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Abstract 46 

The evolution and spread of antibiotic resistant bacteria have renewed interest in phage therapy, 47 

the use of bacterial viruses (phages) to combat bacterial infections. The delivery of phages in 48 

cocktails where constituent phages target different modalities (e.g., receptors) may improve 49 

treatment outcomes by making it more difficult for bacteria to evolve resistance. However, the 50 

multipartite nature of cocktails may lead to unintended evolutionary and ecological outcomes. 51 

Here, we compare a 2-phage cocktail with a largely unconsidered group of phages: generalists that 52 

can infect through multiple, independent receptors. We find that λ phage generalists and cocktails 53 

that target the same receptors (LamB and OmpF) suppress Escherichia coli  similarly for ~2 d. Yet 54 

a “trained” generalist phage, which previously adapted to its host via 28 d of coevolution, 55 

demonstrated superior suppression. To understand why the trained generalist was more effective, 56 

we measured the resistance of bacteria against each of our phages. We find that, when bacteria 57 

were assailed by 2 phages in the cocktail, they evolved mutations in manXYZ, a host inner-58 

membrane transporter that λ uses to move its DNA across the periplasmic space and into the cell 59 

for infection. This provided cross-resistance against the cocktail and untrained generalist. 60 

However, these mutations were ineffective at blocking the trained generalist because, through 61 

coevolutionary training, it evolved to bypass manXYZ resistance. The trained generalist’s past 62 

experiences in training make it exceedingly difficult for bacteria to evolve resistance, further 63 

demonstrating the utility of coevolutionary phage training for improving the therapeutic properties 64 

of phages. 65 
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 66 

Introduction 67 

The evolution of antibiotic resistant bacteria is a major threat to human health. Recent estimates 68 

suggest that >1 million deaths were attributable to antibiotic resistant infections in 2019, with 69 

mortality expected to climb to >10 million deaths in the next 30 years (Murray et al. 2022; World 70 

Health Organization, 2019). To combat the evolution and spread of resistance, many are 71 

developing evolutionarily informed strategies of antibiotic use, such as deploying drugs 72 

sequentially, in fluctuation, or at concentrations less likely to select for high levels of resistance 73 

(Imamovic & Sommer, 2013; Kim et al., 2014; Oz et al., 2014; Andersson & Hughes, 2014). In 74 

the case of life-threatening infections, clinicians often administer combinations (i.e., cocktails) of 75 

antibiotic drugs in unison, hoping to reduce bacteria’s ability to evolve resistance by forcing them 76 

into the difficult challenge of evolving resistance against multiple drugs simultaneously (Mouton, 77 

1999; Joshi, 2011; Tamma et al., 2012). However, as bacteria have and continue to evolve 78 

resistance to the panacea of available drugs and the pipeline of drug development slows, there is 79 

growing interest in alternative ways to treat bacterial infections (Cooper & Shlaes, 2011; Tommasi 80 

et al., 2015). 81 

 82 

Phage therapy, the use of bacterial viruses (phages) to treat bacterial infections, is a promising 83 

alternative to antibiotic drugs (Schooley et al., 2017; Chan et al., 2018; Dedrick et al., 2022). Often, 84 

phages are administered to patients in cocktails, comprised of multiple, distinct phage strains 85 

(Schooley et al., 2017; Dedrick et al., 2022). Akin to antibiotic, antiviral, and cancer combination 86 

therapies, the goal is to target multiple, distinct modalities to improve bacterial killing and prevent 87 

or delay the evolution of resistance (Gordillo Altamirano & Barr, 2021). In the context of phages, 88 
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modalities constitute different infection mechanisms (e.g., the use of distinct receptors). Multiple 89 

studies of phage therapy have found that cocktails are more suppressive than individual constituent 90 

phages, especially in cases where they contain phages known to target different receptors (Tanji 91 

et al., 2004; Gu et al., 2012; Wright et al., 2019; Yang et al., 2020; Wright et al., 2021). However, 92 

increasing the complexity of multipartite phage cocktails is expected to reduce the predictability 93 

of evolutionary, ecological, and pharmacokinetic dynamics resulting from their use (Chan et al., 94 

2013; Gordillo Altamirano & Barr, 2021). In the complex environment inside a patient, some of 95 

the phages may not be maintained at all sites of the infection, allowing bacteria to sequentially 96 

gain resistance to each constituent phage.  97 

 98 

One unique solution to the evolution of resistance may be the deployment of “generalist” phages 99 

that infect cells through multiple, alternative receptors. Generalist phages are distinct from phages 100 

that use co-receptors to assist in adsorption, as well as from all other antimicrobials because a 101 

single genotype can kill cells via different, independent modalities, like an all-in-one cocktail. 102 

Because they are comprised of a single genotype, generalist phages may be less susceptible to the 103 

complex dynamics and stochastic changes that affect the composition of multi-phage cocktails. 104 

This may allow generalists to provide a more consistent pressure on bacteria at all sites of infection, 105 

reducing their susceptibility to the evolution of resistance.  106 

 107 

By reciprocally adapting to changes in their hosts (coevolution), phages can evolve from single-108 

receptor specialists into multi-receptor generalists (Meyer et al., 2012). This evolutionary capacity 109 

can be harnessed to produce generalist phages that have improved therapeutic efficacy. Previously, 110 

we demonstrated that by preemptively adapting a specialist phage to target bacterial hosts in a 111 
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process called coevolutionary phage training, we could evolve generalist phages that showed 1000-112 

fold improved bacterial suppression and delayed the evolution of resistance 14+ days compared to 113 

their phage ancestor (Borin et al., 2021). These trained generalists were much more suppressive 114 

than trained specialists, suggesting that the dominant driver of improved efficacy was the evolution 115 

to use two receptors. 116 

 117 

These results suggest that generalist phages could be advantageous for treating bacterial infections. 118 

Yet, their use in phage therapy has not been described and no direct comparison between 119 

generalists and cocktails has been made. This is likely due to two factors: 1) practitioners often do 120 

not know the receptor(s) that their phages use (Gordillo Altamirano & Barr, 2021) and 2) 121 

generalists seem to be rare in nature. In a meta-analysis of 17 gram-positive and 64 gram-negative 122 

phages, Bertozzi Silva et al. (2016) show that the majority of phages either use a single receptor 123 

or a primary co-receptor that improves adsorption before irreversibly binding a secondary receptor. 124 

Phage T2 is an exception because it can infect using either receptor OmpF or FadL (Hantke, 1978; 125 

Black, 1988; Kortwright et al. 2020). We also determined the receptors of 17 lambdoid coliphages 126 

in our collection and found that all specialize on a single receptor (Table S1). 127 

 128 

In this study, we evaluate the efficacy of dual-receptor phage generalists and a phage cocktail 129 

comprised of 2 specialists to suppress bacteria in vitro. To make direct, controlled comparisons, 130 

we consider highly related λ phage genotypes. These include two different generalists that both 131 

exploit host outer membrane protein receptors LamB and OmpF, as well as two specialist phages 132 

that exploit either LamB or OmpF. When we compared our cocktail with an early generalist phage 133 

(that recently evolved the ability to use 2 receptors), we find similar dynamics of bacterial 134 
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suppression, suggesting treatments are equivalent. However, phage generalists that have been 135 

“trained” via coevolution with their hosts for a prolonged period were significantly more 136 

suppressive than the cocktail for 15 d. By characterizing the resistance of coevolved bacterial 137 

isolates, we find that the trained generalist is more effective because, in coevolutionary training, it 138 

evolved mutations that allow it to bypass intracellular forms of resistance. 139 

 140 

Materials and Methods 141 

Bacterial and Phage Strains. To make useful comparisons between phage cocktails and phage 142 

generalists, we leveraged a collection of highly related λ phage genotypes (Table 1, Fig. 1). All 143 

phages are derived from the strictly lytic λ strain cI26 (λanc). When λanc coevolves with 144 

Escherichia coli B strain REL606, it repeatably evolves the ability to use a novel outer membrane 145 

protein receptor (OmpF) in addition to its native receptor LamB (Daegelen et a., 2009; Meyer et 146 

al., 2012). The early generalist phage (λegen) was isolated on day 8 of a coevolution experiment, 147 

immediately after gaining the ability to use a new receptor, OmpF, in addition to its native receptor, 148 

LamB (EvoC in Meyer et al., 2012). For our cocktail, we use one LamB specialist and one OmpF 149 

specialist (λLspec and λOspec, evolved as in Meyer et al., 2016). Because coevolutionary 150 

dynamics between λ and E. coli lead to dual-receptor generalists (Gupta et al., 2022a), our 151 

specialists were obtained by evolving λegen on hosts possessing either LamB or OmpF for 35 d. 152 

Hosts were replenished daily and therefore did not coevolve alongside the phages. A handful of 153 

mutations separate λanc, λegen, λLspec, and λOspec, with most mutations in the phages’ host 154 

recognition protein J (Table S2). We also compared a trained generalist phage (λtgen), isolated 155 

after 20 more days of coevolution from the same population as λegen (λtrn in Borin et al., 2021). 156 

We consider this phage “trained” because it has coevolved with its host for a prolonged period of 157 
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time. During this period, λtrn evolved point mutations in genes H, lom, Orf-401, and Orf-64, as 158 

well as a recombination in J, and therefore differs from the other phages at more sites in the genome 159 

(Table S2). 160 

 161 

Bacterial Suppression Experiments. To evaluate the suppressive ability of phages, we inoculated 162 

REL606 host and respective phages into 50-mL flasks with 10 mL modified M9-G (recipe in 163 

Meyer et al., 2012). Cultures were incubated at 37C for 24 h and every day 100 μL from each 164 

population was propagated into new flasks with 10 mL of fresh media. Aliquots were removed 165 

each day to estimate bacterial and phage densities, as well as to preserve communities for later 166 

analyses. To estimate bacterial and phage densities, aliquots were serially diluted in M9-G media. 167 

Bacteria were plated on Luria-Bertani (LB) agar plates that were incubated at 37C to count colony 168 

forming units (CFU). Phages were aliquoted in 2-μL droplets onto a soft agar overlay (LB agar 169 

except with 0.8% w/w agar) infused with ~108 cells of REL606 and incubated at 37C to enumerate 170 

plaque forming units (PFU). To preserve communities, aliquots were preserved by freezing at -171 

70C in 15% v/v glycerol. Experiments were initiated with the following bacterial and phage 172 

inoculums: To compare λanc, λegen, and the cocktail (comprised of λLspec and λOspec) in the 173 

first suppression experiment, ~107 phages and ~105 cells were inoculated into flasks. Effort was 174 

made to balance the ratio of λLspec to λOspec in the cocktail but it was inoculated at ~9:1. To 175 

compare λegen and the cocktail in the second suppression experiment, ~106 phages and ~105 cells 176 

were inoculated into flasks and the ratio of λLspec to λOspec in the cocktail was ~3:1. Bacterial 177 

densities were similar in the experiments 1 and 2 but phage inoculums differed ~10-fold, however 178 

we find no evidence that differences in inoculums affected the coevolutionary dynamics or 179 

outcomes of the study; statistical comparisons of suppression and receptor preference are similar 180 
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between experiments (see Results). To compare λtgen and the cocktail in the third suppression 181 

experiment, ~106 λtgen or ~107 cocktail phages (λLspec λOspec ratio of ~3:1) were inoculated 182 

into flasks with ~106 cells. More cells were used in experiment 3 to reduce bacterial extinction 183 

caused by λtgen. 184 

 185 

Measuring Receptor Preference. We measured the receptor preference of phage populations by 186 

enumerating those that could use the LamB and OmpF receptors. We did this by aliquoting phages 187 

onto soft agar infused with E. coli K-12 Keio gene knockout collection strains (Baba et al., 2006) 188 

that were either ΔompF (O−, strain JW0912) or ΔlamB (L−, strain JW3996). To quantify the 189 

phages’ proclivity for LamB and OmpF receptors, phage titers on LamB (O− hosts) and OmpF (L− 190 

hosts) were used to calculate the Specialization Index (SI), where SI = (titerLamB – titerOmpF) / 191 

(titerLamB + titerOmpF). SI can range from −1 to +1, indicating complete specialization on OmpF or 192 

LamB, respectively. 193 

 194 

Bacterial Isolation and Measuring Phage Resistance. We isolated bacteria by streaking ~2 μL 195 

of preserved, frozen communities onto LB agar plates. Plates were incubated overnight at 37C 196 

and then colonies were isolated and streaked twice more to purify them of phage and obtain 197 

isogenic strains. Lastly, bacterial isolates were grown overnight at 37C in LB Lennox broth and 198 

preserved by freezing. To determine when phage resistance evolved, we isolated 12 coevolved 199 

bacteria from each community across various days of the suppression experiment (~600 strains). 200 

We measured resistance by aliquoting phages onto soft agar plates infused with different isolates. 201 

By dividing the number of plaques produced on different bacterial isolates by the number of 202 

plaques formed on the ancestor (REL606), we calculated the efficiency of plaquing (EOP, a metric 203 
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often used to indicate how well phages are adapted to different hosts) for each phage–host pair 204 

(~2400 pairwise EOPs). 205 

 206 

Survey and Test of manXYZ Mutations. To determine which bacterial populations and 207 

timepoints had evolved mutations in the manXYZ operon, we streaked one representative bacterial 208 

isolate from each population across days 1–5 on tetrazolium-mannose indicator plates (10 g 209 

tryptone, 1 g yeast extract, 5 g sodium chloride, 16 g agar, 10 g mannose per liter of water, and 210 

supplemented to a final concentration of 0.005% triphenyl tetrazolium chloride [TTC] indicator 211 

dye). Colonies formed by bacteria with mutations that disrupt mannose metabolism appear dark 212 

red and colonies without manXYZ mutations are pink (Burmeister et al., 2021). We then tested 213 

whether manXYZ mutations recapitulate the resistance we observed in coevolved bacteria from the 214 

suppression experiment by measuring the EOP of phages on ΔmanY and ΔmanZ Keio knockout 215 

collection strains (JW1807 and JW1808, respectively) with respect to K-12 wildtype (Baba et al., 216 

2006). 217 

 218 

Results 219 

Suppression by the phage cocktail and early generalist.  Initially, we compared the suppressive 220 

efficacy of our phage cocktail, early generalist (λegen), and their wildtype phage ancestor (λanc) 221 

(Expt. 1, Fig. 2A). Consistent with previous studies (Borin et al., 2021), we found that the ancestral 222 

phage lost the ability to suppress bacteria in ~1 d. Both early generalist and cocktail treatments 223 

appeared more suppressive than λanc for the first 2 d since all three replicates for λegen and all six 224 

replicates for the cocktail had less dense bacterial populations than all three λanc replicates. The 225 

cocktail was significantly more suppressive (p = 0.028 and p = 0.024 for days 1 and 2, respectively, 226 
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Mann-Whitney U test); however we did not find statistical significance between λanc and λegen 227 

(p = 0.1) because of the reduced number of replicates for λegen. Given the nonparametric test we 228 

used (Mann-Whitney U test) and the low number of replicates, it would be impossible to compute 229 

a p-value lower 0.05. In comparisons between the cocktail and early generalist, bacterial 230 

suppression was similar; both λegen and the cocktail eliminated bacteria from 1 of 3 and 2 of 6 231 

flasks, respectively. However, the cocktail was more suppressive on day 2 (p = 0.048). Because 232 

bacterial titers were highly variable and sample sizes were small, we repeated the experiment with 233 

more replicates. (Expt. 2, n = 10 λegen flasks and 11 cocktail flasks). On average, both λegen and 234 

the cocktail suppressed bacteria ~100-fold for the first 4 d of the experiment (Expt. 2, Fig. 2B). 235 

There were no significant differences between treatments, suggesting that the cocktail and early 236 

generalist are equally effective at suppressing bacteria. 237 

 238 

Combination therapies rely on the concurrent exploitation of multiple modalities to improve 239 

efficacy and delay resistance. Loss of, or asymmetries in targeted modalities can reduce the 240 

effectiveness of treatment. Because the cocktail is a multipartite treatment comprised of 2 distinct 241 

specialist phages, we investigated how its composition (and therefore preference for different 242 

receptors) differed from the early generalist treatment, which is comprised of a single genotype. 243 

In addition to estimating the overall phage titer each day, we measured the number of phages that 244 

could infect using LamB or OmpF receptors by aliquoting the community phage lysate on hosts 245 

lacking either OmpF (O–) or LamB (L–), respectively. We then calculated the Specialization Index 246 

(SI), which quantifies phages’ preference on a scale from 1 (LamB specialization) to –1 (OmpF 247 

specialization). We hypothesized that over time the SI of the cocktail would either H1) fix at –1 or 248 

1, coinciding with fixation of a specialist genotype, H2) occupy intermediate values suggesting a 249 



 11 

balance between the specialist phages or H3) fluctuate between –1 and 1 in a negative frequency-250 

dependent manner. Support for H1 or H3 associated with a loss of bacterial suppression could 251 

suggest that efficacy is lost due to a loss of, or asymmetry in receptor use. 252 

 253 

We find that SI values of the cocktail fluctuated between 1 and –1, indicating that the composition 254 

of the cocktail alternated between λLspec and λOspec phages (Expt. 2, Fig. 3A). These oscillations, 255 

which initially favor LamB specialization (SI ~ 1), give way to OmpF specialization (SI ~ –1) as 256 

the cocktail maintains suppression, and then return to SI ~ 1. In contrast, the SI of the early 257 

generalist maintained intermediate values (Fig. 3B). When we repeated the experiment with more 258 

replicate populations (Expt. 2, Fig. 2B), we found similar dynamics, albeit with more variable 259 

periods of oscillation (Expt. 2, Fig. S1). We did not observe any relationship between the 260 

predominance of λLspec or λOspec and the cocktail’s ability to maintain suppression. For 261 

example, in cocktail population 5, the rapid shift to LamB specialization correlates with lower 262 

suppression, whereas in population 4, the shift to LamB specialization coincides with increased 263 

suppression (Fig. S1). Altogether, these results show that fluctuations in the composition and 264 

receptor preference of the cocktail helped maintain phages throughout the experiment and possibly 265 

prolonged the cocktail’s effectiveness. 266 

 267 

Suppression by the phage cocktail and trained generalist. In previous work, we demonstrated 268 

that the ability to infect through 2 distinct receptors substantially improves bacterial suppression 269 

(Borin et al. 2021). We did this by comparing phages that were “trained” via coevolution with their 270 

host for 20 d. Half of the phages we compared had evolved the ability to use an additional receptor 271 

during training and were far more suppressive (~1000-fold) than the phage ancestor. However, the 272 
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other half of the phages in our comparison did not evolve to use a new receptor and showed only 273 

meager improvements in suppression. This led us to conclude that the ability to infect through 2 274 

receptors (which evolved as a result of phage training) drastically improves suppressive efficacy. 275 

However, when we compared λegen and the cocktail (Expt. 1 and 2, above), which both exploit 2 276 

receptors, neither seemed as suppressive as the trained dual-receptor phages from the previous 277 

study.  278 

 279 

To investigate this discrepancy, we compared a trained generalist phage (λtgen) against our 280 

cocktail in another suppression experiment (Expt. 3). λtgen was significantly more suppressive for 281 

15 d, and bacteria were driven extinct in 3 of 5 λtgen flasks (Expt. 3, Fig. 4), clearly showing that 282 

the trained generalist was more suppressive than the early generalist and phage cocktail. Again, 283 

we found that the cocktail fluctuated between LamB and OmpF specialization, whereas the trained 284 

generalist maintained intermediate SI values like the early generalist. (Expt. 3, Fig. S2). Because 285 

λegen, λtgen, and the cocktail all use the same 2 receptors, these results suggested that λtgen has 286 

some other property that makes it more effective at suppressing bacteria. 287 

 288 

Evolution of resistance. To investigate why the trained generalist was able to suppress bacteria 289 

for so much longer than the cocktail, we first measured when bacteria evolved resistance in each 290 

treatment. We isolated 12 coevolved bacteria from various timepoints of each population in the 291 

suppression experiment (Expt. 3). Then, we measured how resistant each coevolved bacterial 292 

isolate was to each of our phages using efficiency of plaquing (EOP, a metric of how well phages 293 

infect different hosts). By aliquoting all of our phages (λtgen, λLspec, λOspec, λegen) on each 294 

host, we measured how resistant bacteria were to phages within their treatment, as well as to phages 295 



 13 

outside of their treatment. For example, we measured the resistance of bacteria in the λtgen 296 

treatment to λtgen (within treatment), as well as to λegen, λLspec, and λOspec (outside of 297 

treatment). 298 

 299 

Consistent with previous work, we found that λtgen maintained suppression because it delayed the 300 

evolution of phage resistance (Fig. 5A). Of the 2 surviving λtgen bacterial populations, high levels 301 

of resistance did not evolve for >10 days and, in population 2, high levels of resistance to λtgen 302 

never evolved. Because the pathway by which REL606 evolves resistance to λtgen has previously 303 

been characterized (Borin et al., 2021), we focused our investigation on how bacteria evolved 304 

resistance in the cocktail treatment. 305 

 306 

Bacteria in all cocktail populations evolved high levels of resistance (EOP <10–4) to both λLspec 307 

and λOspec within 1 day (Fig. 5B), explaining why the cocktail treatment lost efficacy much earlier 308 

than λtgen. We also noticed that in all populations, resistance to λLspec and λOspec coincided 309 

with high levels of resistance to λegen. Yet, the bacteria in 4 of 6 cocktail populations did not 310 

rapidly evolve concomitant levels of λtgen resistance, indicating that resistance mutations that 311 

evolved early against the cocktail also conferred high levels of resistance to λegen, but not to λtgen. 312 

Of these 4 cocktail populations, 3 eventually evolved high levels of λtgen resistance, concomitant 313 

with even greater levels of λLspec, λOspec, and λegen resistance. These results suggest that λtgen 314 

may be more suppressive because it is less susceptible to easily acquired mutations that confer 315 

cocktail (λLspec, λOspec) and λegen resistance. 316 

 317 
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Next, we investigated how bacteria evolved resistance. Because all of our treatments, including 318 

λtgen, exploit the same 2 receptors, it seemed unlikely that initial cocktail resistance would be 319 

explained by mutations in LamB and OmpF. Therefore, we considered other mechanisms that 320 

might provide resistance against the cocktail and early generalist phages but not to λtgen. A large 321 

body of work has shown that the E. coli mannose transporter, encoded by the manXYZ operon 322 

(formerly ptsM, a phosphoenolpyruvate-dependent phosphotransferase system), which is 323 

embedded in the inner, cytoplasmic membrane, is used by phage λ to move its DNA across the 324 

periplasmic space and into the cell for infection (Scandella & Arber, 1976; Casjens & Hendrix, 325 

2015). Additionally, the evolution of manYZ mutations have been found in previous coevolution 326 

experiments between λ and E. coli (Meyer et al., 2012; Burmeister et al., 2021; Gupta et al. 2022b). 327 

Therefore, we used tetrazolium-mannose indicator plates to survey bacterial isolates from days 1–328 

5 of all λtgen and cocktail populations for manXYZ mutations. We found manXYZ mutants in every 329 

isolate from the cocktail treatment and none in λtgen populations. The ubiquity of manXYZ 330 

mutations in cocktail populations by day 1 suggests that it is the primary cause of phage resistance 331 

and loss of bacterial suppression. Moreover, the lack of manXYZ mutants in λtgen populations 332 

suggest that they did not arise because these mutations may not be effective for λtgen-resistance. 333 

 334 

To directly test whether mutations in manXYZ provide protection from infection, we measured the 335 

resistance of ΔmanY and ΔmanZ strains (that do not have any other resistance mutations) against 336 

each of our phages. We find that the resistance profiles of ΔmanY and ΔmanZ strains closely 337 

resemble the resistance of coevolved bacteria from the cocktail treatment (Fig. 6); ΔmanY and 338 

ΔmanZ hosts are highly resistant to λLspec, λOspec, and λegen (EOP = 0.05 – 3  10-5) and less 339 

resistant to λtgen (EOP ~ 0.25). The relative resistance of ΔmanY and ΔmanZ strains also matches 340 
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patterns from the cocktail treatment; they are most resistant (lowest EOP) to λegen, followed by 341 

λOspec, λLspec, and then λtgen. Altogether, these results further support that, when treated with 342 

the cocktail, bacteria rapidly evolved resistance via mutations in manXYZ and also that these 343 

mutations do not grant high levels of resistance to λtgen. 344 

 345 

Previous studies of phage λ offer insight into how λtgen is able to bypass manXYZ resistance 346 

mutations. Researchers have found that adaptive mutations in λ genes V (major tail subunit) or H 347 

(tape measure protein and tail component) can allow it to infect resistant manXYZ mutants 348 

(Scandella & Arber, 1976; Esquinas-Rychen & Erni, 2001). In the case of our phages, λOspec and 349 

λtgen each have a unique H mutation (Table S2). λOspec’s H mutation clearly does not allow it to 350 

overcome manXYZ resistance. However, for λtgen, the ability to infect manXYZ mutants that are 351 

resistant to λegen and the cocktail may be due to its H mutation, due to a different mutation (λtgen 352 

also has mutations in lom, Orf-401, and Orf-64, for which functions are not fully understood), or 353 

due to a combination of mutations. Yet these results explain why manXYZ mutants did not evolve 354 

in the λtgen treatment; manXYZ mutations do not confer high levels of resistance to λtgen because 355 

λtgen has already evolved mutations for counter-resistance. These counter-measures allowed λtgen 356 

to remain effective while the phage cocktail lost suppression because of easily acquired manXYZ 357 

resistance mutations. 358 

 359 

The persistence of cocktail phages, despite rapid resistance evolution suggests that the specialist 360 

phages were able to counter manXYZ-based resistance over time. To test this, we isolated 361 

coevolved phages from cocktail populations that survived to the end of the experiment (T=16) by 362 

plating from frozen communities onto either ΔLamB or ΔOmpF cells (for Population 2 we only 363 
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recovered phages on ΔOmpF). Next, we measured each isolates ability to bypass manXYZ 364 

resistance as described above. We found that all surviving specialist phages drastically improved 365 

at infecting manXYZ mutants (EOP from ~10-3 to EOP ~0, Fig. S3). Therefore, by the end of the 366 

coevolution experiment, surviving specialist phages had evolved the ability to overcome manXYZ-367 

based cross resistance mutations, similar to λtgen. As a check to make sure that these isolates were 368 

indeed specialists and not λtgen contamination, we measured the Specialization Index for each and 369 

confirmed that they were still specialists (Fig. S4). Beyond confirming the identity of these phages, 370 

this measurement indicated that the phage in the cocktail treatment maintained high levels of 371 

specialization, showing that fluctuations in receptor use measured at the population level (Fig. 3A, 372 

Fig. S1) were due to oscillations in the phage specialists and not the de novo evolution of phage 373 

preferences. 374 

  375 

Discussion 376 

In phage therapy, multi-phage cocktails are often used to improve treatment outcomes. Ideally, 377 

cocktails are comprised of phages that work additively or synergistically to kill target bacterial 378 

pathogens. For example, phages that target different host receptors can make it more difficult for 379 

bacteria to evolve resistance (Tanji et al., 2004; Gu et al., 2012; Yang et al., 2020). Previous work 380 

has also demonstrated that generalist phages, which infect using multiple, distinct receptors, can 381 

also improve bacterial killing and stem the evolution of resistance (Borin et al., 2021). Here, we 382 

leveraged a collection of highly related λ phage strains to make novel comparisons between 383 

cocktails and generalists. 384 

 385 
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We conducted initial comparisons between a cocktail, comprised of two specialist phages (λLspec 386 

and λOspec) and an early generalist phage (λegen) that recently evolved the ability to use two 387 

receptors. We found that the cocktail and λegen treatments were both more suppressive than their 388 

phage ancestor, supporting previous studies demonstrating that phage therapeutics that target 389 

multiple receptors improve efficacy (Tanji et al., 2004; Gu et al., 2012; Wright et al., 2019; Yang 390 

et al., 2020; Wright et al., 2021). We also found that the cocktail and λegen showed similar levels 391 

of suppression. The composition of the cocktail fluctuated throughout the experiment. However, 392 

we found no link between fluctuations and a loss or gain in suppressive efficacy. Our results 393 

suggest that similar outcomes in therapy may be achieved, regardless of whether the targeted host 394 

receptors are exploited by a single generalist or multiple specialists. However, caution should be 395 

used when extrapolating cocktail treatment efficacy in vitro to animal host infections: On the one 396 

hand, kill-the-winner dynamics that promote negative frequency-dependence and maintain 397 

constituent phages at the site of infection could improve therapeutic outcomes (Maslov & Sneppen, 398 

2017). However, the fact that fluctuations arose in a simplified flask experiment may be 399 

concerning for in vivo applications if spatial heterogeneity and environmental complexity 400 

exacerbate asymmetries in the treatment and one or more constituent phages are lost from the 401 

infection site. Future studies should evaluate whether the inherent compositional differences 402 

between phage cocktails and phage generalists lead to diverging outcomes when administered for 403 

in vivo phage therapy. 404 

 405 

We also compared our cocktail against a trained generalist (λtgen) that previously demonstrated 406 

strong suppressive capabilities (Borin et al., 2021). Although both of our treatments use the same 407 

two receptors, λtgen was significantly more suppressive. It took bacteria >10 days to evolve high 408 
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levels of resistance to λtgen (resistance to λtgen is described in Borin et al., 2021), whereas bacteria 409 

evolved resistance to the cocktail in 1 day. By measuring how bacteria evolved resistance in each 410 

treatment, we discovered why the cocktail and λegen performed similarly, as well as why the 411 

trained generalist was superior. 412 

 413 

Bacteria evolved resistance to both phages in the cocktail by acquiring mutations in manXYZ, a 414 

mannose transporter that λ uses to traffic its DNA across the periplasm and into the host cell 415 

(Esquinas-Rychen & Erni, 2001). These manXYZ mutants were also resistant to the early 416 

generalist, explaining why the efficacy of our cocktail and λegen treatments were similar. When 417 

besieged by phages targeting 2 different receptors, bacteria evolved cross resistance by altering an 418 

intracellular pathway instead of mutating each receptor separately (see also Wright et al., 2018). 419 

This blocked infection, regardless of the receptor(s) used by the phage. 420 

 421 

The trained generalist was superior to all other treatments because manXYZ mutations were not 422 

effective to block λtgen infection. Previously, we concluded that coevolutionary training improved 423 

phages by selecting for those that had evolved to use 2 receptors (Borin et al., 2021). It is now 424 

clear that training also selects for phages that experience and evolve to bypass other forms of 425 

resistance, like manXYZ, thereby producing phages that were far less susceptible to the evolution 426 

of resistance. Because mutations to counter manXYZ resistance evolved after the appearance of 427 

dual-receptor generalists (λegen lacks manXYZ counter resistance), our results suggest that it is 428 

advantageous to continue training phages after they have acquired novel functions, in order for 429 

them to experience and counter new forms of resistance in their hosts. 430 

 431 
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We believe that our results strongly recommend the consideration of multi-receptor phages for 432 

therapy. Yet, generalist phages appear to be rare in nature. This perception could be due to poor 433 

surveillance of phage receptors preferences, however there may also be costs associated with 434 

generalization. Previous work demonstrates that λ can rapidly and repeatably evolve to use new 435 

receptors, suggesting that researchers may be able to generate multi-receptor phages in the lab 436 

(Meyer et al., 2012). However, studies also show that the evolution of tail fiber mutations that 437 

enable the innovation to use a new receptor also destabilize the protein (Petrie et al., 2018; Strobel 438 

et al., 2022). This could be problematic for therapy if it reduces phage shelf life or increases 439 

clearance from the body (Bull et al., 2019). Therefore, more study is needed to determine whether 440 

destabilization is a general phenomenon in the evolution of receptor innovations. Moreover, we 441 

recommend that researchers test whether naturally isolated multi-receptor phages, like T2, are 442 

unstable and whether generalist phages of interest can be restabilized through evolution or genetic 443 

engineering (Favor et al., 2020).  444 

 445 

In this study we used highly related λ strains to control for factors apart from receptor use. This 446 

could have made it easier for bacteria to evolve cross resistance. Cocktails comprised of more 447 

distantly related phages may reduce the likelihood of cross resistance, however these results 448 

highlight the importance of determining whether cross resistance mutations are easily acquired, 449 

even when phages target different receptors (Wright et al., 2018; Abedon et al., 2021). 450 

 451 

Altogether our results demonstrate strong support for the use of multi-receptor targeting phage 452 

cocktails and generalists for therapy. We believe that practitioners should first determine whether 453 

target bacteria can readily evolve cross resistance, as this may rapidly cause treatments to fail. We 454 
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also find more support for coevolutionary phage training, as it produces phages that bypass 455 

mechanisms of cross resistance and drastically improves efficacy. We find that coevolutionary 456 

training is a particularly powerful approach because it employs the natural algorithm of evolution. 457 

Through coevolution with their hosts, phages like λtgen “solve” evolutionary challenges that were 458 

neither known nor anticipated by their trainers. 459 

 460 

Data Archiving Statement 461 

Data and code related to the study have been made available at the following GitHub repository: 462 

https://github.com/joshborin/CocktailGeneralist.  463 
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 649 

Figure 1. Schematic of phage strains in the study. The ancestral phage (λanc) is cI26, a strictly lytic strain of phage λ. 650 

The early generalist (λegen) is a descendant of λanc isolated after 8 d of coevolution with E. coli. The trained generalist 651 

(λtgen), was isolated from the same population as λegen after 20 more days of coevolution. The cocktail is comprised 652 

of a LamB specialist (λLspec) and an OmpF specialist (λOspec) which are descendants of λegen. λanc uses LamB, 653 

λegen and λtgen can use LamB and OmpF, and λLspec and λOspec use LamB or OmpF, respectively. Colors indicate 654 

phages/treatments throughout the study. Dotted lines indicate which receptor(s) the phages can use. 655 
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 667 

Figure 3. Preference of λegen and cocktail treatment for LamB and OmpF receptors over days of the first suppression 668 

experiment (Expt. 1, lines and shapes represent replicates and correspond with those in Fig. 2A). The cocktail (A) is 669 

colored purple and λegen (B) is gold. Receptor preference was quantified using a Specialization Index (SI) where SI 670 

= (titerLamB – titerOmpF) / (titerLamB + titerOmpF). SI ranges from 1 (LamB specialization) to –1 (OmpF specialization). 671 

 672 
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 681 

Figure 5. Median resistance of n=12 coevolved bacterial isolates across various days of the suppression experiment 682 

against our panel of 4 phages (Expt. 3). Resistance of bacteria to λegen, λLspec, λOspec, and λtgen is indicated by 683 

gold, blue, red, and green lines, respectively. Resistance was measured by calculating the efficiency of plaquing (EOP 684 

= plaques on coevolved bacteria / plaques on bacterial ancestor). EOP is presented on a log10 scale where the dashed 685 

line indicates EOP = 1 (where bacterial isolates are as sensitive as the ancestor). Points along the x-axis indicate where 686 

phages were completely unable to form plaques on bacteria from that timepoint (EOP = 0, log10EOP = -infinity). 687 

 688 

 689 
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 690 

Figure 6. Resistance of E. coli K-12 ΔManY and ΔManZ knockout bacteria to our panel of 4 phages. Resistance to 691 

λegen, λLspec, λOspec, and λtgen is indicated in gold, blue, red, and green, respectively. Resistance was measured by 692 

calculating the efficiency of plaquing (EOP = plaques on knockout bacteria / plaques on bacterial ancestor). EOP is 693 

presented on a log10 scale where the dashed line indicates EOP = 1 (focal bacteria is as sensitive as the ancestor). 694 
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Supplementary Materials 705 

Table S1. Host receptors used by 17 lambdoid phage strains. Phage lysates were aliquoted onto soft agar plates infused 706 

with E. coli K-12 wildtype or wildtype-derived knockout strains from the KEIO gene knockout collection. We 707 

determined the phages’ receptor by whichever knockout host it failed to infect (form a zone of lysis on). For example, 708 

phage λ is unable to lyse K-12 ΔlamB, indicating that LamB is its receptor. 709 

Phage Strain Host Receptor 
Lambda (λ) LamB 
Φ21 LamB 
HK97 LamB 
HK629 LamB 
HK630 LamB 
Φ434 OmpC 
mEpX1 FhuA 
mEpX2 FhuA 
HK022 FhuA 
HK140 FhuA 
Φ80 FhuA 
mEp043c FhuA 
mEp213 FhuA 
mEp234 FhuA 
mEp235 FhuA 
mEp237 FhuA 
mEp390 FhuA 

 710 
 711 
 712 
 713 
 714 
 715 
 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
 731 
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Table S2. Genomic differences between our λ ancestor (λanc) and the other phages in the study. “X” indicates that the 732 

mutation is present. For genomic differences between λanc and the λ reference (GenBank: NC_001416) see Meyer et 733 

al. 2012. All mutations are nonsynonymous except the recombination in λtgen which contains synonymous and 734 

nonsynonymous mutations. The recombination occurred between λ and a relict prophage in the genome of REL606 735 

during a coevolution experiment (Meyer et al., 2012; Borin et al., 2021). 736 

 737 
 738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
 749 
 750 
 751 
 752 
 753 
 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 
 768 
 769 
 770 
 771 
 772 
 773 
 774 

Position Mutation Gene λegen λLspec λOspec λtgen 
11,451 C → T H    X 
11,828 A → G H   X  
17,049 – 18,297 Recombination J    X 
18,492 C → A J X X X  
18,503 C → T J   X X 
18,537 C → A J   X  
18,538 A → G J X X X X 
18,589 C → A J  X   
18,731 C → A J   X  
18,734 T → C J X X   
18,814 C → T J   X X 
18,823 G → A J X X X X 
18,825 T → A J X X X X 
18,868 A → T J    X 
19,260 T → C lom    X 
20,661 A → G Orf-401    X 
39,394 A → G S/S’  X   
45,176 (G)5→6 

 
Orf-64    X 
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 775 
Figure S1. Bacterial titer and phage Specialization Index (SI) throughout the highly replicated suppression experiment 776 

(Expt. 2). Lines are colored with respect to phage treatment; cocktail is purple and λegen is gold. Within each 777 

treatment, the top row shows bacterial titers and the bottom row shows SI over the 10-d experiment. Each replicate 778 

population is plotted separately, from left to right (n = 11 and 10 replicates for the cocktail and λegen treatments, 779 

respectively). In bacterial titer panels, the dashed line indicates the limit of detection (10 CFU/mL). 780 

 781 
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 782 
 783 
 784 

 785 
Figure S2. Phage Specialization Index (SI) from the suppression experiment comparing λtgen and the cocktail (Expt. 786 

3). Lines are colored with respect to phage treatment (λtgen is green and the cocktail is purple) and each replicate 787 

population is plotted separately. 788 
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 801 

 802 

Figure S3. Resistance of E. coli K-12 ΔManY and ΔManZ knockout bacteria to λLspec, λOspec, and coevolved phages 803 

isolated from cocktail populations at T=16. Resistance was measured by calculating the efficiency of plaquing (EOP 804 

= plaques on knockout bacteria / plaques on bacterial ancestor). EOP is presented on a log10 scale where the dashed 805 

line indicates EOP = 1 (focal bacteria is as sensitive as the ancestor). Coevolved phages are named by population, 806 

timepoint, and isolation host (ΔLamB (L-) or ΔOmpF (O-). 807 
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 817 

 818 

 819 

 820 

Figure S4. Specialization Index (SI) of λLspec, λOspec, and coevolved phages isolated from cocktail populations at 821 

T=16. Coevolved phages are named by population, timepoint, and isolation host (ΔLamB (L-) or ΔOmpF (O-)). 822 

 823 


