E. faecium strains were cultured in brain heart infusion (BHI) broth. All strains were grown at
37°C in liquid medium overnight with shaking. Solid medium was prepared with 1.5% agar when culturing
bacteria or 1.0% bottom agar and 0.3% top agar for plaque assays.

Phage isolation propagation and storage. Phages were isolated from sewage using three rounds of
plaque assays. Raw sewage influent was collected from wastewater treatment plants in Orange County,
Redwood Shores, and Escondido, California. Sewage was stored at 4°C and used for phage isolation for sev-
eral months. Sewage was centrifuged for 10 min at 10,000 � g to remove particulates, and the supernatant
was used in plaque assays with various strains of Enterococcus. A 100-mL aliquot of sewage supernatant was
added to 100 mL exponentially growing Enterococcus in BHI medium and incubated at 37°C for 15 min. Five
milliliters of warm BHI containing 0.3% UltraPure low-melting-point agarose (ThermoFisher catalog number
16520050) was added, and the mixture was poured on a BHI agar plate for overnight incubation at 37°C. The
next day, plates were examined for plaques, and any plaques were picked with a pipette tip and suspended
in 50 mL SM buffer (37). Picked plaques underwent two more rounds of plaque assays in the same manner
to ensure purity of the phage isolate. Pure phages were propagated by performing a plaque assay to create
a plate displaying webbed lysis that was then flooded with 3 mL of SM buffer and incubated for 1 h. The SM
buffer was then collected and centrifuged at 10,000 � g for 10 min. For long-term storage, phages were
stored at280°C in SM buffer containing 25% glycerol.

Genomic sequencing. DNA was extracted from Enterococcus and phage using a Quick-DNA
Microprep kit (Zymo catalog number D3020). Before Enterococcus DNA extraction, lysozyme was added
to lysis buffer at a concentration of 100 mg/mL and incubated at 37°C for 30 min. For DNA extraction
from coevolution cultures containing both bacteria and phage, the extractions were performed without
lysozyme. Libraries were prepared using scaled-down reactions with the Illumina Nextera enzyme (24).
Paired-end sequencing with a 75-bp read length was performed on the Illumina NextSeq using the Mid
Output v2 reagents. Approximately 2.5 million reads were obtained for each sample.

Genomic characterization. Phage and Enterococcus genomes were assembled de novo using the
SPAdes assembler (38). Genomes were annotated using Prokka with the genus set to Caudovirales (39).
Core genomes were determined and aligned using Roary (40). Phylogenetic trees were constructed
from core genomes using FastTree (41). Visualizations were made using the Python matplotlib, dna_fea-
tures_viewer, and Biopython (42).

Searching the Sequence Read Archive. All metagenomes in the SRA were searched for Brockvirinae
Enterococcus phages using the “searching SRA” tool with V12 and CCS3 as representative phages for the
myovirus and siphovirus families, respectively (22). Briefly, the searching SRA tool searches for the query
sequence in all 111,156 metagenomes currently on the SRA by subsampling 100,000 sequences from
each metagenome. From the metagenome hit list, we selected only metagenomes where the average
read length matching our query was over 50 bp. Alignments were manually inspected using Geneious
to ensure the majority of the genome was covered (43). Information about the SRA projects with verified
hits is summarized in Table 1.

Host range determination. Phage susceptibilities were measured in several bacterial strains with
established multidrug resistance serious enough to cause illness (Fig. 1). Phage susceptibility was deter-
mined using a spot assay in which 5 mL of each phage lysate was spotted on a lawn of an Enterococcus
strain on a 1.5% agar plate infused with BHI. The spots were allowed to dry at room temperature for
30 min and incubated at 37°C for 24 h. The next day, plates were examined to identify the host’s suscep-
tibility based on the size and shape of the cell lysis zones.
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Although spot assays may show lysis from without due to too many phages infecting the cell simul-
taneously, this is not a widespread phenomenon (44). Furthermore, our MOI experiments, and also our
observation of concentration-dependent host lysis with different phage titers in liquid and on plates
(see Fig. S2 in the supplemental material), indicated that lysis from without was not occurring in the
spot assays. Nevertheless, we cannot completely exclude the possibility that lysis from without contrib-
uted to some of the spot assay results.

Determination of MOI. MOI is defined as the ratio of the number of phage particles to the number of
target cells of each host. We tested three MOIs (0.1, 0.01, and 0.001) as follows. A single colony was picked
from a streak plate and was grown overnight in BHI broth at 37°C. The next day, the bacterial culture was
diluted to an OD600 of 0.05 in fresh BHI. A serial dilution series from 1021 to 1028 of each bacterial culture
was performed using phosphate-buffered saline. For each isolate, an aliquot from serial dilutions of 1024 and
1025 was plated on 1.5% BHI agar plates and incubated overnight at 37°C. The next day, the number of colo-
nies was counted on each dilution plate to determine the number of CFU per milliliter (see Table S1 in the
supplemental material). Host susceptibility to each phage was determined via plaque assays. Cells from the
log phase of growth were infected with different phages at different dilutions. Based on plaque assay plates,
we determined the titer of each phage (in PFU per milliliter) (see Table S1). Based on observed CFU of
Enterococcus isolates and the titer of each phage, the appropriate volume of isolates and phages were deter-
mined at three different MOIs, 0.1, 0.01, and 0.001, to conduct growth curve experiments.

Phage cocktails. Cocktails consisting of one, two, or three phages were tested against E. faecalis
Yi6-1, EF06, EF11, and V587. A single colony was inoculated into BHI broth and grown overnight in a
shaker at 37°C. The next day, bacterial cultures were diluted to an OD600 of 0.05 in fresh BHI. Based on
the results of three MOIs (0.1, 0.01, and 0.001) (see Fig. S2 in the supplemental material), appropriate vol-
umes of Enterococcus and phages were determined and combined in a single well inside a 96-well plate
along with enough BHI to make up a total volume of 200 mL. For two-phage cocktails, one-half of the
previously determined volumes of each of the two unique phage stocks were added. To evaluate three-
phage cocktails, one-third of previously determined volumes of each of the three unique phage stocks
was added. To avoid desiccation in wells at the perimeter of the 96-well plates, 200 mL of fresh BHI me-
dium was added to all perimeter wells.

PCR. Phage cocktails were grown in BHI for 72 h with their respective hosts (Yi6-1, EF06, and EF11)
in 96-well plates with three biological replicates. The positive control consisted of phages without a
host. The negative controls consisted of the relevant hosts grown in BHI for 72 h without phage. The
samples were collected at four time points (0 h, 24 h, 48 h, and 72 h), and total genomic DNA was iso-
lated using the DNeasy blood and tissue kit (Qiagen). For the unknown standards, we performed a pla-
que assay for all the phages to find their concentrations (in PFU per milliliter), and the genomic DNA of
the standards was isolated using the DNeasy blood and tissue kit. Standard curves were generated with
serial dilutions of phage (1021 to 1028). Phage-specific primers were designed using Geneious software
and are listed in Table S4 of the supplemental material. For designing the primers, all the phages were
aligned using the multiple alignment tool in Geneious software, and unique regions within each phage
were selected. The qPCR experiment was performed in a 96-well PCR plate using an Eppendorf
Mastercycler RealPlex with SYBR green PCR master mix (Eppendorf) as per the universal SYBR green
qPCR protocol, where fluorescent product is detected during the last step of each cycle. The obtained
melting curve data were analyzed using Eppendorf Mastercycler RealPlex to calculate the Cycle thresh-
old (Ct) values. Ct values of the standards were then used to generate standard curves correlating the
log PFU per milliliter to Ct values; this information was used to estimate the concentration of each phage
in the cocktails. Changes in PFU per milliliter were plotted over time for each phage cocktail.

Generation of Enterococcusmutants in liquid cultures. To determine if apparent phage resistance
was associated with genetic mutations, we grew five Enterococcus spp. strains in the presence of differ-
ent phages and sequenced those that displayed a resistance phenotype. Both E. faecalis (B3286, TX2137,
Yi6, and DP11) and E. faecium (TX1330) hosts were grown individually (only when the host was suscepti-
ble by spot assay) with Ben, Bop, Bill, Bob, Carl, EfV12-phi1, SDS2, and Ump. Enterococcus sp. strains
were grown overnight in BHI, diluted to an OD600 of 0.05, aliquoted into 96-well plates with 10 mL of a
highly concentrated individual phage stock (total volume of 100 mL), and incubated at 37°C. Every 24 h
for 28 days, 10 mL of culture was diluted into 190 mL fresh BHI media. Wells that showed a resurgence of
growth, potentially indicating evolved resistance, were frozen at 280°C in 50% glycerol for DNA extrac-
tion and sequencing.

Enterococcus mutant sequencing. DNA was extracted from Enterococcus cultures that appeared to
be resistant to phages by using the Quick-DNA Microprep kit (Zymo catalog number D3020). Before
Enterococcus DNA extraction, lysozyme was added to lysis buffer at a concentration of 100 mg/mL and
incubated at 37°C for 30 min. Libraries were prepared using a scaled-down protocol with the Illumina
Nextera enzyme (45). Short-read-length (75 bp) paired-end sequencing was performed on the Illumina
NextSeq using the Mid Output v2 reagents. Approximately 1 million reads were obtained per sample,
resulting in about 10-fold coverage across the Enterococcus genome. All sequencing experiments were
performed using cultured populations of bacteria, as opposed to individual colony-purified strains;
therefore, each culture likely contained DNA from multiple strain variations.

Sequencing analysis. SPAdes was used for genome assembly for phages and bacteria when refer-
ence genomes did not already exist (38). For calling bacterial mutations, DNA sequencing reads from
each phage-resistant host population were aligned to their wild-type genome using Breseq, which per-
forms short-read alignment to a reference and calls mutations (46). In cases where an existing assembly
was used, preexisting mutations at the initial time point were subtracted. All mutations are reported in
Table 2. To relate mutations in exopolysaccharide synthesis genes in the Epa locus among strains, genes
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were mapped to the E. faecalis V583 genome (GenBank GCF_000007785.1), in which the Epa locus has
been well-characterized (47).

Data availability. Data from bacterial growth assays, phage qPCR, and code for analysis and making
figures are available at https://github.com/swandro/phage_cocktails. Genomes for bacterial and phage
strains used in this study have been deposited with GenBank, and the available accession numbers for
all phage and some bacteria can be found in Tables S2 and S3 in the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.3 MB.
FIG S2, TIF file, 0.4 MB.
FIG S3, TIF file, 0.2 MB.
TABLE S1, DOCX file, 0.4 MB.
TABLE S2, DOCX file, 0.02 MB.
TABLE S3, DOCX file, 0.02 MB.
TABLE S4, DOCX file, 0.01 MB.

ACKNOWLEDGMENTS
We acknowledge the Orange County Sanitation District, along with the wastewater

treatment facilities in Redwood Shores, CA, and Escondido, CA, for providing influent
samples from which some of the phages were isolated; the Félix d'Hérelle Reference Center
for Bacterial Viruses at the Université Laval for providing phage V12, Dr. Heather Maughan for
meaningful edits, a T32 training grant to StephenWandro (T32AI007319); an R21 awarded to
Katrine Whiteson and David Pride (R21AI149354); and the UC San Diego Health Clinical
Microbiology Laboratory and Peiting Kuo for performing antibiotic susceptibilities.

REFERENCES
1. Van Tyne D, Gilmore MS. 2014. Friend turned foe: evolution of enterococ-

cal virulence and antibiotic resistance. Annu Rev Microbiol 68:337–356.
https://doi.org/10.1146/annurev-micro-091213-113003.

2. Ubeda C, Taur Y, Jenq RR, Equinda MJ, Son T, Samstein M, Viale A, Socci ND,
van den Brink MRM, Kamboj M, Pamer EG. 2010. Vancomycin-resistant
Enterococcus domination of intestinal microbiota is enabled by antibiotic
treatment in mice and precedes bloodstream invasion in humans. J Clin
Invest 120:4332–4341. https://doi.org/10.1172/JCI43918.

3. Ravi A, Halstead FD, Bamford A, Casey A, Thomson NM, van Schaik W,
Snelson C, Goulden R, Foster-Nyarko E, Savva GM, Whitehouse T, Pallen
MJ, Oppenheim BA. 2019. Loss of microbial diversity and pathogen domi-
nation of the gut microbiota in critically ill patients. Microb Genomics 5:
e000293. https://doi.org/10.1099/mgen.0.000293.

4. Gasparrini AJ, Wang B, Sun X, Kennedy EA, Hernandez-Leyva A, Ndao IM,
Tarr PI, Warner BB, Dantas G. 2019. Persistent metagenomic signatures of
early-life hospitalization and antibiotic treatment in the infant gut micro-
biota and resistome. Nat Microbiol 4:2285–2297. https://doi.org/10.1038/
s41564-019-0550-2.

5. Taur Y, Xavier JB, Lipuma L, Ubeda C, Goldberg J, Gobourne A, Lee YJ,
Dubin KA, Socci ND, Viale A, Perales M-A, Jenq RR, van den Brink MRM,
Parner EG. 2012. Intestinal domination and the risk of bacteremia in
patients undergoing allogeneic hematopoietic stem cell transplantation.
Clin Infect Dis 55:905–914. https://doi.org/10.1093/cid/cis580.

6. Yoong P, Schuch R, Nelson D, Fischetti VA. 2004. Identification of a
broadly active phage lytic enzyme with lethal activity against antibiotic-
resistant Enterococcus faecalis and Enterococcus faecium. J Bacteriol 186:
4808–4812. https://doi.org/10.1128/JB.186.14.4808-4812.2004.

7. Chatterjee A, Johnson CN, Luong P, Hullahalli K, McBride SW, Schubert
AM, Palmer KL, Carlson PE, Duerkop BA. 2019. Bacteriophage resistance
alters antibiotic mediated intestinal expansion of enterococci. Infect
Immun 87:e00085-19. https://doi.org/10.1128/IAI.00085-19.

8. Khalifa L, Brosh Y, Gelman D, Coppenhagen-Glazer S, Beyth S, Poradosu-
Cohen R, Que Y-A, Beyth N, Hazan R. 2015. Targeting Enterococcus faeca-
lis biofilms with phage therapy. Appl Environ Microbiol 81:2696–2705.
https://doi.org/10.1128/AEM.00096-15.

9. Dy RL, Richter C, Salmond GPC, Fineran PC. 2014. Remarkable mecha-
nisms in microbes to resist phage infections. Annu Rev Virol 1:307–331.
https://doi.org/10.1146/annurev-virology-031413-085500.

10. Lopatina A, Tal N, Sorek R. 2020. Abortive infection: bacterial suicide as an
antiviral immune strategy. Annu Rev Virol 7:371–384. https://doi.org/10
.1146/annurev-virology-011620-040628.

11. Chao L, Levin BR, Stewart FM. 1977. A complex community in a simple
habitat: an experimental study with bacteria and phage. Ecology 58:
369–378. https://doi.org/10.2307/1935611.

12. Samson JE, Magadán AH, Sabri M, Moineau S. 2013. Revenge of the phages:
defeating bacterial defences. Nat Rev Microbiol 11:675–687. https://doi
.org/10.1038/nrmicro3096.

13. Flores CO, Meyer JR, Valverde S, Farr L, Weitz JS. 2011. Statistical structure
of host-phage interactions. Proc Natl Acad Sci U S A 108:E288–297.

14. Chan BK, Abedon ST, Loc-Carrillo C. 2013. Phage cocktails and the future
of phage therapy. Future Microbiol 8:769–783. https://doi.org/10.2217/
fmb.13.47.

15. Chan BK, Sistrom M, Wertz JE, Kortright KE, Narayan D, Turner PE. 2016.
Phage selection restores antibiotic sensitivity in MDR Pseudomonas aeru-
ginosa. Sci Rep 6:26717. https://doi.org/10.1038/srep26717.

16. Günthard HF, Saag MS, Benson CA, del Rio C, Eron JJ, Gallant JE, Hoy JF,
Mugavero MJ, Sax PE, Thompson MA, Gandhi RT, Landovitz RJ, Smith DM,
Jacobsen DM, Volberding PA. 2016. Antiretroviral drugs for treatment
and prevention of HIV infection in adults. JAMA 316:191–210. https://doi
.org/10.1001/jama.2016.8900.

17. Tornheim JA, Dooley KE. 2019. The global landscape of tuberculosis ther-
apeutics. Annu Rev Med 70:105–120. https://doi.org/10.1146/annurev
-med-040717-051150.

18. Khalifa L, Shlezinger M, Beyth S, Houri-Haddad Y, Coppenhagen-Glazer S,
Beyth N, Hazan R. 2016. Phage therapy against Enterococcus faecalis in
dental root canals. J Oral Microbiol 8:32157. https://doi.org/10.3402/jom
.v8.32157.

19. Villarroel J, Larsen MV, Kilstrup M, Nielsen M. 2017. Metagenomic analysis
of therapeutic PYO phage cocktails from 1997 to 2014. Viruses 9:328.
https://doi.org/10.3390/v9110328.

20. Khalifa L, Gelman D, Shlezinger M, Dessal AL, Coppenhagen-Glazer S,
Beyth N, Hazan R. 2018. Defeating antibiotic- and phage-resistant Entero-
coccus faecalis using a phage cocktail in vitro and in a clot model. Front
Microbiol 9:326. https://doi.org/10.3389/fmicb.2018.00326.

21. Morrisette T, Lev KL, Canfield GS, Duerkop BA, Kebriaei R, Stamper KC,
Holger D, Lehman SM, Willcox S, Arias CA, Rybak MJ. 2022. Evaluation of

Phage Cocktails Constrain Growth of Enterococcus mSystems

July/August 2022 Volume 7 Issue 4 10.1128/msystems.00019-22 12

https://github.com/swandro/phage_cocktails
https://doi.org/10.1146/annurev-micro-091213-113003
https://doi.org/10.1172/JCI43918
https://doi.org/10.1099/mgen.0.000293
https://doi.org/10.1038/s41564-019-0550-2
https://doi.org/10.1038/s41564-019-0550-2
https://doi.org/10.1093/cid/cis580
https://doi.org/10.1128/JB.186.14.4808-4812.2004
https://doi.org/10.1128/IAI.00085-19
https://doi.org/10.1128/AEM.00096-15
https://doi.org/10.1146/annurev-virology-031413-085500
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.1146/annurev-virology-011620-040628
https://doi.org/10.2307/1935611
https://doi.org/10.1038/nrmicro3096
https://doi.org/10.1038/nrmicro3096
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.2217/fmb.13.47
https://doi.org/10.1038/srep26717
https://doi.org/10.1001/jama.2016.8900
https://doi.org/10.1001/jama.2016.8900
https://doi.org/10.1146/annurev-med-040717-051150
https://doi.org/10.1146/annurev-med-040717-051150
https://doi.org/10.3402/jom.v8.32157
https://doi.org/10.3402/jom.v8.32157
https://doi.org/10.3390/v9110328
https://doi.org/10.3389/fmicb.2018.00326
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00019-22


bacteriophage cocktails alone and in combination with daptomycin
against daptomycin-nonsusceptible Enterococcus faecium. Antimicrob
Agents Chemother 66:e0162321. https://doi.org/10.1128/AAC.01623-21.

22. Levi K, Rynge M, Abeysinghe E, Edwards RA. 2018. Searching the
Sequence Read Archive using Jetstream and Wrangler. In Proceedings of
the Practice and Experience on Advanced Research Computing. ACM
Press, New York, NY, USA.

23. Wright A, Hawkins CH, Änggård EE, Harper DR. 2009. A controlled clinical
trial of a therapeutic bacteriophage preparation in chronic otitis due to
antibiotic-resistant Pseudomonas aeruginosa: a preliminary report of effi-
cacy. Clin Otolaryngol 34:349–357. https://doi.org/10.1111/j.1749-4486
.2009.01973.x.

24. Schooley RT, Biswa B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L,
Barr JJ, Reed SL, Rohwer F, Benler S, Segall AM, Taplitz R, Smith DM, Kerr
K, Kumaraswamy M, Nizet V, Lin L, McCauley MD, Strathdee SA, Benson
CA, Pope RK, Leroux BM, Picel AC, Mateczum AJ, Cilwa KE, Regeimbal JM,
Estrella LA, Wolfe DM, Henry MS, Quinones J, Salka S, Bishop-Lilly KA,
Young R, Hamilton T. 2017. Development and use of personalized bacte-
riophage-based therapeutic cocktails to treat a patient with a dissemi-
nated resistant Acinetobacter baumannii infection. Antimicrob Agents
Chemother 61:e00954-17. https://doi.org/10.1128/AAC.00954-17.

25. Duplessis C, Biswas B, Hanisch B, Perkins M, Henry M, Quinones J, Wolfe
D, Estrella I, Hamilton T. 2017. Refractory Pseudomonas bacteremia in a 2-
year-old sterilized by bacteriophage therapy. J Pediatr Infect Dis Soc 7:
253–256. https://doi.org/10.1093/jpids/pix056.

26. Wright RCT, Friman VP, Smith MCM, Brockhurst MA. 2019. Resistance evo-
lution against phage combinations depends on the timing and order of
exposure. mBio 10:e01652-19. https://doi.org/10.1128/mBio.01652-19.

27. Kelly D, McAuliffe O, Ross RP, O'Mahony J, Coffey A. 2011. Development
of a broad-host-range phage cocktail for biocontrol. Bioeng Bugs 2:
31–37. https://doi.org/10.4161/bbug.2.1.13657.

28. Burrowes B, Molineux I, Fralick J. 2019. Directed in vitro evolution of ther-
apeutic bacteriophages: the Appelmans Protocol. Viruses 11:241. https://
doi.org/10.3390/v11030241.

29. Gu J, Liu X, Li Y, Han W, Lei L, Yang Y, Zhao H, Gao Y, Song J, Lu R, Sun C,
Feng X. 2012. A method for generation phage cocktail with great thera-
peutic potential. PLoS One 7:e31698. https://doi.org/10.1371/journal
.pone.0031698.

30. Singh KV, Lewis RJ, Murray BE. 2009. Importance of the epa locus of Enter-
ococcus faecalis OG1RF in a mouse model of ascending urinary tract infec-
tion. J Infect Dis 200:417–420. https://doi.org/10.1086/600124.

31. Hancock LE, Gilmore MS. 2002. The capsular polysaccharide of Enterococ-
cus faecalis and its relationship to other polysaccharides in the cell wall.
Proc Natl Acad Sci U S A 99:1574–1579. https://doi.org/10.1073/pnas
.032448299.

32. Teng F, Singh KV, Bourgogne A, Zeng J, Murray BE. 2009. Further charac-
terization of the epa gene cluster and Epa polysaccharides of Enterococ-
cus faecalis. Infect Immun 77:3759–3767. https://doi.org/10.1128/IAI
.00149-09.

33. Rigottier-Gois L, Madec C, Navickas A, Matos RC, Akary-Lepage E, Mistou
MY, Serror P. 2015. The surface rhamnopolysaccharide epa of Enterococcus
faecalis is a key determinant of intestinal colonization. J Infect Dis 211:
62–71. https://doi.org/10.1093/infdis/jiu402.

34. Ho K, Huo W, Pas S, Dao R, Palmer KL. 2018. Loss of function mutations in
epaR confer resistance to phage NPV1 infection in Enterococcus faecalis
OG1RF. Antimicrob Agents Chemother 62:e00758-18. https://doi.org/10
.1128/AAC.00758-18.

35. Canfield GS, Chatterjee A, Espinosa J, Mangalea MR, Sheriff EK, Keidan M,
McBride SW, McCollister BD, Hang HC, Duerkop BA. 2021. Lytic bacterio-
phages facilitate antibiotic sensitization of Enterococcus faecium. Antimicrob
Agents Chemother 65:e00143-21. https://doi.org/10.1128/AAC.00143-21.

36. Wandro S, Oliver A, Gallagher T, Weihe C, England W, Martiny JBH,
Whiteson K. 2018. Predictable molecular adaptation of coevolving Enter-
ococcus faecium and lytic phage EfV12-phi1. Front Microbiol 9:3192.
https://doi.org/10.3389/fmicb.2018.03192.

37. Bonilla N, Rojas MI, Netto Flores Cruz G, Hung S-H, Rohwer F, Barr JJ. 2016.
Phage on tap-a quick and efficient protocol for the preparation of bacte-
riophage laboratory stocks. PeerJ 4:e2261. https://doi.org/10.7717/peerj
.2261.

38. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequencing. J
Comput Biol 19:455–477. https://doi.org/10.1089/cmb.2012.0021.

39. Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinfor-
matics 30:2068–2069. https://doi.org/10.1093/bioinformatics/btu153.

40. Sitto F, Battistuzzi FU. 2020. Estimating pangenomes with Roary. Mol Biol
Evol 37:933–939. https://doi.org/10.1093/molbev/msz284.

41. Price MN, Dehal PS, Arkin AP. 2009. FastTree: computing large minimum
evolution trees with profiles instead of a distance matrix. Mol Biol Evol 26:
1641–1650. https://doi.org/10.1093/molbev/msp077.

42. Cock PJA, Antao T, Chang JT, Chapman BA, Cox CJ, Dalke A, Friedberg I,
Hamelryck T, Kauff F, Wilczynski B, de Hoon MJL. 2009. Biopython: freely avail-
able Python tools for computational molecular biology and bioinformatics.
Bioinformatics 25:1422–1423. https://doi.org/10.1093/bioinformatics/btp163.

43. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton
S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B, Meintjes P,
Drummond A. 2012. Geneious Basic: an integrated and extendable desktop
software platform for the organization and analysis of sequence data. Bio-
informatics 28:1647–1649. https://doi.org/10.1093/bioinformatics/bts199.

44. Abedon ST. 2011. Lysis from without. Bacteriophage 1:46–49. https://doi
.org/10.4161/bact.1.1.13980.

45. Baym M, Kryazhimskiy S, Lieberman TD, Chung H, Desai MM, Kishony R.
2015. Inexpensive multiplexed library preparation for megabase-sized
genomes. PLoS One 10:e0128036-15. https://doi.org/10.1371/journal.pone
.0128036.

46. Deatherage DE, Barrick JE. 2014. Identification of mutations in laboratory-
evolved microbes from next-generation sequencing data using breseq.
Methods Mol Biol 1151:165–188. https://doi.org/10.1007/978-1-4939
-0554-6_12.

47. Guerardel Y, Sadovskaya I, Maes E, Furlan S, Chapot-Chartier M-P, Mesnage
S, Rigottier-Gois L, Serror P. 2020. Complete structure of the enterococcal
polysaccharide antigen (EPA) of vancomycin-resistant enterococcus faeca-
lis v583 reveals that EPA decorations are teichoic acids covalently linked to
a rhamnopolysaccharide backbone. mBio 11:e00277-20. https://doi.org/10
.1128/mBio.00277-20.

Phage Cocktails Constrain Growth of Enterococcus mSystems

July/August 2022 Volume 7 Issue 4 10.1128/msystems.00019-22 13

https://doi.org/10.1128/AAC.01623-21
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.1111/j.1749-4486.2009.01973.x
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1093/jpids/pix056
https://doi.org/10.1128/mBio.01652-19
https://doi.org/10.4161/bbug.2.1.13657
https://doi.org/10.3390/v11030241
https://doi.org/10.3390/v11030241
https://doi.org/10.1371/journal.pone.0031698
https://doi.org/10.1371/journal.pone.0031698
https://doi.org/10.1086/600124
https://doi.org/10.1073/pnas.032448299
https://doi.org/10.1073/pnas.032448299
https://doi.org/10.1128/IAI.00149-09
https://doi.org/10.1128/IAI.00149-09
https://doi.org/10.1093/infdis/jiu402
https://doi.org/10.1128/AAC.00758-18
https://doi.org/10.1128/AAC.00758-18
https://doi.org/10.1128/AAC.00143-21
https://doi.org/10.3389/fmicb.2018.03192
https://doi.org/10.7717/peerj.2261
https://doi.org/10.7717/peerj.2261
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1093/molbev/msz284
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1093/bioinformatics/btp163
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.4161/bact.1.1.13980
https://doi.org/10.4161/bact.1.1.13980
https://doi.org/10.1371/journal.pone.0128036
https://doi.org/10.1371/journal.pone.0128036
https://doi.org/10.1007/978-1-4939-0554-6_12
https://doi.org/10.1007/978-1-4939-0554-6_12
https://doi.org/10.1128/mBio.00277-20
https://doi.org/10.1128/mBio.00277-20
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00019-22

	RESULTS
	Phage characterization and host range evaluation.
	Phage cocktails prevent Enterococcus growth longer than single phages.
	Phage growth dynamics by qPCR.
	Phage infection selects for mutations in Enterococcus exopolysaccharide synthesis genes.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and culture conditions.
	Phage isolation propagation and storage.
	Genomic sequencing.
	Genomic characterization.
	Searching the Sequence Read Archive.
	Host range determination.
	Determination of MOI.
	Phage cocktails.
	PCR.
	Generation of Enterococcus mutants in liquid cultures.
	Enterococcus mutant sequencing.
	Sequencing analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

