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ABSTRACT 20 

 Antibiotic resistant Enterococcus infections are a major health crisis that requires 21 

the development of alternative therapies. Phage therapy could be an alternative to 22 

antibiotics and has shown promise in in vitro and in early clinical studies. Phage therapy 23 

is often deployed as a cocktail of phages, but there is little understanding of how to most 24 

effectively combine phages. Here we utilized a collection of 20 Enterococcus phages to 25 

test principles of phage cocktail design and determine the phenotypic effects of evolving 26 

phage resistance in Enterococcus isolates that were susceptible or resistant to 27 

antibiotics (e.g., Vancomycin Resistant Enterococcus (VRE)). We tested the ability of 28 

each phage to clear Enterococcus host cultures and prevent the emergence of phage 29 

resistant Enterococcus. We found that some phages which were ineffective individually 30 

were effective at clearing the bacterial culture when used in cocktails. To understand 31 

the dynamics within phage cocktails, we used qPCR to track which phages increased in 32 

abundance in each cocktail, and saw dynamics ranging from one dominant phage to 33 

even phage growth. Further, we isolated several phage-resistant mutants to test for 34 

altered Vancomycin sensitivity. We found that mutants tended to have no change or 35 

slightly increased resistance to Vancomycin. By demonstrating the efficacy of phage 36 

cocktails in suppressing growth of antibiotic susceptible and VRE clinical isolates when 37 

exposed to phages, this work will help to inform cocktail design for future phage therapy 38 

applications. 39 

 40 

IMPORTANCE 41 

Antibiotic resistant Enterococcus infections are a major health crisis that requires the 42 

development of alternative therapies. Phage therapy could be an alternative to 43 
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antibiotics and has shown promise in in vitro and in early clinical studies. Phage therapy 44 

in the form of cocktails is often suggested, with similar goals as the combination therapy 45 

that has been successful in the treatment of HIV infection, but there is little 46 

understanding about how to combine phages most effectively. Here we utilized a 47 

collection of 20 Enterococcus phages to test whether several phage cocktails could 48 

prevent the host from evolving resistance to therapy and to determine whether evolving 49 

resistance to phages affected host susceptibility to antibiotics. We showed that cocktails 50 

of two or three unrelated phages often prevented the growth of phage-resistant mutants, 51 

when the same phages applied individually were not able to.  52 

 53 

  54 
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INTRODUCTION 55 

Antibiotic resistant bacterial infections have emerged as a major health crisis. 56 

Overuse of antibiotics has led to rising rates of antibiotic resistance and, therefore, 57 

steps must be taken to develop alternative therapies. The ESKAPE pathogens are six 58 

high-priority antibiotic resistant bacteria that are responsible for the majority of antibiotic 59 

resistant hospital acquired infections 1. Among the ESKAPE pathogens is Enterococcus 60 

faecium, a gram-positive bacterium responsible for several human illnesses, including 61 

sepsis, urinary tract infections (UTIs), endocarditis, wound infections and alcoholic liver 62 

disease 2–6. Enterococcus species are regular members of vertebrate gut microbiomes, 63 

and they are also pathogens of enormous clinical significance due to their high potential 64 

for resistance to antibiotics (e.g. vancomycin) 7. Antibiotic treatment leads to a high 65 

abundance of Enterococcus spp. in the gut, as many other members of a healthy gut 66 

microbial community are more sensitive to antibiotic treatment 4,8–10. There are multiple 67 

species of Enterococcus that are known to cause human disease, but the most common 68 

are Enterococcus faecium and Enterococcus faecalis. Both species are capable of 69 

developing resistance to the antibiotic vancomycin. Each of these Enterococcus species 70 

is known to cause disease, particularly in individuals who have been treated with 71 

multiple antibiotics. Developing alternative therapies to treat Enterococcus infections is 72 

of significant importance to reduce long-term infections such as endocarditis and to 73 

reduce the emergence of Enterococcus infections in patients who have been treated 74 

with antibiotics.  75 

Because of their propensity for antibiotic resistance and their greater abundance 76 

in critically ill or antibiotic treated patients, Enterococcus is a logical focus for studies of 77 

basic phage biology. Surprisingly, there are relatively few characterized Enterococcus 78 
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phages. Bacteriophage (phage) therapy is an alternative treatment to antibiotics that 79 

has shown promise for treating Enterococcus in vitro and in animal models 11–13. 80 

However, phage therapy is rarely used, and in many places is used only as salvage 81 

therapy, partly due to a relative paucity of basic research into its safety, mechanisms of 82 

action, and best practices of use. 83 

 Although phages are posited as a solution for antibiotic resistance, bacteria can 84 

also evolve resistance to phage infection. Bacteria exist in a constant evolutionary battle 85 

with phages, and thus have evolved many systems to resist phage infection, including 86 

preventing phage binding, restriction modification systems, CRISPR-Cas9 immunity, 87 

and abortive infection14,15. Given strong selective pressure from a single phage, bacteria 88 

often quickly evolve resistance to that phage in laboratory settings16. Phages evolve to 89 

combat and circumvent bacterial resistance mechanisms, which may provide phage 90 

therapy with an advantage over antibiotics17. Furthermore, the phenotypic effects of 91 

evolving resistance to phages are poorly understood. For example, phage-resistance 92 

may alter susceptibility to antibiotics18,19. Vancomycin resistant Enterococcus (VRE) that 93 

evolved resistance to phage had greatly increased susceptibility to vancomycin, in 94 

addition to mouse gut colonization defects12. Increasing antibiotic susceptibility would be 95 

an ideal outcome of evolving resistance to phage, but further research is required to 96 

determine how often these fitness trade-offs occur. 97 

Phage therapy is sometimes administered as a cocktail of phages. Because 98 

many phages have narrow host ranges, multiple phage strains can be used to increase 99 

the likelihood that several or all strains of the target bacteria will be killed20,21. 100 

Theoretically, using a cocktail of phages could also decrease the chance that a phage-101 

resistant mutant can arise, as multiple orthogonal resistance mechanisms would need 102 
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to evolve simultaneously. Evolving a resistance mechanism can also provide a fitness 103 

disadvantage, which can make the bacteria more susceptible to cell death via other 104 

phages. Similar to phage cocktails, combinations of antibiotics are used to treat 105 

tuberculosis infections, and combinations of antivirals are used to treat HIV22,23. 106 

However, the efficacy of phage cocktails has not been thoroughly explored, and it is 107 

often assumed without strong evidence that a cocktail of phages will be more effective 108 

than a single phage. Thus, there are no clear design principles for crafting effective 109 

phage cocktails.  110 

Phage therapy has shown promise in in vitro and in vivo mouse 111 

experiments12,13,24. Additionally, Enterococcus phages have been shown to be effective 112 

at disrupting Enterococcus in biofilms, which are generally much harder to treat than 113 

planktonic cells because antibiotics have trouble penetrating biofilms13. Enterococcus 114 

phages have also been used to treat humans. Two phage cocktails sold by the Eliava 115 

Institute of Bacteriophages, Microbiology, and Virology in Georgia were shown to 116 

contain abundant Enterococcus phages25. In vitro, Enterococcus phages have been 117 

shown to be more effective than single phages at preventing the growth of resistant 118 

Enterococcus mutants26. While encouraging, this represents only one example of 119 

cocktail design and does not offer any insight into cocktail design principles.  120 

 We utilized our collection of Enterococcus phages to test the efficacy of different 121 

combinations of phages in killing bacteria and inhibiting the proliferation of phage-122 

resistant mutants. We tracked the abundance of each phage in a cocktail to better 123 

understand which phages may be most responsible for the cocktail’s antimicrobial 124 

activity. Finally, we measured the vancomycin susceptibility of phage-resistant mutants 125 

to determine whether evolving resistance to phage affected antibiotic susceptibility.  126 
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 127 

RESULTS 128 

Host ranges of phages 129 

We isolated phages against Enterococcus from influent samples from the Orange 130 

County Sanitation district, and then used plaque assays to test the phage 131 

susceptibilities of recently collected clinical isolates of Enterococcus, which were 132 

vancomycin resistant Enterococcus (VRE) or vancomycin susceptible Enterococcus 133 

(VSE). We identified phages that were capable of killing isolates of E. faecium and/or E. 134 

faecalis, but the E. faecalis isolates were generally more susceptible to a greater 135 

number of phages (Figure 1). As is observed often for clinical isolates, a much larger 136 

proportion of the E. faecium isolates were VRE compared to the E. faecalis  isolates; 137 

however, we identified phages that were capable of killing both VRE and VSE isolates. 138 

Most phages from the Myoviridae family showed broad host ranges, especially Ben, 139 

Bop, and V12, which infected almost all the VRE and VSE isolates. Despite the 140 

differences between E. faecium and E. faecalis clinical isolates, we identified phages 141 

with broad host ranges that were capable of killing both species. Moreover, some of 142 

these phages, from Siphoviridae, Myoviridae, and Podoviridae families, were capable of 143 

killing highly antibiotic resistant VRE isolates. 144 

 145 

Phage cocktails reduce the evolution of resistant mutants 146 

 To understand the advantage of using phage cocktails over single phages, we 147 

measured bacterial growth over 72 h in liquid media to observe phage lysis and detect 148 

the emergence of resistance (as seen by bacterial growth). Four E. faecalis strains were 149 

chosen for testing the efficacy of phage cocktails, with strain Yi6-1 allowing for the most 150 
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combinations because it was susceptible to 18 of the 20 phages in our collection 151 

(Figure 1). The multiplicity of infection (MOI) of phage cocktails tested on E. faecalis 152 

strains, including 0.1, 0.01, and 0.001, did not consistently affect the emergence of 153 

phage-resistant mutants (Supplemental Figure S1). Therefore, we chose to infect 154 

strains at the highest MOI of 0.1. When susceptible Enterococcus was infected with a 155 

single phage at MOI 0.1 in liquid media, its growth is initially stunted compared to the 156 

no-phage control, but if resistance emerges, growth is often observed within 24 to 60 157 

hours (data not shown). In a minority of instances, such as was observed for phages 158 

Bop, CCS3, SDS2, and Car, a single phage was able to prevent measurable host 159 

growth over the 72 hour period. However, for most other instances, the growth of 160 

phage-resistant Enterococcus emerged within 72 hours of exposure to a single phage 161 

(Figure 2). There were no single phages that were able to prevent host growth over the 162 

entire 72 h period in all four E. faecalis strains tested.  163 

When E. faecalis Yi6-1 was infected with combinations of two phages, some 164 

combinations consistently prevented the growth of phage-resistant mutants, while other 165 

combinations failed to do so (Figure 2A-B). For E. faecalis strains Yi6-1, EF06, and 166 

EF11, successful two-phage cocktails were usually composed of multiple phage families 167 

(for instance, Myoviridae and Siphoviridae), but not all cocktails composed of two 168 

different families were successful at preventing growth (Figure 2A-D). E. faecalis strain 169 

V587 (VRE) was only tested with Myoviridae phages, as it was not susceptible to any of 170 

the Siphoviridae or Podoviridae phages in our collection. In V587, some single-family 171 

combinations of Myoviridae phages were effective at preventing growth (Figure 2E). 172 

Three-phage cocktails were often successful at preventing bacterial growth for all four 173 

E. feacalis strains (Figure 2).  However, adding a third phage to the cocktail did not 174 
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generally improve a cocktail’s ability to prevent the emergence of phage resistance, as 175 

most successful three-phage cocktails contained a phage combination that worked 176 

together as two-phage cocktails. 177 

 178 

 Siphoviridae and Podoviridae phages dominate in most cocktails 179 

            To understand the dynamics of our cocktails, we used quantitative PCR (qPCR) 180 

to estimate the relative abundance of each phage in the cocktail during the course of 181 

infecting E. faecalis strain Yi6-1. We selected cocktails containing two or three phages 182 

that were ineffective as individual phages, but were successful as cocktails in 183 

preventing bacterial growth over 72 hours. Phage DNA was extracted immediately after 184 

phage and host inoculation (0 hours), as well as at 24, 48, and 72 hours post-185 

inoculation. Changes in phage abundances over time in each of eight cocktails were 186 

plotted over 72 hours, as compared with the phage-only control (Figure 3). Optical 187 

density (OD) measurements for each culture were also plotted to demonstrate that each 188 

phage cocktail largely prevented the growth of Yi6-1 for the duration of 72 hour period. 189 

 Cocktail 1 contained phages Carl (Myoviridae), CCS2 (Siphoviridae), and Ben 190 

(Myoviridae). While the concentrations of Carl and CCS2 increased by ~1.5 log PFU/ml, 191 

the concentration of Ben increased by ~3 log PFU/ml (Figure 3A), suggesting that it 192 

was the most active phage in this cocktail. In cocktail 2 with phages Carl (Myoviridae), 193 

CCS2 (Siphoviridae), and SDS1 (Siphoviridae), change in phage concentrations 194 

remained at or below 0 PFU/ml for the first 24 h, despite preventing any detectable 195 

bacterial growth. However, at 48 and 72 h, phages CCS2 and SDS1, but not Carl, had 196 

increased abundances (Figure 3B). In the third phage cocktail with phages Carl 197 

(Myoviridae), Ump (Podoviridae), and SDS1 (Siphoviridae), all three phages increased 198 
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in concentration over time, with Ump increasing the most (~4 log PFU/mL), SDS1 in the 199 

middle (~2 log PFU/mL), and Carl increasing the least (~1 log PFU/mL) (Figure 3C). 200 

Cocktail 3 was the only cocktail in which any bacterial growth was observed, starting 201 

around 24 h in two of the three replicates and remaining at a low OD600 for the 202 

remainder of the experiment, significantly lower than the OD600 of >0.5 often observed 203 

when resistance emerged. 204 

We also monitored the concentration of each phage in successful two-phage 205 

cocktails. In cocktail 4, Myoviridae phages CCS1 and Ben increased by similar 206 

amounts, with CCS1 having a slight edge (Figure 3D). In cocktail 5, Siphoviridae phage 207 

CCS2 consistently increased by ~1 log PFU/mL more than phage Ben (Figure 3E). Our 208 

data suggested that the phages like CCS1 and CCS2 consistently and strongly reduced 209 

bacterial growth, as their concentrations increased significantly (from 2 to ~4 and 0 to 210 

~2.5 log PFU/ml, respectively) compared to Ben (only increased from 1.5 to ~2 log 211 

PFU/ml) (Figure 3D, E). In other two-phage cocktails 6 (Carl-Ump), 7 (Bill-Ump), and 8 212 

(SDS1-Ump), the Podoviridae phage Ump was found to have greater increases in its 213 

relative abundance (the concentration increased from 1.5 to ~ 6 log PFU/ml) compared 214 

to Myoviridae phages Carl and Bill (remained stable at ~2 log PFU/ml throughout the 215 

duration of infection). However, for the SDS1-Ump cocktail, a slight increase in the 216 

concentration of Siphoviridae phage SDS1 was observed, though still less than the 217 

change in concentration of Podoviridae phage Ump.  218 

 219 

Resistance to phage can modulate antibiotic susceptibility 220 

 We examined six Enterococcus phage-resistant mutants generated from three 221 

wild-type Enterococcus strains in the cocktail experiments to determine whether some 222 
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may have altered susceptibility to vancomycin. E. faecalis strains DP11 and Yi6 were 223 

initially susceptible to vancomycin while E. faecalis V587 was initially vancomycin 224 

resistant. First, mutants were sequenced to determine the mechanism of increased 225 

phage resistance (Table 1). Five out of six resistant mutants had mutations in the Epa 226 

exopolysaccharide synthesis locus. Phage-resistant Enterococcus mutants often had 227 

similar or slightly decreased levels of susceptibility to vancomycin (Figure 4). Many 228 

phage-resistant Enterococcus mutants did not achieve the same growth characteristics 229 

(OD600 compared to the wild-type isolate), indicating that these mutants had growth 230 

defects. 231 

 232 

DISCUSSION 233 

 Some phage cocktails have previously been shown to be effective at killing 234 

bacteria and preventing the growth of resistant mutants, but little focus has been placed 235 

on the design principles for effective cocktails. Here, we showed that phage cocktail 236 

design is an important consideration because not all combinations of phages 237 

consistently prevent the growth of phage-resistant mutants.  238 

While using phage cocktails including a diversity of phages targeting multiple 239 

disparate bacterial types has been a common practice, there is no standard for how 240 

many phages should be used. The pyophage (PYO) cocktail from the Georgian Eliava 241 

Institute of Bacteriophages has been shown to contain approximately thirty different 242 

phages targeting multiple different bacterial hosts25. Recent uses of phage therapy 243 

designed to target a single strain of a bacterial species generally include between one 244 

and six phages 27–29. Often there is no obvious rationale behind the number of phages 245 

chosen to administer during phage therapy, although lack of access to phage that can 246 
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infect a host of interest may be an important limitation. Here, we show that combinations 247 

of two phages are often enough to prevent the growth of phage-resistant mutants. Using 248 

more than two diverse phages in a cocktail would increase the chances of choosing two 249 

phages that displayed synergy in preventing the growth of phage-resistant mutants. 250 

However, increasing the number of phages could pose the risk of antagonistic 251 

interactions between phages30. 252 

Several approaches exist for optimizing phage cocktail design. Experimental 253 

evolution of a phage can result in mutant phages with expanded host ranges, which can 254 

be used in phage cocktails31,32. Another approach is to use phage-resistant hosts to 255 

isolate new phages with complementary host ranges33. Synthetic approaches can also 256 

be effective, such as using site-directed mutagenesis to create phages that bind to 257 

different sites and would thus complement each other in a phage cocktail34. Our 258 

experiments relied on the diversity of our phage collection to create cocktails, but many 259 

bacterial hosts lack large collections of characterized phages. Evolutionary or synthetic 260 

approaches would be useful for expanding phage catalogs for specific hosts. 261 

Some phages in our collection were effective against E. faecalis and E. faecium, 262 

including both VRE and VSE isolates. This suggests that these phages would be good 263 

candidates for phage cocktails to eradicate a variety of Enterococcus isolates. If the 264 

phages in a cocktail attach to different bacterial target proteins, a cocktail of diverse 265 

phages is more capable of lysing the pathogen even when a mutant arises. As seen in 266 

Figure 2A, combinations of phages that individually cannot clear a culture of E. faecalis 267 

Yi6-1 are able to do so when used in combinations. This evidence shows that the 268 

evolutionary advantage of phage-resistant mutants can be diminished with the use of 269 

well-designed cocktails. While this is a well-known phenomenon that exists for 270 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 28, 2021. ; https://doi.org/10.1101/2021.01.27.428553doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.27.428553


antibiotics in the treatment of diseases such as tuberculosis, our in vitro evidence 271 

suggests that it might also be applicable to phage therapy.  272 

Comparing the abundances of each phage over time in the eight phage cocktails 273 

shown in Figure 3 yields a wide range of outcomes, from one phage greatly outpacing 274 

the other (cocktail 6), to relatively even abundances (cocktails 1, 7, 8). All the phages 275 

used in these cocktails were ineffective at clearing Enterococcus cultures alone, yet all 276 

of these cocktails, with their varied phage dynamics, resulted in clearing the 277 

Enterococcus culture. This shows that there is not one single path to an effective phage 278 

cocktail. Even if one phage appears to be dominating, the other phage is still necessary 279 

to prevent the emergence of a phage-resistant mutant. 280 

Phages that display synergy with antibiotics might be ideal for phage therapy. 281 

Synergy can occur if the evolution of resistance to phage comes ast the cost of 282 

increased susceptibility to antibiotics, or vice versa. The most famous example of this is 283 

a Pseudomonas aeruginosa phage that binds to an antibiotic efflux pump, resulting in a 284 

fitness trade off where bacteria can evolve resistance to phage by losing the antibiotic 285 

efflux pump18. Several studies, including this one, have shown Enterococcus evolving 286 

resistance to phage infection through mutations in the Epa locus. While not observed in 287 

this study, Epa mutations have been seen to increase susceptibility to vancomycin in 288 

resistant strains12,35–37. The mechanism by which this fitness trade-off occurs is not 289 

clear; vancomycin targets peptidoglycan and the Epa locus regulates 290 

exopolysaccharide synthesis, so both interactions occur at the cell wall38–40. In this 291 

study, evolution of phage resistance in Enterococcus was not seen to sensitize VRE, 292 

and slightly increased vancomycin resistance in VSE. Different Epa mutations may have 293 

different effects on antibiotic susceptibility. In addition, the genetic background of the 294 
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Enterococcus strain likely affects the phenotypic outcomes of the evolution of phage 295 

resistance. Synergistic outcomes of phage-host co-evolution that result in better 296 

treatment options are far from guaranteed, but the enormous numbers of understudied 297 

phage-host interactions leave room for the discovery of phages that co-evolve with their 298 

pathogenic bacterial hosts in ways that make infection treatment more tractable. 299 

The need for alternative therapies for antibiotic resistant bacterial infections has 300 

never been greater than it is right now with the crisis of antibiotic resistance upon us. 301 

Bacteriophages represent an alternative with the potential to overcome some of the 302 

shortcomings of antibiotics, but there are significant knowledge gaps that reduce the 303 

utility of phages in humans. Problems that face phage therapy in the future include the 304 

emergence of host resistance, limited information on how phages may collectively 305 

eradicate their hosts, and a lack of guidance on how many phages may be necessary in 306 

cocktails to achieve phage therapy goals. Using the model of the diverse bacterium 307 

Enterococcus, which has multiple species capable of causing debilitating human 308 

infections, and has the ability to acquire significant antibiotic resistance, we have 309 

demonstrated that phages have significant potential to kill their hosts and reduce the 310 

emergence of resistant isolates. For Enterococcus, our data suggest that host killing 311 

was not substantially increased by adding more than two phages to cocktails, but a 312 

larger study is needed to confirm these findings. Rationally designed phage cocktails 313 

hold the potential to significantly advance phages as antibiotic alternatives for the 314 

treatment of human pathogens such as Enterococcus. 315 

 316 

MATERIALS AND METHODS 317 

Bacterial strains and culture conditions 318 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 28, 2021. ; https://doi.org/10.1101/2021.01.27.428553doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.27.428553


The bacterial strains used in this study are listed in Supplemental Table S2. 319 

Most of the E. faecalis and E. faecium strains were identified from plates that were sent 320 

to the UCSD Center for Advanced Laboratory Medicine for identification by MALDI-TOF, 321 

where the reported antibiotic susceptibilities were also assessed. A few of the strains 322 

were obtained from the Human Microbiome Project repository at the Biodefense and 323 

Emerging Infections Research Resources Repository (BEI: www.beiresources.org). E. 324 

faecalis and E. faecium strains were cultured in Brain Heart Infusion (BHI) broth. All 325 

strains were grown at 37°C in liquid medium overnight with shaking. Solid medium was 326 

prepared with 1.5% agar when culturing bacteria or 1.0% bottom agar and 0.3% top 327 

agar for plaque assays. 328 

 329 

Host Range Determination 330 

Phage susceptibilities were measured in several clinically relevant bacterial 331 

strains (Supplemental Table S2) that demonstrated multi-drug resistance, causing 332 

illness. Phage susceptibility was determined using a spot assay in which 5 µl of each 333 

phage lysate was spotted on a lawn of an Enterococcus strain on a 1.5% Agar plate 334 

infused with BHI. The spots were allowed to dry at room temperature for 30 min before 335 

being incubated at 37 °C for 24 h. The next day, plates were examined to identify the 336 

host's susceptibility based on the appearance of the zones of cell lysis. 337 

 338 

Determination of Multiplicity of Infection (MOI) 339 

Multiplicity of infection is defined as the ratio of the number of phage particles to 340 

the number of target cells of each host. We tested three MOI (0.1, 0.01 and 0.001) as 341 

follows. A single colony was picked from a streak plate and was grown overnight in BHI 342 
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broth at 37 °C. The next day, the bacterial culture was diluted to 0.05 OD600 in fresh BHI 343 

and once the initial dilution was completed, the serial dilution of 10-1 to 10-8 of each 344 

bacterial culture was performed using Phosphate Buffered Saline. For each isolate, the 345 

aliquot from serial dilutions of 10-4 and 10-5 were plated on 1.5% BHI agar plates and 346 

were incubated overnight at 37 °C. The next day, the number of colonies were counted 347 

on each dilution plate and the number colony forming units (CFU/ml) was determined 348 

(Supplemental Table S1). A plaque assay was then performed for all the phages with 349 

their respective isolates to determine host susceptibility to phages. The cells from the 350 

log phase were infected with different phages at different dilutions. Based on plaque 351 

assay plates, we determined the titer of each phage (PFU/ml) (Supplemental Table 352 

S1). Based on observed colony forming units (CFU/ml) of Enterococcus isolates and the 353 

titer of each phage (PFU/ml), the appropriate volume of isolates and phages were 354 

determined at three different MOI: 0.1, 0.01 and 0.001 to carry out growth curve 355 

experiments. 356 

 357 

Phage Cocktails 358 

            Cocktails consisting of one, two, or three phages were tested against E. faecalis 359 

Yi6-1, EF06, EF11 and V587. A single colony was inoculated into BHI broth and grown 360 

overnight in a shaker at 37 °C. The next day, bacterial cultures were diluted to 0.05 361 

OD600 in fresh BHI. On the basis of three different MOIs, appropriate volumes of 362 

Enterococcus and phages were determined and combined in a single well inside a 96-363 

well plate along with enough BHI to make up a total volume of 200 µl. For two-phage 364 

cocktails, half of previously determined volumes of each of the two unique phage stocks 365 

were added. To conduct three-phage cocktails, one third of previously determined 366 
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volumes of each of the three unique phage stocks were added. To avoid desiccation in 367 

edge wells of the 96 well plates used for growth curve experiments, 200 µl of fresh BHI 368 

media was added into these edge wells to avoid desiccation issues in wells adjacent to 369 

edge wells. 370 

 371 

Quantitative PCR (qPCR) 372 

Phage cocktails were grown in BHI for 72 h with their respective hosts (Yi6-1, 373 

EF06 and EF11) and this experiment was carried out in 96-well plates with three 374 

biological replicates. In the positive control, phages were added without a host. For the 375 

negative control, appropriate hosts were grown in BHI for 72 h in the absence of phage. 376 

During this experiment, the respective samples were collected at four time points: 0 h, 377 

24 h, 48 h, and 72 h. From the samples collected at each time point, total genomic DNA 378 

was isolated using the DNeasy Blood and Tissue Kit (Qiagen). For the unknown 379 

standards, we performed a plaque assay for all the phages to find their concentrations 380 

in PFU/ml and the genomic DNA of the standards were isolated using the same kit. 381 

Standard curves were generated with serial dilutions of phage (10-1 - 10-8). Phage 382 

specific primers were designed using Geneious software and are listed in 383 

Supplemental Table S4. The qPCR experiment was performed in 96-well PCR plate 384 

using Eppendorf Mastercycler® RealPlex with SYBR Green PCR Master Mix 385 

(Eppendorf, USA) as per the universal SYBR Green qPCR protocol where fluorescent 386 

product is detected during the last step of each cycle. The obtained melting curve data 387 

were analyzed using Eppendorf Mastercycler® RealPlex to calculate the Ct values. Ct 388 

values of the standards were then used to generate standard curves correlating log 389 
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PFU/ml to Ct values, which was used to estimate the concentration of each phage in the 390 

cocktails.  391 

Generation of phage resistant Enterococcus mutants in Liquid Cultures 392 

         Enterococcus colonies were grown overnight and diluted to optical density at 600 393 

nm (OD600) of 0.05. We added 190 µl of Enterococcus and 10 µl of a highly 394 

concentrated individual phage stock into each well. 96-well plates co-inoculated with 395 

bacteria and phage/two-phage cocktail were then incubated at 37°C in a 396 

spectrophotometer, where cell density, as measured by an absorbance at OD600, was 397 

taken every 10 min for 24-72 h. During the 1-3-day incubation, any Enterococcus sp. 398 

culture that showed growth after a period of no growth was streaked onto 1.5% BHI-399 

agar plates. Colonies that grew on these streak plates were considered phage resistant 400 

mutants and were used in subsequent mutant assays. 401 

 402 

Vancomycin Susceptibility 403 

 To determine whether phage resistance mutations affected Vancomycin 404 

susceptibility or resistance, we cultured wild-type and mutant Enterococcus across a 405 

spectrum of relevant vancomycin concentrations. Wild-type and mutant Enterococcus 406 

colonies were grown overnight with BHI broth in a shaker at 37°C. The next day, all 407 

cultures were diluted to 0.05 OD600 in fresh BHI. In a 96 well plate, 190 µl of 408 

Enterococcus and 10 µl of Vancomycin in a gradient from 0.2 to 200 µg/ml was added 409 

in triplicate to wells and incubated in a spectrophotometer at 37°C for 10 h. 410 

 411 

Enterococcus Mutant Sequencing 412 
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         DNA was extracted from Enterococcus mutants using the Quick-DNA Microprep 413 

Kit (Zymo #D3020). Before Enterococcus DNA extraction, lysozyme was added to lysis 414 

buffer at a concentration of 100 µg/ml and incubated at 37°C for 30 min. Libraries were 415 

prepared using a scaled-down protocol with the Illumina Nextera enzyme41. Short read 416 

length (75 bp) paired-end sequencing was performed on the Illumina NextSeq using the 417 

Mid Output v2 reagents. Approximately 1 million reads were obtained per sample, 418 

resulting in about 10-fold coverage across the Enterococcus genome. 419 

 420 

Sequencing Analysis 421 

DNA sequencing reads from each phage-resistant host were aligned to their wild-422 

type genome using Bowtie242. Variants were called and filtered with samtools and 423 

bcftools and manually inspected using Geneious43–45. All mutations are reported in 424 

Table 1.  425 
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DATA AVAILABILITY 426 

Data from bacterial growth assays, phage qPCR, and code for analysis and making 427 

figures are available at https://github.com/swandro/phage_cocktails. Genomes for 428 

bacterial and phage strains used in this study will be uploaded to Genbank (Table S1, 429 

S2). 430 
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FIGURES AND TABLES 439 

Figure 1.  Host ranges of Enterococcus phages as determined using plaque assays. 440 

Complete lysis is indicated by orange boxes and white boxes represent no lysis. 441 

Several vancomycin sensitive (light grey boxes around strain names) and vancomycin 442 

resistant (dark grey boxes around strain names) Enterococcus isolates were used for 443 

this study. 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 
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Figure 2. Phage cocktails clear cultures and prevent growth of E. faecalis for 72 h. 456 

Combinations of one, two, or three phages were added to susceptible E. faecalis hosts 457 

in exponential growth phase and bacterial growth after 72 h was measured by OD600 . 458 

A) E. faecalis Yi6-1 cultures in which the individual phages are unable to prevent 459 

growth. B) E. faecalis Yi6-1 cultures in which the individual phages are able to prevent 460 

growth. C) E. faecalis EF06. D) E. faecalis EF11. E) E. faecalis V587 (Vancomycin 461 

resistant strain/VRE). (M): Myoviridae phage, (S): Siphoviridae phage, (P): Podoviridae 462 

phage. 463 
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Figure 3. Tracking phage concentration changes within phage cocktails. Eight different 466 

cocktails of two or three phages were added to E. faecalis Yi6-1 cultures and the 467 

concentration of each individual phage was measured by qPCR every 24 h for 72 h of 468 

growth. Upper panels represent change in phage concentration and lower panels 469 

represent host growth as measured using OD600 at 0, 24, 48, and 72 h post-inoculation. 470 

Solid lines represent the mean (n=3) increase in each phage’s abundance since hour 0. 471 

Lighter color ribbons show standard deviation. Stars indicate significant differences 472 

between individual phage increases as determined using ANOVA (p < 0.05). 473 

 474 
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Figure 4. Vancomycin susceptibility of Enterococcus mutants. Bacterial growth with 476 

increasing concentrations of Vancomycin of phage-resistant Enterococcus mutants 477 

generated from A) E. faecalis DP11, B) E. faecalis Yi6-1, and C) vancomycin resistant 478 

strain E. faecalis V587. Bars represent means and error bars represent standard 479 

deviations of three biological replicates. 480 

 481 

 482 

 483 
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 485 
Table 1. Mutations in Enterococcus providing phage resistance. Genes that are part of 486 

the Epa exopolysaccharide synthesis locus are denoted with (Epa). 487 

Host Mutant Phage Mutated gene(s) Mutation 

E. faecalis DP11  Mutant 1 vB_OCPT_Ump (Epa) WgbU UDP-N-acetylglucosamine 4-
epimerase 

G11V  

E. faecalis DP11  Mutant 2 vB_OCPT_Ump (Epa) WecA E249* 

E. faecalis DP11  Mutant 3 vB_OCPT_SDS1 (Epa) WgbU UDP-N-acetylglucosamine 4-
epimerase 

G279E 

E. faecalis DP11  Mutant 4 vB_OCPT_SDS2 (Epa) TagF gene. glycerol 
glycerophosphotransferase 

A113E 

E. faecalis Yi6 Mutant 1 vB_OCPT_CCS3 (Epa) exopolysaccharide biosynthesis; 
aspartate aminotransferase 

W7* ; P365S 

E. faecalis V587 Mutant 1 vB_OCPT_Bob UDP-glucose 4-epimerase GalE Silent point 
mutation 

 488 
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Supplemental Figure S1. Effect of MOI on bacterial growth in phage cocktails. Three 490 

different MOIs (0.1, 0.01, 0.001) were used to study the efficiency of single phages and 491 

phage cocktails against four different E. faecalis isolates over the 72 h incubation 492 

period: A) Yi6-1, B) EF06, C) EF11, and D) V587. 493 

   494 
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Supplemental Table S1. Phage titers and the concentration of the host. The phage 495 

titers (Plaque forming units (PFU)/ml) were determined using plaque assays. Viable 496 

counts of the hosts were measured by counting colonies formed from liquid cultures at 497 

an OD600 of 0.05 (CFU/60ul). All phages were titered on their corresponding susceptible 498 

E. faecalis hosts: A) Yi6-1, B) EF06, C) EF11, and D) V587. 499 

A) 500 

 501 

 502 
B) 503 

 504 
 505 
 506 
 507 
C) 508 
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 509 
 510 
D) 511 

 512 
 513 
Supplemental Table S2. List of bacterial strains used in this study and the antibiotics to 514 

which they are resistant.  515 

Strain Species Antibiotic Resistance Accession Number 

EF09PII E. 
faecalis 

Tetracycline, vancomycin  

EF116PII E. 
faecalis 

Gentamicin-syn, tetracycline, vancomycin  

EF06PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 

 

EF18PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 
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EF20PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 

 

EF34PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 

 

EF41PII E. 
faecium 

Ampicillin, gentamicin-syn, penicillin G, 
tetracycline, vancomycin 

 

EF48PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 

 

EF50PII E. 
faecium 

Ampicillin, penicillin G, vancomycin  

EF79PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 

 

EF98PII E. 
faecium 

Ampicillin, penicillin G, tetracycline, 
vancomycin 

 

B3286 E. 
faecalis 

Erythromycin, cefazolin, cefoxitin, 
clindamycin, gentamicin, gent synergy, 
oxacillin, trimethoprim/sulfa 

GenBank: 
AIRI00000000.1 

Ent6 E. 
faecalis 

Cefazolin, cefoxitin, clindamycin, 
gentamicin, oxacillin, trimethoprim/sulfa 

 

Tx1330 E. 
faecium 

Cefazolin, cefoxitin, clindamycin, 
gentamicin, oxacillin, trimethoprim/sulfa 

GenBank: 
ACHL00000000.1 

Yi6-1 E. 
faecalis 

Cefazolin, cefoxitin, clindamycin, 
gentamicin, gent synergy, oxacillin, 
tetracycline, trimethoprim/sulfa 

GenBank: 
AJEO00000000.1 

DP11 E. 
faecalis 

Gentamicin  

DP6 E. 
faecalis 

-No resistant antibiotic found  

EF06 E. 
faecalis 

-No resistant antibiotic found  

EF11 E. 
faecalis 

Gentamicin  

V587 E. 
faecalis 

vancomycin, gentamicin GenBank: 
AJBB00000000.1 

 516 
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Supplemental Table S3. Phage information. The following phages were included in 518 
these experiments. 519 
 520 

Name Family Genus 
Genome 

size 
vB_OCPT_Bob Myoviridae Kochiodavirus 150k 
vB_OCPT_Car Myoviridae Kochiodavirus 150k 
vB_OCPT_Carl Myoviridae Kochiodavirus 150k 

EfV12-phi1 Myoviridae Schiekvirus 150k 
vB_OCPT_Ben Myoviridae Schiekvirus 150k 
vB_OCPT_Bop Myoviridae Shiekvirus 150k 
vB_OCPT_Bill Myoviridae Shiekvirus 150k 

vB_OCPT_CCS1 Myoviridae Shiekvirus 150k 
vB_OCPT_Tex Myoviridae Shiekvirus 150k 

vB_OCPT_SDS1 Siphoviridae Saphexavirus 57k 
vB_OCPT_SDS2 Siphoviridae Saphexavirus 57k 
vB_OCPT_CCS2 Siphoviridae Saphexavirus 57k 
vB_OCPT_CCS3 Siphoviridae Saphexavirus 57k 
vB_OCPT_Toy Siphoviridae Saphexavirus 57k 

vB_OCPT_CCS4 Siphoviridae Efquatrovirus 40k 
vB_OCPT_PG2 Siphoviridae Saphexavirus 57k 

vB_OCPT_PG9 Siphoviridae unclassified 57k 
vB_OCPT_PG11 Siphoviridae Saphexavirus 57k 

vB_OCPT_PG13 Siphoviridae Saphexavirus 58k 

vB_OCPT_Ump Podoviridae unflassified 18k 
 521 
  522 
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Supplemental Table S4. DNA primers (5’3’) used to conduct qPCR experiments. 523 

DNA primer Sequence 

vB_OCPT_Ben_F AAAACAGTTGAAACAGTTATT 

vB_OCPT_Ben_R TATAAGCTTACTGTTTTACCA 

vB_OCPT_Bop_F AACCGTTTGCTAACCATTTTC 

vB_OCPT_Bop_R GGTTTGTGTACTAAGTGTATA 

vB_OCPT_Carl_F CTAAAAATCTAACCAATTATC 

vB_OCPT_Carl_R ATGGGTTTTTTCATTGCTAAA 

vB_OCPT_Bill_F AAAACAGTTGAAACAGTTATT 

vB_OCPT_Bill_R TATAAGCTTACTGTTTTACCA 

vB_OCPT_CCS1_
F 

TATGAGTAACATTAACATGGA 

vB_OCPT_CCS1_
R 

CCTGCCTTACGTAAAGAATCA 

vB_OCPT_SDS1_
F 

ACATTAACTCCTCTTTAGCTT 

vB_OCPT_SDS1_
R 

CGATTTTAGCATGCTGTTTCG 

vB_OCPT_CCS2_
F 

TTAGTAGGAAAGATTCTCTGT 

vB_OCPT_CCS2_
R 

TAAAGGATTCAATTGACTTAG 

vB_OCPT_Ump_F TTAAAATGGAAGTGATTGTGG 

vB_OCPT_Ump_R TTAAAAAAGGCCACAGAGTTC 

 524 
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