
More than Simple Parasites: the Sociobiology of
Bacteriophages and Their Bacterial Hosts

Patrick R. Secor,a,b,c Ajai A. Dandekard,e

aDivision of Biological Sciences, University of Montana, Missoula, Montana, USA
bCenter for Translational Medicine, University of Montana, Missoula, Montana, USA
cCenter for Biomolecular Structure and Dynamics, University of Montana, Missoula, Montana, USA
dDepartment of Microbiology, University of Washington, Seattle, Washington, USA
eDepartment of Medicine, University of Washington, Seattle, Washington, USA

ABSTRACT Bacteria harbor viruses called bacteriophages that, like all viruses, co-
opt the host cellular machinery to replicate. Although this relationship is at first
glance parasitic, there are social interactions among and between bacteriophages
and their bacterial hosts. These social interactions can take on many forms, includ-
ing cooperation, altruism, and cheating. Such behaviors among individuals in groups
of bacteria have been well described. However, the social nature of some interac-
tions between phages or phages and bacteria is only now becoming clear. We are
just beginning to understand how bacteriophages affect the sociobiology of bacte-
ria, and we know even less about social interactions within bacteriophage popula-
tions. In this review, we discuss recent developments in our understanding of bacte-
riophage sociobiology, including how selective pressures influence the outcomes of
social interactions between populations of bacteria and bacteriophages. We also ex-
plore how tripartite social interactions between bacteria, bacteriophages, and an ani-
mal host affect host-microbe interactions. Finally, we argue that understanding the
sociobiology of bacteriophages will have implications for the therapeutic use of bac-
teriophages to treat bacterial infections.
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Bacteria have traditionally and primarily been studied as single-celled organisms,
with the implicit idea that populations of bacteria would behave as a collection of

single-celled individuals. Over the last several decades, this paradigm has changed. It is
now well recognized that bacteria can interact and engage in social behaviors such as
cooperation (1, 2). Bacteria are also known to exist in complex, structured communities
(3). These features of bacterial growth can intersect: growth in biofilms or cell aggre-
gates can require the production of shared (or potentially shared) factors by individuals,
and these factors also can confer nongenetic benefits on members of the group (4–6).

Wherever there are bacteria, there are bound to be bacteriophages, bacterial viruses
that constitute the most abundant collection of biological entities on the planet (7).
Like other viruses, bacteriophages use host cellular machinery to replicate. Some
bacteriophages are lytic and lyse their host after replicating while others can enter a
lysogenic life cycle in which the bacteriophage genome integrates into the bacterial
chromosome as a prophage, which is then replicated as the bacterial host divides. In
response to certain signals or environmental factors, the prophage can be induced,
initiating lytic replication. Other bacteriophages, such as filamentous Inoviruses, are
capable of replicating without lysing their bacterial host; rather, virions are continu-
ously extruded from the cell without causing lysis (8). Similar to the prior asocial dogma
regarding bacteria is the conception of bacteriophage infection as a parasitism of
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individual cells. However, there is emerging evidence that bacteriophages modulate
cooperative behaviors of their bacterial hosts. Furthermore, bacteriophages replicating
within individual bacterial cells must cooperate and share a pool of capsid proteins,
enzymes, and host products (Fig. 1). These pools of common goods provide opportu-
nities for bacteriophages to exploit the cooperative behaviors of their kin.

THE PROBLEM OF COOPERATION

One of the most well-studied types of group behavior in bacteria is cooperation (9).
Cooperative behaviors imply a gain in benefit for the population at some cost to the
individuals involved in the cooperative activity. Thus, the overall fitness of an individual,
although potentially decreased by participation in the cooperative behavior, may be
increased by activities of others in the group (10). One commonly studied type of
cooperation involves the production of public goods, “a resource that is costly to
produce and provides a benefit to all the individuals in the local group or population”
(2). In the case of bacteria, these public goods are often shared exoproducts whose
benefit accrues to the entire population, not to just the producing individual. Examples
of bacterial public goods include exoproteases and iron-scavenging molecules called
siderophores (11).

Cooperative behaviors among organisms of all taxa present a paradox for evolu-
tionary ecology (12, 13) because incipient cooperation comes at a cost to the individual.
Because noncooperators have a potential fitness advantage over cooperators, it is
difficult to imagine how, in a well-mixed environment, cooperative behaviors could
develop over evolutionary time. Cheaters in any community, if left unchecked, have the
potential to cause the loss of cooperation from the population, and in some cases, this
results in a tragedy of the commons (14).

QUORUM SENSING, SIDEROPHORES, AND COOPERATION IN BACTERIA

Two of the best-described potentially cooperative behaviors of bacteria involve the
activation of quorum sensing (QS) gene-regulatory circuits and the production of
siderophores. Some bacteria use QS to regulate the production of public goods
(reviewed in reference 15). QS circuits involve the production of an autoinducer signal
by individual bacteria. This signal accumulates with increasing cell density and at a
certain concentration binds to a cognate receptor, resulting in coordinated gene
expression in the population (16). The general idea of using QS to regulate the
production of public goods is that the production of these goods is synchronized
among the population, a feature that may be particularly beneficial for shared products
such as antimicrobials, where asynchronous production might lead to antimicrobial
resistance in populations of competing microbes (17).

FIG 1 Pools of public goods provide incentive for bacteriophages to cheat. As bacteriophages replicate inside an infected cell, pools of
public goods such as enzymes and capsid proteins are produced. Bacteriophages, like all viruses, have a high mutational rate, and cheaters
can emerge that either do not contribute to public-good production or consume public goods (i.e., assemble complete virions) at a higher
rate than ancestral bacteriophages. When the incentive to cheat is sufficiently high, cheater populations (shown in red) can expand.
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In one type of QS, Gram-negative bacteria produce acyl-homoserine lactone signals
that bind to transcription factor receptors of the LuxR family (18). These LuxR homologs
usually activate a set of genes, such as those encoding the bioluminescence operon
luxABCDE in Vibrio fischeri, in which this type of QS was initially described (19). Light
production is a type of public good, as are many QS-regulated products in other
bacteria (20). There are other types of QS circuits: for example, cell-surface receptors in
Vibrio recognize both acyl-homoserine lactone signals and a furanosyl borate diester,
resulting in repression of a QS regulator (21). This regulatory scheme results in virulence
gene expression at low cell densities in Vibrio cholerae. Another type of QS system, the
agr system of staphylococci, involves a peptide signal called autoactivating peptide
(AIP) (22). The AIP signal is transduced by the AgrCA two-component regulatory system,
in which the response regulator AgrA activates transcription of a regulatory RNA called
RNAIII, which ultimately derepresses transcription of several toxins.

In the opportunistic pathogen Pseudomonas aeruginosa, QS transcription factors
regulate the production of a host of extracellular products, including antimicrobials,
virulence factors, exopolysaccharides, and extracellular proteases (23), and the QS
system of this bacterium has been widely studied as a cooperative system. When P.
aeruginosa is grown on casein or bovine serum albumin as the sole carbon source, the
production of a shared QS-regulated exoprotease, elastase, is required to break the
protein down into constituent peptides and amino acids that individuals can use for
carbon and energy. In well-mixed populations grown on casein or bovine serum
albumin, there should be a strong incentive for individuals to mutate to avoid the
metabolic burden of QS-regulated gene activation, and, in fact, QS mutants readily arise
under these conditions (24, 25). Under some circumstances, QS mutants can reach a
frequency in the population such that there is no longer a sufficient number of
cooperators to produce enough public goods, a type of tragedy of the commons (26).
However, P. aeruginosa and other bacteria have genetically encoded mechanisms that
can deter social cheating (10, 27, 28). For example, the redox-active phenazine pyocy-
anin restricts social cheating in P. aeruginosa by selecting for individuals with intact QS
systems, which are required to induce antioxidant defense systems that offset
phenazine toxicity (29).

QS is not the only well-studied model of cooperation and conflict in bacteria.
Another type of shared good are siderophores, iron-scavenging molecules produced by
many species of bacteria. Siderophores called pyoverdines produced by P. aeruginosa
bind to iron, and the iron-siderophore complex binds to a specific pyoverdine receptor.
There are several pyoverdines and also several receptors among P. aeruginosa strains
(30, 31). The diversity of pyoverdine molecules and of their receptors in pseudomonads
generates several possible social interactions between competing strains of bacteria.

In settings where iron is limited, siderophore production presents a metabolic
burden to individuals but a benefit to the population. When P. aeruginosa is grown in
such settings, pyoverdine mutants emerge rapidly and can come to compose the
majority of cells in the culture (9). These pyoverdine mutants, like the QS mutants
discussed in the examples above, are cheaters that benefit from the pyoverdine
produced by cooperators because expression of siderophore receptors is not depen-
dent on expression of pyoverdine (32). By analogy, in mixed communities of Pseudomo-
nas species, individuals expressing several siderophore receptor types can co-opt
siderophores produced by others whether or not they are producing their own
pyoverdine (31).

In the studies discussed above, a single public good under well-mixed conditions
incentivizes cheating behaviors which can result in population decline or collapse. How
then are cooperative behaviors maintained in microbial populations under natural
settings? A recent study examined how different social selective pressures such as
nutritional limitation and siderophore production might interact with each other to
influence population outcomes (33). When P. aeruginosa is grown under a nutritional
condition that requires QS for growth and under which iron is also limited, both
siderophores and QS are required for maximal fitness of the population, but there are
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incentives for cheating from each behavior. Indeed, cheaters of both types readily
emerged in this system. However, in this example a QS cheater is also a siderophore
cooperator while siderophore cheaters participate in QS. The combined cooperative
behaviors of the cheaters ultimately stabilize each other, preserving cooperative be-
haviors in the population.

BACTERIOPHAGE SOCIOBIOLOGY

In the context of public-good cooperation, bacteriophages are not obvious contrib-
utors to this kind of social behavior. At a first approximation, bacteriophages are
genetic parasites that usurp the genome and protein assembly infrastructure of the
host cell to facilitate their own replication. However, the story is considerably more
complex. In the context of their own replication, host cell-produced constituents of the
bacteriophage virion can be thought of as public goods, giving bacteriophages an
incentive to cheat (Fig. 1). In addition, bacteriophages have evolved mechanisms to
exploit bacterial quorum sensing to make replication decisions or to expand or sup-
press bacterial cheater populations. Understanding the social interactions between
bacteria and bacteriophages has implications for human health and disease, particu-
larly for efforts to develop bacteriophages as therapeutics to treat multidrug-resistant
bacterial infections (34, 35).

BACTERIOPHAGES EXPLOIT PUBLIC GOODS

Perhaps one of the first observations of cheating by a bacteriophage was in early
work characterizing the molecular biology of filamentous M13 bacteriophages that
infect Escherichia coli. Like other Inoviruses, M13 virions are continuously extruded from
their hosts, typically without causing lysis (8). In the 1970s, Griffith and Kornberg
observed that truncated virions 20 to 50% the size of full-length M13 readily accumu-
late in serially passaged cultures (36). These miniphages package truncated genomes
that are missing most or all open reading frames; only structural genetic elements, such
as the origin of replication and packaging signal, remain, allowing M13 miniphage
genomes to replicate and be packaged into M13 minivirions. M13 miniphages are obligate
cheats (37); in the absence of full-length bacteriophages, M13 miniphages are unable to
replicate. This fitness disadvantage stems from the inability of M13 miniphages to produce
essential public goods such as capsid proteins or bacteriophage-encoded enzymes. In order
to replicate, M13 miniphages must cheat and consume capsid proteins and other public
goods produced by a minority population of full-length M13 bacteriophages coinfecting
the same cell.

M13 miniphage cheaters, which harbor the minimum genetic elements required for
replication, have proven to be of substantial benefit to human society. M13 miniphages
gave rise to some of the first phagemids and other cloning vectors, tools that have
been fundamental in our understanding of the basic principles of molecular biology
(38, 39).

Many Bacteria, and even some Archaea, are infected by filamentous Inoviruses similar
to M13 (40) and all of these bacteriophages are likely susceptible to cheating. For
example, we observe that miniphages arise in serially passaged populations of Pf4, an
Inovirus that infects P. aeruginosa PAO1 (Fig. 2). The dominant Pf4 miniphage genome
we observed is �2.5 kbp. Because intergenic regions account for 2,541 bp of the
full-length 12,439-bp Pf4 genome (41), these results suggest that Pf4 miniphages, like
M13 miniphages, are missing most, if not all, open reading frames and that they must
cheat in order to replicate.

Other bacteriophages, such as �6, an RNA Cystovirus that infects Pseudomonas
phaseolicola, cheat by consuming public goods such as capsid proteins at a higher rate
than they contribute to their production. When propagated in the lab at a high
multiplicity of infection (MOI; the number of virions per bacterial cell), �6 cheaters
emerge that display enhanced within-host fitness (42). This fitness advantage is realized
only when the initial frequency of cheating bacteriophages is low. When cheater
frequencies are high, �6 cheaters have reduced fecundity, preventing them from
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sweeping through the bacteriophage population and causing a tragedy of the com-
mons (42).

The molecular details of how �6 cheats are not fully understood. One possible
mechanism is that �6 cheaters harbor a duplicated or an otherwise mutated pac region,
which regulates genome encapsidation (42). Mutations in the pac region may enhance
�6 genome affinity for capsid proteins, allowing cheaters to replicate and consume
public goods at a higher rate than ancestral wild-type bacteriophages. �6 bacterio-
phages may also cheat by manipulating various stages of the lytic life cycle. For
example, cheater bacteriophages may initiate cell lysis at too early a time point, before
noncheating bacteriophages have matured. However, experimental evidence for this
type of cheating is lacking (42, 43).

As mentioned above, at high densities, �6 cheaters have reduced fecundity. This is
in contrast to Pf and M13 miniphages, which rapidly achieve high population densities
(Fig. 2). The fitness differences of these different species of cheater bacteriophages
could be explained by density-dependent fitness benefits. Because �6 cheaters are
essentially the same size and composition as cooperator �6 virions, pools of public
goods would sustain only so many cheater virions, which would prevent high cheater
population densities from being achieved. Conversely, Pf and M13 miniphages are only
a fraction of the size of full-length cooperator bacteriophages, which may allow more
cheater virions to be produced from a given pool of public goods, allowing miniphage
cheaters to achieve higher population densities. Future investigations into density-
dependent fitness benefits of various bacteriophage cheating strategies in relation to
the tragedy of commons may reveal new ways to leverage bacteriophages as thera-
peutic tools to treat or prevent bacterial infections.

ALTRUISM WITHIN BACTERIOPHAGE POPULATIONS

In the evolutionary arms race between bacteria and bacteriophages, bacteria have
evolved diverse bacteriophage defense mechanisms (reviewed in reference 44). One
example is CRISPR-Cas, a bacterial adaptive immune system that is present in approx-
imately half of known bacterial genomes (45, 46). CRISPR-Cas systems are composed of
arrays of short, �30-nucleotide repeats and spacers. The acquisition of spacers derived
from unique genetic sequences present in infecting bacteriophages provides a memory
of past infections, allowing swift immunity against future infections by bacteriophages
harboring the same sequences.

Some bacteriophages attempt to evade this immune system by encoding anti-
CRISPR (Acr) proteins (47). However, infection by a single bacteriophage is often not

FIG 2 Pf4 miniphage cheaters emerge in serially passaged cultures. (A) Model depicting how Pf miniphages could emerge and propagate.
(B) Episomal Pf DNA was isolated from P. aeruginosa cultures infected by serially passaged Pf. A dominant and stable subpopulation of
miniphages with a 2.5-kbp genome was established after the second passage. (C) The dominant Pf miniphage genome is predicted to be
composed of only intergenic features required for DNA replication and packaging into phage particles, similar to features of M13
miniphages. All other phage components such as capsid proteins are provided by low copy numbers of full-length phage coinfecting the
same cell.
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sufficient to suppress CRISPR-Cas immunity; Acr-dependent CRISPR-Cas suppression is
often achieved only after multiple failed bacteriophage infections deliver a sufficient
dose of Acr proteins to a recipient bacterial cell (48, 49). These failed bacteriophage
infections can be construed to represent a form of altruism: bacteriophages that initiate
failed infections suffer a cost in suppressing CRISPR-Cas immunity while kin bacterio-
phages stand to benefit by initiating successful infections. Recent work also demon-
strates that Acr-encoding bacteriophages benefit Acr-negative bacteriophages by
suppressing the evolution of CRISPR-mediated bacteriophage resistance, allowing Acr-
negative phages to replicate in susceptible subpopulations of an otherwise resistant
bacterial host (50).

It is interesting to speculate that a rapidly expanding bacteriophage population
(such as the cheater bacteriophages discussed above) could serve as fodder to deliver
Acr proteins to recipient bacterial cells. In addition to suppressing CRISPR-Cas immu-
nity, bacteriophages initiating failed infections would be removed from the population,
perhaps providing a mechanism to keep cheater (or any rapidly expanding) bacterio-
phage populations in check. It is also possible that infection by defective bacterio-
phages, which readily arise in culture but are unable to complete their life cycle (51),
could display altruistic behaviors to subvert bacteriophage defense mechanisms. For
example, defective bacteriophages could still deliver Acr genes to a host cell to
overwhelm CRISPR defenses. Defective bacteriophages could also serve as decoys to
subvert CRISPR-based immunity. However, defective bacteriophages can also work
against bacteriophage populations by driving the acquisition of spacer sequences from
defective phages, thus promoting CRISPR-based immunity (52). With the discovery of a
diverse array of bacteriophage defense mechanisms (53, 54), understanding how
bacteriophages subvert bacterial immune systems through the lens of sociomicrobiol-
ogy may reveal new ways to expand or suppress bacteriophage populations, which
may have implications for phage therapy and industrial applications.

BACTERIOPHAGES, BACTERIA, AND TOXIC ALTRUISM

Some bacteriophages encode gene products that constitute bacterial public goods.
For example, some pathogenic E. coli bacteria are lysogens for lambdoid Stx prophages
that encode Shiga toxin. Shiga toxin provides bacterial populations with the means to
defend themselves against phagocytic predators such as protozoans or neutrophils
(55). Shiga toxin provides nonspecific protection to the bacterial population from
predation by phagocytes and can be considered a public good. Because its production
requires a lytic bacteriophage, Shiga toxin presents a kind of double-edged sword for
cooperating bacterial populations. Shiga toxin is produced during lytic replication, and
release of the toxin is accompanied by the death of the producer and simultaneous
release of infectious Stx virions (56). A meta-analysis of the Stx literature revealed that
under more natural conditions (i.e., not conditions such as high concentrations of
mitomycin C), Stx prophage induction occurred in approximately 1% of the bacterial
population (57). However, the low level of Stx induction was accompanied by the
release of relatively large amounts of toxin (58, 59).

Under the threat of predation by phagocytes, bacteria not infected by Stx could be
considered cheaters as they do not produce Shiga toxin. These cheaters, which can
include commensal strains of E. coli (60), are susceptible to infection by Stx bacterio-
phages and can be forced to cooperate. After infecting a cheater, Stx can enter a lytic
or lysogenic life cycle. If Stx enters the lytic cycle, cheaters are converted into Shiga
toxin producers and are subsequently lysed and removed from the population. Alter-
natively, if cheaters are lysogenized by Stx, Shiga toxin genes are preserved in the
bacterial population, contributing to the maintenance of this cooperative behavior (56).

BACTERIOPHAGES MODULATE BACTERIAL CHEATER POPULATIONS

Strong social selective pressures allow bacterial cheater populations to expand.
Depending on whether social selective pressures are strong or weak, bacteriophages
can expand or suppress bacterial cheater populations. For example, predation by the
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lytic phage SBW25�2 imparts a continual selective pressure on Pseudomonas fluore-
scens that promotes the emergence of bacteriophage-resistant individuals (61). When
cooperation is the dominant strategy within the population (i.e., the cooperator
population is numerically dominant), bacteriophage-resistant individuals are far more
likely to emerge in cooperator populations than in cheater populations, and bacterio-
phage resistance genes propagate through the cooperator population. If the fitness
benefits conferred by bacteriophage resistance mutations outweigh the benefits of
social selective pressures (e.g., iron limitation), then bacteriophage-resistant coopera-
tors suppress cheaters by clonal interference, i.e., the competition of two beneficial
mutations (phage resistance mutations and siderophore inactivating mutations) in the
same genetic background (Fig. 3A) (61). Of course, if cheaters were numerically
dominant, predation by these same bacteriophages would be expected to suppress a
minority cooperator population through the same mechanism, perhaps resulting in
population decline or crash due to a lack of public-good production. However, it is
worth pointing out that high densities of cheater bacteriophages could be accompa-
nied by reduced fecundity/fitness, which would have dramatic impacts on the modu-
lation of bacteria cheater populations by bacteriophages.

Lysogenic bacteriophages can also select for populations of cooperators. In P.
aeruginosa, QS-null individuals (ΔlasR ΔrhlR) were more susceptible to infection by
lysogenic bacteriophages (strains JBD30 and D3112) than wild-type bacteria with intact
QS systems (62). It was observed that lysogenic bacteriophages preferentially adsorb to
and infect QS-null individuals. While the mechanistic details remain to be worked out,
QS inactivation could promote bacteriophage attachment to QS-null individuals by
inducing the expression of cell surface molecules important for bacteriophage attach-

FIG 3 Bacteriophages can suppress, expand, or stabilize bacterial cheater populations. Strong social selection here refers to a selective pressure (such as iron
limitation) that promotes the expansion of bacterial cheater populations. (A) When selection for bacteriophage-resistant individuals is stronger than selection
for cheaters (red cells), bacteriophage resistance mutations (stripped cells) propagate at a higher rate through the numerically dominant cooperator population
(blue cells) than in the emerging cheater population. (B) When the incentive to cheat outweighs the selective pressures of bacteriophage predation, cheater
populations can expand to the point of population collapse. (C) Transposable bacteriophages randomly integrate into the bacterial chromosome and drive
bacterial diversification. Coupled with a strong social selective pressure, infection by a transposable bacteriophage can promote a divergent social strategy
wherein both cheaters and public-good overproducers emerge to stabilize the bacterial population.
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ment (type IV pili in this case) or by modulating the production of QS-regulated capsule
components that interfere with bacteriophage attachment. Because type IV pilus-
mediated twitching motility is similar between wild-type and QS-null P. aeruginosa
bacteria (63), differences in bacteriophage adsorption to wild-type and QS-null bacteria
are likely not explained by differential expression of a cell surface receptor. Surface
hydrophobicity measurements revealed a higher hydrophobicity of wild-type P. aerugi-
nosa than QS-null P. aeruginosa, raising the possibility that differential capsule com-
positions between wild-type and QS-null strains affect susceptibility to bacteriophage
infection.

In the above example, bacteriophages selected for cooperative behaviors in bacte-
rial populations. However, under iron-limiting conditions (a strong social selective
pressure), bacteriophage predation can promote the expansion of bacterial cheater
populations. This is apparent in iron-limited P. aeruginosa cultures infected by lytic
LKD16 bacteriophages. Under such conditions, bacteriophage predation was insuffi-
cient to suppress bacterial cheater populations, and cheater populations invaded to the
point of population decline due to lack of sufficient siderophore production (Fig. 3B)
(64).

Transposable bacteriophages add yet another layer of complexity to bacteriophage-
bacterium social interactions. In an epidemic strain (LES) of P. aeruginosa, the mu-like
transposable bacteriophage LES�4 randomly integrates into the chromosome, driving
bacterial adaptation and diversification (65). Under iron-limiting conditions, LES�4 had
higher insertional frequencies in genes related to siderophore production and PQS
quorum sensing than in iron-replete cultures (66). The inactivation of these social genes
allowed a cheater population to expand under iron-limiting conditions. Interestingly,
LES�4 infection did not cause a tragedy of the commons or population decline under
iron-limiting conditions. Rather, a divergent social strategy emerged: in addition to
cheaters not producing siderophores, a siderophore-overproducing population also
emerged, stabilizing siderophore production (Fig. 3C).

BACTERIOPHAGES SENSE AND RESPOND TO SOCIAL CUES

Transduction of genetic material by bacteriophages is a major mechanism of
horizontal gene transfer within and between microbes (67), and some bacteriophages
have acquired genes that facilitate social interactions with bacteria. For example,
bacteriophages that infect Clostridium species encode homologs of the agr quorum
system (68) and QS response regulators (69). Some Vibrio bacteriophages encode
functional QS receptor genes that are homologous to their bacterial counterparts that
sense and respond to bacterial autoinducers (70, 71). In addition, bacterial QS autoin-
ducers can induce lytic bacteriophage replication in bacteria isolated from soil and
groundwater (72). How QS genes carried by bacteriophages integrate into larger social
networks in bacterial populations is only beginning to be understood.

The QS receptors encoded by Vibrio bacteriophages are among the most well-
understood. Vibrio bacteriophage QS receptors are functional and respond to bacterial
autoinducers to regulate lysis/lysogeny decisions (70, 71). When bacteriophages sense
autoinducers produced by a quorum of bacteria, lytic replication is initiated to capi-
talize on a bacterial population full of potential hosts.

Other bacteriophage-encoded QS genes include autoinducer synthetases (68). It is
possible that bacteriophages encoding these genes produce bacterial autoinducers to
augment or prematurely activate bacterial QS signaling. This could be a mechanism
whereby bacteriophages force their hosts to cooperate and produce or even overpro-
duce public goods, allowing nonproducing cheaters to emerge, similar to the divergent
social strategy discussed above in P. aeruginosa infected with transposable bacterio-
phages under iron-limited conditions (66).

In some cases, rather than listening in or contributing to microbial conversations,
bacteriophages may opt to kill the conversation. The Iodobacter bacteriophage �PLPE
may do this as it encodes a predicted acylhydrolase (73), which could block QS
signaling by degrading acylhomoserine lactone molecules. Bacteriophage-encoded
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enzymes that degrade QS autoinducers could delay the activation of QS-regulated
genes in some circumstances, producing a temporary cheater population.

Last, many bacteriophages encode their own fully functional and independent
QS-like system, called arbitrium (74, 75). Like QS, arbitrium signaling uses unique
peptide autoinducers and cognate receptors. One purpose of the arbitrium system is to
sense how many bacteria in a given population are infected by kin bacteriophages in
order to guide lysis/lysogeny decisions. As with bacterial QS, these decisions are
mediated by peptide autoinducer concentrations; as the peptide accumulates, lytic
replication is inhibited, and the lysogenic life cycle is promoted. Like QS, arbitrium
signaling is probably susceptible to exploitation by both bacteriophages and bacteria.
For example, other species of bacteriophages may encode arbitrium orphan receptors
that allow them respond to arbitrium signals produced by competing bacteriophages.
Conversely, arbitrium receptor genes may become inactivated in some bacteriophages,
producing a cheater subpopulation. However, arbitrium cheaters that ignore the
peptide signal may enter but never exit the lytic life cycle could thus cause the collapse
of the host bacterial population (which would be beneficial in the setting of infectious
disease). While arbitrium-signaling peptides have therapeutic potential to induce en-
dogenous prophages to kill infecting bacteria, endogenous prophage induction could
have unintended consequences, as we discuss in the following section.

TRIPARTITE INTERACTIONS BETWEEN BACTERIOPHAGE, BACTERIA, AND
ANIMALS

Bacteriophage virions play diverse and surprising roles in tripartite interactions
between bacteriophage, bacteria, and animals. In some cases, bacteriophage virions
may act as a public good themselves. Filamentous Inoviruses are a prime example; these
relatively stiff, negatively charged rods can bind to and sequester cationic antimicro-
bials such as antimicrobial peptides (76) and aminoglycoside antibiotics (77). The
sequestration of antimicrobials by these bacteriophages allows bacteria to tolerate
otherwise lethal doses of antimicrobials (77), which is associated with the emergence
of strains of P. aeruginosa with fixed antimicrobial resistance in human infections (78).
Thus, in cases in which Inoviruses provide bacterial populations protection against
antimicrobials, the virions are a public good.

Pf bacteriophages also have immunomodulatory properties that could serve a social
role in tripartite interactions. Pf virions directly stimulate a type I interferon antiviral
response in human and mouse immune cells through the pattern recognition receptor
Toll-like receptor 3 (TLR3) (79). TLR3 recognizes double-stranded RNA within endo-
somes (a membrane-bound vesicle). However, Pf bacteriophages package a single-
stranded, circular DNA genome. While the precise mechanism for how Pf bacterio-
phages induce TLR3 signaling is unknown, preliminary observations suggest that Pf
virions escape endosomes and that Pf DNA is transcribed by the eukaryotic cell (79). It
is possible that Pf RNA forms hairpins that are then recognized by TLR3, but it is unclear
how the Pf RNA would make it back into an endosome to be recognized by TLR3. An
alternative possibility is that Pf virions, which are filaments with diameters (6 to 7 nm)
and charge densities comparable to those of double-stranded nucleic acids (76),
directly interact with TLR3 to induce antiviral responses. However, direct experimental
evidence of such an interaction is lacking.

Stimulation of TLR3 signals through the adaptor protein TRIF, which then induces
NF-�B-dependent transcription of genes involved in a type I interferon antiviral re-
sponse (79). The antiviral response invoked by Pf virions suppresses bacterial clearance
and is maladaptive in the face of a bacterial infection, benefiting P. aeruginosa as it
establishes an infection. Thus, for P. aeruginosa, Pf virions may themselves be consid-
ered a public good. Intriguingly, it is possible that Pf miniphages could induce the same
response, i.e., that “cheaters” in one context (phage replication) might still be a
functional public good in another (P. aeruginosa infection). It will be interesting to see
if Pf miniphages or other types of cheater bacteriophages are present at sites of
infection.
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Other bacteriophages also have immunomodulatory properties that could serve a
tripartite social role. For example, in inflammatory bowel diseases, Caudovirales bacte-
riophage populations are expanded (80) and can directly stimulate a TLR9-dependent
immune response that promotes inflammation (81). TLR9 recognizes CpG-containing
microbial DNA (82). When Caudovirales bacteriophages (which package linear double-
stranded DNA [dsDNA]) are internalized by immune cells, the bacteriophage DNA is
released from the virion where it directly stimulates inflammation through TLR9 (81).
Increased inflammation can contribute to dysbiosis of the gut microbiota and favor
infection by pathogenic bacteria (reviewed in reference 83). Therefore, the immuno-
modulatory properties of Caudovirales bacteriophages could serve as a public good for
enteric pathogens.

Bacteriophage-mediated immunomodulation has also been reported in bacterial
symbionts. A recent study demonstrated that marine sponges, despite continuously
filtering seawater containing abundant and diverse microbes, harbor a stable viral
community that includes bacteriophages (84). While many of the bacteriophages
that infect sponge symbionts are virulent (as evidenced by the enrichment of
bacteriophage-defense mechanisms in sponge symbiont genomes [85]), some of these
bacteriophages encode immunomodulatory proteins that alter host-microbe interac-
tions. These immunomodulatory bacteriophage-encoded proteins contain ankyrin re-
peats, a widely distributed protein motif that facilitates diverse protein-protein inter-
actions in prokaryotes and eukaryotes (86). Jahn et al. demonstrated that secreted
bacteriophage-encoded ankyrin proteins suppressed inflammatory cytokine produc-
tion and phagocytic bacterial uptake by the sponge immune system (84). The suppres-
sion of the sponge’s immune system by these so-called ankyphages facilitated
symbiont-host coexistence. It would be interesting to know if bacteriophage-encoded
ankyrins protected only the producing (bacteriophage-infected) bacteria from immune
clearance or if bacteriophage-encoded ankyrin proteins serve a more social role that
extended to the entire symbiont population.

Sponges are not the only example of ankyphages facilitating the tolerance and main-
tenance of bacterial symbionts within their hosts. While bacteriophage-encoded ankyrin
proteins are prevalent among cellular organisms, they are relatively scarce among bacte-
riophages (84), with the notable exception of prophage WO in Wolbachia (87), the most
widespread endosymbiotic bacteria on the planet (88). Wolbachia bacteria are maternally
inherited obligate intracellular bacteria that infect arthropods and are perhaps most famous
for their ability to manipulate the reproductive biology of their host. These manipulations
include feminization, whereby males are converted into females, and cytoplasmic incom-
patibility (CI), whereby sperm from Wolbachia-infected males are unable to fertilize eggs
from noninfected females. Ankyrin genes harbored by prophage WO (pk1 and pk2) are
correlated with feminization and CI in different arthropod hosts (89, 90). In addition to
ankyrin proteins, prophage WO also expresses the non-ankyrin genes cifA and cifB, which
mediate CI in Drosophila melanogaster (91, 92). These observations demonstrate that
bacteriophage WO has evolved multiple ways to manipulate the reproductive biology of its
arthropod hosts, which could help explain why Wolbachia bacteria (and bacteriophage WO)
are so widespread in nature. Understanding tripartite social interactions between bacte-
riophage WO, Wolbachia, and arthropods could provide important insights into the devel-
opment of Wolbachia-based strategies to control the transmission of vector-borne diseases
such as dengue, Zika, and yellow fever virus infections.

CONCLUDING REMARKS AND FUTURE LINES OF INVESTIGATION

Social cooperation and conflict are common in microbial populations. Like their
bacterial hosts, bacteriophages exhibit complex social interactions and integrate into
larger microbial social networks in ways that we are only beginning to understand.
These social interactions impact the fitness and population outcomes for bacterio-
phages, bacteria, and, as is becoming clearer, animals.

Most sociobiological studies of bacteriophage-bacterium interactions have focused
on cooperation and cheating. Bacteriophage manipulation of bacterial cheaters or
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communication systems like QS could modulate virulence factors, siderophores, pro-
teases, and other such public goods, affecting the virulence capacity of the bacterial
population, as previously suggested (62). These interactions, particularly in concert with
the ability of some bacteriophages to subvert animal immune systems (79, 81, 84, 91),
could have dramatic implications for the therapeutic use of bacteriophages to treat
bacterial infections. For example, in some scenarios, it is possible to imagine that the
therapeutic use of bacteriophages to treat bacterial infections could lead to bacterial
population collapse by favoring the emergence of less virulent bacterial cheaters. Such
bacteriophages could be termed “social killers” and would not necessarily need to be
ultravirulent and produce large plaques on lawns of bacteria in a Petri dish. Thus,
studies exploring the sociobiology of bacteriophages have the potential to expand the
number and types of bacteriophages that could be used for phage therapy. On the
other hand, it is also possible that bacteriophages could stabilize cooperative behaviors
in the infecting bacterial population and modulate/suppress host immunity, thereby
promoting infection. As phage therapy becomes more mainstream, it will be important
to keep these social considerations in mind while hunting for therapeutic bacterio-
phages and while monitoring treatment efficacy.

Our review also emphasizes the idea that bacteria or bacteriophages as cheaters or
cooperators is context specific and may not describe the totality of the interaction
between individuals. Bacterial or bacteriophage cheaters may not really be cheaters per
se. Rather, cheaters could instead be relieved from the burden of a costly communal
task in order to explore alternative biological functions. For example, in settings where
bacteriophages sequester antimicrobials, the antibiotic-resistant bacteria that emerge
may have once been cheaters not producing bacteriophages.

The complexity of bacteriophage-bacterium social interactions also should suggest
caution about the interpretation of data in experimental systems in which there is
thought to be selective pressure on a cooperative trait, particularly in the design of
synthetic biological systems that use bacterial QS to regulate the production of an
exoproduct. In fact, it may be that there are overlaid pressures from bacteriophage-
bacterium interactions that have the effect of altering the fitness benefit to the
cheating individual. In the end, understanding how social interactions combine to yield
a whole-population outcome will be critically important for a myriad of experimental
and applied interactions between bacteriophages and their bacterial hosts.

ACKNOWLEDGMENTS
P.R.S. is supported by NIH grants R01AI138981, K22AI125282, and P20GM103546.

A.A.D. is supported by grants from the NIH (R01GM125714) and the Burroughs-
Wellcome Fund (1012253).

We declare that we have no conflicts of interest.

REFERENCES
1. Xavier JB. 2016. Sociomicrobiology and pathogenic bacteria. Microbiol

Spectr 4(3):VMBF-0019-2015. https://doi.org/10.1128/microbiolspec.VMBF
-0019-2015.

2. West SA, Griffin AS, Gardner A, Diggle SP. 2006. Social evolution theory
for microorganisms. Nat Rev Microbiol 4:597– 607. https://doi.org/10
.1038/nrmicro1461.

3. Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM.
1995. Microbial biofilms. Annu Rev Microbiol 49:711–745. https://doi
.org/10.1146/annurev.mi.49.100195.003431.

4. Boyle KE, Heilmann S, van Ditmarsch D, Xavier JB. 2013. Exploiting social
evolution in biofilms. Curr Opin Microbiol 16:207–212. https://doi.org/
10.1016/j.mib.2013.01.003.

5. Xavier JB, Foster KR. 2007. Cooperation and conflict in microbial biofilms.
Proc Natl Acad Sci U S A 104:876 – 881. https://doi.org/10.1073/pnas
.0607651104.

6. Irie Y, Roberts AEL, Kragh KN, Gordon VD, Hutchison J, Allen RJ, Melaugh
G, Bjarnsholt T, West SA, Diggle SP. 2017. The Pseudomonas aeruginosa
PSL polysaccharide is a social but noncheatable trait in biofilms. mBio
8:e00374-17. https://doi.org/10.1128/mBio.00374-17.

7. Clokie MR, Millard AD, Letarov AV, Heaphy S. 2011. Phages in nature.
Bacteriophage 1:31– 45. https://doi.org/10.4161/bact.1.1.14942.

8. Rakonjac J, Bennett NJ, Spagnuolo J, Gagic D, Russel M. 2011. Filamen-
tous bacteriophage: biology, phage display and nanotechnology appli-
cations. Curr Issues Mol Biol 13:51–76.

9. Griffin AS, West SA, Buckling A. 2004. Cooperation and competition in
pathogenic bacteria. Nature 430:1024 –1027. https://doi.org/10.1038/
nature02744.

10. Darch SE, West SA, Winzer K, Diggle SP. 2012. Density-dependent fitness
benefits in quorum-sensing bacterial populations. Proc Natl Acad Sci
U S A 109:8259 – 8263. https://doi.org/10.1073/pnas.1118131109.

11. West SA, Diggle SP, Buckling A, Gardner A, Griffin AS. 2007. The social
lives of microbes. Annu Rev Ecol Evol Syst 38:53–77. https://doi.org/10
.1146/annurev.ecolsys.38.091206.095740.

12. Hamilton WD. 1964. The genetical evolution of social behaviour. I. J
Theor Biol 7:1–16. https://doi.org/10.1016/0022-5193(64)90038-4.

13. Hamilton WD. 1964. The genetical evolution of social behaviour. II. J
Theor Biol 7:17–52. https://doi.org/10.1016/0022-5193(64)90039-6.

14. Hardin G. 1968. The tragedy of the commons. The population problem

Minireview ®

March/April 2020 Volume 11 Issue 2 e00041-20 mbio.asm.org 11

https://doi.org/10.1128/microbiolspec.VMBF-0019-2015
https://doi.org/10.1128/microbiolspec.VMBF-0019-2015
https://doi.org/10.1038/nrmicro1461
https://doi.org/10.1038/nrmicro1461
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1146/annurev.mi.49.100195.003431
https://doi.org/10.1016/j.mib.2013.01.003
https://doi.org/10.1016/j.mib.2013.01.003
https://doi.org/10.1073/pnas.0607651104
https://doi.org/10.1073/pnas.0607651104
https://doi.org/10.1128/mBio.00374-17
https://doi.org/10.4161/bact.1.1.14942
https://doi.org/10.1038/nature02744
https://doi.org/10.1038/nature02744
https://doi.org/10.1073/pnas.1118131109
https://doi.org/10.1146/annurev.ecolsys.38.091206.095740
https://doi.org/10.1146/annurev.ecolsys.38.091206.095740
https://doi.org/10.1016/0022-5193(64)90038-4
https://doi.org/10.1016/0022-5193(64)90039-6
https://mbio.asm.org


has no technical solution; it requires a fundamental extension in moral-
ity. Science 162:1243–1248.

15. Asfahl KL, Schuster M. 2017. Social interactions in bacterial cell-cell
signaling. FEMS Microbiol Rev 41:92–107. https://doi.org/10.1093/
femsre/fuw038.

16. Miller MB, Bassler BL. 2001. Quorum sensing in bacteria. Annu Rev
Microbiol 55:165–199. https://doi.org/10.1146/annurev.micro.55.1.165.

17. Conlin PL, Chandler JR, Kerr B. 2014. Games of life and death: antibiotic
resistance and production through the lens of evolutionary game theory.
Curr Opin Microbiol 21:35–44. https://doi.org/10.1016/j.mib.2014.09.004.

18. Fuqua WC, Winans SC, Greenberg EP. 1994. Quorum sensing in bacteria:
the LuxR-LuxI family of cell density-responsive transcriptional regulators.
J Bacteriol 176:269 –275. https://doi.org/10.1128/jb.176.2.269-275.1994.

19. Engebrecht J, Silverman M. 1984. Identification of genes and gene
products necessary for bacterial bioluminescence. Proc Natl Acad Sci
U S A 81:4154 – 4158. https://doi.org/10.1073/pnas.81.13.4154.

20. Whiteley M, Diggle SP, Greenberg EP. 2017. Progress in and promise of
bacterial quorum sensing research. Nature 551:313–320. https://doi.org/
10.1038/nature24624.

21. Ball AS, Chaparian RR, van Kessel JC. 2017. Quorum sensing gene
regulation by LuxR/HapR master regulators in vibrios. J Bacteriol 199:
e00105-17. https://doi.org/10.1128/JB.00105-17.

22. Novick RP, Geisinger E. 2008. Quorum sensing in staphylococci. Annu
Rev Genet 42:541–564. https://doi.org/10.1146/annurev.genet.42.110807
.091640.

23. Schuster M, Lostroh CP, Ogi T, Greenberg EP. 2003. Identification, timing,
and signal specificity of Pseudomonas aeruginosa quorum-controlled
genes: a transcriptome analysis. J Bacteriol 185:2066 –2079. https://doi
.org/10.1128/jb.185.7.2066-2079.2003.

24. Sandoz KM, Mitzimberg SM, Schuster M. 2007. Social cheating in Pseu-
domonas aeruginosa quorum sensing. Proc Natl Acad Sci U S A 104:
15876 –15881. https://doi.org/10.1073/pnas.0705653104.

25. Diggle SP, Griffin AS, Campbell GS, West SA. 2007. Cooperation and
conflict in quorum-sensing bacterial populations. Nature 450:411– 414.
https://doi.org/10.1038/nature06279.

26. Dandekar AA, Chugani S, Greenberg EP. 2012. Bacterial quorum sensing
and metabolic incentives to cooperate. Science 338:264 –266. https://
doi.org/10.1126/science.1227289.

27. Wang M, Schaefer AL, Dandekar AA, Greenberg EP. 2015. Quorum sensing
and policing of Pseudomonas aeruginosa social cheaters. Proc Natl Acad Sci
U S A 112:2187–2191. https://doi.org/10.1073/pnas.1500704112.

28. Yan H, Asfahl KL, Li N, Sun F, Xiao J, Shen D, Dandekar AA, Wang M. 2019.
Conditional quorum-sensing induction of a cyanide-insensitive terminal
oxidase stabilizes cooperating populations of Pseudomonas aeruginosa.
Nat Commun 10:4999. https://doi.org/10.1038/s41467-019-13013-8.

29. Castañeda-Tamez P, Ramírez-Peris J, Pérez-Velázquez J, Kuttler C, Jalali-
manesh A, Saucedo-Mora MÁ, Jiménez-Cortés JG, Maeda T, González Y,
Tomás M, Wood TK, García-Contreras R. 2018. Pyocyanin restricts social
cheating in Pseudomonas aeruginosa. Front Microbiol 9:1348. https://
doi.org/10.3389/fmicb.2018.01348.

30. Zhang XX, Rainey PB. 2013. Exploring the sociobiology of pyoverdin-
producing Pseudomonas. Evolution 67:3161–3174. https://doi.org/10
.1111/evo.12183.

31. Sexton DJ, Schuster M. 2017. Nutrient limitation determines the fitness
of cheaters in bacterial siderophore cooperation. Nat Commun 8:230.
https://doi.org/10.1038/s41467-017-00222-2.

32. Ochsner UA, Wilderman PJ, Vasil AI, Vasil ML. 2002. GeneChip expression
analysis of the iron starvation response in Pseudomonas aeruginosa:
identification of novel pyoverdine biosynthesis genes. Mol Microbiol
45:1277–1287. https://doi.org/10.1046/j.1365-2958.2002.03084.x.

33. Ozkaya O, Balbontin R, Gordo I, Xavier KB. 2018. Cheating on cheaters
stabilizes cooperation in Pseudomonas aeruginosa. Curr Biol 28:
2070 –2080.e6. https://doi.org/10.1016/j.cub.2018.04.093.

34. Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor
L, Barr JJ, Reed SL, Rohwer F, Benler S, Segall AM, Taplitz R, Smith DM,
Kerr K, Kumaraswamy M, Nizet V, Lin L, McCauley MD, Strathdee SA,
Benson CA, Pope RK, Leroux BM, Picel AC, Mateczun AJ, Cilwa KE,
Regeimbal JM, Estrella LA, Wolfe DM, Henry MS, Quinones J, Salka S,
Bishop-Lilly KA, Young R, Hamilton T. 2017. Development and use of
personalized bacteriophage-based therapeutic cocktails to treat a pa-
tient with a disseminated resistant Acinetobacter baumannii Infection.
Antimicrob Agents Chemother 61:e00954-17. https://doi.org/10.1128/
AAC.00954-17.

35. Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell DA, Ford K,

Harris K, Gilmour KC, Soothill J, Jacobs-Sera D, Schooley RT, Hatfull GF,
Spencer H. 2019. Engineered bacteriophages for treatment of a patient
with a disseminated drug-resistant Mycobacterium abscessus. Nat Med
25:730 –733. https://doi.org/10.1038/s41591-019-0437-z.

36. Griffith J, Kornberg A. 1974. Mini M13 bacteriophage: circular fragments
of M13 DNA are replicated and packaged during normal infections.
Virology 59:139 –152. https://doi.org/10.1016/0042-6822(74)90211-6.

37. Ghoul M, Griffin AS, West SA. 2014. Toward an evolutionary definition of
cheating. Evolution 68:318 –331. https://doi.org/10.1111/evo.12266.

38. Sanger F, Coulson AR, Barrell BG, Smith AJH, Roe BA. 1980. Cloning in
single-stranded bacteriophage as an aid to rapid DNA sequencing. J Mol
Biol 143:161–178. https://doi.org/10.1016/0022-2836(80)90196-5.

39. Messing J, Gronenborn B, Muller-Hill B, Hans Hopschneider P. 1977. Fila-
mentous coliphage M13 as a cloning vehicle: insertion of a HindII fragment
of the lac regulatory region in M13 replicative form in vitro. Proc Natl Acad
Sci U S A 74:3642–3646. https://doi.org/10.1073/pnas.74.9.3642.

40. Roux S, Krupovic M, Daly RA, Borges AL, Nayfach S, Schulz F, Sharrar A,
Matheus Carnevali PB, Cheng JF, Ivanova NN, Bondy-Denomy J,
Wrighton KC, Woyke T, Visel A, Kyrpides NC, Eloe-Fadrosh EA. 2019.
Cryptic inoviruses revealed as pervasive in bacteria and archaea across
Earth’s biomes. Nat Microbiol 4:1895–1906. https://doi.org/10.1038/
s41564-019-0510-x.

41. Winsor GL, Griffiths EJ, Lo R, Dhillon BK, Shay JA, Brinkman FS. 2016.
Enhanced annotations and features for comparing thousands of Pseu-
domonas genomes in the Pseudomonas genome database. Nucleic
Acids Res 44:D646 –53. https://doi.org/10.1093/nar/gkv1227.

42. Dennehy JJ, Turner PE. 2004. Reduced fecundity is the cost of cheating
in RNA virus phi6. Proc Biol Sci 271:2275–2282. https://doi.org/10.1098/
rspb.2004.2833.

43. Citorik RJ, Mimee M, Lu TK. 2014. Bacteriophage-based synthetic biology
for the study of infectious diseases. Curr Opin Microbiol 19:59 – 69.
https://doi.org/10.1016/j.mib.2014.05.022.

44. Bernheim A, Sorek R. 2020. The pan-immune system of bacteria: antiviral
defence as a community resource. Nat Rev Microbiol 18:113–119.
https://doi.org/10.1038/s41579-019-0278-2.

45. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S,
Romero DA, Horvath P. 2007. CRISPR provides acquired resistance
against viruses in prokaryotes. Science 315:1709 –1712. https://doi.org/
10.1126/science.1138140.

46. Grissa I, Vergnaud G, Pourcel C. 2007. The CRISPRdb database and tools
to display CRISPRs and to generate dictionaries of spacers and repeats.
BMC Bioinformatics 8:172. https://doi.org/10.1186/1471-2105-8-172.

47. Bondy-Denomy J, Pawluk A, Maxwell KL, Davidson AR. 2013. Bacterio-
phage genes that inactivate the CRISPR/Cas bacterial immune system.
Nature 493:429 – 432. https://doi.org/10.1038/nature11723.

48. Borges AL, Zhang JY, Rollins MF, Osuna BA, Wiedenheft B, Bondy-
Denomy J. 2018. Bacteriophage cooperation suppresses CRISPR-Cas3
and Cas9 immunity. Cell 174:917–925.e10. https://doi.org/10.1016/j.cell
.2018.06.013.

49. Landsberger M, Gandon S, Meaden S, Rollie C, Chevallereau A, Chabas H,
Buckling A, Westra ER, van Houte S. 2018. Anti-CRISPR phages cooperate
to overcome CRISPR-Cas immunity. Cell 174:908 –916.e12. https://doi
.org/10.1016/j.cell.2018.05.058.

50. Chevallereau A, Meaden S, Fradet O, Landsberger M, Maestri A, Biswas A,
Gandon S, van Houte S, Westra ER. 24 December 2019. Exploitation of
the cooperative behaviors of anti-CRISPR phages. Cell Host Microbe
https://doi.org/10.1016/j.chom.2019.12.004.

51. Garro AJ, Marmur J. 1970. Defective bacteriophages. J Cell Physiol
76:253–263. https://doi.org/10.1002/jcp.1040760305.

52. Hynes AP, Villion M, Moineau S. 2014. Adaptation in bacterial CRISPR-Cas
immunity can be driven by defective phages. Nat Commun 5:4399.
https://doi.org/10.1038/ncomms5399.

53. Cohen D, Melamed S, Millman A, Shulman G, Oppenheimer-Shaanan Y,
Kacen A, Doron S, Amitai G, Sorek R. 2019. Cyclic GMP-AMP signalling
protects bacteria against viral infection. Nature 574:691– 695. https://doi
.org/10.1038/s41586-019-1605-5.

54. Doron S, Melamed S, Ofir G, Leavitt A, Lopatina A, Keren M, Amitai G,
Sorek R. 2018. Systematic discovery of antiphage defense systems in the
microbial pangenome. Science 359:eaar4120. https://doi.org/10.1126/
science.aar4120.

55. Arnold JW, Koudelka GB. 2014. The Trojan horse of the microbiological arms
race: phage-encoded toxins as a defence against eukaryotic predators.
Environ Microbiol 16:454–466. https://doi.org/10.1111/1462-2920.12232.

56. Aijaz I, Koudelka GB. 2019. Cheating, facilitation and cooperation regu-

Minireview ®

March/April 2020 Volume 11 Issue 2 e00041-20 mbio.asm.org 12

https://doi.org/10.1093/femsre/fuw038
https://doi.org/10.1093/femsre/fuw038
https://doi.org/10.1146/annurev.micro.55.1.165
https://doi.org/10.1016/j.mib.2014.09.004
https://doi.org/10.1128/jb.176.2.269-275.1994
https://doi.org/10.1073/pnas.81.13.4154
https://doi.org/10.1038/nature24624
https://doi.org/10.1038/nature24624
https://doi.org/10.1128/JB.00105-17
https://doi.org/10.1146/annurev.genet.42.110807.091640
https://doi.org/10.1146/annurev.genet.42.110807.091640
https://doi.org/10.1128/jb.185.7.2066-2079.2003
https://doi.org/10.1128/jb.185.7.2066-2079.2003
https://doi.org/10.1073/pnas.0705653104
https://doi.org/10.1038/nature06279
https://doi.org/10.1126/science.1227289
https://doi.org/10.1126/science.1227289
https://doi.org/10.1073/pnas.1500704112
https://doi.org/10.1038/s41467-019-13013-8
https://doi.org/10.3389/fmicb.2018.01348
https://doi.org/10.3389/fmicb.2018.01348
https://doi.org/10.1111/evo.12183
https://doi.org/10.1111/evo.12183
https://doi.org/10.1038/s41467-017-00222-2
https://doi.org/10.1046/j.1365-2958.2002.03084.x
https://doi.org/10.1016/j.cub.2018.04.093
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1128/AAC.00954-17
https://doi.org/10.1038/s41591-019-0437-z
https://doi.org/10.1016/0042-6822(74)90211-6
https://doi.org/10.1111/evo.12266
https://doi.org/10.1016/0022-2836(80)90196-5
https://doi.org/10.1073/pnas.74.9.3642
https://doi.org/10.1038/s41564-019-0510-x
https://doi.org/10.1038/s41564-019-0510-x
https://doi.org/10.1093/nar/gkv1227
https://doi.org/10.1098/rspb.2004.2833
https://doi.org/10.1098/rspb.2004.2833
https://doi.org/10.1016/j.mib.2014.05.022
https://doi.org/10.1038/s41579-019-0278-2
https://doi.org/10.1126/science.1138140
https://doi.org/10.1126/science.1138140
https://doi.org/10.1186/1471-2105-8-172
https://doi.org/10.1038/nature11723
https://doi.org/10.1016/j.cell.2018.06.013
https://doi.org/10.1016/j.cell.2018.06.013
https://doi.org/10.1016/j.cell.2018.05.058
https://doi.org/10.1016/j.cell.2018.05.058
https://doi.org/10.1016/j.chom.2019.12.004
https://doi.org/10.1002/jcp.1040760305
https://doi.org/10.1038/ncomms5399
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1038/s41586-019-1605-5
https://doi.org/10.1126/science.aar4120
https://doi.org/10.1126/science.aar4120
https://doi.org/10.1111/1462-2920.12232
https://mbio.asm.org


late the effectiveness of phage-encoded exotoxins as antipredator mol-
ecules. Microbiologyopen 8:e00636. https://doi.org/10.1002/mbo3.636.

57. Los JM, Los M, Wegrzyn A, Wegrzyn G. 2012. Altruism of Shiga toxin-
producing Escherichia coli: recent hypothesis versus experimental re-
sults. Front Cell Infect Microbiol 2:166. https://doi.org/10.3389/fcimb
.2012.00166.
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Inhibition of development of Shiga toxin-converting bacteriophages by
either treatment with citrate or amino acid starvation. Foodborne Pat-
hog Dis 9:13–19. https://doi.org/10.1089/fpd.2011.0980.

60. Gamage SD, Strasser JE, Chalk CL, Weiss AA. 2003. Nonpathogenic
Escherichia coli can contribute to the production of Shiga toxin. Infect
Immun 71:3107–3115. https://doi.org/10.1128/iai.71.6.3107-3115.2003.

61. Morgan AD, Quigley BJ, Brown SP, Buckling A. 2012. Selection on
non-social traits limits the invasion of social cheats. Ecol Lett 15:
841– 846. https://doi.org/10.1111/j.1461-0248.2012.01805.x.

62. Saucedo-Mora MA, Castañeda-Tamez P, Cazares A, Pérez-Velázquez J,
Hense BA, Cazares D, Figueroa W, Carballo M, Guarneros G, Pérez-Eretza
B, Cruz N, Nishiyama Y, Maeda T, Belmont-Díaz JA, Wood TK, García-
Contreras R. 2017. Selection of functional quorum sensing systems by
lysogenic bacteriophages in Pseudomonas aeruginosa. Front Microbiol
8:1669. https://doi.org/10.3389/fmicb.2017.01669.

63. Beatson SA, Whitchurch CB, Semmler AB, Mattick JS. 2002. Quorum
sensing is not required for twitching motility in Pseudomonas aerugi-
nosa. J Bacteriol 184:3598 –3604. https://doi.org/10.1128/jb.184.13.3598
-3604.2002.

64. Vasse M, Torres-Barceló C, Hochberg ME. 2015. Phage selection for
bacterial cheats leads to population decline. Proc Biol Sci 282:20152207.
https://doi.org/10.1098/rspb.2015.2207.

65. Davies EV, James CE, Williams D, O’Brien S, Fothergill JL, Haldenby S,
Paterson S, Winstanley C, Brockhurst MA. 2016. Temperate phages both
mediate and drive adaptive evolution in pathogen biofilms. Proc Natl Acad
Sci U S A 113:8266–8271. https://doi.org/10.1073/pnas.1520056113.

66. O’Brien S, Kümmerli R, Paterson S, Winstanley C, Brockhurst MA. 2019.
Transposable temperate phages promote the evolution of divergent
social strategies in Pseudomonas aeruginosa populations. Proc Biol Sci
286:20191794. https://doi.org/10.1098/rspb.2019.1794.

67. Canchaya C, Fournous G, Chibani-Chennoufi S, Dillmann ML, Brüssow H.
2003. Phage as agents of lateral gene transfer. Curr Opin Microbiol
6:417– 424. https://doi.org/10.1016/s1369-5274(03)00086-9.

68. Hargreaves KR, Kropinski AM, Clokie MR. 2014. What does the talking?
Quorum sensing signalling genes discovered in a bacteriophage genome.
PLoS One 9:e85131. https://doi.org/10.1371/journal.pone.0085131.

69. Mayer MJ, Payne J, Gasson MJ, Narbad A. 2010. Genomic sequence and
characterization of the virulent bacteriophage phiCTP1 from Clostridium
tyrobutyricum and heterologous expression of its endolysin. Appl Envi-
ron Microbiol 76:5415–5422. https://doi.org/10.1128/AEM.00989-10.

70. Silpe JE, Bassler BL. 2019. Phage-encoded LuxR-type receptors respon-
sive to host-produced bacterial quorum-sensing autoinducers. mBio
10:e00638-19. https://doi.org/10.1128/mBio.00638-19.

71. Silpe JE, Bassler BL. 2019. A host-produced quorum-sensing autoinducer
controls a phage lysis-lysogeny decision. Cell 176:268 –280.e13. https://
doi.org/10.1016/j.cell.2018.10.059.

72. Ghosh D, Roy K, Williamson KE, Srinivasiah S, Wommack KE, Radosevich
M. 2009. Acyl-homoserine lactones can induce virus production in lyso-
genic bacteria: an alternative paradigm for prophage induction. Appl
Environ Microbiol 75:7142–7152. https://doi.org/10.1128/AEM.00950-09.

73. Leblanc C, Caumont-Sarcos A, Comeau AM, Krisch HM. 2009. Isolation
and genomic characterization of the first phage infecting Iodobacteria:
�PLPE, a myovirus having a novel set of features. Environ Microbiol Rep
1:499 –509. https://doi.org/10.1111/j.1758-2229.2009.00055.x.

74. Erez Z, Steinberger-Levy I, Shamir M, Doron S, Stokar-Avihail A, Peleg Y,
Melamed S, Leavitt A, Savidor A, Albeck S, Amitai G, Sorek R. 2017.
Communication between viruses guides lysis-lysogeny decisions. Nature
541:488 – 493. https://doi.org/10.1038/nature21049.

75. Stokar-Avihail A, Tal N, Erez Z, Lopatina A, Sorek R. 2019. Widespread
utilization of peptide communication in phages infecting soil and patho-
genic bacteria. Cell Host Microbe 25:746 –755.e5. https://doi.org/10
.1016/j.chom.2019.03.017.

76. Janmey PA, Slochower DR, Wang Y-H, Wen Q, Ce�bers A. 2014. Polyelec-
trolyte properties of filamentous biopolymers and their consequences in
biological fluids. Soft Matter 10:1439 –1449. https://doi.org/10.1039/
c3sm50854d.

77. Secor PR, Sweere JM, Michaels LA, Malkovskiy AV, Lazzareschi D, Katznel-
son E, Rajadas J, Birnbaum ME, Arrigoni A, Braun KR, Evanko SP, Stevens
DA, Kaminsky W, Singh PK, Parks WC, Bollyky PL. 2015. Filamentous
bacteriophage promote biofilm assembly and function. Cell Host Mi-
crobe 18:549 –559. https://doi.org/10.1016/j.chom.2015.10.013.

78. Burgener EB, Sweere JM, Bach MS, Secor PR, Haddock N, Jennings LK,
Marvig RL, Johansen HK, Rossi E, Cao X, Tian L, Nedelec L, Molin S,
Bollyky PL, Milla CE. 2019. Filamentous bacteriophages are associated
with chronic Pseudomonas lung infections and antibiotic resistance in
cystic fibrosis. Sci Transl Med 11:eaau9748. https://doi.org/10.1126/
scitranslmed.aau9748.

79. Sweere JM, Van Belleghem JD, Ishak H, Bach MS, Popescu M, Sunkari V,
Kaber G, Manasherob R, Suh GA, Cao X, de Vries CR, Lam DN, Marshall PL,
Birukova M, Katznelson E, Lazzareschi DV, Balaji S, Keswani SG, Hawn TR,
Secor PR, Bollyky PL. 2019. Bacteriophage trigger antiviral immunity and
prevent clearance of bacterial infection. Science 363:eaat9691. https://
doi.org/10.1126/science.aat9691.

80. Duerkop BA, Kleiner M, Paez-Espino D, Zhu W, Bushnell B, Hassell B,
Winter SE, Kyrpides NC, Hooper LV. 2018. Murine colitis reveals a
disease-associated bacteriophage community. Nat Microbiol
3:1023–1031. https://doi.org/10.1038/s41564-018-0210-y.

81. Gogokhia L, Buhrke K, Bell R, Hoffman B, Brown DG, Hanke-Gogokhia C,
Ajami NJ, Wong MC, Ghazaryan A, Valentine JF, Porter N, Martens E,
O’Connell R, Jacob V, Scherl E, Crawford C, Stephens WZ, Casjens SR,
Longman RS, Round JL. 2019. Expansion of bacteriophages is linked to
aggravated intestinal inflammation and colitis. Cell Host Microbe 25:
285–299.e8. https://doi.org/10.1016/j.chom.2019.01.008.

82. Bauer S, Kirschning CJ, Hacker H, Redecke V, Hausmann S, Akira S,
Wagner H, Lipford GB. 2001. Human TLR9 confers responsiveness to
bacterial DNA via species-specific CpG motif recognition. Proc Natl Acad
Sci U S A 98:9237–9242. https://doi.org/10.1073/pnas.161293498.

83. Round JL, Mazmanian SK. 2009. The gut microbiota shapes intestinal
immune responses during health and disease. Nat Rev Immunol
9:313–323. https://doi.org/10.1038/nri2515.

84. Jahn MT, Arkhipova K, Markert SM, Stigloher C, Lachnit T, Pita L, Kupczok
A, Ribes M, Stengel ST, Rosenstiel P, Dutilh BE, Hentschel U. 2019. A
phage protein aids bacterial symbionts in eukaryote immune evasion.
Cell Host Microbe 26:542–550.e5. https://doi.org/10.1016/j.chom.2019
.08.019.

85. Horn H, Slaby BM, Jahn MT, Bayer K, Moitinho-Silva L, Forster F, Abdel-
mohsen UR, Hentschel U. 2016. An enrichment of CRISPR and other
defense-related features in marine sponge-associated microbial metag-
enomes. Front Microbiol 7:1751. https://doi.org/10.3389/fmicb.2016.01751.

86. Bork P. 1993. Hundreds of ankyrin-like repeats in functionally diverse
proteins: mobile modules that cross phyla horizontally? Proteins 17:
363–374. https://doi.org/10.1002/prot.340170405.

87. Bordenstein SR, Bordenstein SR. 2016. Eukaryotic association module in
phage WO genomes from Wolbachia. Nat Commun 7:13155. https://doi
.org/10.1038/ncomms13155.

88. Werren JH, Windsor DM. 2000. Wolbachia infection frequencies in
insects: evidence of a global equilibrium? Proc Biol Sci 267:1277–1285.
https://doi.org/10.1098/rspb.2000.1139.

89. Pichon S, Bouchon D, Liu C, Chen L, Garrett RA, Greve P. 2012. The
expression of one ankyrin pk2 allele of the WO prophage is correlated
with the Wolbachia feminizing effect in isopods. BMC Microbiol 12:55.
https://doi.org/10.1186/1471-2180-12-55.

90. Walker T, Klasson L, Sebaihia M, Sanders MJ, Thomson NR, Parkhill J,
Sinkins SP. 2007. Ankyrin repeat domain-encoding genes in the wPip
strain of Wolbachia from the Culex pipiens group. BMC Biol 5:39. https://
doi.org/10.1186/1741-7007-5-39.

91. LePage DP, Metcalf JA, Bordenstein SR, On J, Perlmutter JI, Shropshire JD,
Layton EM, Funkhouser-Jones LJ, Beckmann JF, Bordenstein SR. 2017. Pro-
phage WO genes recapitulate and enhance Wolbachia-induced cytoplasmic
incompatibility. Nature 543:243–247. https://doi.org/10.1038/nature21391.

92. Shropshire JD, On J, Layton EM, Zhou H, Bordenstein SR. 2018. One
prophage WO gene rescues cytoplasmic incompatibility in Drosophila
melanogaster. Proc Natl Acad Sci U S A 115:4987– 4991. https://doi.org/
10.1073/pnas.1800650115.

Minireview ®

March/April 2020 Volume 11 Issue 2 e00041-20 mbio.asm.org 13

https://doi.org/10.1002/mbo3.636
https://doi.org/10.3389/fcimb.2012.00166
https://doi.org/10.3389/fcimb.2012.00166
https://doi.org/10.1159/000242447
https://doi.org/10.1089/fpd.2011.0980
https://doi.org/10.1128/iai.71.6.3107-3115.2003
https://doi.org/10.1111/j.1461-0248.2012.01805.x
https://doi.org/10.3389/fmicb.2017.01669
https://doi.org/10.1128/jb.184.13.3598-3604.2002
https://doi.org/10.1128/jb.184.13.3598-3604.2002
https://doi.org/10.1098/rspb.2015.2207
https://doi.org/10.1073/pnas.1520056113
https://doi.org/10.1098/rspb.2019.1794
https://doi.org/10.1016/s1369-5274(03)00086-9
https://doi.org/10.1371/journal.pone.0085131
https://doi.org/10.1128/AEM.00989-10
https://doi.org/10.1128/mBio.00638-19
https://doi.org/10.1016/j.cell.2018.10.059
https://doi.org/10.1016/j.cell.2018.10.059
https://doi.org/10.1128/AEM.00950-09
https://doi.org/10.1111/j.1758-2229.2009.00055.x
https://doi.org/10.1038/nature21049
https://doi.org/10.1016/j.chom.2019.03.017
https://doi.org/10.1016/j.chom.2019.03.017
https://doi.org/10.1039/c3sm50854d
https://doi.org/10.1039/c3sm50854d
https://doi.org/10.1016/j.chom.2015.10.013
https://doi.org/10.1126/scitranslmed.aau9748
https://doi.org/10.1126/scitranslmed.aau9748
https://doi.org/10.1126/science.aat9691
https://doi.org/10.1126/science.aat9691
https://doi.org/10.1038/s41564-018-0210-y
https://doi.org/10.1016/j.chom.2019.01.008
https://doi.org/10.1073/pnas.161293498
https://doi.org/10.1038/nri2515
https://doi.org/10.1016/j.chom.2019.08.019
https://doi.org/10.1016/j.chom.2019.08.019
https://doi.org/10.3389/fmicb.2016.01751
https://doi.org/10.1002/prot.340170405
https://doi.org/10.1038/ncomms13155
https://doi.org/10.1038/ncomms13155
https://doi.org/10.1098/rspb.2000.1139
https://doi.org/10.1186/1471-2180-12-55
https://doi.org/10.1186/1741-7007-5-39
https://doi.org/10.1186/1741-7007-5-39
https://doi.org/10.1038/nature21391
https://doi.org/10.1073/pnas.1800650115
https://doi.org/10.1073/pnas.1800650115
https://mbio.asm.org

	THE PROBLEM OF COOPERATION
	QUORUM SENSING, SIDEROPHORES, AND COOPERATION IN BACTERIA
	BACTERIOPHAGE SOCIOBIOLOGY
	BACTERIOPHAGES EXPLOIT PUBLIC GOODS
	ALTRUISM WITHIN BACTERIOPHAGE POPULATIONS
	BACTERIOPHAGES, BACTERIA, AND TOXIC ALTRUISM
	BACTERIOPHAGES MODULATE BACTERIAL CHEATER POPULATIONS
	BACTERIOPHAGES SENSE AND RESPOND TO SOCIAL CUES
	TRIPARTITE INTERACTIONS BETWEEN BACTERIOPHAGE, BACTERIA, AND ANIMALS
	CONCLUDING REMARKS AND FUTURE LINES OF INVESTIGATION
	ACKNOWLEDGMENTS
	REFERENCES

