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Big Impact of the Tiny: Bacteriophage—Bacteria

INnteractions in Biofilms
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Bacteriophages (phages) have been shaping bacterial ecology and evolution for
millions of years, for example, by selecting for defence strategies. Evidence sup-
ports that bacterial biofilm formation is one such strategy and that biofilm-medi-
ated protection against phage infection depends on maturation and composition
of the extracellular matrix. Interestingly, studies have revealed that phages can
induce and strengthen biofilms. Here we review interactions between bacteria
and phages in biofilms, discuss the underlying mechanisms, the potential of
phage therapy for biofilm control, and emphasize the importance of considering
biofilms in future phage research. This is especially relevant as biofilms are asso-
ciated with increased tolerance towards antibiotics and are implicated in the ma-
jority of chronic infections.

The Protective Nature of Biofilms and Significance of Phage Encounters
Bacteriophages (phages) are ubiquitous viruses of bacteria and the most abundant and diverse
biological entity on Earth [1,2]. As agents of horizontal gene transfer (HGT) (see Glossary)
[3,4], and due to the mortality and selection for resistance imposed on the bacterial prey, phages
are a driving factor in bacterial diversification and community composition [5-7]. Traditionally
phage-bacteria dynamics have been studied in planktonic cultures without consideration
of spatial organization and heterogeneity [8]. The realization that bacteria primarily live in
structured communities with varying activity has, however, triggered a pronounced interest in
addressing interactions between phages and bacteria within such environments. Spatially
structured bacterial communities are involved in several aspects of microbial ecology and
interactions, ranging from hot spots of elevated metabolic activity [9] and species succession
at the microscale on organic particles [10] to assembly of larger and more complex communi-
ties termed biofilms. In biofilms cells adhere to a surface or to each other as free-floating
aggregates embedded within a matrix, mainly comprised of polysaccharides, lipids,
extracellular DNA, and proteins [11,12]. Downstream of adherence, the development of
biofilms is hallmarked by characteristic stages, referred to as commitment, early develop-
ment, maturation, and dispersal (reviewed in [13]). These communities are of special interest
as the architecture and matrix provide protection and structural rigidity, and they enable
orchestration of collective behaviour [14,15]. In addition, the biofilm-associated cells express
traits and activities that are not possible alone or outside of the biofilm, often referred to as
emergent properties. These emergent properties include retention of enzymes, long-term
cell-cell interactions, and establishment of gradients of nutrients, pH, and oxygen generating
microhabitats and a high level of heterogeneity [16].

Biofilms have represented a protective mode of microbial life against harsh environments for
millions of years [17], and it appears that biofilms are also a beneficial trait in pathogenesis,
as the majority of chronic infections are caused by cells organized into biofilms. Biofilm-
encased bacteria exhibit increased tolerance towards antibiotics and have proven difficult to
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eradicate using conventional treatment strategies [18-20]. While the biofilm environment
may also provide some protection against phage infections, encounters between matrix-
embedded bacteria and phages have assuredly been frequent throughout evolutionary history.
Here, we focus on how biofilm formation contributes to the coexistence between bacterial
communities and their viral predators and address the relevance of spatial structure in the
context of re-examining phages as antimicrobial agents. Finally, research demonstrating
that biofilm formation can be induced by phages under certain conditions is highlighted,
as this is of great importance for elucidating the dynamics between phages and biofilm-
forming bacteria.

Mechanisms Underlying Biofilm-Mediated Protection against Phage Attacks
The underlying mechanisms of coexistence between phages and biofilm communities are
challenging to study due to their high complexity, and they therefore remain largely undescribed.
In this context, computational simulations are a great tool, due to the ability to study the conse-
quences of changing one parameter at a time. Recently, a biofilm stimulation framework found
that the fraction of phage infection simulations resulting in biofilm survival increased when the
diffusivity parameter was lowered, implying that phage diffusion within the biofilm is critical for
the outcome of phage infection [21]. Another mathematical model predicted that spherical
bacterial microcolonies could outgrow ongoing phage killing on the microcolony surface, pro-
vided that the microcolony had reached a critical size prior to the initial phage encounter [22].
The concept was demonstrated experimentally, and the extent of microcolony growth prior to
phage exposure did indeed correlate with the number of microcolonies that survived infection
after overnight incubation. Further, half of the surviving microcolonies contained mainly phage-
susceptible cells, indicating that mutation to phage resistance did not play a role in their survival.
In this model, a biofilm matrix was not explicitly modelled, so phage movement within the
microcolony was limited by phage adsorption to the tightly packed bacteria. In keeping with
the predicted consequence of a high diffusion rate in the study by Simmons et al. [21], a low ad-
sorption rate was predicted to reduce the protective effect of the microcolony structure [22].
Other simulations have also predicted that organization into such spatial refuges leads to spatially
separated areas where the bacterial and viral densities, respectively, are increasing. Such
separation on the microscale could contribute to sustained coexistence between infective
phages and unattainable sensitive bacteria [23].

A recent 2D model has suggested that exopolysaccharides and cell debris can form phage sinks
around areas of high bacterial density in spatially structured environments such as biofilms; as
phages irreversibly adsorb to these components, they are sequestered from living cells and
hence infections are reduced [8] (Figure 1, Key Figure). In the model, high levels of extracellular
polymeric substances (EPSs) and large burst sizes had the greatest positive influence on the
cell density obtained in a spatially structured environment relative to the cell density obtained
under otherwise comparable well-mixed conditions (where phage-bacterial dynamics are
governed by the law of mass action). The nonintuitive observation of increasing burst size lead-
ing to higher relative bacterial densities was explained by an increased association with EPS caus-
ing a greater loss of the released progeny phages [8].

Biofilm-mediated entrapment of phages was also shown in experimental work in vitro [24,25]
(Figure 2D), and irreversible phage adsorption was found to be facilitated by the production
of outer-membrane vesicles containing phage receptors in both Escherichia coli [26] and
Vibrio cholerae [27]. Additionally, it was revealed that biofilm composition and maturation
have a decisive impact on susceptibility towards phage infection. In an in vitro model with
synthetic sputum medium that promotes Pseudomonas aeruginosa aggregates, as found in
cystic fibrosis patients, phages were able to prevent aggregate formation when added
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Glossary

Amyloid fibres: major extracellular
proteinaceous aggregates with high
stability and physical robustness.
Antimicrobial agents: agents able to
prevent microbial growth or kill microbial
organisms.

Autotransduction: a mechanism
facilitating horizontal gene transfer.
Progeny phage particles released by
prophage induction in a fraction of the
population can infect other susceptible
bacteria and form transducing particles
packed with bacterial DNA, not associ-
ated with phage genome, and hence
introduce novel DNA to the remaining
population of lysogens.

Burst size: the number of phage virions
released per infected cell.
Community-intrinsic properties:
properties emerging in communities
which are unpredictable by studying the
individual parts in isolation.
Conjugative plasmids: self-
transmissible plasmids encoding the
components required for conjugation.
Efflux pump: a promiscuous active
transporter of various compounds
including toxic substrates, for example
antibiotics.

Horizontal gene transfer (HGT):
transfer of genetic material between
organisms, for example, by uptake of
free DNA (transformation), mediated by
phages (transduction) or mediated by
mobilizable plasmids (conjugation).
Lysis—lysogeny decision: the
probability of temperate phages to either
produce progeny phage particles or
establish lysogeny, depending on cues,
for example, the level of arbitrium
peptides.

Mass action: a well-mixed system in
which collisions occur at random.
Microcolonies: cell aggregates
confined within a matrix of polymeric
substances.

Obligate lytic phage: a phage without
the genes required for prophage
establishment, which consistently lyses
a susceptible host upon infection.
Persister cells: stochastically arising
metabolically inactive variants which
enable reoccurrence of chronic infections
due to high antibiotic tolerance.

Phage therapy: the use of phages for
therapeutic applications, for example, to
treat bacterial infections in humans.
Prophage: phage genome integrated
into a bacterial host chromosome.
Quorum sensing (@S): a system that
enables bacteria to monitor population
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molecules, termed autoinducers.
Synergistic effects: when the
outcome is higher than the additive sum
of individual effects.

Temperate phages: phages with the
ability to integrate into a host
chromosome, establish a prophage,
and excise, producing progeny phages,
at a later timepoint.
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Figure 1. (A) Phages infecting living cells (green) result in an increased number of dead cells (red), which has been exploited
therapeutically to reduce biofilm formation [61-66]. (B) Some phages have, however, been shown to induce biofilm formation,
for example, by selecting for a mucoid phenotype [79,90] or by releasing matrix components by bacterial cell lysis due to
prophage induction [97-99]. (C) The spatial organization of a biofim community reduces the number of successful
infections as phages adsorb to exopolysaccharides or cell debris and multiple phages infect the same host [8]. Also, the
emergence of metabolically inactive persister cells (grey) in biofilms delay phage proliferation [35-37]. Cell density affects
the bacterial antiphage strategy, and high levels of autoinducers (illustrated as acylhomoserine lactone and Vibrio cholerae
CAI-1) upregulate the expression of CRISPR-associated genes [42,43] and downregulate the expression of phage

(Figure legend continued at the bottom of the next page.)
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simultaneously with a bacterial inoculum. When added postaggregation, phages were able to
inhibit dispersal of migrating bacteria and establishment of new aggregates, but they were
unable to eradicate well-established aggregates. This protection against phage killing in
already established aggregates was demonstrated to be mediated by exopolysaccharides,
as mutants unable to produce these were still capable of forming aggregates, but were
significantly more susceptible to phage infection [28].

Bacterial appendages, for example, fimbria and pili, are known to promote adherence and
biofilm formation, and their expression has been shown to be affected by prophages [29]
and conjugative plasmids [30,31]. Interestingly, E. coli carrying a conjugative plasmid encoding
F pili did not establish a biofilm when exposed to a nonlytic filamentous phage, f1, known to
bind to the tip of these pili. However, 1-day-old biofims were uninhibited when exposed to f1
phages, which correlated with decreased expression of F pili. Further, the amyloid fibre
curli was implicated in the failure of phage infection, as mature biofilms produced by a curli-
fibre-deficient mutant were more susceptible to phage infection, compared with the wild type
or to a curli over-producing strain [32]. Interestingly, Vidakovic et al. [33] recently showed
that curli-encased planktonic cells were protected during phage exposure. Using an array of
single-gene matrix component knockout mutants, they also discovered that expression of curli
enabled community-level protection. Curli fiores were identified in the space between cells
and covering the outer edge of the community, which enabled greater cell density, prevented
phage diffusion, and generated a collective defence with phages retained at the outer periphery
(Figure 1). Further, promoter mutations leading to overexpression of biofim matrix and amyloid
fibres resulted in phage protection after 24 h instead of 48-60 h where curli production was
initiated in the wild type, emphasizing the temporal and compositional importance of biofilm-me-
diated protection.

Other factors important for phage infections, for example, coinfection, resource concentration,
and gene expression, also suggest other protective contributions mediated by the spatial organi-
zation of biofilm communities. The spatial structure leads to localized growth and limited mobility,
creating concentrated clusters of cells, where several phages are infecting the same host,
resulting in a decreased number of progeny virions [34]. Further, nutrient gradients and a high
local concentration of bacteria within a biofilm limit resource availability and is known to lead to
dormant persister cells [16]. Since all viruses require the transcriptional and translational ma-
chinery of a host in order to propagate, phage growth is thereby inhibited in metabolically inactive
cells [35,36]. However, coliphage lambda successfully infected persisters and resumed lytic
steps upon exiting dormancy and becoming metabolically active again, which means that the
process may only be delayed [37].

Bacteria produce, release, and detect extracellular signal molecules known as autoinducers
in order to coordinate gene expression according to population density, a phenomenon
known as quorum sensing (QS) [38]. This density-dependent regulation is of high relevance
to bacteria—phage dynamics as it enables orchestration of biofilm development [39,40], the
evolution of phage resistance [41], and regulation of antiphage strategies, for example, by
regulating the expression of CRISPR-associated (cas) genes [42,43], phage receptors [44,45],

receptors [44,45]. (D) The production of curli enables protection against phage infection at both individual and community
level. In mature biofims, curli fibres enhance matrix density and are identified at the outer biofim periphery, retaining
phages [33]. (E) Some phages encode depolymerases, enabling them to access and infect otherwise biofim-sheltered
bacteria by degrading matrix components [69,72,73]. (F) Combinations of antibiotics and phage therapy have shown
promising, synergistic effects regarding eradication of biofilm [75,76,78,79]. The size ratios between elements in this
illustration are not representative of actual dimensions.
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Figure 2. Visualization of Two Different Responses to Phage Exposure in Vibrio anguillarum BA35 and PF430-
3 Using SYBR Gold-Labelled Phages and Phase-Contrast Epifluorescence Microscopy. (A) Adsorption of phage
¢H20 is observed in wild-type BA35 cells. (B) Phage adsorption is not observed in BA35 phage lysates, where surviving cells
exhibit reduced physiological performance, that is, the ability to utilize fewer substrates, indicating mutational derived
resistance. (C) A transit phenotype with reduced phage susceptibility in the PF430-3 lysate, where cells do not exhibit
changed substrate pattern, indicates biofim-mediated tolerance as a response to phage KVP40 exposure (image is
without fluorescence). (D) PF430-3 lysate with fluorescence indicates that phages do not adsorb to the cells, but are
instead trapped in the matrix, which is supported by the identification of phage-sensitive cells surviving outside the
aggregate formation. Modified, with permission, from Tan et al. [25].

and phage inactivating proteases [46,47] (Figure 1). Interestingly, a recent study by Silpe and
Bassler [48] described how Vibrio phage VP882 encodes a QS receptor that enables the
phage to inactivate the lytic repressor and enter the Iytic cycle in response to high levels of bac-
terial autoinducers. Thus, this Vibrio phage can induce lysis by eavesdropping on bacterial QS.
A family of temperate phages infecting Bacillus subtilis also exploits the bacterial QS system
to guide their lysis—lysogeny decision [49]. This phage family encodes an autoinducer-like pep-
tide, termed arbitrium, on the phage genome, so that only infected bacteria produce the signal.
Accumulation of the arbitrium peptide causes a preference for lysogeny via inhibition of the lysog-
eny inhibitor AimX. It is therefore expected that the phages will show a preference for lysis at the
early stages of infection of a colony or biofilm, while later infection events would increasingly show
a lysogenic outcome [49]. These examples of density-dependent phage—bacterium interactions
further emphasize the complexity and variable nature of phage-host dynamics during
biofilm development.

In addition to autoinducers, bacteria also produce other compounds, for example, secondary
metabolites, which were recently shown to inhibit infection by a broad range of phages in
Gram-positive Streptomyces. Interestingly, these compounds, produced by Streptomyces,
were found to have antiphage activity towards lambda phage infections in Gram-negative
E. coli as well, indicating that some bacteria can create a chemical antiphage defence which

Trends in Microbiology, September 2019, Vol. 27, No.9 743


Image of Figure 2

can also benefit other members of the community [50]. The protective role of mixed-species com-
munities has also been supported by reduced phage efficiency against Enterobacter cloacae
when grown in a dual-species biofilm with Enterobacter agglomerans [51].

Studies and simulations suggest that organization of spatially structured communities and pro-
duction of specific matrix components are key factors of coexistence between bacteria and
phages and that biofilm formation plays a crucial role in the survival of otherwise phage-
sensitive bacteria. However, our understanding relies on a limited number of studies, and we
have just recently started to address the importance and potential of coordinated phage
behaviour.

Renewed Interest in Phage Therapy for Biofilm Control

Bacteriophages were discovered independently by Frederick Twort and Felix d’Hérelle more than
a century ago, and the therapeutic potential of phages as agents for biological control has been
studied ever since. The general life cycle and properties of lytic phages suggest several benefits
from a therapeutic perspective, that is, considerable specificity, self-propagation at the site of
infection, rapid clearance, great diversity, relatively easy isolation for a range of pathogens,
and the opportunity to make genetic modifications [52]. Since phages have relatively narrow
host ranges and their efficiency depends on the targeted host strain, cocktails of distinct
phages are often applied to compensate for laborious identification and simultaneously
decrease the risk of the pathogen evading infection [53]. Despite promising results for some
applications, phage therapy has been overshadowed by the successful development of
antibiotics [54-56]. However, modern medicine relies heavily on the ability to treat bacterial
infections effectively, and the emergence of antibiotic resistance in pathogenic bacteria is
posing a serious threat to human health worldwide [57,58]. Thus, interest has renewed in
phage therapy in recent years, and it has been suggested as an alternative therapeutic option
[64-56]. The potential of biological control of microbial infections by phage therapy has also
shown a broad range of applications with promising results within fields other than human
health, for example aquaculture [59] and agriculture [60].

The traditional strategy for phage therapy has been to target pathogenic bacteria with obligate
lytic phages, and the lytic potential of phage cocktails has been exploited to reduce both
monospecies [61-64] and dual-species [65,66] biofilms. As described above, phage infections
are, however, often restricted by the biofilm matrix, which means that complete eradication of
biofilms by phage therapy has proven challenging. Lu and Collins [67] managed to engineer a
T7 phage to encode a matrix-degrading depolymerase and exploited the lytic potential and enzy-
matic activity to markedly increase the efficiency of phage-mediated eradication of bacterial cells
as well as biofilm matrix.

Phages frequently evolve counter-strategies in order to circumvent bacterial defences [68], and
some naturally encode similar depolymerases enabling degradation of polymers and thereby
weaken the physical barriers of the biofilm matrix and the capsular polysaccharides in order to
gain access to cell membranes and receptors (Figure 1). The use of such enzymes in therapeutic
contexts is further supported by the fact that the primary function of many of these enzymes is to
target the cell wall and compromise bacterial cells [69]. Olsen et al. [70] recently found that the
polysaccharide depolymerase DA7 and the purified endolysin LysK are both potent antibiofilm
agents for a wide range of Staphylococcus aureus strains under both static and flow growth con-
ditions, and in combination the two enzymes showed synergistic effects on biofilm eradication.
Phage cocktails comprised of phages with depolymerase activity may also enhance access, and,
under the right conditions, augment the activity of other phages, leading to synergistic removal of
pathogens [71]. Other studies with depolymerase-encoding phages and purification of their
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enzymes support their use as promising agents for different applications, including antibiofilm
control (reviewed in [72,73]).

Phages and Other Agents in a Multitargeted Therapeutic Approach

The establishment, development, and mature properties of biofims are highly dependent on the
bacterial species involved [11]. Therefore, the increased tolerance towards antibiotics and phage
predation in biofilm varies widely and depends on the rather complex nature of the community,
that is, spatial organization, cell-cell interactions, and the nature of the matrix components.
Thus, biofilm elimination has been suggested to require a broader approach, targeting multiple
targets simultaneously, utilizing agents with different modes of action [74]. Combinations of
phage therapy and conventional antibiotic treatment have shown promising results [75,76] and
so have combinations of phage therapy with some disinfectants [51,77]. Recently, studies in
Pseudomonas aeruginosa have highlighted some of the advantages, as attempted treatment
of P. aeruginosa biofims with phages or different antibiotics only showed restricted success. In
contrast, combinations of these treatments resulted in markedly synergistic effects, and in
some cases the efficiency was increased by phage pretreatment [78,79] (Figure 1). This was
suggested to be mediated by phage removal of peripheral cells, leading to increased resource
availability for the remaining cells residing in the biofilm and therefore fewer metabolically inactive
cells, which are recalcitrant to antibiotic treatment [78]. Another hypothesis suggests that the
efficiency of phages is highest before antibiotic treatment, as a larger population size better
supports phage multiplication [79]. Further, Chaudhry et al. [78] found a reduced development
of antibiotic resistance when combining the therapeutic agents. Applying a combinational
approach using different targets of inhibitory action may thus introduce an additional advantage
as the risk of resistance development is reduced due to the fitness cost associated with
resistance against multiple factors [80]. This include phages targeting efflux pump receptor
sites, where phage resistance modifications have been shown to increase the sensitivity towards
several classes of antibiotic [81].

The protective and persistent nature of biofilm formation causes severe therapeutic difficulties.
However, re-examination of the lytic potential and diversity of phages and their enzymes is
cause for optimism, creating encouraging future prospects. Although phage therapy is not nec-
essarily destined to replace conventional treatment strategies, it may provide a future supplement
or alternative when required in the battle against persistent infections.

Phage Exposure as a Trigger of Increased Biofilm Formation

Despite the increasing number of studies describing reduced biofilm formation and enhanced
eradication efficiency for treatment strategies involving phages, there are also examples of the
opposite.

A study of phage predation in E. coli found that it led to increased aggregation, surface adhesion,
and production of fimbria, which in turn increased the tolerance toward subsequent phage at-
tacks as penetration of phages through the biofilm was inhibited [82]. Interestingly, repeated
treatments with a broad host range P. aeruginosa phage cocktail showed lower efficiency in bio-
film eradication than single treatments, as the increased phage pressure lead to larger aggregates
[79] (Figure 1).

Hosseinidoust et al. [83] raised the concern that phage exposure could lead to an unintended in-
duction of biofilm formation in therapeutic settings and tested respective phages towards three
well known bacterial pathogens: P. aeruginosa, Salmonella enterica Typhimurium, and
S. aureus. Their results revealed that exposure to some phages stimulated biofilm formation, em-
phasizing that this response was restricted to some specific phages. The specificity of phage—
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host interactions was also evident, when Tan et al. [25] found that phages @H20 and KVP40
affected biofilm formation differentially in the fish pathogen Vibrio anguillarum. @H20 efficiently
inhibited and disrupted biofilm formation in V. anguillarum BA35, while KVP40 exposure
promoted aggregation and biofilm formation, which trapped the phages in V. anguillarum
PF430-3 (Figure 2).

The intraspecies variation in phage-defence mechanisms, including differences in the role of
biofilms for protection against phage infection, is speculated to be dependent on which receptors
are targeted [25,47,83]. The antagonistic coexistence between phages and their hosts consis-
tently results in a rebound of resistant bacterial subpopulations through a wide range of bacterial
antiviral strategies, for example, modifications of specific receptors [84,85]. Some receptors have
essential roles for cell function, nutrient acquisition, or niche specialization, and modifications can
be associated with a permanent cost affecting the ability to utilize various organic compounds
[25,86] and lowering of the growth rate [65,87,88]. Other defence mechanisms (e.g., CRISPR-
Cas immunity) are inducible and hence only linked to a fithess cost upon phage infection. The
prevalence between fixed and inducible strategies depends on resource availability and phage
density [89], and it has been suggested that increased biofilm formation could offer a beneficial
and flexible strategy for phage protection under conditions where specific phage-targeted
receptors are required for maintaining key host functions and other strategies are too costly or
inefficient [45,47]. In support of this, Scanlan and Buckling [90] found that Pseudomonas
fluorescens consistently evolved a mucoid phenotype with costly overproduction of alginate
only under nutrient-replete conditions with daily replacement of nutrients by dilution in shaken
cultures with constant exposure to phages. A slow-growing, alginate-overproducing mucoid
phenotype surviving phage treatment was also identified in P. aeruginosa biofilms, where
sequencing disclosed that mutations in mucA, the negative regulator of alginate production,
were present in all mucoid isolates [79]. Another aspect to consider in this context is the strain-
specific variation in susceptibility to specific phages, which means that the required density of
phages needed in order to lyse a host is relative and varies between strains. Consequently, the
selective pressure driving the development of antiphage strategies varies between strains. A
recent global transcriptomic analysis of an S. aureus biofim found that low-level phage predation
triggered the stringent response, leading to changed bacterial morphology, accumulation of
extracellular DNA in the matrix, and production of a thicker biofilm. The same trend was observed
in another strain, tolerating a higher phage concentration when exposed to the same phage, but
did however require an increase in the phage concentrations, implying that this response requires
some degree of successful infection [91]. The induction of a protective biofilm environment during
stressful conditions is a common bacterial strategy, and induction of biofilm formation is well
known from experiments with subinhibitory concentrations of antibiotics [92,93].

Another perspective is that the phage in some scenarios may benefit from increased biofilm
formation, so that the stimulation of biofilm formation by phages can be viewed as an evolutionary
adaptation of the phages. The interactions between phages and their hosts are increasingly being
classified as mutualistic (Box 1), and entrapment of phages in the biofilm matrix has been suggested
to provide protection against hostile environmental factors, for example, radiation, for the phage as
well as for the neighbouring bacteria [24]. This view is supported by experiments showing that
phages encapsulated in biofilm matrix can cope with higher concentrations of disinfectants than
their unprotected counterparts [77] and that phage genomes are shielded from environmental
stresses (UV, pH, and temperature) in a pseudolysogenic manner in endospores [94].

Our current knowledge regarding the processes mediating increased biofilm in response to
phage exposure is limited, and the ecological, clinical, and evolutionary implications are still spec-
ulative. So is the question regarding whether this mechanism and subsequent entrapment of
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phages is mutualistic or even beneficial for any of the parts involved (see Outstanding Questions).
Nonetheless, it is important to emphasize that experiments conducted under biofim-related set-
tings are required before applying phages for therapeutic purposes, as even pronounced lytic
candidates might trigger an unintended and undesired bacterial response.

Prophage Induction Releases Matrix Components

Phages are increasingly being considered as potential mutualists rather than obligate parasites,
which especially has been due to recognition of the benefits obtained by bacteria by harbouring pro-
phages (Box 1). Counterintuitively, prophage induction leading to cell death can also benefit host
population fitness, for example, by enabling autotransduction [95] or releasing intracellular com-
pounds such as enzymes, toxins, or biofilm components [96]. The latter has been shown to affect
matrix composition and enhance biofilm formation, especially through accumulation of extracellular
DNA [97-99]. By use of DNase enzyme treatment and microscopy analyses, it was demonstrated
that extracellular DNA is a fundamental matrix component with a structural role for establishment
of biofilms [100-102]. The release of DNA has also been shown to stabilize biofim formation in a
QS-dependent manner in Streptococcus mutants [103]. Prophage knockout mutants revealed
that three prophages collectively contributed to greater biofilm formation by the release of DNA in
Shewanella oneidensis [98]. Similarly, a prophage-cured Actinomyces odontolyticus produced
less biofim than the wild type, and treatment with DNase reduced biofilm formation only in the latter
[99]. Interestingly, Turnbull et al. [104] found that subpopulation cell lysis could be governed by a
cryptic prophage endolysin, leading to the release of components, including DNA, which was re-
quired for the assembly of membrane vesicles and proper biofilm development.

The Importance of Inoviridae in P. aeruginosa Biofilms

Although the interactions between P. aeruginosa and Pf-like prophages are distinct from the
aforementioned, they have still contributed to the understanding and acknowledgement of
phages as important for biofilm formation. Pf-like phages are filamentous, have single-stranded
DNA genomes, and belong to the Inovirus genus; they normally do not kill their host upon
excision, as progeny virions are released by secretion and not bacterial lysis [105]. Interestingly,

Box 1. From a Parasitic to a Mutualistic Relationship

The continuous arms race between phages and bacteria has supported the traditional view of viruses as obligate parasites
that exploit their host for own gain. This conservative perspective is, however, currently challenged, as the number of mu-
tualistic interactions identified between viruses and a various range of hosts, that is, insects, plants, fungi, animals, and
bacteria, are increasing (reviewed in [121]). Temperate phages are characterized by encoding modules, which enable ly-
sogenization, that is, integration of the genome into the host chromosome. This provides protection of the phage inside the
cell with the potential to enter a lytic stage and kill the host. However, it also provides genetic information to the host, which
may contribute to bacterial niche partitioning and dissemination of beneficial phenotypic characteristics by HGT [3,4], for
example, through transfer and integration of auxiliary metabolic genes [122]. Once integrated, the phage is termed pro-
phage, and if it is not providing a fitness advantage, accumulation of mutations will likely render it defective, due to the sup-
plementary biosynthetic burden. Notably, prophages are frequently associated with superinfection exclusion or
pathogenicity, as virulence factors such as toxins, enzymes, or superantigens can be encoded by prophages
[123-125]. One of the classic examples is the causative agent of cholera, V. cholerae, in which the potent cholera toxin
(enterotoxin) is encoded by the filamentous phage CTX [126]. A recent sequence database analysis additionally revealed
that prophage-encoded virulence and antibiotic resistance is widely distributed within this bacterial genus, ranging from
clinical isolates to strains from deep subseafloor sediments [127].

Prophages can be integrated at specific bacterial attachment sites (attB) matching identical phage attachment sites (attP)
mediated by recombinases, or they can exhibit a random positioning as known from the widely distributed Mu-like pro-
phages [128]. In either case, the location sometimes disrupts and inactivates bacterial genes. As these genes can reas-
semble once the phage is excised, prophages can function as regulatory switches at specific cues and provide a
temporal regulation of different bacterial processes [129]. This process has been shown to enable escape from
phagosomes of otherwise trapped and doomed Listeria monocytogenes, as excision of prophage A118 was fundamental
for reconstitution of the competence system necessary for escape [130].
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however, a filamentous Pf1 prophage was found entering a superinfective form, leading to cell
death in mature P. aeruginosa biofilms, which was shown to be essential for the biofilm develop-
ment and structure (Figure 3). In mutants lacking the common phage receptors, type IV pili and
flagella, prophages were induced but this did not result in cell death, indicating that cell death
was due to secondary infections. This was verified as exogenous addition of purified
superinfective phages restored wild-type-like biofim formation and cell death in a prophage
knockout mutant. The cell death caused by these phages occurred only in mature biofilms and
correlated with accumulation of reactive oxygen species (ROS) within the centre of microcolonies
and generated hollow voids, enabling dispersal of a resistant subpopulation [106]. DNA damage
was later verified as triggering this coordinated induction of Pf-like prophages [107]. This phe-
nomenon is frequently observed for many prophages, as their lytic repressors share the same
Ala-Gly restriction site as the SOS repressor, LexA, which is cleaved by the coprotease RecA
once DNA damage is sensed [108,109].

This centralized cell death as a result of phage activity and subsequent dispersal of surviving cells
was found in five out of five clinical cystic fibrosis isolates, and the generation of phenotypic var-
iants in the dispersed population was reflected in the phage titres [110]. Rice et al. [111] also dem-
onstrated that filamentous Pf-like prophages are fundamental for the biofilm development
process in P. aeruginosa as a Pf4 prophage knockout mutant did not undergo coordinated cell
death or generate hollow voids, as the wild type did. Further, mice challenged with the prophage
knockout outlived wild-type infected mice, indicating that the prophage significantly contributed
to virulence. Biofilm formation by a prophage knockout strain showed decreased tolerance to-
ward sodium dodecyl sulphate, and since few genes related to virulence could be identified on
the prophage genome, virulence was suggested to depend on prophage-mediated biofilm devel-
opment, compositional change of the matrix, and the formation of phenotypic variants. In support
of the latter suggestion, the small colony variants associated with the surviving, dispersed sub-

Trends in Microbiology

Figure 3. Superinfective Filamentous Phages in Biofilm Development and Function. Prophages of otherwise
nonlytic filamentous Pf-like phages are found entering a superinfective form when induced in mature biofilms of
Pseudomonas aeruginosa [106]. Induction stimulates biofilm formation by releasing matrix components, for example,
polysaccharides, proteins, and especially extracellular DNA, from compromised cells (red) [111]. Simultaneously, the
phage activity creates hollow voids from where the surviving subpopulation (green) can disperse [106]. The filamentous
phages also strengthen the biofilm by promoting liquid crystalline organization and by functioning as matrix components
themselves, resulting in increased viscosity and tolerance towards antibiotics and desiccation [113]. The size ratios
between elements in this illustration are not representative of actual dimensions.
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Image of Figure 3

population released large amounts of the Pf-like phages [112,113] and, additionally, surface ad-
herence and antibiotic tolerance was enhanced [114]. The long negatively charged filamentous
virions were found to enhance biofilm functionality by interacting with matrix polymers, promoting
liquid crystalline organization, increasing viscosity, and augmenting tolerance towards desicca-
tion and antibiotics [113].

Our understanding of the temporal development of matrix structure, the components and their
chemical and physical properties, is still not complete [12]. Biofilm formation serves many
purposes and confers several advantages, and as emphasized above, in their interaction
with phages, biofilms do not exclusively serve as a defence against viral predators. Phages
have the potential to strengthen matrix composition and are increasingly acknowledged as im-
portant for biofilm development and properties. The impact they have on cell death and pheno-
typic variance, and their function as matrix components has, in some cases, proven pivotal for
virulence and persistence and might also shelter the phages themselves (see Outstanding
Questions).

Concluding Remarks

As pointed out by Clokie et al. [1], this is really an exciting time to be a phage biologist, and
especially since recent advances within the rising field of ‘omics’ have revealed otherwise
unimagined bacterial responses to phage exposure, that is, altered replication, expression,
metabolism, and biosynthesis (reviewed in [115]). These phenotypic adaptions mediated
by phages are increasingly classified as mutualistic, benefitting the host as well as the phage
(Box 1). Although phage—biofilm encounters have been ubiquitous throughout history in vast
and diverse environments, the majority of the research has been conducted in liquid cultures,
and hence coevolution between phages and sessile matrix-embedded hosts is understudied.
Our understanding of phage nature, predation, and importance for genetic and functional
diversity is also limited to a fraction of phage families due to methodological biases [116].
We do, however, hypothesize that biofilm formation may benefit the phage by means other
than protection against environmental stressors: phage-mediated accumulation of matrix
compounds, that is, DNA accommodated with the high cell density and natural competence in
biofilms, grants a hotspot for HGT [117], which could prove a key factor for the diversification
and general mosaic structure of phage genomes [2] and hence accelerate evolution of phages
(see Outstanding Questions).

A common factor of many of the aspects discussed above is that our experience is mainly based
on experiments conducted in relatively simple monospecies communities. While studying phage—
host interactions in biofilms is challenging in itself due to their microscale environmental and
biological heterogeneity, the complexity is additionally increased when including interspecies
interactions. Nevertheless, such systems are of great relevance [118], and even relatively low-
abundance species can affect the spatial organization, stability, and composition of biofilms
[119] and potentially promote community-intrinsic properties [120]. Thus, to elucidate the
natural dynamics between phages and bacteria, further experiments and understanding of
these bacterial interspecies interactions and their impact on the interplay between phages and
bacteria in biofilms are required. Addressing these aspects will also enlighten the actual potential
of phage therapy and might improve the prospect of successfully targeting and eradicating infec-
tious biofilms.
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Outstanding Questions

Can phage-mediated promotion of
biofilms be classified as a mutualistic ac-
tion, benefitting both phage and host?

What is the impact of coordinated phage
behaviour on bacterial evolution and bio-
film development?

What is the role of quorum sensing on
the regulation of phage-host interactions
in biofilms?

Are some phages specialized in provok-
ing increased biofim formation, and
which underlying nonmutational and mu-
tational mechanisms are driving this
response?

Does biofim formation function as a
hotspot for phage diversification by in-
creasing competence, having elevated
rates of prophage induction and retaining
phage DNA in the matrix?

How do interspecies interactions affect

phage sensitivity, and are they relevant
for the potential of phage therapy?
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