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Abstract
Bacteria-phage symbioses are ubiquitous in nature and serve as valuable biological models. Historically, the ecology and
evolution of bacteria-phage systems have been studied in either very simple or very complex communities. Although both
approaches provide insight, their shortcomings limit our understanding of bacteria and phages in multispecies contexts. To
address this gap, here we synthesize the emerging body of bacteria-phage experiments in medium-complexity communities,
specifically those that manipulate bacterial community presence. Generally, community presence suppresses both focal
bacterial (phage host) and phage densities, while sometimes altering bacteria-phage ecological interactions in diverse ways.
Simultaneously, community presence can have an array of evolutionary effects. Sometimes community presence has no
effect on the coevolutionary dynamics of bacteria and their associated phages, whereas other times the presence of additional
bacterial species constrains bacteria-phage coevolution. At the same time, community context can alter mechanisms of
adaptation and interact with the pleiotropic consequences of (co)evolution. Ultimately, these experiments show that
community context can have important ecological and evolutionary effects on bacteria-phage systems, but many questions
still remain unanswered and ripe for additional investigation.

Introduction

Bacteria and their viral symbionts, bacteriophages (phages),
have long been important study systems in biology [1–3].
While early work focused on molecular and genetic details,
the last few decades have seen growing interest in examining
their ecological and evolutionary dynamics. The study of
bacteria-phage ecology and evolution has largely been driven
by two motivations: (1) to understand the microbial world
per se, since bacteria and phages are ubiquitous, abundant,

and diverse, with widespread importance, including for
human health [4, 5]; and (2) as tractable models of general-
ized host-symbiont or predator-prey dynamics [6, 7].

However, studies on the ecology and evolution of bac-
teria and phages have predominately utilized one of two
approaches: experiments with very simple communities
(reductionist) or observations of very complex communities
(holistic) [8]. For instance, reductionist work has described
in-depth the ecology and coevolution of many bacteria-
phage pairs (reviewed in [6, 9–11]). In parallel, holistic
studies have examined semi-natural and natural systems to
infer bacteria-phage ecology and (co)evolution [11–20].
Nonetheless, while both reductionist and holistic approa-
ches have provided useful insights, they are limited in what
we can learn about bacteria-phage ecology and evolution in
multispecies contexts.

Here, we address this intellectual gap via synthesis and
review of the recent and emerging body of phage-bacteria
experiments in medium-complexity communities, something
that has long been highlighted as a needed focus [11, 21–23].
Specifically, we discuss experiments that directly test how the
ecology and evolution of “focal” bacteria and phages are
altered by the presence vs absence of other bacterial species
(“community context”, Fig. 1). We focus our discussion on
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experiments with three or more bacterial species (for two-
species communities see Table S1, partially reviewed in [24]),
and omit those lacking experimental manipulation of com-
munity context (Table S1, reviewed in [11–20]) or with
eukaryotes (Table S1, communities with microbial eukaryotes
reviewed in [25, 26]). The experiments we highlight bridge
the gap between the historical holistic and reductionist
approaches.

These experiments comprise part of a larger trend to
better incorporate complexity in our ecological and evolu-
tionary understanding of biological systems. Broadly, there
is growing interest in how species richness alters the ecol-
ogy and evolution of community members [27–31]. On the
microbial side, for instance, there is an emerging focus on
how the evolution of bacteria is altered by the presence of
other bacterial species (Table S1, reviewed in [22, 31, 32]).
In parallel, recent efforts have sought to incorporate more
realism into laboratory bacteria-phage experiments,
including the effects of abiotic environment (e.g., [33–35])
and spatial structure (e.g., [21, 24, 36]). Finally, studies are
increasingly showing that biological communities can be
affected by bacteria-phage ecology and evolution (reviewed

in [11, 37]). While we do not discuss these topics in detail,
they similarly constitute efforts to more deeply understand
multispecies microbial communities.

Effects of community context on focal
populations’ ecology

The presence of other bacterial species can directly alter the
density of the focal bacterial population or the focal phage
population as well as modifying the interaction between the
focal bacteria and phage populations.

Ecological effects on focal host density

Much of the existing empirical work has shown that com-
munity presence suppresses the density of the focal host
bacterial species (Table 1, Box 1). For instance, Gómez and
Buckling carried out experiments with Pseudomonas
fluorescens strain SBW25, its associated phage phi2 (Φ2),
and natural soil microbial communities with undetermined
species content. They found that community presence

Fig. 1 Effects of community
context on focal bacterial and
phage ecology and evolution.
Bacterial community context
(left) may affect the ecology and
evolution of interacting phage
and bacteria populations in
various ways (dotted lines).
Ecological effects include direct
effects on the density of the
focal bacterial and phage
populations, as well as higher-
order effects that alter the
interaction between the focal
bacteria and phage populations.
Evolutionary effects can
include: changes to
(co)evolutionary dynamics, like
fluctuating selection dynamics
(depicted); mechanisms of
evolution, like which receptor
mutation bacteria acquire to
evolve phage resistance
(depicted); and pleiotropic
consequences, like those
involved in a trade-off between
two traits (depicted). Moreover,
ecological and evolutionary
effects of community context
may affect each other through
eco-evolutionary feedbacks.
Filled arrows denote abstract
interactions, while unfilled
arrows denote changes
through time.
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depressed the density of P. fluorescens in the presence of
phage, relative to no-community treatments [36]. Similarly,
Johnke et al. used a wastewater model community to
investigate the dynamics of multitrophic predator-prey
systems, including one bacteria-phage pair [38]. Their
data show that community presence had a significant
negative effect on the density of the focal host Klebsiella sp.
relative to community-absent treatments (linear model
community presence-absence two-tailed contrast, intercepts
p= 0.049 in absence of phage, p= 0.36 in presence of
phage, slopes p= 0.83 in absence of phage, p < 0.01 in
presence of phage, Fig S1, [39]). In a final example,

Mumford and Friman investigated the dynamics of Pseu-
domonas aeruginosa, its associated phage PT7, and a
community modeling burn or cystic fibrosis lung infections
that includes Staphylococcus aureus and Stenotrophomonas
maltophilia [40]. Although they measured microbial den-
sities only at the end of experimental evolution, they found
that the presence of any or all community members sup-
pressed the focal host density relative to community-absent
treatments (Fig S2). Interestingly, they found that a quorum
sensing-deficient mutant of the focal host was less sensitive
to community suppression than the wild-type, suggesting
that this suppression by community presence may be par-
tially mediated by density-dependent behavioral changes of
the focal bacteria. Across all of these studies, findings that
community presence suppresses focal host density are
consistent with longstanding ecological theory on compe-
titive release, where removal of competitors can enable a
focal species to increase in density [41]. Moreover, because
community presence drives smaller population sizes, it may
have secondary effects, including increased susceptibility to
ecological drift and stochastic extinction [42] as well as
weakened natural selection, stronger genetic drift, and
decreased mutation supply.

Ecological effects on focal phage density

Similar to the shared pattern of suppression of focal bacterial
density, community presence generally suppresses the density
of the focal phage population (Table 1, Box 1). For instance,
Gómez and Buckling’s work with soil communities showed
that community presence decreased phage densities, relative
to no-community treatments [36]. Similarly, Alseth et al.
investigated the evolution of resistance to phage DMS3vir by
P. aeruginosa, using a model infection community where S.
aureus, Burkholderia cenocepacia, and Acinetobacter bau-
mannii were also present [43]. Although no effect of com-
munity presence on phage density was observed during
experimental evolution (linear model two-tailed contrasts
against community-absent treatment, intercepts p > 0.42 for
all four treatments, Fig S3, [39]), experimental manipulation
of the initial frequency of the non-focal community showed a
clear suppressive effect of community presence on phage
density. Finally, in Mumford and Friman’s experiments with
a model infection community, community presence also
decreased focal phage density (Fig S2, [40]). However, this
suppression of phage density was eliminated when the focal
host was quorum sensing-deficient, possibly because this
mutant host strain was itself less strongly suppressed by
community presence. In contrast to those three studies, when
Johnke et al. carried out similar experiments with a waste-
water community they found that community presence actu-
ally increased phage density (linear model community
present-absent two-tailed contrast, p= 0.012, Fig S1,

Box 1 Alternative tests of the ecological effects of community
presence

All the studies which have tested for the ecological effect of
community context have done so by directly contrasting focal
densities between community-added and community-absent treat-
ments. This is essentially a test for the presence of interspecies
bacterial competition. However, other statistical comparisons may
provide additional insights into the degree of effect of community
presence.

For instance, one simple hypothesis is that all bacterial species
undergo equal pairwise competition, and thus community presence
should reduce the focal population density proportional to the total
number of species in co-culture. To assess the utility of this
comparison, we used data from two previous studies [38, 40] and a
Markov chain Monte Carlo (MCMC) approach to generate
Bayesian posterior likelihood distributions of the mean densities
of focal bacterial populations in the presence or absence of other
community members [39, 57–61] (see Supplementary Methods).
In both studies, the suppressive effects of community presence
were larger than would be expected from equal competition. In
Johnke et al.’s experiments, community presence suppressed focal
host density only in the absence of phage (Table S2). In Mumford
& Friman’s experiments, community presence suppressed focal
host density more strongly when the focal host was wildtype strain
PAO1 than when it was a quorum sensing-deficient mutant strain
(Table S2).

We can apply a similar approach to phage density measures. If
phage density is bottom-up limited, we would expect equal
pairwise competition among bacterial species to reduce phage
density proportional to the total number of bacterial species in co-
culture. Using the same methods, we find that all of the likely
suppressive effects from [38, 40] were larger than would be
expected from equal competition (Table S3). In contrast, in Alseth
et al.’s experiment, phage density in the presence of B.
cenocepacia was not likely different from the community-absent
treatment, but was suppressed less than we would have predicted
from equal competition (Table S3 [43]).

Overall, our analyses suggest that testing experimental data against
additional hypotheses can augment the insights we gain. Indeed,
the approach used here can be employed to implement a variety of
hypothesis tests, including the absence of competition, equal
competition, species identity-dependent competition, and others.
Widespread adoption of such analysis approaches will accelerate
our understanding of the ecological effects of community presence.

M. Blazanin, P. E. Turner



[38, 39]). Excepting the findings of Johnke et al., these studies
are generally consistent with phage density being bottom-up
limited by the density of their host bacteria. However, to our
knowledge none of the studies have verified this ecological
mechanism, leaving open the possibility that community
presence suppresses phage density through other processes.
Regardless of the mechanism, smaller population sizes of
both phages and their hosts are likely to make phages more
prone to extinction events, potentially favoring alternative
reproduction strategies like lysogeny or environmental dur-
ability [44, 45].

Effects on the ecological interaction between focal
populations

Community presence can also alter the interaction between
the focal bacterial and phage populations (Table 1). For
instance, in their wastewater system, Johnke et al. observed
that the effects of community presence and phage presence
synergize: while individually each suppresses focal host
density, when both are present together they drive the focal
host population extinct (Fig S1, [38]). In other cases,
community presence can reverse the effect of phage pre-
sence. For example, Gómez and Buckling found that phage
suppressed the density of their host P. fluorescens in the
presence of other soil bacterial species, but in the absence of
the community phage-presence actually increased the den-
sity of the focal host [36, 46]. The exact mechanism driving
this effect remains unexplained. Similarly, Mumford and
Friman found that community presence altered the effect of
phage, with the direction of change dependent on the
community membership (Fig S2, [40]). In their infection-
community they found that phage addition in monocultures
depressed host density, while phage addition in the presence
of other bacterial species suppressed, had no effect, or
even elevated focal host density, depending on competitor
identity and whether the focal host was wild type or quorum
sensing-deficient. The conflicting findings of these
three studies suggest that much further work is warranted
before we can understand how community presence and
phage presence interact with each other in a generalizable
way.

Effects of community context on focal
species’ evolution

The presence of other bacterial species can also alter the
evolution of one or both of the focal bacteria and phage
populations by: altering the progression and dynamics of
(co)evolutionary change, changing the mechanisms by
which evolution proceeds, or modifying the pleiotropic
consequences of adaptation.

Bacteria-phage (co)evolution

In response to one another, bacteria and phages can
(co)evolve adaptations conferring changes in resistance and
infectivity, respectively [47]. However, existing evidence is
conflicted over how community context affects the nature
and rate of such antagonistic (co)evolution (Table 2).

For instance, some studies have found that community
presence constrains the (co)evolution of one or both of the
focal species (Table 2). In Mumford and Friman’s experi-
ments with an infection community, although community
presence did not alter the qualitative coevolutionary
dynamics, it did reduce the frequency of evolved resistance
to both contemporary and ancestral phages [40]. However,
this effect only occurred when the host was wild type and
not quorum sensing-deficient, a difference that may be, in
part, driven by genotype-dependent ecological effects (see
ecology section). Similarly, Johnke et al. observe that
community presence prevents coevolution: in the absence
of the community, bacteria and phages evolve in a fluctu-
ating selection dynamics pattern; in the presence of the
community, the host bacteria go extinct [38]. These two
experiments are consistent with the idea that community
presence constrains the evolution of focal species, possibly
by limiting available niche space, imposing new selective
pressures, or driving otherwise-unexperienced trade-offs
between biotic and abiotic pressures [31].

In contrast, others have found that community presence
has little effect on (co)evolutionary dynamics (Table 2). For
instance, with four marine bacteria-phage pairs, Middelboe
et al. observed the evolution of complete resistance to phage
infection regardless of community context [48]. Similarly,
Gómez and Buckling tested the effect of soil community
presence on bacteria-phage (co)evolution. Although their
resistance data were suggestive of community presence
accelerating coevolution, they measured neither an effect of
community presence on the rate of genomic evolution, the
type of coevolutionary dynamics, the degree of local
adaptation by phages, nor any interaction with phage pre-
sence in affecting focal host adaptive radiation [36, 46, 49].
These studies show that community presence can some-
times have little effect on focal bacteria-phage coevolution.

In one final example, community presence actually
enabled greater evolution in the focal species. De Sordi et
al. investigated the evolution of Escherichia coli phage
P10 along with two strains of E. coli—one host and one
nonhost [50, 51]. After inoculating all three in vitro, in
germ-free mice guts, and in conventional mice guts (with
an intact microbiome), they found that only the conven-
tional mouse gut environment enabled the phage to
evolve infectivity for the nonhost E. coli strain. They
went on to show that a third strain of E. coli, present
only in the conventional mouse gut, acted as an

Community context matters for bacteria-phage ecology and evolution



Ta
bl
e
2
E
vo

lu
tio

na
ry

ef
fe
ct
s
of

co
m
m
un

ity
pr
es
en
ce

on
fo
ca
l
ba
ct
er
ia
-p
ha
ge

sp
ec
ie
s.

R
ef
er
en
ce

F
oc
al

ho
st
–
P
ha
ge

C
om

m
un

ity
(C
o)
ev
ol
ut
io
na

E
vo

lu
tio

na
ry

m
ec
ha
ni
sm

sa
P
le
io
tr
op

ya

[4
3]

P
.
ae
ru
gi
no

sa
–
D
M
S
3v

ir
S.

au
re
us
,
B
.

ce
no

ce
pa

ci
a,

A
.

ba
um

an
ni
i

–
F
av
or
ed

C
R
IS
P
R
-b
as
ed

re
si
st
an
ce

ov
er

su
rf
ac
e

m
ut
at
io
n-
ba
se
d
re
si
st
an
ce

R
es
is
ta
nc
e
w
as

as
so
ci
at
ed

w
ith

lo
ss

of
vi
ru
le
nc
e,

w
ho

se
co
st
w
as

el
ev
at
ed

by
co
m
m
un

ity
pr
es
en
ce

[5
0,

51
]

E
.
co
li
–
P
10

M
ur
in
e
gu

t
co
m
m
un

ity
E
na
bl
ed

ph
ag
e
ho

st
ra
ng

e
ex
pa
ns
io
n

–
C
om

m
un

ity
pr
es
en
ce

en
ab
le
d
ph

ag
e
to

tr
av
er
se

tr
ad
e-
of
f
fr
on

t

[3
6,

46
,
49
]

P
.
fl
uo

re
sc
en
s
–
ph

i2
(Φ

2)
S
oi
l
co
m
m
un

iti
es

N
o
ef
fe
ct

on
co
ev
ol
ut
io
na
ry

dy
na
m
ic
s
(F
S
D

vs
A
R
D
)c
,
lo
ca
l
ad
ap
ta
tio

n,
ra
te

of
ge
no

m
ic

ev
ol
ut
io
n,

ho
st
ad
ap
tiv

e
ra
di
at
io
n;

re
si
st
an
ce

to
co
nt
em

po
ra
ry

ph
ag
es

w
as

el
ev
at
ed

–
N
o
ef
fe
ct

on
co
st
of

ph
ag
e
re
si
st
an
ce

[3
8]

K
le
bs
ie
lla

sp
.
–
K
le
bs
ie
lla

-p
ha
ge

P
.
pu

tid
a,

St
ap

hy
lo
co
cc
us

sp
.

C
on

st
ra
in
ed

ho
st
ev
ol
ut
io
n:

ho
st
w
en
t

ex
tin

ct
–

A
da
pt
at
io
n
to

co
m
m
un

ity
or

ph
ag
e

pr
es
en
ce

se
pa
ra
te
ly

re
su
lte
d
in

hi
gh

er
gr
ow

th
ra
te
s

[4
8]

P
se
ud

oa
lte
ro
m
on

as
sp
.
#1

–

P
se
ud

oa
lte
ro
m
on

as
sp
.#

1
ph

ag
e;

P
se
ud

oa
lte
ro
m
on

as
sp
.
#2

–

P
se
ud

oa
lte
ro
m
on

as
sp
.#

2
ph

ag
e;

P
ho

to
ba

ct
er
iu
m

sp
.
–

P
ho

to
ba

ct
er
iu
m

sp
.
ph

ag
e;

V
ib
ri
o
sp
.
–
V
ib
ri
o
sp
.
ph

ag
e

A
ll
fo
ur

sp
ec
ie
s
pa
ir
s

w
er
e
co
-c
ul
tu
re
d

N
o
ef
fe
ct

b
–

–

[4
0]

P
.
ae
ru
gi
no

sa
–
P
T
7

S.
au

re
us
,S

.m
al
to
ph

ili
a

N
o
ef
fe
ct

on
co
ev
ol
ut
io
na
ry

dy
na
m
ic
s
(F
S
D

vs
A
R
D
)c
;
co
ns
tr
ai
ne
d
ev
ol
ut
io
n
of

re
si
st
an
ce

to
ph

ag
e

–
F
oc
al

ho
st
pa
id

ge
no

ty
pe
-d
ep
en
de
nt

co
st
to

ad
ap
t
to

co
m
m
un

ity
an
d/
or

ph
ag
e
pr
es
en
ce
,
w
ith

no
in
te
ra
ct
io
n

be
tw
ee
n
th
e
tw
o
co
st
s

a T
he

“
–
”
sy
m
bo

l
de
no

te
s
w
he
n
th
e
st
ud

y
di
d
no

t
m
ea
su
re

th
e
ef
fe
ct

of
co
m
m
un

ity
co
nt
ex
t.

b C
ul
tu
re

di
ff
er
en
ce
s
be
tw
ee
n
tr
ea
tm

en
ts
lim

it
th
e
st
re
ng

th
of

co
nc
lu
si
on

s
th
at

ca
n
be

dr
aw

n.
c C
oe
vo

lu
tio

na
ry

dy
na
m
ic
s
ar
e
of
te
n
ch
ar
ac
te
ri
ze
d
qu

al
ita
tiv

el
y
as

A
rm

s
R
ac
e
D
yn

am
ic
s
(A

R
D
)
or

F
lu
ct
ua
tin

g
S
el
ec
tio

n
D
yn

am
ic
s
(F
S
D
)
[6
2]
.

M. Blazanin, P. E. Turner



eco-evolutionary bridge enabling the phage to adapt to
infect the nonhost E. coli strain. Thus, in this experiment,
community presence accelerated the evolution of phage
host-range shifts and expansion by enabling new coevo-
lutionary trajectories.

Overall, community presence can retard, have no effect,
or in rare cases accelerate bacteria-phage (co)evolution.
Many factors could drive these differences, although
experimental conditions like bottleneck size and evolu-
tionary timescale appear not to drive the patterns observed
here (Table 3). Future work is necessary to identify the
determinants of community context-driven changes in
(co)evolution.

Evolutionary mechanisms

Community presence can also affect the mechanisms by
which focal bacteria and phage populations tend to evolve.
For instance, Alseth et al. showed that community presence
can alter the ways that bacteria evolve resistance to phage
infection [43]. In their model infection community, they
found that the relative fitness of two resistance mechanisms
was altered by community context: in the presence of other
species, P. aeruginosa primarily evolved CRISPR-based
resistance; in the absence of other species, P. aeruginosa
primarily evolved surface mutation-based resistance. While
the exact mechanism remains unknown, it may be related
to prior work in the system finding cooperative phage anti-
CRISPR systems [52] and nutrient-dependent evolution
of resistance [53]. Regardless, to our knowledge, this is

the first study to show how community context can alter the
fitness landscape of bacterial resistance to phage, so more
experiments are necessary to test how community presence
can affect the evolution of other resistance mechanisms
[54, 55].

Pleiotropy

In bacteria-phage communities, (co)evolution can drive
changes beyond the resistance or infectivity phenotype.
Such examples of pleiotropy may exist as an evolved trade-
up, when the secondary effect is beneficial, or as an evolved
trade-off, when the secondary effect is deleterious (a “cost”
to evolution). Both trade-offs and trade-ups can have
important effects, from competitive ability to virulence [56].

Some existing work has clearly documented community
context interacting with the trade-offs and trade-ups faced
by focal bacteria. For instance, Alseth et al. showed that
community presence drove focal bacteria to escape a trade-
off between phage resistance and virulence because com-
munity presence favored resistance mechanisms that did not
trade-off with virulence (see evolutionary mechanisms
section) [43]. On the other hand, Johnke et al. documented
trade-ups associated with community and phage presence
[38]. In their experiments, focal host Klebsiella sp. evolved
a higher growth rate in treatments with phage or community
presence alone, but was driven extinct in the treatment with
both phage and community presence.

In contrast to these studies, others have failed to find evi-
dence that community context interacts with the trade-offs and

Table 3 Evolutionary timescale and bottleneck size in experimental studies.

Reference Focal host-Phage Design N0 (cfu) N1 (cfu) D n (number of
transfers)

t (duration) Number of
generations

[43] P. aeruginosa – DMS3vir Batch 3.3 × 106 ~2 × 107 100 2 3 days ~15.9

[50, 51] E. coli – P10 (in vitro only) Batch 108 – 10 3 24 days ~13.3

[36, 46, 49] P. fluorescens – phi2 (Φ2) Batch 106.75 – – 0 48 days –

[40] P. aeruginosa – PT7 Batch 3.8 × 105 – 7 4 16 days ~11.2

[38] Klebsiella sp. – Klebsiella-phage Cont. 8.7 × 106 3.0 × 108 0.1 – 3 days ~5.4

[48] Pseudoalteromonas sp. #1 –

Pseudoalteromonas sp. #1 phage;
Cont. ~104.9 ~106 1 – 9.375 days ~13.0

Pseudoalteromonas sp. #2 –

Pseudoalteromonas sp. #2 phage;
~104.5 ~105.9 ~14.0

Photobacterium sp. – Photobacterium
sp. phage;

~104.25 ~104 ~9.4

Vibrio sp. – Vibrio sp. phage ~104.5 ~105.8 ~13.7

Details on reviewed experiments are listed here, including the type of experiment (batch or continuous), size of the initial inoculum population
(N0), the size of the population before the first transfer (for batch culture) or at peak (for continuous culture) (N1), the dilution per transfer (for batch
culture) or per day (for continuous culture) (D), the number of transfers (for batch culture only) (n), and the total duration of the experiment (t). N1

was estimated from data (Figs. S1, S3) or visually from published figures. The number of bacterial generations in each experiment was estimated
as: batch culture generations= log2(N1/N0)+ n × log2(D), or continuous culture generations= log2(N1/N0)+ t × D. When N1 was unavailable for
batch culture experiments, it was assumed growth from inoculum to first transfer was equivalent to subsequent dilutions, i.e., number of
generations= (n+ 1) × log2(D).
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trade-ups faced by focal species. For instance, Gómez and
Buckling found that the presence of a microbial soil commu-
nity had no effect on the cost of evolved resistance to phage
[36]. Similarly, Mumford and Friman found that focal P.
aeruginosa paid a genotype-dependent cost to adapt to phages
or bacterial competitors, but that these costs were independent
and did not interact [40]. More work is needed to determine
how the pleiotropic effects of adaptation to antagonists and
community presence generally interact, especially across
diverse systems whose molecular details differ.

Concluding remarks

There is a long history of studying the ecology and evolu-
tion of bacteria-phage communities, and the studies
reviewed here have highlighted the importance of biotic
community context as a key factor. Generally, these
experiments have found community presence to have con-
sistent ecological effects but divergent evolutionary effects.
In part, this could arise from differences in how ecology and
evolution have been measured: while ecological dynamics
have often been measured similarly, evolutionary dynamics
have been assessed with a diversity of metrics. At the same
time, the molecular details specific to each experiment may
be more important for evolution than ecology. Further
work, especially using similar approaches across systems, is
necessary to resolve this difference.

To our knowledge, the nine studies reviewed here are
the only published experiments to manipulate bacterial
community context while measuring the ecological or
evolutionary dynamics of bacteria-phage populations.
Given the dearth of studies, many questions remain
unanswered (Box 2), but two limitations of the existing
experiments particularly stand out. First, many of these
studies have been conducted in communities with 3 or 4
bacterial species. More speciose communities are likely to
more strongly suppress focal species densities and con-
strain focal coevolution, more closely resembling natural
communities [31]. Thus, observing the ecological and
evolutionary effects of species-rich communities is an
important avenue for future work. Second, nearly all of
these studies have observed dynamics over short time-
scales, typically 10–15 generations (Table 3). Given this,
it’s likely that much of the observed evolutionary change
is the result of selection for phage resistance in the focal
host. It remains to be seen what ecological and evolu-
tionary dynamics emerge over longer timescales in mul-
tispecies bacteria-phage communities.

Just as future experiments must expand the scope of
approaches and ask novel questions, there is also a need for
research to coalesce conceptually and methodologically
(Fig S4). Ultimately, only by determining the effects of

community context on bacteria-phage communities can we
fully understand these important systems, both as laboratory
models and for their central roles in the natural world and
human health.
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Box 2 Outstanding questions

● How does community presence interact with the ecological
effects of phage presence? We might predict independent
effects of community and phage presence, but existing
findings have observed a variety of interactions.

● How does community presence affect the evolution of
bacterial resistance to phage? Prior work has shown that
community presence can favor CRISPR-based resistance, but
how community presence affects numerous other resistance
mechanisms remains untested.

● How does community presence affect phage host-range
evolution? Phages can evolve to overcome host resistance or
to shift their host range. Some experiments have found that
community presence may facilitate host-range expansion.

● Does community presence accelerate or decelerate (co)
evolution of focal species? Community presence could
accelerate evolution by creating ecological opportunities or
decelerate evolution by imposing constraints. Existing evi-
dence has often found no effect or a decelerating effect.

● How does community presence affect coevolutionary
dynamics? Coevolutionary dynamics are often qualitatively
categorized (e.g., arms race; fluctuating selection). Existing
work has found no effect of community presence on these
dynamics.

● What are the null expectations for how community
presence should alter bacteria-phage evolution? Conceptual
and theoretical advances are needed to establish null expecta-
tions for how community presence should affect the evolution
of focal bacteria-phage species.

● How do findings scale to communities with multiple phage
hosts? Communities with multiple phage hosts, like multiple
host-phage pairs or single phages with multiple hosts, could
act as models of macro-parasite ecology.

● How do existing findings scale to more species-rich
communities? The results reviewed here are largely in the
context of communities with 3–5 bacterial species, which may
or may not follow the same patterns and rules as more (or less)
diverse communities.

● How do findings change over longer timescales? The results
reviewed here are largely drawn from experiments lasting just
10–15 evolutionary generations. Over such short timescales
ecological dynamics may still be stabilizing, and some
evolutionary dynamics may have yet to emerge.

● How do ecology and evolution interact in multispecies
bacteria-phage communities? Ecological and evolutionary
processes can occur on similar timescales. Future experiments
should pursue approaches that enable characterization of eco-
evolutionary feedbacks.
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