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Abstract: Bacteriophages (phages) have co-evolved with their bacterial hosts for billions of years. 
With the rise of antibiotic resistance, the significance of using phages in therapy is increasing. 
Studying the dynamics of phage evolution when incubated with their bacterial hosts can provide 
insights that are useful for adapting phages to more challenging clones of their hosts that may arise 
during treatment. Two main models describe interactions in phage-bacteria systems, the arms race 
dynamics and the fluctuating selection dynamics, and many factors affect which dynamics dominate 
the interactions between a phage and its host. These dynamics will in turn affect the outcome of the 
co-existence of phages and bacteria, ultimately determining which of them will adapt better toward 
the other. In this review, we summarized key results of the research on phage-bacteria co-evolution, 
regarding the different concepts that can describe them, the factors that may contribute to the 
prevalence of one model over others, and the effects of various dynamics on the phages and bacteria. 

Keywords: co-evolution; phage therapy; arms race dynamics; fluctuating selection dynamics; phage 
adaptation; host range expansion  
 

1. Introduction 
Bacteriophages (phages) and bacteria have adapted to each other over billions of years [1]. Their 

relationship is a specific example of host-parasite coexistence with many unique features [2]; the 
continuous interaction between the phages and the bacteria led to the development of bacterial 
protection systems against the phages and the improvement of methods to overcome these systems 
by phages. This arms race is not the only form of interaction, as in many cases the acquired adaptation 
is costly, whether in terms of fitness or virulence. Therefore, other types of interactions emerged, for 
example, a win-win scenario where a phage can infect a bacterium, integrating its genome into the 
bacterial genome and helps it either with useful genes or by protecting it against other phages [2]. 

Additionally, a temporal factor plays a role in the adaptation of phages and bacteria toward each 
other. Phages and bacteria may acquire mutations temporarily before abandoning them later in favor 
of mutations more suitable to contemporary counterparts, or because the mutations were 
disadvantageous in some aspects. This fluctuating selection of genotypes could be more maintainable 
over time, and would lead to the emergence of a wide variety of bacterial and phage descendants due 
to the continuous interactions [3]. 

This review aims to summarize the studies conducted on phage-bacteria co-evolution, whether 
it was done under controlled settings in vitro or in vivo, or focused on testing samples collected 
regularly from ecosystems over long periods of time. More than thirty articles that were published 
over the past twenty years (Table 1) were involved in the review and the factors that influenced the 
co-evolution of phages and bacteria were analyzed. Additionally, the main features of the dynamics 
of evolution and the limitations in the studies conducted were described. The review does not discuss 
the various mathematical models used to depict the dynamics of evolutions, which have been 
comprehensively described previously [4]. 
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Table 1. Experimental studies covered in this review. 

# Phages Bacteria Duration/ 
passages  

Investigated factors R
e
f
.  

1 SBW25F2 P. fluorescens 50 transfers Long-term selection [
5
] 

2 SBW25F2 P. fluorescens 16 transfers Periodic shaking of 
microcosms 

[
6
] 

3 SBW25F2 P. fluorescens 16 transfers Altering time periods 
between transfer to fresh 
microcosm 

[
7
] 

4 SBW25F2 P. fluorescens 8 transfers Constant shaking of 
microcosms 

[
8
] 

5 SBW25F2 P. fluorescens 12 transfers Mixing proportions of 
cultures from different 
microcosms prior to 
transfer 

[
9
] 

Effect of simultaneous 
migration of coevolving 
bacteria and phages. 

6 SBW25F2 P. fluorescens 30 transfers UV mutagenesis of 
ancestral bacterial clone 

[
1
0
] 

7 SBW25F2 P. fluorescens 73 transfers Holding bacteria or phage 
populations constant for 
varying numbers of 
transfers 

[
1
1
] 

8 SBW25F2 P. fluorescens 6 transfers Mixing proportions of 
cultures from different 
microcosms prior to 
transfer. 

[
1
2
] 

Effect of simultaneous 
migration of coevolving 
bacteria and phages. 

9 SBW25F2 P. fluorescens 24 days Effect of evolutionary naïve 
bacteria on the phage-
bacteria co-evolution 

[
1
3
] 

1
0 

SBW25F2 P. fluorescens 60 transfers Long-term selection [
1
4
] 

1
1 

RIM8 Synchronous spp. 6 months  Long-term selection from 
one ecosystem 

[
1
5
] 
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1
2 

Phage lambda E. coli  37 days  Long-term selection [
1
6
] 

1
3 

Multiple phages 
unspecified  

multiple bacterial 
strains from various 
species  

Several 
months, 
samples 
were taken 
once a 
month 

Long-term selection [
1
7
] 

1
4 

F6 Four Pseudomonas 
strains, only one 
permissive 

20 transfers Competition among phages 
for the host  

[
1
8
] 

1
5 

55 clones of SBW25F2 
from a previous 
experiment 

150 P. fluorescens 
strains 

Phages were 
used from 
the previous 
experiment 

Can a phage that adapted 
to one strain expand host 
range to additional strains 
that wasn't incubated with 

[
1
9
] 

1
6 

LMA2, PEV2, LKD16, 
14-1, LUZ7, LUZ19 

P. aeruginosa 10 transfers Competition among phages 
for the host  

[
2
0
] 

1
7 

SBW25F2 P. fluorescens 12 transfers Effect of rich nutrient 
media 

[
2
1
] 

1
8 

SBW25F2 P. fluorescens 16 days Constant shaking of 
microcosms 

[
2
2
] 

1
9 

P-SSP7, P-TIP2, P-
GSP1, P-SSP2, P-SSP1 
P-RSP1, P-TIP1, P-
TIP38, P-SSP3b, P-
TIP39 

3 Prochlorococcus 
strains: MED4, 
MIT9312, and 
MIT9215 

33 months Long-term selection [
2
3
] 

Effect of poor nutrient 
media 

2
0 

SBW25F2 P. fluorescens 20 transfers Long-term selection [
2
4
] 

2
1 

PEV2, LMA2, 14-1, 
LUZ7, LUZ19 

P. aeruginosa 24 hours Competition among phages 
for host  

[
2
5
] 

2
2 

14-1 and LUZ19 Pseudomonas 
aeruginosa 

9 transfers Competition among phages 
for host  

[
2
6
] 

2
3 

P-SSP7, P-GSP1 and 
P-TIP38 

5 Prochlorococcus 
strains: MED4, 
MED4-R1, MED4-
R5, MED4-R6 and 
MED4-R8 

70 days The ability of phages to 
overcome the resistance of 
the bacteria and its fitness 

[
2
7
] 
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2
4 

PEV2, LUZ19, LUZ7, 
14-1, LMA2 

Pseudomonas 
aeruginosa 

10 transfers Competition among phages 
for host  

[
2
8
] 

2
5 

FJB01 Four E. coli strains, 
one host strain and 
three non-
permissive 

10 transfers One phage incubated with 
multiple potential hosts 

[
2
9
] 

2
6 

Phage lambda E. coli B strain 
REL606  

28 transfers Effects of co-evolving the 
phage on suppressing the 
bacteria resistance toward 
it 

[
3
0
] 

2
7 

ICP1, ICP2 and ICP3 Vibrio cholerae 32 years Integration elements' effect 
on spread of anti-phage 
resistance and the 
fluctuating dynamics of 
evolution 

[
3
1
] 

2
8 

SBW25F2 P. fluorescens 12 days  Effect of different evolving 
strategies on overcoming 
bacterial resistance 

[
3
2
] 

2
9 

14–1 and PNM P. aeruginosa 12 days  In vitro versus in vivo 
evolution  

[
3
3
] 

3
0 

Phage lambda E. coli B strain 
REL606  

37 days 
(from 
previous 
experiment) 

Comparing phenotypic and 
genotypic features of 
trained phages 

[
3
4
] 

3
1 

vB_Sen_STGO-35-1 Salmonella Enteritidis 21 days Effect of rich nutrient 
media 

[
3
5
] 

3
2 

20 different phages Erwinia, Pantoea, 
Pseudomonas, 
Stenotrophomonas 

4 years Long-term selection from 
one eco-system 

[
3
6
] 

3
3 

SPO1 Bacillus subtilis 28 days Endospores effects on 
protecting the bacteria 
from phages 

[
3
7
] 
 

2. Mutation Rate and Mutation Load 
When describing the changes happening in co-evolving phages and bacteria, two concepts are 

important in order to understand the limitation and scope of their adaptation: mutation rate and 
mutation load. Mutation rate measures the number of mutations that arise in a population over time. 
It is typically estimated by adjusting the number of substitutions with samples found in dated fossils 
[38] or with samples from different stages of measurably evolving population [39]. This rate varies 
substantially among microorganisms, and as estimated by fluctuation experiments; it is ∼10−10 

mutations per nucleotide per replication for bacteria, from 10−7 to 8 × 10−7 mutations per nucleotide 
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per replication for some dsDNA phages [40], and 5 × 10-3 mutations per genome per replication in the 
case of the phage M13 [41].  

The mutational load is the total genetic burden in population resulting from accumulated 
damaging mutations. During the population’s evolution, a number of damaging mutations may 
arise. Such mutations reduce the average fitness of members of this population and result in the 
elimination of some of them. This leads to selection against such damaging mutations and results in 
a balance between selection against the damaging gene and its production by mutagenesis. In the 
equilibrium, a dominant deleterious mutation has a frequency of m/s, where m is the mutation rate 
and s is the selective disadvantage of the mutation. The mutational load can be calculated as equal to 
the mutation rate in the equilibrium state [42]. 

3. Mechanisms of Phage-Bacteria Co-Evolution 
Genomes’ evolution in both phages and bacteria involves the acquisition of genetic material 

through genetic recombination, which occurs at two different scales. At the micro-scale, 
recombination can alter several nucleotides in a single event. At the macro-scale, recombination can 
result in the acquisition or deletion of genes or their fragments, and this leads to gene content 
variations over time.  

Phages can encode various proteins that facilitate recombination such as proteins of the Red 
recombination system [43], recombinases, and transposases [44]. Recombination between phages 
occurs mainly through coinfection, which has been shown to be widespread in bacterial populations 
[45–47]. During coinfection, temperate phages may acquire DNA from defective prophages in the 
host genome by relaxed homologous recombination [48], while lytic phages can recombine with other 
lytic phages or with prophages or remnants of prophages in the host genome [49]. Footprints of 
genetic recombination have been found in phage genomes [50,51], and the high variability of gene 
content observed in natural phage populations indicates that gene gain and loss are relatively 
frequent [52]. Nonetheless, their rates in the evolution of phage genomes are still unknown [53]. 

Interacting with the phages, bacteria have developed a wide range of anti-phage defense 
mechanisms. Bacterial anti-phage mechanisms include restriction modification (RM) systems, 
abortive infection systems, protein sensing systems, toxin–antitoxin (TA) systems, prokaryotic 
argonauts, CRISPR-Cas, surface modification and others [54,55]. Some of these defense strategies do 
not allow the phage to infect the bacterium while preserving it intact. Thus, RosmerTA system 
encodes a toxin, which causes a depolarization of the bacterial membrane and doesn’t allow the 
phage to adsorb properly and inject its genome, and another protein, an antitoxin, that counter the 
effects of the toxin thus leaving the bacteria intact [56]. Another system, the Hachiman system, 
produces two proteins, one of which checks the integrity of the bacterial genome, while inactivating 
a second protein. When the bacterial genome is damaged, for example, due to a phage infection, the 
second protein with the nuclease activity is activated, and all the genetic material inside the bacterial 
cell, whether bacterial or viral, is destroyed. Thus, the bacterium is damaged, protecting neighboring 
bacterial cells. 

One of the most common ways used by bacteria to counter phage infections is modification of 
the outer membrane receptors used by the phage for adsorption. E. coli, for example, is known to 
develop resistance due to mutations in the regulatory gene malT that suppresses expression of the 
host receptor, the outer-membrane protein LamB [34,57,58]. 

Phages, in turn, have adapted special mechanisms against the bacteria’s defenses. Phage 
λ counters the decrease in LamB expression in its host by evolving mutations in the binding domain 
of the host-recognition protein J, which allows it to use a new receptor, OmpF. However, E. 
coli  accumulates additional mutations in OmpF or in an inner-membrane protein complex, ManXYZ, 
that transports λ DNA into the cytoplasm to counter the viral infection in another 
mechanism [34,57,58].  

Sometimes, phages acquire mechanisms to counter the defense systems from their bacterial 
hosts. Thus, Enterobacter cloacae phage EC151 encodes 7-deazaguanine modification pathway to 
counter the RM systems of its bacterial host[59]. In addition, phages evolved counter-defenses against 
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some TA systems deployed by bacteria. Some T4-like phages encode the protein TifA, which directly 
binds both the endoribonuclease ToxN (the toxin of the TA system type III toxin) and bacterial RNA, 
leading to the formation of a high molecular weight ribonucleoprotein complex in which ToxN is 
inhibited [60]. So, the evolving of anti-phage systems in bacteria and counter-mechanisms in phages 
provide a mean, through which they change over time as a result of their prolonged interactions. 

4. Co-evolutionary Dynamics 
Bacteria-phage co-evolution is a classic example of host-parasite mutual adaptation. This 

adaptation follows a certain dynamic that may be classified into two main categories: arms race 
dynamics and fluctuating selection dynamics, also known as red queen dynamics. Other dynamics, 
namely leapfrog dynamics, kill the winner dynamics, piggy back the winner dynamics, and 
community shuffling dynamics, are described as well, although less studied. 

4.1. Arms Race Dynamics 
Arms race dynamics are driven by directional selection for increasingly resistant hosts and 

increasingly infectious parasites, novel mechanisms of phage infectivity or host resistance emerge 
and accumulate[61,62]. However, this accumulation of novel mechanisms is limited, not only by the 
consumption of resources, but also by the potential number of novel mutations, which can arise, and 
the impact of accumulating fitness costs. After several generations of co-evolution, a novel 
mechanism may become fixed due to recurrent selective sweeps. Subsequently, fluctuating selection 
dynamics can emerge. This shift allows for the maintenance of genetic diversity as varying selective 
pressures enable multiple alleles to coexist rather than remaining fixed. 

Arms race dynamics are directional, which means that each novel mutation providing further 
phage infectivity or bacterial resistance to phages is added to the previous background, and 
resistance or infectivity ranges increase as co-existence continues. In this case, a hierarchical structure 
within the population exists, where each genotype is a subset of a more generalist genotype, which 
is one step further down the co-evolutionary race [63]. In general, the resulting adapted host 
population is less diverse with lower levels of sustained genetic variability [64], unless the cost of 
resistance is high enough for phage-susceptible bacteria retain to a fitness advantage.  

4.2. Fluctuating Selection Dynamics 
Fluctuating selection dynamics are long term co-evolutionary dynamics, often associated with 

alterations of genotype abundances driven by fluctuating selection in host-parasite systems [3]. The 
dynamics are driven by negative frequency-dependent selection, whereby common host genotypes 
are targeted by phage infection and selected against, leading to the increased frequency of rarer host 
genotypes, which eventually become the most common, and then the cycle repeats [61].  

Long term fluctuating selection dynamics promote diversity within populations, and since only 
the most abundant bacteria are targeted, multiple genotypes can co-exist. If each bacterial clone 
independently co-evolves against specialized phages, each interaction would have its own 
evolutionary trajectory potentially forming their own hierarchy of genotypes as they diversify [63]. 
The increased host diversity supports a broader genetic polymorphism of resistance phenotypes, 
which, in turn, can protect the population upon encountering new phage genotypes [63]. 

It is suggested that if phages adapt more rapidly than their hosts, fluctuating selection dynamics 
are on average expected to result in phages better adapted to their contemporary hosts compared 
with past and future ones, and vice versa if hosts adapt faster than phages [65]. 

4.3. Leapfrog Dynamics 
Leapfrog dynamics are hybrid dynamics that were suggested following the contradiction 

between genotypic and phenotypic features of bacteria and phages resulting from co-incubation 
experiments [34]. The dynamics suggest that parasite genotypes with ever-expanding host ranges are 
selected, and hosts with ever-increasing resistance are favored, like in the arms race dynamics. 
However, the diversity of hosts and parasites that appeared early in the co-evolution process is 
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maintained, allowing for the emergence of rare individuals with advantageous phenotypes from this 
pool to replace whatever the dominant strains are. Thus, while genotypic pattern points to fluctuating 
selection dynamics, the selection at the phenotypic level operates similarly to the arms race dynamics 
model [34]. 

4.4. Kill the Winner Dynamics 
These dynamics indicate that phages and bacteria manage to coexist and maintain ecosystems 

with a high diversity of strains, despite limited resources and an abundance of infections. Virulent 
phages predominantly propagate in fast-growing bacteria and thereby suppress the competitive 
exclusion of slower-growing bacteria. Phages capable of infecting multiple hosts play an important 
role both in the evolution of the ecosystem, by eliminating the dominant bacterial strains, and in 
maintaining diversity by allowing slow growers to coexist with faster growers [66]. 

4.5. Piggy Back the Winner Dynamics 
These dynamics indicate that the lysogenic lifestyle of phages prevails in environments with 

high microbial abundance and growth rates. Switching to the temperate life cycle reduces the level 
of phage control on bacterial abundance and ensures the exclusion of superinfection, preventing 
infection of the same bacterial cells by closely related phages; so, microbial diversity decreases [67]. 

4.6. Community Shuffling Dynamics 
Prophages can be detrimental to their bacterial hosts, since their induction results in host lysis. 

Even though spontaneous induction is a rare event with negligible negative consequence on lysogen 
fitness, various environmental factors can change induction from a rare and stochastic event to a 
deterministic process. In the oceans, prophages have been compared to molecular time bombs, which 
can be activated by changes in salinity or various pollutants [68]. 

5. Factors Affecting the Outcomes of Co-Evolution Experiments 
Analyses of the studies covered in this review revealed a number of factors that can affect co-

evolution outcomes (Figure 1). 
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Figure 1. Factors that can affect the co-evolution of phages and bacteria. 

5.1. Duration of the Experiment 
Short experiments on the bacteria-phage co-evolution often result in the arms race dynamics and 

selection of generalist phages and bacteria, which are usually weaker than their ancestral strains. Co-
evolving bacteria and phages select for generalist bacteria with wider resistance toward the phage 
infecting them and generalist phages with wider infectivity ranges; the cost of resistance increases 
over time spent on co-evolution. This pattern has been described in experiments with the co-evolving 
Pseudomonas fluorescens SBW25 and SBW25F2 phage [69]. 

Over longer periods of time, the cost of resistance increases and shifts the dynamics of selection 
from the arms race dynamics to fluctuating selection dynamics, as can be seen from the study 
conducted over sixty rounds in the same P. fluorescens SBW25-phage SBW25F2 system[14]. In another 
study of bacteria-phage communities in leaves of horse chestnuts tree, phages were collected monthly 
from eight trees for six months and the phages were found to be most infectious to contemporary 
bacterial hosts or those from recent past compared to bacteria from the past. Notably, phages 
collected at the end of the season were somewhat less infectious to bacterial hosts than much earlier 
in the season. This pattern suggests the fluctuating selection dynamics rather than the arms race 
dynamics [17]. 
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5.2. Preexisting Ability of Phages to Adapt to New Hosts and Bacteria Mutational Load 
The phage’s preexisting readiness to adapt to non-target bacterial strains that are present in the 

experiment, is related to the number of point mutations required for the phage to become able to 
infect new hosts [20,69]. The expansion of the host range of a phage may require predisposition to 
adapt to the bacterial strains present, like acquiring a single point mutation in order to become able 
to infect them. Such an example was shown during incubation of the Pseudomonas syringae pv. 
phaseolicola phage F6 with three non-permissive Pseudomonas strains and its host strain. The 
experiment resulted in new generalists phages after 20 passages capable of infecting previously non-
permissive strains [18]. 

The mutational load of bacteria plays a role in determining their ability to adapt to contemporary 
phages; if bacteria have high mutational loads and reduced fitness, they are less able to adapt to the 
phages. This was shown when bacteria P. fluorescens SBW25, whose mutagenesis was induced by UV 
before the experiment, and bacteria with accumulated mutations were compared with un-
mutagenized bacteria. As a result, mutagenized bacteria were more able to adapt to the phages [10]. 

5.3. The Bacterial Receptors Targeted by the Phage 
When studying the co-evolution of six different phages and their host Pseudomonas aeruginosa 

PAO1, the dynamics depended on the phages, with some of them becoming more infectious and 
some less infectious [20,69]. The co-evolutionary dynamics were associated with the nature of the 
receptor used by the phage for infection. In the experiment, some phages used bacterial pili as their 
receptors, whereas some phages targeted lipopolysaccharides (LPS). When developing resistance to 
phages, the bacteria of the first type could decrease the number of pili on its surface, and this sparsity 
of pili reduced the adsorption of pili-dependent phages. This loss of pili had fitness cost for the 
bacteria, because it impaired bacteria swimming ability making this adaptation undesirable. This can 
be prevented over evolutionary time, which facilitates the fluctuating selection dynamics. So, the 
phages that targeted the pili induced the fluctuating selection dynamics, while the phages that bound 
to LPS contributed to the arms race dynamics [20]. 

Another study of the same bacterial strain with other phages showed similar results [26]. Co-
evolving the P. aeruginosa PAO1 strain with two specific phages, phage 14-1, which targets LPS 
receptors, and phage LUZ19 binding the pili, led to phage receptors-dependent results. P. aeruginosa 
PAO1-phage 14-1 co-evolutionary system had arms race dynamics features and showed local 
adaptation with the emergence of a number of mutations in the wzy gene associated with the LPS 
receptor, whereas P. aeruginosa PAO1-phage LUZ19 system had fluctuating selection dynamics 
features, with the presence of partial deletions of the pilF gene, which is associated with type IV pili 
[26].  

5.4. The Presence of Additional Phages Specific to the Same Bacterial Host 
The presence of additional phages in the experiment can be an evolutionary stress factor for the 

phage, negatively affecting its ability to adapt to its co-evolving host, or may present an opportunity 
for genetic exchange inside the common host by homologous or non-homologous recombination. The 
use of several different phages that are able to infect a single bacterial strain led to more rapid 
appearance of bacterial clones resistant to these phages, if the combined lytic effect of the diverse 
phages used was synergistic [28]. For example, infection of the P. aeruginosa strain with five phages 
simultaneously (PEV2, LUZ19, LUZ7, 14-1, and LMA2) that targeted various cell surface receptors 
(LPS, Ton-B-dependent receptors or type IV pili) led to a shift from the fluctuating selection dynamics 
to the arms race dynamics. This fact was explained by the diversity of the phage community, 
accelerating the host evolution, as they enhanced the selection of resistant hosts [28].  

5.5. Increased Host Diversity Slows down the Phage Adaptation Rate 
Although it is sometimes possible to expand the host range of a phage by including new non-

permissive bacterial strains in a co-evolutionary phage-bacterium combination, this can lead to costs 
associated with the rate of adaptation to such new hosts. When adapting the E. coli phage øJB01 to 
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infect a number of non-permissive strains, an increase in the number and diversity of strains in the 
experiment slowed down this process [29]. When comparing co-evolving of the phage øJB01 to infect 
two previously non-permissive strains versus three non-permissive strains, the former phage showed 
better fitness, while the phage adapted in the three-hosts system was under higher selection pressure 
to stay able to infect the three hosts. Other experiments on host range-expansion with a two-host 
experimental system have shown that the evolution of generalist or specialist phages depended on 
the ratios of the two hosts and the strength of trade-offs between the fitness on each host [29]. 

5.6. The Continuous Presence of Phages and/or Evolutionary Naïve Host 
Experiments on phage host range expansion showed that the presence of evolutionary naïve 

(ancestral) host is important for the phage to keep propagating and exploring various mutations 
effects on its adaptability [29]. In the system containing P. fluorescens SBW25 and phage SBW25F2, 
when the phage and its bacterial host were co-evolved over 24 days, the phages adapted more quickly 
than those evolved with a constant bacterial genotype (such as an evolutionary naïve host); most of 
the mutations observed were found in genes related to the infection of the host [13]. Comparing the 
same P. fluorescens SBW25-phage SBW25F2 over twelve days in multiple scenarios (co-evolution, 
evolving only with evolutionary naïve bacteria, or rotating between those two options) showed that 
in general, the phages enhanced their infectivity ranges on the expense of their growth rate. Some 
notable exceptions were found in the rotating scenario, which led to the emergence of phages with 
higher infectivity rate and no decline in growth rate [32].  

The absence of phages that induced resistance in bacteria can redirect bacterial resources to other 
directions and restore sensitivity toward the phage [63]. It has been shown that different P. syringae 
pv. tomato DC3000 clones that gained resistance to five different Pseudomonas phages acquired 
different mutations to restore the sensitivity in the absence of these phages [70]. However, no 
relationship was found between the initial fitness costs and the evolution of phage sensitivity [70]. 
Similar results on the gradual restoration of sensitivity in Prochlorococcus strains to five T7-like phages 
have been reported [23]. In contrast, another study described no restoration of phage sensitivity in 
cases of T6-resistant E.coli even after 45,000 generations. [71]  

5.7. Growth Conditions 
In high resources environment, increasing nutrient availability resulted in a shift from the 

fluctuating selection dynamics, with fluctuations in average infectivity and resistance ranges over 
time, to the arms race dynamics as it was shown in the experiment using P. fluorescens SBW25 - phage 
SBW25F2 system over twelve days [21]. Additionally, an experiment with Salmonella enterica and the 
phage vB_Sen_STGO-35-1 in a rich media done over 21 days showed a fast emergence of resistance 
in the bacteria against the phage in day one. However, a subpopulation of bacteria persisted that 
allowed the phage to be maintained over time in the experiment, although with a multiple folds 
decrease in its titer [35]. An experiment conducted on the P. fluorescens SBW25 - phage SBW25F2 
system for 21 days in poor media with tube shaking showed that such conditions led to complete 
phage extinction [24]. 

In nutrient rich media, shaking the tubes containing a bacteria-phage system can double the rate 
of co-evolution due to increased chances of encounter between more infectious phages and bacteria, 
this results in more broadly resistant bacteria and more broadly infectious phages, thus selecting for 
generalists [69]. This fact was also in line with a shift in the evolutionary dynamics from the 
fluctuating selection to arms race dynamics [22].  

Most of the described experiments so far were done in vitro. However, a comparison of isolated 
P. aeruginosa phages 14–1 and PNM from in vivo setting (after being administered for therapy) and a 
parallel in vitro experiment conducted during the same period showed that evolutionary dynamics 
were similar in vivo and in vitro, with high levels of resistance evolving quickly with limited evidence 
of phage evolution. Resistant bacteria, which evolved in vitro and in vivo, had decreased virulence. In 
vivo, this was associated with lower growth rates of resistant isolates, whereas in vitro, phage-resistant 
isolates showed greater biofilm formation[33]. Finally, modification of the growth conditions by 
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adding a seed bank in the form of endospores, allowed the bacterial species that were targeted by the 
phages to maintain phenotypic diversity that would otherwise be lost in the selection [37]. 

6. Limitations of the Studies 
Our current understanding of the fluctuating selection dynamics and the arms race dynamics is 

mainly based on theoretical concepts explored in mathematical models that mostly assume an infinite 
population size, and do not take into account environmental interactions that may change population 
sizes [3]. On the experimental level, most of these studies are limited to P. aeruginosa-phages and P. 
fluorescens-phages systems; several studies used E. coli phages. Phages infecting other bacteria from 
the ESKAPE group were not studied in such systems. 

The durations and resolution of most studies varied significantly, and most of them were 
conducted for less than 30 days in laboratory settings with daily isolation of phages and bacteria. 
Longer duration studies mostly relied on collecting samples, either from an environment (horse 
chestnut trees) over several months or years , or from clinical samples from various patients over 
several decades [31]. The lack of long-term experiments under controlled laboratory conditions 
makes it difficult to study the possibility of the appearance of phages with a rare phenotype or the 
accumulation of mutations to a threshold, after which bacterial hosts exhaust their ability to adapt to 
phages. When such studies are carried out, it would give us better understanding on the possible 
results of using phages in the treatment of chronic infections. 

Testing the established evolutionary dynamics reveals their shortcomings, which make it 
difficult to predict the outcome of the phenotypic features. Arms race dynamics make simplifying 
assumptions about the genetics base of host range expansion and resistance, supposing that new 
mutations will have synergetic and accumulating effects to the ones that happened before them [72]. 
Thus, arms race dynamics suggest that phages with a wide host range will expand their host range 
faster than phages with a narrow host range, and for bacteria, that strains with highest resistance will 
continue to develop resistance to phages better or faster than other strains. Experimental evidence, 
however, contradicts this type of genetic architecture that favors the evolution of directed 
phylogenies with one dominant branch. For example, mutations of the phage λ J protein are known 
to depend on the presence of mutations in one or more other genes and are non-additive [73,74]. This 
may allow the emergence of rare phage clones with certain combinations of mutations if new random 
mutations have synergistic interaction with pre-existing ones [75]. This non-additivity of mutations 
was also demonstrated experimentally in E. coli when studying the interactions between two 
mutations, malT− and ∆777, which appeared during incubation with phage λ [34]. 

Another limitation of evolutionary dynamics is the assumption that mutations have small 
effects. Meanwhile, mutations like the E. coli’s malT- can cause nearly complete resistance to some λ 
phages, making them large-effect mutations that would allow the strains, in which they appear, to 
dominate compared to others [34]. The dynamics described also do not consider recombination that 
can happen to a phage and cause sudden increases in its fitness, and thereby contribute to the rare 
clones of the phage to become the dominant ones [30]. 

7. Evolutionary Consequences of Phage-Bacteria Co-evolution and their 
Importance for Phage Therapy: 
7.1. Impact on the Phage Host Range 

Evolved phages can acquire an extended host range to the initially non-permissive strains used 
in the experiment, but not to strains of the same bacterial species that were not part of the experiment. 
Phage SBW25F2 was co-evolved with its host P. fluorescens SBW25 and it was shown that although 
all co-evolved phages had a wider host range than the ancestral phage and could differentially infect 
co-evolved variants of P. fluorescens SBW25, none could infect any of the other 150 alternative P. 
fluorescens strains, to which the phage SBW25F2 was not adapted [19]. This result indicated 
fundamental genetic constraints on the adaptation of this phage. In new phage clones with the 
extended host range, mutations were found in the tail fiber gene; however, this was not enough for 
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the phages to infect other P. fluorescens strains [19]. The importance of this result is that it counters 
the suggestion that phages with wide host ranges may be genetically predisposed to infect hosts that 
they have never encountered[19]. 

The experimental co-evolution of cyanobacteria and a specific phage resulted in phages capable 
of infecting an initially resistant strain, which was genetically different from the cyanobacteria the 
phage co-evolved with. However, this resistant strain was experimentally obtained from a strain that 
was originally sensitive to the phage; hence, co-evolution did not in fact result in an increase in the 
number of strains that could be infected [15]. 

Importantly, the co-evolved phages didn't expand their host range at all in some other 
studies[19]. Bacteria–phage antagonistic co-evolution, while common in natural populations, has 
little effect on host range shifts, unless there is a pre-existing host–parasite genetic compatibility 
and/or the absence of secondary defense mechanisms to counter phage replication within the 
host[19]. Moreover, in the absence of some initial bacteria–phage compatibility, spontaneous 
mutation alone is unlikely to lead to phage infection, and horizontal gene transfer may be 
required[19]. This was shown in a study, in which phage JB01, its host strain E. coli O127, and three 
non-permissive E. coli strains co-evolved together, and the phage adapted to those previously non-
permissive hosts[29]. However, these three E. coli strains were not chosen randomly, they were 
selected based on data that the studied phage requires a single point mutation to infect the strains. 

Several reasons can be suggested to explain why co-evolved phages were unable to infect all 
new strains. (a) Lack of appropriate phage receptors on non-permissive strains. (b) Lack of 
mechanisms for producing new virions after the phage genomic material was injected in the bacteria 
in the resistant strains in some cases (electroporation did not help to obtain phage particles) [20]. (c) 
Resistant bacteria probably possess some mechanisms such as RM systems, CRISPR and 
superinfection exclusion, or other anti-phage defense mechanisms[76].  

7.2. Impact on the Bacterial Suppression 
Co-evolving phages with bacteria led to trained phages that postpone the emergence of phage-

resistance in bacteria. Phage λ that co-evolved with E. coli B strain REL606 for 30 days was then 
compared with the ancestral phage λ. The trained phage developed the ability to bind to two bacterial 
receptors instead of one, as in the ancestral phage [30]. This significantly delayed the emergence of 
resistant bacteria; resistant bacteria emerged after 15 or more days when incubated with the adapted 
phage instead of 3 days when incubated with the ancestral phage [30]. 

8. Conclusions 
Many factors shape the interaction dynamics between bacteria and phages (Figure 2), and while 

these factors could possibly be used to create diverse bacterial communities and adapt phages to 
them, more studies with a broader set of phages are required. For phage therapy, several factors 
should be taken into account, including ones that are rarely studied: the average treatment period for 
bacterial infections, competition and synergy between phages in the cocktail and microbiota co-
evolution occurring in vivo. Studying these factors could pave the way for a more effective procedure 
of creating adapted phage clones in phage banks and reduce the time needed for finding suitable 
phages for treatment of patients. 
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Figure 2. Overview of outcomes of co-evolution between phages and bacteria under varying 
conditions. ARD - Arms race dynamics, FSD - Fluctuating selection dynamics, Bact. fav. - conditions 
that are favorable for bacteria adaptation; Phage fav. - conditions that are favorable for phage 
adaptation. 

Understanding phage-bacteria co-evolution is important for two main reasons. First, it would 
be useful for choosing the phage preparation and the way of its administration, as well as in 
predicting the outcomes of phage application. Second, it would help in preparing phages for various 
bacterial clones that may arise during phage therapy by conducting simulation therapy in the 
laboratory and adapting the phage to co-evolving bacterial clones. Phage-bacteria co-evolution 
experiments have shown an expansion of the host range in some cases, although this may lead to a 
decrease in the fitness and infectivity of phages. Phage-bacteria coexistence is a complex 
multifactorial process that depends on a certain phage and a specific bacterium. Probably, the use of 
machine learning and the wealth of sequencing data following interactions between phages and 
bacteria can improve the dynamics models and enhance their predictivity, which is required for the 
successful application of phages. 
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