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Antagonistic coevolution between
bacteria and phages (reciprocal selec-

tion for resistance and infectivity) has
been demonstrated in a wide range of
natural ecosystems, as well as experimen-
tal populations of microbes, yet exploit-
ing knowledge of coevolution for the
prophylactic and therapeutic use of
phages is under-explored. In this adden-
dum to our recent paper we discuss how
real-time coevolution studies using
experimental populations of bacteria and
phages can provide novel insight into the
changes in bacterial phenotypes that
result from resistance evolution against
coevolving phages, and how this may
ultimately improve our understanding of
phage therapy and ability to design effec-
tive treatments.

The rise of antibiotic resistance in clini-
cally relevant populations of bacteria has
led to resurgent interest in the use of bac-
teriophages (phages) to control and pre-
vent bacterial infections.1 However, as
with antibiotics, many studies of both nat-
ural and experimental populations have
shown that bacteria can rapidly evolve
resistance to phages, which clearly poses a
prospective problem to the widespread use
of phage therapy.2 Although the most
obvious consequence of resistance to
phages is the potential failure to control
infection, the evolution of resistance to
phages can also entail a number of corre-
lated responses, including changes in other
phenotypic traits that are relevant to both
the outcomes of infection by bacterial
pathogens and prospects for managing
them by phage therapy.

One possible solution to help predict
and manage the potentially adverse conse-
quences of resistance evolution is to apply
an evolutionary ecology framework to
phage therapy research.2,3 This type of
research framework can directly aid devel-
opment of treatment strategies, such as
phage cocktails, that minimise the likeli-
hood of resistance evolution.3-5 However,
experimental evolution also allows for
investigation of the wider effects of resis-
tance evolution, such as costs in terms of
growth rate or competitive ability for the
bacterial host, and any other phenotypic
effects relevant to pathogenesis or treat-
ment,6 and for these effects to be studied
in different bacteria-phage combinations
and experimental environments. This may
be important for assessing the biotic and
abiotic factors that determine the success
or failure of phage therapy treatments
and, given the abundance of phages in
nature, the evolution of bacterial patho-
gens in general.

One aspect of phage therapy research
that has received relatively little attention
relates to the capacity for bacteria and
phages to undergo antagonistic coevolu-
tion.2 Antagonistic coevolution entails
reciprocal selection for host resistance and
parasite infectivity, such that both host
and parasite phenotypes change over evo-
lutionary time. Coevolution between bac-
teria and phages has been demonstrated in
a wide range of natural ecosystems includ-
ing soil, arboreal and marine environ-
ments,7-9 as well as experimental
populations of microbes.10-12 Nonethe-
less, the consequences of coevolution for
phage therapy, and potential to exploit
coevolution to improve treatment, remain
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largely unexplored. In this addendum to
our recent paper,13 we address how
knowledge gained from experimental
coevolution studies can potentially facili-
tate phage therapy research.

Several different bacteria-phage combi-
nations have been used to study antagonis-
tic coevolution in real-time, including
pathogenic bacteria and their phages, such
as Escherchia coli O157:H7 with phage
PP0111 and Pseudomonas aeruginosa with
various lytic phages.12 The Pseudomonas
fluorescens-phi2 model system is among
the most widely used experimental sys-
tems for studying long-term bacteria-virus
coevolution.14 This coevolutionary inter-
action has been studied both in nature
(soil environments) and in vitro,7,15 allow-
ing the same process to be observed in
controlled, simplified conditions and in
the natural habitat of these species. Most
research with this system has focused on
theoretical and fundamental aspects of
host-parasite coevolution,14,16 but much
of the knowledge gained has additional
applied aspects which are also relevant to
clinical microbiology and phage therapy
research. For example, coevolution
between P. fluorescens and phi2 can select
for bacterial phenotypes that are also
observed in clinically relevant populations
of bacteria. This includes bacteria with
elevated mutations rates, altered LPS pro-
files and mucoid phenotypes.13,17

One important mechanism by which
the evolution of bacterial resistance may
alter the outcomes of infection or treat-
ment is through indirect effects of phage-
resistance mutations on bacterial traits
that contribute to virulence. Decreased
virulence associated with phage-resistance
evolution has been shown for a number of
species including human pathogens such
as Escherichia coli,6,18 Serratia marcescens19

and Staphylococcus aureus,20 and also the
fish pathogen Flavobacterium columnare.21

Such effects can arise if phage resistance
mutations pleiotropically alter the expres-
sion of bacterial virulence factors, or sim-
ply reduce bacterial growth rate or
competitive ability.22 Potentially, phage
therapy strategies that account for these
effects can attain better treatment out-
comes.23 For example, if phage combina-
tions can be identified where the
corresponding resistance mechanisms

incur large fitness costs across all potential
target bacteria, then even if resistance
evolves it may be less likely to spread, and
may result in less virulent infections when
it does. The potential for rapid adaptation
of phages to their hosts may also be
exploited by pre-adapting phages to bacte-
ria in vitro, with recent studies showing
that preadaptation to a specific host can
both increase infectivity5 and reduce the
likelihood of subsequent resistance
evolution.24

What are the additional implications of
coevolution (evolution of resistance and
infectivity) over and above the evolution
of resistance or infectivity, during a clini-
cal bacterial infection? First, coevolution
could lower the mean density of the
infecting bacterial population if phages
adapt to overcome evolved host resistance,
although the relevance of this for clinical
infections is unclear at present. Second,
some costs associated with bacterial resis-
tance may be specific to coevolution. As
mentioned above, pleiotropic costs associ-
ated with resistance mutations in terms of
growth rate and competitive ability have
been known for some time.25 However,
one advantage of investigating such effects
during long-term coevolution, as opposed
to focusing on the immediate effects of
resistance alleles on bacterial phenotypes,
is the potential to identify effects that only
emerge over extended time-scales or dur-
ing reciprocal adaptation and counter-
adaptation of both host and parasite. For
example, in the P. fluorescens-phi2 system
the costs associated with host resistance
are greatest for bacteria that have sequen-
tially acquired resistance to a wide range
of phage phenotypes, as occurs during
long-term coevolution but not necessarily
during a single round of resistance evolu-
tion.16 We recently observed a novel type
of cost associated with resistance evolution
in this system that we detected in an
experiment lasting hundreds of genera-
tions: coevolution can constrain bacterial
adaptation to other components of the
environment, probably resulting from
negative epistasis between phage-resistance
mutations and mutations associated with
growth in the abiotic environment.13

This finding emerged from a compara-
tive genetic and phenotypic analysis of P.
fluorescens SBW25 that had been grown

for up to 400 bacterial generations in two
treatment groups: with phages
(’coevolution’) and without phages
(’evolution’).13,16 In each treatment we
grew 6 replicate populations in micro-
cosms containing simple nutrient media
(Kings B media). Each population was
transferred every second day and sampled
at various time-points over the course of
the experiment. At the end of the experi-
ment, coevolved host populations had
lower competitive fitness in the absence of
phages compared with evolved popula-
tions. In other words, parasitised popula-
tions failed to adapt to the abiotic
environment, and whole-genome sequenc-
ing showed that bacteria evolved with and
without phages acquired different specific
sets of mutations. Additional experiments
showed that mutations acquired during
adaptation to the abiotic environment
were no longer beneficial after a subse-
quent period of coevolution with phages,
implying strong negative epistasis between
parasite resistance and growth-promoting
mutations.

Coevolution with phages also altered
two other bacterial traits that, in other spe-
cies, are relevant to the outcomes of infec-
tion and treatment. First, coevolving
bacteria acquired higher genomic muta-
tion rates and fixed a greater number of
mutations. This resulted in greater
among-population divergence compared
to populations evolved in the absence of
phages. Crucially, elevated mutation rates
have been observed in clinical isolates of
key pathogenic species,26 are associated
with increased levels of antibiotic resis-
tance,27 and potentially alter bacterial
capacity for adaptation to the within-host
environment.28 Although this suggests
that coevolution with phages may contrib-
ute to variation of bacterial mutation rates
in some scenarios, experiments with P. flu-
orescens and phi2 in soil microcosms show
that phage-driven selection for lineages
with mutator alleles is highly sensitive to
ecological variation.29 Second, coevolved
bacteria also displayed altered LPS pro-
files, consistent with other data showing
that phage predation selects for changes to
this clinically relevant trait.30

As outlined above, a range of different
costs of coevolution with phages have
been previously demonstrated, mostly
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resulting from the immediate effects of
resistance mechanisms on the bacterial
phenotype. Our experiment suggests that
bacteria may also pay costs that are only
manifest over evolutionary timescales:
ongoing coevolution with phages con-
strained their ability to adapt to the abi-
otic environment. This finding has clear
implications for phage therapy: over long
time scales, such as those associated with
chronic infections (as opposed to acute
infections that occur over much shorter
time scales), coevolution with phages
might constrain bacterial adaptation to
the host environment (for example
human, animal or plant host).

A key challenge for understanding the
relevance of such effects will be improving
our general understanding of how adapta-
tion to the host environment contributes
to the likelihood of establishing a chronic
infection and response to treatment. This
is likely to vary among different types of
infection. Nevertheless, in chronic infec-
tions of the respiratory system such as cys-
tic fibrosis and chronic obstructive
pulmonary disease, bacteria including
Pseudomonas aeruginosa, Burkholderia
cepacia and Staphylococcus aureus are
known to evolve numerous adaptations to
the host environment that facilitate the
establishment of chronic infections under
adverse conditions (hypoxia, host immune
response and osmolarity).31 In this context
phage therapy could potentially impede
pathogen adaptation to the host environ-
ment, although whether the effects
observed in our system apply to other bac-
teria-phage combinations will also depend
strongly on the genetic architecture of
resistance and adaptation.

In conclusion, long-term experimental
coevolution allows identification of effects
that may alter the outcomes of infection
and phage therapy. This includes pleiotro-
pic effects of resistance alleles on traits
such as growth rate or virulence, and
effects that are only observed over (co)evo-
lutionary time-scales such as changes in
bacterial mutation rate or adaptation to
the abiotic environment. Whether our
recent findings in experimental micro-
cosms13 translate to natural and clinically
relevant scenarios remains to be seen, but
the current development of appropriate
model systems that use suitable phages

and clinically and agriculturally relevant
bacteria12,22,23 is expanding the possibili-
ties for exploiting knowledge of resistance
evolution and coevolutionary costs to
populations that are directly relevant to
phage therapy. This may ultimately help
to explain variation in effectiveness among
phage therapy treatments and to design
new strategies that minimise the likeli-
hood of resistance evolution and/or
account for any ’side effects’ of resistance
evolution such as changes in bacterial
growth rate, adaptation, mutation rate,
LPS profile or virulence.
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