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The canonical lytic–lysogenic binary has been challenged in recent years, as
more evidence has emerged on alternative bacteriophage infection strategies.
These infection modes are little studied, and yet they appear to be more abun-
dant and ubiquitous in nature than previously recognized, and can play a
significant role in the ecology and evolution of their bacterial hosts. In this
review, we discuss the extent, causes and consequences of alternative phage
lifestyles, and clarify conceptual and terminological confusion to facilitate
research progress. We propose distinct definitions for the terms ‘pseudolyso-
geny’ and ‘productive or non-productive chronic infection’, and distinguish
them from the carrier state life cycle, which describes a population-level
phenomenon. Our review also finds that phages may change their infection
modes in response to environmental conditions or the physiological state
of the host cell. We outline known molecular mechanisms underlying the
alternative phage–host interactions, including specific genetic pathways and
their considerable biotechnological potential. Moreover, we discuss potential
implications of the alternative phage lifestyles for microbial biology and
ecosystem functioning, as well as applied topics such as phage therapy.

1. Introduction
Viruses infecting bacteria (bacteriophages or phages) are the most abundant
biological entities on Earth and play a critical role in the ecology and evolution
of their bacterial hosts. Lytic and lysogenic cycles are the best-described phage
lifestyles. However, it has become apparent that this traditional bifurcation
oversimplifies the intricacies of phage–host interactions. Mounting evidence
has emerged on the existence and significance of other phage infection
strategies, deviating from the classical lytic–lysogenic binary.

Pseudolysogeny, carrier state and chronic infection are the most documented
alternative infection types and have been observed amongdifferent phage groups.
Such phage infections have been identified in divergent environments and in a
relatively broad range of bacterial hosts representing gram-negative [1–4], gram-
positive [5] and cell wall-less bacteria [6], showing that alternative infection
strategies are not limited to a particular group of bacteria or phages. Furthermore,
growing evidence indicates that some phages may establish different alternative
infection modes; the ‘selection’ of a particular infection strategy at any given
timemay be determined by, for example, the bacterial strain [7], host physiological
state and/or environmental conditions [1,8–10]. Moreover, in a bacterial
population, only a proportion of cells may be susceptible for infection.
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In this review, we summarize the current knowledge of the
alternative phage infectionmodes. Examples of the underlying
genetic and molecular mechanisms, potential biotechnological
applications as well as possible ecological and evolutionary
implications of these phage–host interactions are discussed.
We also address the equivocal terminology related to these
phenomena and propose an updated nomenclature that more
clearly distinguishes various phage infection strategies and
differentiates single-cell and population-level phenomena,
providing conceptualization urgently needed for the further
development of this important field.
l/rsob
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2. A brief history of research on alternative
phage infection strategies

Ever since phages were discovered, researchers have aimed
to disentangle the complex web of phage–bacteria interactions.
D´Hérelle addressed this complexitywhendescribing ‘symbiosis
between bacteria and bacteriophage’, in which the host bacterial
population covers a continuous spectrum of susceptibility to
phage action, while the phage population displays a wide spec-
trum of virulence [11–13]. The most virulent phage particles
could propagate on the most susceptible bacteria, enabling
their coexistence (‘symbiosis’). Later Delbrück [14] proposed
a similar hypothesis for ‘apparent lysogenesis’ as he called a pro-
cess inwhich phage propagates at the expense of phage-resistant
bacteria due to the appearance of phage-susceptible mutants. In
1953, Lwoff [15] defined ‘carrier strains’ (that he also called as
pseudolysogenic or mixed strains) as a mixture of phages and
bacteria in a more or less stable equilibrium, distinguishing
them from lysogenic strains that perpetuate the power to pro-
duce phage and retain this phage-producing property in the
presence of anti-phage serum. While most bacteria in this mix-
ture are phage-resistant, a small subset is sensitive to extrinsic
phages and thus both bacterial and phage populations are sus-
tained. The phage could be eliminated from the ‘carrier strains’
by anti-phage serum treatment or by plating.

The discovery of filamentous phages in the early 1960s
revealed not only a new virion morphotype but also a novel
life cycle where the bacterial growth continues despite the
phage reproduction. Detailed studies soon showed that this
was due to phage release without cell lysis [16]. This mode of
infection has been later termed as chronic infection, diversifying
the understanding of possible phage infection cycles.

In 1963, Stent [17] defined pseudolysogenic bacteria as
those able to adsorb phage particles but resistant to infection.
Stent further hypothesized that pseudolysogenic cells carry
extracellular free phage particles on their surface and that
the phage propagation was enabled by occasional infections
of phage-sensitive bacterial variants. A few years later,
Baess [18] provided a more detailed description by stating
that in pseudolysogeny the phage DNA, present in a subset
of the cells, does not integrate into the host chromosome
and cannot be induced by the methods used for lysogenic
strains. Baess [18] reported that these strains can be cured
by culturing in anti-serum against the phage or by colony
isolations, as previously stated by Lwoff [15].

Barksdale & Arden [19] called the situation in which phage
propagates in a fraction of the bacterial population as either
pseudolysogeny or the carrier state, without making any dis-
tinction between these two terms. They suggested that
reduced number of receptors on susceptible bacterial cells or
spontaneous mutation of a temperate phage to a virulent
form could potentially give rise to this phenomenon. Similarly,
Ackermann & DuBow [20] defined pseudolysogeny as a con-
dition in which only a portion of the bacteria in the culture is
infected, phage genome is not integrated and phage-free
strains are obtained by anti-serum treatment or subcloning.
Such interactions are thought to occur in a mixture of sensitive
and resistant cells and/or a mixture of prophage-carrying bac-
teria and virulent phages. Ackermann & DuBow [20] equated
carrier state infection to lysogeny by a plasmid-like prophage.

Ripp & Miller [8,9] described pseudolysogeny as a type of
phage–host interaction in which the phage nucleic acid neither
integrates into the host chromosome as a prophage (lysogeny)
nor elicits lytic response but resides within the cell in a non-
active form. In contrast with lysogeny, the phage genome does
not replicate in synchrony with the host chromosome, leading
to asymmetrical inheritance of the phage genome into one of
the daughter cells upon cell division. Interestingly, Ripp &
Miller [8,9] suggested that pseudolysogeny is an environmental
condition. They hypothesized that such interaction occurs
under extreme starvation conditions, since there is not enough
energy available for the phage to initiate a lytic or lysogenic
infection cycle. However, as environmental conditions improve
(more nutrients become available), the pseudolysogens can
resolve into virion production (lytic cycle) or ‘true’ lysogeny.
Ripp & Miller [8,9] argued that pseudolysogeny may play an
important role in the maintenance of phage genetic material
for extended periods of time in natural ecosystems and provide
ameans for the phage to survive in unfavourable environments.

Abedon [12] proposed to employ the term ‘pseudolyso-
geny’ when describing a temporarily non-replicating phage
genome within a poorly growing bacterium and the term
‘carrier state’when referring to the phagemaintenance through
lytic infection of only a portion of the bacteria present. Accord-
ing to Abedon [12], phage-resistant and phage-sensitive
bacteria may either differ genetically or be genetically identical
but possess phenotypic differences due to phage-independent
or phage-dependent mechanisms. As an example of the latter,
Abedon [12] hypothesized that phage infection releases extra-
cellular soluble factors that modify the uninfected bacteria so
that they are temporarily unable to support phage growth
(phage resistance). This factor is diluted, as more bacteria
become resistant, allowing bacteria to recover their suscepti-
bility to phage thus leading to higher infection rates.
Alternatively, bacteria may reversibly modify (in a phage-
independent manner) the display of phage receptors, such as
pili, leading to changes in susceptibility.

Ever since the dawn of phage research, scientists have
acknowledged the complexity of phage–host interactions that
extends beyond the canonical lytic–lysogenic binary. However,
conceptual and terminological confusion arose promptly
around this topic and remains to this day as a potential
cause of miscommunication and misunderstandings, which
hamper research progress.
3. Defining phage infection strategies at
single-cell level

3.1. Lytic and lysogenic life cycles
Most bacteriophage life cycles are ascribed as being either lytic
or lysogenic, the concepts of which are universally accepted.
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In the former, the phage hijacks the host’s metabolic machinery
and resources for the replication of its genome and the pro-
duction of new virus particles that are released upon cell
lysis (table 1). A lytic life cycle is used by most of the known
phages, except those having filamentous or pleomorphic
virion structures (see §3.2).

Temperate phages can also enter a lysogenic cycle in which
the phage DNA genome integrates into the host chromosome
as a prophage and replicates in synchrony with the bacterial
chromosome [21,22] (table 1). Lysogeny has been described
for numerous DNA phages, but not for RNA phages. Some
temperate phages (e.g. tailed phages P1 [23] and N15 [24] as
well as icosahedral membrane-containing tectivirus GIL01
[25]) may also persist episomally as low copy number circular
or linear plasmids (table 1). The temperate phage can switch
from lysogeny to lytic cycle either spontaneously or as a
result of external environmental signals.

3.2. Productive, non-lethal chronic infection by
filamentous and pleomorphic DNA phages

Some DNA phages display a productive chronic infection
lifestyle in which the host cell is not lysed upon the release
of progeny phage particles; instead, the particles are excreted
continuously to the exterior through the membrane (table 1
and figure 1a). Depending on the phage, the genome may
either integrate into the host genome or remain in the cyto-
plasm. Best-studied examples of chronic infection are those
from filamentous ssDNA phages (in particular Escherichia
coli K12-infecting Ff phages), largely due to the biotechnolo-
gical applications [27] (see §9). The physical dimensions of
the filamentous virion force the particle assembly to take
place at the cell membrane where the mature particles are
secreted through the membrane. Yet, differences in the
assembly mechanism and non-lytic progeny release may
exist [28].

In addition to filamentous phages, mycoplasma-infecting
dsDNA plasmaviruses (pleomorphic virus morphotype
resembling membrane vesicles) are released through the cell
membrane without lysing the cell in a budding-like process
(i.e.phageL2 infectingAcholeplasma laidlawii [29–31]; figure 1a).
Similarly, non-lethal chronic infection has been observed in
archaeal pleomorphic viruses, which are released without
cell lysis [32,33]. However, the detailed mechanisms of these
systems are lacking.

3.3. Non-productive, chronic infection by RNA phages
results in carrier cell formation

A unique, persistent infection strategy has been reported
for RNA phages in which phage particles are produced and
accumulated in the host cell cytoplasm without release into
the extracellular milieu. This infection mode was originally
observed with virulent wild-type dsRNA phage phi6 and its
Pseudomonas host [34,35]. Phi6-resistant variants of P. syringae
pv. phaseolicola are readily obtained, some of which were
shown to produce large amounts of intracellular phage par-
ticles without host lysis (carrier cells) [34]. This prolonged
coexistence between phi6 and its bacterial host was suggested
to arise from changes in the host cell wall [34], but it can also be
established by introducing mutations to the gene encoding the
phi6 lytic enzyme [36] or by incorporating a reporter gene into
the phi6 genome [35,37]. This persistent infection mode of
phi6 resembles the lifestyle of related fungal dsRNA viruses
that lack an extracellular life cycle stage and are transmitted
intracellularly [38].

Romantschuk & Bamford [34] recognized the phenom-
enon described for phi6 as a unique type of ‘carrier state’
without providing a distinguishing term. A similar phage–
host interaction has also been reported for ssRNA phage
LeviOr01 in P. aeruginosa [4], coupled with the carrier state
life cycle (see §4). However, to mitigate confusion, we suggest
calling this single-cell phenomenon as non-
productive, chronic infection (table 1 and figure 1b), or carrier
cell. The term ‘carrier state’ would be reserved to describe
population-level interactions between phages and their
hosts [12] (see §2 and §4).

3.4. Pseudolysogeny
As evident by the historical overview (see §2), the terms ‘pseu-
dolysogeny’ and ‘carrier state’ (see also §4) have been used to
describe various phenomena and are also often employed
interchangeably in the literature [12,19,39], adding to the con-
fusion. A commonly referred definition of pseudolysogeny is
that of Ripp & Miller [8,9], describing it as a type of phage–
host interaction in which the phage nucleic acid resides in an
idle state in its starved host bacterium. We propose using the
term pseudolysogeny when describing a stalled phage devel-
opment stage in which the unintegrated phage genome is
asymmetrically passed on to daughter cells upon cell division
[11–13] (table 1 and figure 1c). However, we would caution
against using host starvation as a defining characteristic of
pseudolysogeny, as it has also been demonstrated in growing
bacterial cultures [1,40,41].

Pseudolysogeny has been described for several tailed
dsDNA phages, such as for myovirus T4 [1] and podovirus
P22 [40,41], and the underlying genetic mechanisms of such
interactions are emerging [1,40] (see §8.2). Moreover, early
studies on leviviruses indicated that cell division after infection
may result in asymmetrical passage of the viral genome [42],
suggesting that pseudolysogeny may also be an alternative
lifecycle for small icosahedral ssRNA bacteriophages.

It is not well established, whether pseudolysogenic inter-
actions are actual viral lifestyles or merely snapshots of
ongoing lytic or lysogenic cycles, entry or exit from such
cycles or possibly (temporal) responses to environmental
conditions. Accordingly, it has been speculated whether we
should rather consider pseudolysogeny as a ‘pause’ in the
infection cycle, preceding either lytic or lysogenic response,
instead of regarding it as a distinct infection strategy [43].
Starvation-induced entry arrest could be one of the under-
lying mechanisms that lead to the asymmetrical distribution
of the phage genome in dividing host cells (see §8.3) and
could explain the earlier observations of phage particles on
surfaces of pseudolysogenic cells [17].

In pseudolysogeny, the phage replication is arrested during
or after the uptake of the phage genome, but the infection pro-
cess can also be halted at a later stage. T4 phage has been
shown to respond to the stationary state of E. coli host by enter-
ing a ‘hibernation’ mode, a persistent but reversible dormant
state in which the phage development halts before the com-
pletion of the protein capsid [44]. While pseudolysogeny can
resolve into lytic or lysogenic development pathways, ‘hiber-
nation’ represents a stalled lytic cycle in which a large
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(a)
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Figure 1. Schematic presentation of alternative phage infection strategies. (a) Productive, chronic infection in which progeny phage particles are released by extru-
sion (left) or by budding (right) through the cell membrane without lysing the host bacterium. (b) Non-productive, chronic infection, in which large amounts of
intracellular phage particles are produced without host lysis. The intracellular phage particles may confer superinfection exclusion. (c) Pseudolysogeny, displaying a
stalled phage development stage in which the unintegrated phage genome, is asymmetrically passed on to daughter cells. Daughter cells may become resistant
(indicated by red crosses) to secondary infections through the inheritance of the phage genome or, as in the case of phage P22, immunity factors [26]. Upon the
dilution of the immunity factors through subsequent cell divisions, the resistant subpopulation ultimately becomes sensitive to phage infections (indicated by green
ticks). (d ) Population-level carrier state life cycle describing mixtures of phages and bacteria in a more or less stable equilibrium, due to the presence of sensitive
variants (that are susceptible to phage infection and thus prone to phage-induced lysis) among resistant bacteria. Phage-resistant subpopulation may result from
genetic and physiological changes of the host cells. In the figure, the lack of (no pilus) or phenotypic change ( pilus mutant coloured in blue) of the phage receptor
(wild-type pilus coloured in orange) or the presence of intracellular phage particles has induced the phage resistance.
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number of virus particles are rapidly produced as more
nutrients become available.
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4. Carrier state life cycle—a population-
level phenomenon

We support using the term ‘carrier state life cycle’, when
describing mixtures of phages and bacteria that persist
in a more or less stable equilibrium [2,3,12,45] (table 1 and
figure 1d ). In the carrier state life cycle, the presence of
sensitive variants among resistant bacteria ensures the con-
tinuous propagation of the phage. As such, it therefore
describes a population-level phenomenon. This is essentially
the same phenomenon that Lwoff [15] described as the
‘carrier strain’. Phage-resistant subpopulation may result
from genetic changes, physiology, communication via diffusi-
ble molecules (i.e. like quorum sensing) or spatial distribution
(such as in biofilms) of the host cells. Carrier state life cycle
has been recorded for myoviruses CP8 and CP30A of the
foodborne pathogen Campylobacter jejuni: the majority of
Campylobacter cells recovered from phage-treated biofilms
were shown to coexist with the treatment phage in a relation-
ship typical of the carrier state life cycle, instead of being
classic resistant mutants [3]. It is also important to note that
pseudolysogeny (see §3.4) can lead to the formation of a
carrier state population of sensitive and resistant cells [26]
(see §8.4). On the other hand, the carrier state population
can contain carrier cells (non-productive chronic infection;
see §3.3) that are resistant [4,34].
5. Technical challenges in studying
alternative phage infection strategies

Current limited understanding of alternative phage infection
strategies can be attributed to several reasons [11]. First,
their recognition can be challenging due to various technical
difficulties and the lack of clear defining characteristics.
Second, these phage–host interactions are often relatively
unstable and possibly temporal, complicating their study.
In addition, there may be more than one infection mode pre-
sent in the population at the same time, and the most easily
detected modes, such as the lytic cycle, may mask alternative
development pathways. Lastly, specific cultivation conditions
may be needed that deviate substantially from standard lab-
oratory conditions, along with the use of special equipment,
such as a chemostat or a fermenter [11]. Moreover, the host
selected for phage propagation may not support the analysis
or could prevent the observation of the alternative phage
infection strategies.

Some of the observed alternative phage–host interactions
may actually present an abortive infection of a cell which
does not support a productive infection cycle (i.e. the phage
genome replication, assembly or exit), although the phage
may enter the cell. This could be attributed to the lack of a
critical host factor (not encoded by the cell) or the phage
holin-endolysin system might not operate in that cell
system. For instance, the establishment of non-productive,
chronic infection (formation of the carrier cell) by some cysto-
viruses in E. coli and Salmonella [46] (see §7), i.e. cells that are
not known to support the reproduction of these phages,
could possibly be an example of such phage–host interaction.
However, empirical evidence is required to validate or
disprove this hypothesis.

Since phages are traditionally isolated or detected by
plaque formation, phages that propagatewithout visibly harm-
ing (lysing) their bacterial host could get overlooked [47].
Whereas strictly lytic propagation typically leads to the for-
mation of clear plaques on the host bacterial lawn, plaque
turbidity can result from chronic phage infection [48], carrier
state [12] arising from pseudolysogeny [13], or from infection
by a temperate phage. In chronic infection, the plaques are
turbid due to host growth retardation, the extent of which
depends on the genome replication strategy of the filamentous
phage in question (see §8.1). Challenges in detecting alternative
infection modes using traditional plating methods might
have led to the overall underestimation of the abundance and
diversity of phages in nature [40].

In addition, distinguishing different phage infection strat-
egies can be problematic. For instance, the fact that lysogeny,
pseudolysogeny and non-productive chronic infection may
all switch to productive infection complicates their identifi-
cation. Various approaches have been used to differentiate
infection modes from each other, such as pseudolysogeny
from ‘true’ lysogeny. For instance, the lack of prophage
induction by mitomycin C or SOS-triggering agents in pseu-
dolysogens has been considered as a distinguishing factor
[11,39]. However, many temperate phages, such as enterobac-
teriophage P2, are not inducible by SOS response [11,49].
Also, the ability to cure bacterial cells of the phage through
serial colony isolations [5,20,39,50] or neutralizing the
phages by anti-serum treatment [18,20,39] has been thought
to suggest pseudolysogenic (instead of lysogenic) relationship
between the phage and the host. Nevertheless, the ability to
cure the host from the phage could also be connected to lyso-
geny, as evidenced by E. coli K12 that had been cured of the
temperate phage lambda [11]. The lack of certain genes (e.g.
encoding known repressors or integrases) may indicate
pseudolysogeny [50], but such genes can be difficult to ident-
ify or the phage may use host integrases, as described for
certain filamentous phages [50–52]. Furthermore, Southern
blot of pulse-field gel electrophoresis-separated cellular
DNAs could be used to demonstrate if the phage genome is
independent of the host chromosome [3].

The development of single-cell techniques has opened
up new perspectives for studying alternative phage infection
strategies. For instance, fluorescent protein tags and time-
lapse fluorescence microscopy have been used to explore the
pseudolysogenic relationship between phage P22 and its
S. typhimurium host, and were critical to establish that P22 is
able to disseminate immunity factors that allow the emergence
of transiently resistant subpopulations of host cells [26] (see
§8.4). We envision that digital droplet PCR could also facilitate
the identification of more or less silent phage genomes in bac-
terial subpopulations providing important information on the
frequency of alternative infection modes.
6. Evolutionary and ecological
consequences

Even though our knowledge of the alternative phage infection
strategies is still somewhat limited, the potential ecological and
evolutionary significance of these phenomena has been widely
acknowledged [8,9,11–13,43]. The emergence of alternative
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phage infections in nature may result from multiple forces
acting simultaneously. Mutations may occur in the host
bacterium that confers resistance to phage infections, while the
phage co-evolves to overcome these barriers and engages in
different types of interactions with the host possibly in response
to environmental cues, following the Red Queen hypothesis
[53,54]. The long-term presence of the phage genome within
the cells potentially also promotes horizontal gene transfer
between the host and the phage, further increasing the genetic
diversity of both. Alternative infectionmodes (pseudolysogeny,
carrier cell and chronic infection) may also increase the possi-
bility of superinfection by two or several phages, enhancing
the likelihood of recombination between phages. Thus, in
addition to lysogeny [55], other alternative infection modes
can be an important underlying factor behind the observed
modularity and mosaicism of the phage genomes [56].

Phages exert pressure on their bacterial hosts, which can
favour the emergence of host variants bearing mutations in
the genes involved in phage receptor synthesis [4,57]. The
phage receptors are often essential host proteins, such as
different transporters or factors affecting virulence (lipopoly-
saccharide) or mobility (pilus). Mutations providing phage
resistance often also influence other functions of the phage
receptor, reducing bacterial fitness. During a non-productive
infection phase, in which the phage is hidden within the host
cell (pseudolysogeny, carrier cell, lysogeny), host cell rever-
tants have a competitive advantage and the phage-sensitive
hosts take over the phage-resistant ones. Eventually, when
the intracellular phage initiates lytic cycle and the ‘Trojan
horse cell’ silently carrying the phage is lysed, the phage pro-
geny will have susceptible hosts available for reproduction.
This brings an apparent advantage for the phage progeny,
increasing the overall fitness of a phage having the ability
to establish alternative infection modes.

Coexistence (e.g. pseudolysogeny and carrier state) may
confer (conditional) advantages to both the phage and the
host. Residing within the cell the phage genome is protected
against harsh conditions outside the host, such as UV light
and extreme pH and temperature [8,9,40]. It could also prevent
a starvation-induced abortive replication or integration event
[40] and allow the phage to reach favourable conditions as
the host moves to new environments [3]. The prolonged inter-
action with the phage may induce both beneficial and adverse
phenotypic changes in the host. For instance, phage carrier
state improves the aerotolerance of Campylobacter bacterial cul-
ture under nutrient limitation, thus enhancing the survival
of the host cell population in extra-intestinal environments,
but simultaneously impairs flagellar motility eliminating the
host’s ability to colonize chicken [3] and adhere to human intes-
tinal epithelial cells [2]. Prolonged association with the phage
may also affect the growth of the host bacterium [34,58]. For
instance, the non-productive, chronic infection of Pseudomonas
syringae by phage phi6 [34] as well as the productive, chronic
infection of Pseudoalteromonas by filamentous phage f327 has
been shown to reduce the host growth rate [58]. Importantly,
coexistence with the phage can confer the host bacterium
tolerance to secondary infections (superinfection exclusion)
[3,4,26,34] further contributing to the host fitness.

The ability of certain virulent phages to establish pseudoly-
sogenic relationshipswith their slowly growing or starved host
cells reduces pressure on bacterial populations and ensures
the maintenance of both the phage and the bacteria under
unfavourable conditions, such as when nutrients are limited
[8,9,11]. It has been suggested that pseudolysogeny plays a
major role in phage–bacteria interactions in aquatic environ-
ments, due to the relatively low concentration of nutrients
and their seasonal variability [8,9,11]. Pseudolysogenic lifestyle
may provide phage populations with a means to rapidly react
to changing environmental conditions. On the other hand,
it could also be an evolutionary step towards a more stable
lysogeny [39].

The presence of filamentous phages in different habitats
and the abundance of their genes in bacterial genomes
[28,59] suggest that chronic phage infections play a signifi-
cant role in the environment. Some filamentous phages
provide the host essential virulence factors through lysogenic
conversion (e.g. toxin genes, as in the case of Vibrio cholerae
and phage CTXphi), while in other cases, the stable release
of virions typical for the chronic life cycle plays a role in
the virulence of the bacterial host. Best-studied examples of
the latter are Pf phages of Pseudomonas aeruginosa, a major
human bacterial pathogen and a cause of chronic lung infec-
tions. Filamentous phages serve as a component in the
biofilm formed by P. aeruginosa interacting with diverse poly-
mers and forming ordered structures. This has been linked to
increased tolerance to antibiotics and desiccation and
increased adherence on surfaces [60]. Pf phages can influence
the host virulence also via other pathways, such as expressing
different phenotypic properties and suppressing mammalian
immunity at infection sites [61]. Some marine filamentous
phages of Pseudoalteromonas have also been suggested to
confer advantageous properties to the host bacteria by enhan-
cing motility and chemotaxis, thus probably improving host
survival in sea ice environment [58].
7. Frequency and dynamics in nature
The quantification of alternative phage infections can be pro-
blematic due to technical challenges in their identification
(see §5) and, in some cases, the instability or temporary
nature of these associations. Nevertheless, recent discoveries
suggest that these infection modes are likely much more wide-
spread and prevalent in nature than is currently appreciated
[3,54,57]. For instance, crAss phages, a highly abundant and
ubiquitous group of virulent, gut-associated podophages,
were shown to be able to coexist (lysogeny-independently)
with their host in a stable interaction [54]. This results in the
colonization of the mammalian gut by both the virus and the
Bacteroides host for prolonged periods of time.

Pseudolysogeny (table 1 and figure 1c; see §3.4) apparently
plays a major role in aquatic ecosystems [8,11] and has also
been described for several animal- and human-associated
and pathogenic bacteria [13], such as E. coli [1], P. aeruginosa
[8,9] and S. typhimurium [41]. Similarly, a carrier state life
cycle (host bacteria and phages persist in equilibrium; table 1
and figure 1d; see §4) has been described for various phages
and their host bacteria, such as lactic streptococci [7], P. aerugi-
nosa [4] and C. jejuni [2,3]. The virulent phage phi6 infecting
Pseudomonas bacteria, mainly plant pathogenic P. syringae
strains, is able to establish non-productive chronic infection
(table 1 and figure 1b; see §3.3) in P. syringae pv. phaseolicola
and P. pseudoalcaligenes [34,35]. Interestingly, related dsRNA
phages may also produce similar relationships in E. coli and
S. typhimurium [46], suggesting that this infection strategy
may be common among dsRNA phages.
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The prevalence of phage chronic infection in nature is yet
to be discovered but filamentous phages have been isolated
from different host bacteria inhabiting diverse environments
such as deep sea [62], crucifers [63] and cholera patients
[64]. Recently, marine filamentous phages were found preva-
lent in the Arctic sea ice [58]. Moreover, the abundance of
filamentous phage genes in bacterial (and archaeal) genomes
suggest there are numerous filamentous viruses yet to be
characterized [28,59].

Suboptimal growth or starvation of the host bacterium
is traditionally thought to trigger pseudolysogeny [11].
Ripp & Miller [9] demonstrated experimentally that the
ability of temperate phage F116 and virulent phage UT1 to
establish pseudolysogenic relationship with slowly growing
P. aeruginosa cells was dependent on the concentration of nutri-
ents available to the host: the lower the nutrient concentration,
the higher the frequency of pseudolysogenic cells. Pseudolyso-
geny seems to be ecologically relevant also for cyanobacteria
and their phages [65]. When cyanobacteria were grown in
phosphate-depleted media, the phages entered the cells but
did not begin the lytic cycle. In another example, virulent T4
phage was shown to form a pseudolysogenic relationship
with E. coli not only in starved, non-growing but also in
slowly growing cells [1]. Poor growth conditions occur com-
monly in natural habitats of bacteria, such as water and soil.
Temperate phages have previously been shown to respond to
such conditions by establishing lysogeny [1,66,67]. Pseudoly-
sogeny could provide an alternative survival strategy for a
phage to endure a period of nutrient starvation.

In addition to starvation, other harsh environmental con-
ditions such as high salinity can induce pseudolysogeny, as
demonstrated by haloarchaeal Halobacterium salinarium myo-
virus Hs1 [10]. It was shown that with increasing salt
concentration the host survival improved drastically, and
most archaeal cells became virus carriers. Similar mechan-
isms could also occur in phage–bacterium interactions. The
establishment of pseudolysogenic behaviour under more
optimal growth conditions for the host is less well known.

Also, temperature change can induce the phage lifestyle
switch. For instance, the lytic induction of prophage from
aquatic cyanobacteria increases at higher temperatures [68].
In addition, podoviruses of Burkholderia were recently shown
to follow a lytic cycle inwarm conditions but remain temperate
and associated with the host at cooler temperatures without
causing lysis [69]. Phage T4 was shown to establish pseudoly-
sogenic relationship with slowly growing E. coli cells at 25°C,
but this effect was not observed, when the same growth rate
was set at 37°C [1]. More information is needed on the possible
effect of temperature on the establishment of alternative phage
infection strategies. For instance, the formation and mainten-
ance of these interactions could depend on the action of
temperature-sensitive proteins. Also, membrane dynamics in
extreme temperature conditions may play a key role.
8. Genetic, cell and molecular biology
properties

Despite the long-standing assumption of the existence and
ecological significance of alternative phage infection strat-
egies, researchers are only beginning to understand the
mechanisms underlying these interactions. Recent technical
advances in single-cell analyses have shed light on the genetic
background, as well as the underlying cellular and molecular
mechanisms of these phage–host interactions, which we
present here with examples.

8.1. Replication strategies differ between filamentous
phages

For filamentous phages, three distinctive replication strategies
have been identified. Phages Ff and Pf1 replicate episomally
[70], while the other strategies require integration to the host
chromosome. Vibrio phage VGJphi integrates reversibly and
replicates episomally after excision [71], whereas another
Vibrio phage CTXphi integrates irreversibly and rolling circle
replication is induced by DNA damaging agents without exci-
sion of the prophage genome [72]. For filamentous phage to
release its progeny, all virion proteins are gathered at the inner
membrane of the host before the virion is assembled [73]. As
the ssDNAgoes through the innermembrane, the ssDNAbind-
ing protein coating the genome is replaced bymajor coat protein
and filaments are protruded to the extracellular environment
without killing the cell [73].

8.2. Genetic programs maintaining the pseudolysogeny
Some genetic mechanisms have been identified for forming and
maintaining pseudolysogenic relationships. For instance, the
activity of phage-encoded rI gene product was shown to play
an important role in the establishment of a pseudolysogenic
state between T4 phage and its slowly growing E. coli host [1].
This gene is required for inhibition of host cell lysis; however,
it has been hypothesized that in this phage–host system the rI
gene product could also be a key factor in sensing of and
responding to the physiological state of the host bacterium [1].

Recent studies of podophageP22 and itsS. typhimuriumhost
provided further insights into mechanisms involved in pseudo-
lysogeny as well as evidence of specific genetic pathways
occurring exclusively in such phage–host associations [26,41].
Temperate phage P22 can undergo both lytic and lysogenic
cycles. Before integrating itself as a prophage into the host
chromosome, P22 can exist as an unintegrated chromosome
that is asymmetrically segregated upon subsequent cell div-
isions [41]. The establishment of this pseudolysogenic
interaction was shown to be linked to the expression of phage-
encoded pid (P22-instigator of dgo-expression) gene that
derepresses the host’s dgo operon, required in the utilization of
D-galactonate. The molecular details and implications of this
interaction are still unknown. Nevertheless, this discovery
suggests that genetic programs that are solely executed in pseu-
dolysogenic cells may exist, which not only differentiates cells
carrying phage from uninfected cells and those undergoing
lytic or lysogenic propagation, but also suggests that the
phage can be an active participant in these associations [41]
and not just remain idle [8,9] within the cells [8,9,41].

8.3. Pseudolysogeny arising from starvation-induced
entry arrest

Early studies on pseudolysogeny reported phage particles on
the host cell surface [17] and sensitivity of the stage to phage-
specific antibodies [18]. We envision that such a condition
could arise from the arrest of phage entry into a metabolically
inactive cell. In many cases, the phage receptors (such as
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LPS, membrane proteins) are exposed on the cell surface
regardless of the metabolic state of the host. The attachment
of the phage to the receptor induces conformational changes
resulting in irreversible binding. However, uptake of the
phage genome through the host envelope may not proceed
under conditions where the host membrane potential is
low as documented for several tailed dsDNAphages including
P22 [74], T4 [75] and T7 [76]. Completion of the genome deliv-
ery may further depend on cellular nucleoside triphosphate
pools that enable the completion of T7 genome entry by
transcription-catalysed mechanisms [77]. In these starvation-
induced conditions, the phage genome entry is arrested, the
phage particle still containing the genome (or part of it)
remains on the host surface and is thus sensitive to phage-
specific antibodies, while the phage genome would be
mostly inert and asymmetrically segregated upon cell division.

8.4. With the immunity factors, resistance is inherited
phage-freely for generations

The transmissiondynamics of phageP22were recently analysed
at the single-cell level. P22 infection was shown to yield a cell
harbouring a polarly tethered episome that is inherited by one
of the daughter cells and ultimately lysogenized [26]. Even
though the other daughter cell does not receive a copy of the
phage genome, it cytoplasmically inherits phage-encoded
immunity factors overproduced in the cell harbouring the
genome. The immunity factors are further passed down to the
siblings of the P22-free cell, resulting in immune subpopulation
(population-level carrier state life cycle; see §4). These immunity
factors dilute through subsequent cell divisions, and the sub-
population again becomes susceptible to P22 infection. This
mechanism could ensure that the phage progeny produced
after the pseudolysogenic state would have non-infected hosts
available for reproduction. This repetitious production of
immune host subpopulation and its subsequent consumption
(infection) could be seen as a bet-hedging mechanism by
which the phage maintains both vertical (lysogenic) and hori-
zontal (lytic) transmission routes and propagates without
compromising the existence of the host bacterial population [26].

8.5. Carrier state-induced changes in host phenotype
Campylobacter jejuni cells displaying carrier state relationship
with myophages have been shown to exhibit phenotypic
changes that improve their ability to survive extra-intestinal
environments but also impair their motility [2,3] (see §6). Com-
parative transcriptome analysis revealed changes in the gene
expression of the C. jejuni carrier state cell populations that
account for these phenotypic changes [2]. Another recent
study identified amutation in a flagellar gene ofC. jejuni carrier
state strain that appears to impair flagellar motility and phage
adsorption thus reducing phage infection efficiency [45]. The
acquisition of thismutation in carrier state strain acts to prevent
superinfection, helping to maintain interaction with the phage
that provoked the interaction.

8.6. Role of clustered regularly interspaced short
palindromic repeats in carrier state

There is little information on the interplay between clustered
regularly interspaced short palindromic repeats (CRISPR)
and CRISPR-associated (Cas) proteins and alternative phage
life cycles. As described above (see §8.5), C. jejuni carrier
state is characterized by a stable equilibrium of host bacteria
and bacteriophages. While C. jejuni carries a minimal type II-
C CRISPR array, the encoding of Cas4 protein by C. jejuni
phages CP8/CP30A in trans indicates that there is an advan-
tage for the phage carrying the gene for Cas4 [78]. When the
CRISPR arrays were studied from a naive host and two indi-
vidual carrier states (formed with different phages), spacer
acquisition was detected only in the carrier state cells.
Surprisingly, the spacers were host chromosome-derived,
indicating that cas4 in the phage genomes functioned to over-
turn host defence. Whether the interplay between phage and
CRISPR-Cas has a role in controlling the alternative life cycles
remains to be elucidated by future studies.
9. Biotechnological and therapeutic
considerations

Escherichia coli filamentous Ff phages (M13, f1, fd), establish-
ing chronic infections with their host bacteria, are prominent
for their use in nano- and biotechnology. Recently, their use
has expanded to protein evolution and synthetic biology.
Since their discovery in the 1960s, filamentous phages
quickly became popular models and tools mostly due to
their small genome size and unique chronic life cycle. The
Ff phages laid a foundation for early cloning and sequencing
as well as for developing phage display technique, which has
become a powerful tool in drug discovery [27].

Successful exploitation of phages in therapeutic purposes
necessitates a detailed understanding of their lifestyles. Phage
therapy is widely considered as one of the most promising
methods in the fight against the global antibiotic resistance
crisis and relies on using virulent phages to treat bacterial
infections. However, evidence of alternative life cycles in
phages in therapeutic use has been detected [79]. Even
though these infection modes occur at subpopulation level,
they could potentially affect the therapeutic outcome. Thus,
understanding the full behaviour spectrum of these phages
in the environment of targeted treatment (e.g. wound) is
crucial when designing new phage therapy cocktails.

Phage–host coexistence could serve as a continuous source
of phages for therapeutic, biosanitization and diagnostic
purposes [2]. Non-productive chronic infection has been artifi-
cially established for dsRNA phage phi6 to produce large
amounts of heterologous dsRNA molecules in bacteria for
gene silencing applications [36]. Such dsRNA or derived
small interfering RNA molecules can be used to combat
plant and human pathogens [80–83] or to induce innate
immune responses in human cell lines [84]. As the molecular-
level understanding of the alternative phage infection
strategies increases, newpotential biotechnological applications
are expected to emerge.
10. Conclusion and future perspectives
Alternative phage infection strategies (i.e. phage–host inter-
actions that can be condition-dependent, transient or occur
only in a subset of the infected host bacterial population
and therefore deviate from traditional lytic and lysogenic pro-
liferation) have often been overlooked and understudied.
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Recent discoveries have shed light on the prevalence and eco-
logical significance of these interactions, necessitating their
closer investigation.

So far, phage interactions have been described in detail
only for a limited number of bacterial species of ecological,
economic or medical relevance [12]. To increase our under-
standing of the phage–host interaction dynamics, the
prevalence and idiosyncrasies of different phage infection
strategies should be investigated in a more comprehensive
collection of environmental phage–host systems and under
varying conditions.

Phage infections are commonly studied using exponentially
growing bacterial hosts in rich media, even though in nature
phages commonly encounter slow- or non-growing cells [44].
To portray the intricacy of phage–host interactions, new
cultivation strategies need to be employed that better mimic con-
ditions in natural habitats. In addition, the possible seasonal
changes should be considered to get a more complete view of
the phage–host interaction dynamics. It should also be noted
that only a small portion of bacterial species can be cultivated
in the laboratory. Thus, a culture-independent approach could
give a more complete view of the frequency of different phage–
host interaction types in nature. Applying single-cell genomics
offers one solution for culture-independent approaches.

To better understand alternative phage development
routes, more information is needed on the molecular details
(phage genes, host factors involved) and environmental cues
establishing, initiating or supporting these interactions. For
instance, some currently cryptic phage genes may turn out to
encode functions needed to establish, maintain and regulate
these host associations [1,41]. Moreover, novel visualization
techniques at single-cell resolution can give valuable insights
into the dynamics of phage–host interactions.

Lastly, we would urge researchers to use the terminology
related to alternative phage infection strategies (pseudolyso-
geny, carrier state and chronic infection; table 1) with
extreme caution, to make clear distinction between single-
cell and population-level phenomena and to describe the
observed phage–host associations explicitly to engage in
and stimulate more meaningful dialogue around this topic.
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