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Interactions among microorganisms shape population 
dynamics, evolutionary trajectories and ecosystem func-
tioning across plant- associated and animal- associated 
systems, as well as in built environments. In turn, 
populations and communities of these microorgan-
isms are shaped by top- down (that is, viral infection 
and grazing) and bottom- up (abiotic) forces. Initially 
revealed in foundational studies reporting total counts 
of virus- like particles in the oceans1,2, the high abun-
dance of viruses that are predicted to infect microor-
ganisms, and their ubiquitous distribution, is staggering. 
The pervasiveness of viruses across systems, from deep 
subseafloor sediments3 to the human gut4, is now well 
established, and viral ecologists are increasingly moti-
vated to quantify ecosystem- level impacts that are 
triggered by viral activity (see, for example, refs5–8), 
including modulation of community structure and 
function, and the release of organic matter and nutri-
ents back into the environment via the ‘viral shunt’5,9. 
Initial efforts to characterize the ecosystem- level impacts 
of viruses focused on lytic infections — in part because 
it was infeasible to distinguish and track other modes 
of infection. The first evidence of diverse viral infec-
tion strategies became available in the early twentieth 
century to mid- twentieth century, based on isolation 
and characterization of model laboratory systems (for 
example, T bacteriophages (or phages) for lytic infections 
and phage λ for lysogenic infections10). Further progress 
in characterizing viral diversity has been enabled by 
ongoing developments in molecular biology and in envi-
ronmental sequencing technologies, as well as by the dis-
covery of novel viral lineages. Together, these advances 

suggest the need to revisit the molecular mechanisms and 
eco- evolutionary consequences of virus–microorganism  
interactions.

As environmental virology comes of age11, new chal-
lenges to the early paradigms that defined the ‘rules of 
life’ for viruses (Box 1) have arisen. Culture- independent 
approaches have helped to expand12–17 and taxonomi-
cally organize18–20 catalogues of viral sequences. Yet, it 
remains difficult to link a virus with its microbial host 
(Box 2). Concurrently, diverse model systems have helped 
reveal that the most commonly studied canonical ‘lytic’ 
and persistent ‘lysogenic’ infection modes (fig. 1) are not 
representative of all virus–microorganism interactions21 
and may not be the most common infection modes in 
nature. For viruses in complex communities, a key 
research focus is now identifying the community- level 
and ecosystem- level conditions that favour lysis, lysog-
eny and more fluid (and less well- studied) interactions, 
including chronic infections (reviewed in refs22,23) and 
inefficient lytic infections24–29.

In this Review, we revisit the rules of life for viruses 
by embracing a conceptual framework that recognizes 
virus–host interactions across a continuum of infec-
tion modalities (fig. 1), and we examine the influence 
of these modalities on viruses, their hosts and ecosys-
tems. Intracellular infection mechanisms at the ‘mid-
dle’ of the continuum are recognized by many phage 
biologists (see, for example, refs21,30,31), but the idea 
that these mechanisms may be both common and 
ecologically relevant has not yet broadly taken hold. 
Most examples in this Review are drawn from a cen-
tury of seminal studies on viruses of bacteria (phages) 

Viral shunt
Prevention of dissolved and 
particulate carbon from being 
incorporated into consumers at 
higher trophic levels due to the 
release of this carbon from 
infected host cells via viral lysis.
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with double- stranded DNA genomes (see, for example, 
refs30,32–34), which provide the foundation for our cur-
rent understanding of the rules of life for viruses. This 
Review aims to inspire further work to identify princi-
ples governing viral infections of other microorganisms 
(including archaea and microbial eukaryotes). Towards 
this effort, we first consider what it means to be tem-
perate (disentangling the evolutionary strategy from 
the state of lysogeny) and how temperate phages ‘decide’ 
between lysis or lysogeny. We then describe the potential 
cellular benefit of viral infections in an eco- evolutionary 
context, and seek to formalize a cell- centric unit for 
measuring and comparing viral fitness across the con-
tinuum (fig. 2). We next evaluate current understanding 

of the nature of mutualistic and antagonistic relation-
ships between viruses and microbial hosts, as well as how 
inefficient lytic infections can arise. Finally, we examine 
how bioinformatic approaches can help identify diverse 
viral infection strategies from environmental sequence 
data, potentially revealing new principles by which 
viruses modulate microbial fates at scales from cells to 
ecosystems.

What it takes to be temperate
Temperate phages can initiate lytic or lysogenic infec-
tions. In the lytic mode, infection leads to the pro duction 
of new virions, the lysis of host cells and the release of 
virions back into the environment (fig. 1). In the lyso-
genic mode, temperate phage genomes persist as a 
prophage within the host, where they are integrated into 
the host chromosome (and replicate in conjunction  
with the host genome) or maintained extrachromosom-
ally (fig. 1). Switching between lysis and lysogeny is a ‘deci-
sion’ shaped by genetic switches encoded within phage 
genomes20, and is strongly influenced by host- associated 
and external factors. Examples of host factors can be 
drawn from seminal work on phage λ, whereby the 
probability of the phage to initiate lysis versus lysogeny is 
related to the cellular multiplicity of infection35 (fig. 1). More 
recently, single-cell measurements using phage- encoded 
fate reporters have confirmed that the probability of 
lysogeny for phage λ increases with increasing multiplic-
ity of infection, as well as with decreasing cell volume36,37. 
Hence, the well- studied example of phage λ represents an 
example of how a temperate phage strategy exists along a 
continuum in which the probability of initiating lysogeny  
as well as induction represent mutable traits.

Other, non- host factors also influence the outcome of 
infection by temperate viruses (figs 1,2). The probabil-
ity of establishing lysogeny can vary across the same37–39 
or different40 temperate phage lineages, and also var-
ies with the environmental context in which it occurs 
(reviewed in ref.31; see later). Likewise, after lysogeny 
has been established, induction to initiate the lytic cycle 
is also influenced by cell state and environmental con-
ditions (fig. 1), although many prophages can also spon-
taneously induce and initiate the lytic cycle. Prophage 
induction often occurs at low frequencies as in the 
case of the Shiga toxin- encoding prophage that resides 
within pathogenic Escherichia coli41 or a mycosphere 
prophage associated with Paraburkholderia species42. 
Environmental context can also influence temperate 
phage dynamics43. For example, in marine polar waters, 
lysogeny was shown to be favoured during periods 
of low ecosystem productivity; lysis was shown to be 
favoured during high- productivity periods44. Diverse 
environmental stressors, such as anomalously high 
temperatures45 or nutrient levels46, or anomalously low 
salinity47, are hypothesized to trigger lysogenic switch-
ing in viral infections of microeukaryote (dinoflagellate) 
symbionts of stony corals (see, for example, refs48–50).  
In the coral system, viral lysis of dinoflagellates may  
contribute to coral death and reef ecosystem decline7.

Model systems, such as E. coli and its phages, have 
been instrumental in understanding the link between 
host cell stress and temperate phage behaviour. 

Lytic infections
infections involving the 
reproduction of viral genetic 
material, packing of viral 
genetic material into capsids 
and release of virus particles 
into the environment following 
the lysis (that is, rupture) and 
death of the host cell.

Bacteriophages (or phages)
Viruses that exclusively infect 
bacterial cells.

Box 1 | revisiting the rules of life for viruses of microorganisms

For decades, studies of viruses that infect microorganisms have mainly focused on 
antagonistic interactions, in which infection leads to the death of the microbial host cell 
and the release of new viruses. Yet, recent evidence from experimental model systems, 
modern viromics and new theoretical advances suggests that virus–microorganism 
interactions often differ along a continuum of infection, which ranges from lysis to 
persistent lysogeny. in practice, infections are fluid and dynamic across a continuum of 
infection strategies that respond to host and environment cues (fig. 1); viral fitness can 
be understood by tracking infecting cells (instead of free viral particles) (fig. 2); viral 
infections can reshape cells and their functions (for example, metabolism, regulatory 
elements and communication systems) in ways that could benefit both the virus and  
the host; inefficient lytic interactions are likely to be common; viruses can infect other 
viruses (for example, sputnik); and viruses also affect higher organisms that harbour  
their hosts (russian doll symbioses). these findings provide inspiration for expansion  
of the rules of life (see the table), integrating knowledge gained in the past few years  
with that from seminal studies of viruses of microorganisms.

Paradigmatic rules of life for 
viruses of microorganisms

Expanded rules of life for viruses  
of microorganisms

The number of virus particles produced 
from an infection is a metric of viral 
fitness

The number of infected cells produced is 
the basis for measuring the feasibility of 
viral invasion in the short term and viral 
fitness in the long term

Viruses are strict antagonistic parasites 
of their hosts

Viral infections can trigger various 
outcomes for their microbial hosts, 
ranging from harmful to beneficial

Viruses cannot communicate Viruses co- opt host communication 
systems

Temperate phages are dormant and  
do not interfere with host regulation

Temperate phages can actively regulate 
host genomes

A viral type is capable of infecting its 
one target host species efficiently

A viral type can infect various potential 
hosts, but with various degrees of 
efficiency

A temperate virus is generally static in 
its use of either a lytic infection mode 
or a latent infection mode upon entry

A temperate virus modifies its initial 
infection mode (lytic versus lysogenic) 
on the basis of the context of the 
environment and host cell condition

Once successful receptor contact has 
been established and any antivirus 
defences have been overcome, 
a virulent viral infection will be 
successful

Environmental factors, intracellular host 
compatibility and virus–virus crosstalk,  
in addition to binding site characteristics, 
influence the outcomes of virus–
microorganism interactions

Viral infection of a microbial partner 
within a Russian doll symbiosis (Box 3) 
affects only the direct host of the virus 
(that is, the microorganism)

Viral infection within a Russian doll 
symbiosis can affect various partners  
(for example, the host of the viral host)

Viruses cannot infect other viruses Viruses can infect other viruses  
(for example, virophages)
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Under stress, the host’s SOS response system cleaves 
a phage- encoded repressor molecule (CI), initiating 
genomic phage DNA excision out of the host genome, 
followed by replication, ultimately resulting in lysis of 
the cell51. Beyond responding to host signals, temperate 
phages can also manipulate host physiology (reviewed 
in ref.52). For example, phages can co- opt host ‘commu-
nication’ systems in striking ways. The Vibrio cholerae 
CTXΦ prophage encodes a quorum sensing receptor 
protein that binds a host cell density- dependent factor 
(DPO), triggering the lytic pathway in the prophage. 

The phage hijacks the host’s communication system and 
mediates the lysogenic–lytic decision (that is, favouring 
lysogeny at low host cell densities and initiating lysis at 
high host cell densities)53. In a more extreme example of 
appropriation, bacillus phage Φ3T encodes a small pep-
tide (arbitrium) that is released extracellularly and taken 
up by other cells54–56. The concentration of arbitrium 
thus influences the lysis–lysogeny switch and represents 
a form of viral phenotypic plasticity, see ref.57), such that 
lysogeny is positively correlated with arbitrium levels.  
As Φ3T phages proliferate, infected cells generate pep-
tides, potentially signalling the local depletion of suscep-
tible hosts. If the phage continued to lyse increasingly 
scarce host cells, then viral progeny from lytic infection 
would be unlikely to encounter a susceptible host to 
infect (fig. 2). Instead, lysogenic infections in cells with 
high peptide signals enable viral genomes to persist at 
the population scale as lysogens (that is, inside cells) 
rather than be lost or degraded as particles without a 
host (that is, outside cells). These communication strat-
egies may be widespread across phage–host systems55,58. 
These findings suggest that temperate viruses have 
evolved to modulate their infection mode on the basis of 
environmental and/or cellular cues. Similar findings also 
exist for the responsiveness of temperate phage infection 
states to restriction modification systems59.

In sum, temperate phages commonly modulate 
whether they preferentially lyse host microorganisms or 
initiate lysogeny following initial infection, and how long 
they remain as prophages within their host. Hence, to be 
temperate does not mean to automatically initiate lysog-
eny. Instead, viral infections exhibit phenotypic plasticity 
such that feedback from the environment, including 
other viruses and the host cellular state, modulates the 
infection mode of a given virus–host interaction.

Fitness and viral life cycles
Phage genomes persist within cells for various lengths 
of time, which raises an important question: why be 
temperate rather than lytic? The evolutionary advan-
tage or fitness of a virus has been traditionally equated 
with the number of virus particles in the environment60. 
The lysogenic mode does not produce any virus parti-
cles (at least not in the short term), yet evidently being 
temperate is evolutionarily adaptive. Thus, a different 
approach for measuring viral fitness is needed. Early 
work61 hypothesized that a temperate strategy is advanta-
geous at low host cell densities and represents an adapta-
tion to fluctuating environments. Building on studies of 
epidemiological dynamics of horizontally and vertically 
transmitted pathogens62,63, recent theory64–67 has revisited 
this hypothesis and proposed to measure viral fitness in 
a cell- centric (rather than a particle- centric) fashion by 
examining the life cycle of temperate phages, both inside 
and outside cells (fig. 2).

Inside cells, if a viral genome does not kill its host, it 
can be integrated into microbial genomes as a prophage, 
persist as extrachromosomal elements such as episomes 
or via carrier infections, and also persist transiently as 
genomes to be packaged into virus particles preceding 
lysis (which critically could be stalled under suboptimal 
conditions in nature68). Outside cells, viral genomes may 

Lysogenic infections
A viral infection state in which 
the viral genome is integrated 
into that of the host cellular 
genome and can be replicated 
during division without lysing 
the cell.

Box 2 | Who is the host?

Culture- independent techniques have revealed substantial diversity of DNa and rNa 
viral genomes (from metagenomes and metatranscriptomes) and virus- like particle 
morphologies and sizes (from electron microscopy) within environmental samples134,135. 
Yet, determining which hosts these viruses infect remains challenging in complex 
communities136. the host range of viruses can be experimentally determined when  
host cells are in culture, either via traditional lysis in liquid or solid media or using 
high-throughputapproachessuchas adsorption sequencing137 or viral tagging138,139 
(when high- end flow cytometry and ultraclean techniques are available). However, most 
microorganisms in natural settings are not yet cultivated, and for these, strategies have 
ranged from inferring viruses detected in single- cell amplified genomes as belonging  
to that host (see, for example, refs124,140) to in silico host predictions for newly available 
viral genomes discovered in metagenomes (reviewed in refs19,141). Currently, in silico 
strategies include linking viruses and hosts on the basis of the presence of sequence 
composition, statistical co- occurrence analyses, CrisPr spacers and shared non- viral 
genes. although no consensus yet exists in the literature, these metrics seem to predict 
hosts at various levels of confidence. For example, a sequence composition approach 
that assessed tetranucleotide frequency to predict hosts from a large- scale dataset 
(nearly 15,000 microbial genomes and their 12,498 detected viruses) suggested host 
prediction at the genus- level could achieve up to 99% accuracy when optimally 
representative host data were available. Yet, accuracy could be as low as 30% when  
there was not at least a genus- level representative genome available for the known 
host12. Predictions made using statistical co- occurrence analyses are also relatively  
lower confidence, at least when host or virus abundances and/or sample sizes are 
small129,130,141,142. By contrast, CrisPr spacer matches of 100% identity are thought to  
be nearly certain signatures of a past virus–host interaction. shared non- viral genes,  
such as photosynthesis auxiliary metabolic genes, which are interpreted as key metabolic 
manipulations specific for a particular host, are also considered indicative of long- time 
virus–host associations. Problematically, in silico metrics are inherently database limited: 
undersampled taxa that have yet to be genomically documented are unlikely to be 
predicted as hosts. this limitation is rapidly being ameliorated as hundreds of thousands 
of metagenome- assembled genomes are emerging across diverse environments143–147.  
as such approaches gain power, viral ecology will be able to advance from community- 
wide averaged patterns towards lineage- specific inferences that more closely mimic  
the ecological interactions that drive ecosystem impacts (see, for example, ref.14).  
such efforts will benefit immensely from centralized resources that collect host 
prediction information, such as virus- Host Database148, Holovir149 and ivirus150.

as new viruses are being discovered via increasingly scaled metagenomics studies  
(see, for example, ref.16), complementary scalable experimental methods are needed. viral 
tagging approaches could be adapted and optimized for new ‘bait’ hosts in laboratories 
interested in viruses for a particular host strain that is in culture. viruses may also be 
linked to hosts via adaptations of solid- phase PCr to generate ‘polonies’ that can enable 
quantification of virus particles and intracellular infections151,152. Beyond cultivated hosts, 
another strategy would be to enrich single- cell genomic sequencing for virus- infected 
cells by hybridizing the amplified single- cell genomic DNa against purified virus DNa 
from a natural sample153. additional approaches that borrow technologies from other 
disciplines will undoubtedly emerge as well. For example, viruses could be linked to their 
hosts by adapting epicPCr154, a fused PCr primer approach that ‘links’ barcode genes  
to genes of interest. another promising direction is proximity ligation that uses 
fixation- based sulfur- bridging chemistry to assess when two genomes are within the 
same cell155,156. Conceptually, both approaches should work, although as with any new 
technology, their output requires experimental assessment to determine false- positive 
rates using mock communities of virus–host pairs with known linkages and non- linkages 
before any ecologically meaningful linkage inferences can be drawn.
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be ‘naked’ (although the lifespan of such DNA or RNA 
is likely to be short) or persist inside virus particles.  
As a temperate phage can persist both inside and outside 
host cells, a particular lineage can potentially increase its 
near- term fitness by dynamically sliding along the con-
tinuum of infection on the basis of its environmental 
context (figs 1,2).

Analysing the evolutionary benefit of the temperate 
strategy is possible when one formally considers a ‘virus 
life cycle’ that begins and ends inside cells69. Such a for-
malization accommodates both the ‘virocell’ concept70–73 
and conventional definitions of lysogeny. In this frame-
work, the utility of a given viral strategy in a host popula-
tion can be determined by quantifying how many newly 
virus- infected microbial cells are generated, on average, 
by a single infected cell during its lifetime and the life-
time of its progeny virus particles (fig. 2). This metric is 
equivalent to the epidemiological concept of the basic 
reproduction number, albeit adapted to the infections of 
microorganisms by viruses, in which infected cells (rather 
than virus particles) are used to measure proliferation74,75. 
When this ‘reproduction number’ is greater than 1, each 
infected cell generates at least one infected cell, which in 
turn generates more infected cells, and the viral lineage 
is able to proliferate74–77. When this number is less than 1,  
each infected cell generates less than one infected cell  
(on average), leading to fewer infections over time, until 

the virus is lost from the population. Thus, although lysis 
may produce many virions, the individual- level viabil-
ity of the lytic strategy must be calculated in terms of 
those few virions that initiate new lytic infections in cells 
(fig. 2a,c). Lysis therefore represents a form of horizontal 
transmission of a parasite at the microbial scale. Even 
though latency or infection of a suboptimal host may 
produce no virions, the individual- level viability of a tem-
perate strategy can be calculated in terms of new infected 
daughter cells, which contain the viral genome (fig. 2b,d). 
Hence, lysogeny represents a form of vertical transmis-
sion of a parasite at the microbial scale. Formalizing  
the viability of transmission routes requires expressing the  
interplay between nutrients and other external fac-
tors that influence viral strategy in terms of non- linear  
population dynamic models61,64,66,67,78.

To move from the individual to the population, and 
ultimately into an eco- evolutionary framework, requires 
a dynamic perspective. In that sense, use of the basic 
reproduction number as the threshold criterion for inva-
sion is the first step in efforts to quantify and understand 
the proliferation of viruses in a microbial population. 
In the event that susceptible host cell densities are low 
(fig. 2ci,diii), then a virulent strategy that favours hori-
zontal transmission may not be successful. For example, 
the lysis of a host cell may generate 100 virions, but if on 
average at least 99 decay (or are rendered non- infectious) 
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Fig. 1 | The viral infection continuum. The modes of viral infection exist in a continuum that ranges from efficient 
infections by virulent phages (left side of the figure) to persistent lysogenic infections by temperate phages (right side  
of the figure; where phages in the lysogenic cycle, denoted as ‘prophages’, have integrated their genomes into the host). 
Other infections along this continuum include inefficient lytic by virulent phages and chronic infections. The position of a 
given infection along the continuum is determined both by how many virus particles are released per infected cell and by 
the duration of one infection cycle. Specifically, efficient lytic infections are the shortest cycles that produce the most virus 
particles per infected cell (darkest green shading), whereas lysogenic infections last the longest (after establishment) but 
release no virus particles (as long as there is no induction; darkest yellow shading). Many factors can influence both the 
establishment of lysogeny and the induction of the lytic cycle in temperate phages. These factors relate to the host cell  
and the virus (genetics, cell density and cellular multiplicity of infection), the environment (for example, temperature,  
pH and other stressors) and other external signals (for example, quorum sensing signalling molecules). There is also fluidity 
in the position of inefficient infections and chronic infections along the continuum (depicted by the double- headed 
arrow); this depends on how long each infection cycle lasts and on how many viruses are produced per infected cell. 
dsDNA, double- stranded DNA; ssDNA, single- stranded DNA.

Chronic infections
infections in which viral progeny 
are released from the host cell 
into the environment but lysis 
and death of that infected cell 
do not necessarily occur.

Inefficient lytic infections
infections by a virulent virus 
that may be stalled or 
terminated at one or multiple 
stages of the infection cycle, 
from adsorption to the host 
cell through to cell lysis.

Latent infection
A state of reduced lytic activity, 
which includes lysogeny (that 
is, the viral genome is 
integrated into the host 
genome), chronic infection and 
other infection states (including 
otherwise lytic viruses that 
infect hosts during non- optimal 
conditions).

Temperate phages
Viruses that can establish a 
lytic cycle or a lysogenic cycle.

Prophage
An integrated genome  
of a temperate phage  
inside a lysogen.
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transmission (Rver) (part b). R0 denotes the average number of new infected cells produced by a single infected cell (and its 
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is denoted by the label ‘mother 0’, where 0 denotes that this is the focal infected cell. Using illustrative examples, each of 
the panels shows how variation in susceptible cell population density affects viral transmission strategies. When there are 
few susceptible hosts, only one of the virions produced in the burst of the mother virus leads to a progeny virus; hence,  
R0 of this horizontal transmission strategy is 1, denoted by Rhor = 1 (corresponding to point I in the graph shown in part a).  
By contrast, when there are more susceptible hosts, three of the virions produced in the burst of the mother virus lead  
to a progeny virus; hence, Rhor = 3 (corresponding to point II in the graph shown in part a). When there are few susceptible 
hosts, a single infected cell faces less competition and undergoes three divisions before loss and/or decay; hence,  
R0 for this vertical transmission strategy is 3, denoted by Rver = 3 (corresponding to point III in the graph show in part b).  
By contrast when there are more susceptible hosts, a single infected cell faces more competition and undergoes one 
division before loss and/or decay; hence, Rver = 1 (corresponding to point IV in the graph show in part b). The numbers of 
new infected cells (for example, one or three) are illustrative and will depend on quantitative life history parameters and 
the ecological context.
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before they encounter and infect another host, then 
the invasion will fail at the population level, even if the  
infection was successful at the scale of an individual 
cell (fig. 2ci). This gap between intracellular and inter-
cellular dynamics reveals the potential benefits of ver-
tical transmission under some conditions (fig. 2diii), as 
opposed to horizontal transmission by virulent infec-
tions in other conditions (fig. 2cii). In an environment 
where there are few hosts but sufficient resources for cell 
growth, a phage that manages to encounter and infect 
a host cell (and integrate its genome) may still be able 
to proliferate. As long as the lysogen typically divides 
at least once, on average, then a temperate strategy can 
provide the viral lineage with an evolutionary benefit 
(fig. 2diii). The proliferation of a virus depends on pro-
cesses of encounter, infection, establishment, induction 
and efficiency of lysis, which themselves depend on host 
cell number, cellular status and other factors. Vertical 
transmission requires that cells survive long enough to 
divide and that prophages (integrated or extrachromo-
somal) are passed on with high fidelity to progeny cells 
(fig. 2d). Hence, phage- associated traits that increase 
either cell division or host cell survival (due to, for exam-
ple, defence, improved stress response or heteroimmunity) 
can lead to direct fitness benefits for both the virus and 
the host, and even the establishment of mutualistic part-
nerships. By contrast, horizontal transmission requires 
that viruses are able to infect cells efficiently and release 
new infectious particles and that virus particles survive 
in the extracellular environment long enough to infect 
new cells (fig. 2c). Therefore, modifications to the genetic 
architecture of switches could lead to differences in the 
ways that a phage genome responds to the intracellular 
environment, potentially leading to changes (over long 
timescales) in the stochastic switch to integrate or lyse, 
as well as the stochastic switch to initiate lysis after inte-
gration. The analysis of eco- evolutionary dynamics over 
long timescales requires bridging of the gap between 
thresholds for near- term invasion (for example, via the 
basic reproduction number) and metrics of viral growth 
rate and long- term fitness. Indeed, in sufficiently long 
associations, the fate of viruses may become entangled 
with that of hosts, leading to fundamental changes in the 
nature of virus–microorganism relationships.

Virus–microorganism mutualisms
Given the intertwined nature of virus–host fitness 
trajectories, it is unsurprising that a variety of mutu-
alistic virus–host interactions have been identified 
(sensu refs79–82; select examples are presented in fig. 3). 
Beneficial viral infections of microorganisms can be 
broadly described as protecting hosts from new viral 
infections (for example, via superinfection immunity 
and/or exclusion), enabling hosts to expand their fun-
damental or realized ecological niche83 (that is, ‘making 
winners’) and/or enhancing host competitiveness 
through phage- mediated weaponry (for example, wield-
ing phages as selective, antagonistic weapons). Although 
many of these ideas are known and embraced by phage 
ecologists (see, for example, refs84–88), they are not nec-
essarily recognized across the broad field of biology. 
Mutualistic interactions affect microbial population and 

community- level characteristics, as well as individual 
cell fates, and generally extend the time frame in which 
viruses are in close physical association, or symbiosis, 
with hosts.

First, superinfection immunity arises when infection 
of a host with one virus prevents secondary infection of  
that cell by similar virus types. Mechanistically, a 
repressor protein is typically capable of ensuring stable  
establishment of lysogeny and defending against new 
viral infections either through prevention of or inter-
ference with incoming viral nucleic acids (for example, 
binding and degrading similar nucleic acid sequences). 

Cellular multiplicity of 
infection
The discrete number of viruses 
that have infected a given  
cell. ‘Cellular multiplicity  
of infection’ is distinct from  
the commonly used term 
‘multiplicity of infection’ (that 
is, the population- level ratio  
of the number of virus particles 
to the number of cells).

Adsorption
Viral attachment to a host cell.

Lysogens
Cells with a prophage, which  
is either integrated into the 
cellular genome or is 
extrachromosomal.

Virocell
A cell infected by a virus that 
reshapes cellular physiology  
so that it is controlled by viral 
genetic programmes.

Heteroimmunity
Denoting when two phages 
have heterotypic (unrelated) 
genetic elements (that is, 
repressor and cognate 
operator) to control the lytic 
cycle and, as a consequence, 
neither prophage is able to 
prevent infection of the host  
by the other virus.

Superinfection
Viral infection of a cell 
harbouring another virus.

Cytoplasmic incompatibility
Caused by maternally inherited 
bacteria, a situation in which 
factors in the cytoplasm of two 
gametes are not compatible, 
preventing the formation of 
viable offspring.

Fig. 3 | Examples of temperate phage–bacterium 
mutualisms. A | Mutualistic phage–host interactions may 
depend upon initiation of lysogenic–lytic switching in a 
subpopulation of the host. Aa | Some phage- encoded 
virulence factors (for example, Shiga toxins104) are 
expressed upon induction of the lytic cycle. Ab | Phage 
progeny released from a subpopulation of spontaneously 
induced host cells can function as selective antagonistic 
agents against non- immune competitors111–113. In this 
example, some fraction of host cells succumb to lytic 
infection, but the remaining non- induced cells benefit from 
the sacrifice of their lysed siblings. b | Alternatively, phage–
host mutualisms can manifest themselves when prophages 
are in lysogenic states. ba | Phages can function as part of 
the regulatory machinery of their microbial hosts via active 
lysogeny, where reversible phage insertion–excision events 
influence expression of host genes (reviewed in ref.109).  
bb | In contrast to panel Aa, other phage- encoded virulence 
factors (for example, cholera or diphtheria toxins102,103)  
are expressed while the phage is in a lysogenic state.  
bc | Phage- encoded toxin–antidote systems have  
been implicated in microorganism–insect interactions. 
Phage- derived genes (cifA–cifB) in parasitic Wolbachia 
promote insect host reproductive manipulation 
(cytoplasmic incompatibility)132; for additional examples  
of virus–microorganism interactions within metazoan 
hosts, see Box 3). Female insect hosts that are infected 
with Wolbachia bacteria that lack a homologous phage- 
encoded cifA gene are incapable of producing viable 
offspring when mating with a male infected with a 
Wolbachia (cifA–cifB+) strain. The cifA gene product rescues 
cytoplasmic incompatibility. bd | Temperate phages can 
encode factors that aid their microbial hosts in evading 
eukaryotic immune systems. These factors can cloak the 
foreign microorganism, enabling the microorganism to 
persist in its host as a mutualist (for example, sponge 
symbionts106; top panel), or increase the pathogenicity of 
an invading bacterium (for example, methicillin- resistant 
Staphylococcus aureus105; bottom panel). In the top panel,  
a bacterial symbiont of a sponge contains a prophage 
(termed an ‘ankyphage’) encoding an ankryin domain- 
containing protein. Expression of this protein modulates 
the sponge immune response, facilitating sponge–
bacterium coexistence. In the bottom panel, S. aureus 
prophages encode an alternative wall teichoic acid gly-
cosyltransferase (TarP) that modifies the positioning of 
N- acetylglucosamine (GlcNAc) on the bacterial host cell 
surface. S. aureus harbouring this modification is able to 
evade the host’s immune system. Figures Aa, ba and bb 
adapted from ref.109, Springer Nature Limited. Part Ab  
is adapted from ref.88, CC BY 4.0 (https://creativecommons.
org/licenses/by/4.0/). Part bd (top) adapted with permission 
from ref.106, Elsevier. Part bd (bottom) adapted from ref.133, 
Springer Nature Limited.

▶
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Additional immunity and/or resistance mechanisms 
may arise when prophage establishment leads to changes 
in host cell receptor components necessary for viral 
recognition and/or attachment89–92. Although superin-
fection immunity has been observed for decades30, it is 
not yet feasible to predict whether prophages can confer 
protection against another virus on the basis of sequence 
data alone. This poses a challenge as we try to under-
stand ‘who infects whom’ in complex communities or at 
ecological scales (Box 2): a virus that is not observed to 
infect a particular host strain in a given assay may not 

be capable of doing so, or an infection may have been 
impeded if the host already had superinfection immu-
nity. A recent analysis of single- cell amplified genomes 
of SUP05 marine bacteria suggests lysogens are more 
immune to co-infection with other prophages and, 
albeit to a lesser extent, extrachromosomal viruses93. 
The generation of additional model systems and 
genome sequence space may ultimately make genomic 
identification of immunity tractable.

Second, temperate phages can help a host lineage 
become a ‘winner’ if genomes of this temperate phage 

Ankyphage
Ankryin

Bacterial symbiont

Insertion

A  Lytic subpopulation mutualisms

B  Non-lytic mutualisms

Aa  Phage-encoded virulence factors

Ba  Genetic regulation of host genes via phage insertion–excision events

Bb  Phage-encoded virulence factors Bd  Phage-encoded cloaking mechanisms

Enables mutualism with eukaryotic host

Enhances pathogenicity against eukaryotic host

Bc  Phage-encoded toxin–antidote systems

Ab  Selective antagonistic agents

Phage-encoded toxin
Host cell

Target gene 

+
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Toxin gene
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integrate into genomes of their host, forming lysogens, 
and these lysogens then outcompete other cells, leading to 
expansion of the host’s niche. Mechanistically, expansion 
of the host’s realized or fundamental niches may occur 
through improved competitive ability via superinfection 
immunity (see earlier, realized niche only), or through 
conferral of new traits (for example, cellular regulation or 
virulence factors; see later). Making winners (as ‘puppet 
masters’, sensu ref.94) contrasts with piggybacking on ‘win-
ning’ hosts (sensu ref.95, and see the discussion in refs96,97), 
but they are not mutually exclusive. It is possible that some 
viral lineages respond to environmental cues, whereas 
others modify the trajectories of their hosts through 
infection. Virus–microorganism associations may evolve 
towards mutualisms when viral infections confer new 
cellular- level traits that enable both the virus and the host 
microorganism to proliferate in additional environments 
(analogous to the expansion of a fundamental niche). For 
instance, virus–microorganism interactions can enhance 
the invasion, establishment and distribution of microbial 
pathogens within and among mammalian hosts98. It was 
recently discovered that certain strains of enteric bacte-
ria differentially bind multiple polioviruses to their cell 
surface, increasing the viral contact rate with human host 
cells, resulting in higher co- infection and recombination, 
even under low multiplicity of infection99.

Third, lysogens can exhibit enhanced competitive-
ness via the acquisition of new viral-encoded traits, 

including virulence, toxin and/or antibiotic resis-
tance genes, and modulation of regulatory machinery. 
Enhanced competitiveness can also be achieved through 
the occasional release of phages as selective, antagonistic 
weapons. These traits may be acquired in multiple ways, 
including transduction40,100, as well as the expression of 
virus- encoded genes (reviewed in refs31,87,101). Virulence 
factors may be expressed by prophages during lysogeny 
(for example, cholera toxin of V. cholerae102 or diphtheria 
toxin of Corynebacterium diphtheriae103; fig. 3Bb) or may 
be co- expressed with viral lytic genes upon prophage 
switching to the lytic pathway (for example, Shiga toxin 
in E. coli O157:H7 (ref.104); fig. 3Aa). Indeed, most ‘bac-
terial’ toxins are encoded by the toxic prophage of the 
bacteria (Box 3). These different strategies are related 
to the fitness of a given virus–microorganism pair in 
a particular niche25 and involve lysogenic switching, 
principally through a global host stress regulon (that is, 
the SOS response). More recently, it has been revealed 
that some temperate phages can encode factors that 
aid their microbial hosts in directly subverting the 
eukaryotic immune system. This has been demon-
strated to enhance microbial pathogenicity (for example, 
methicillin- resistant Staphylococcus aureus105; fig. 3Bd, 
bottom panel) and also to facilitate mutualistic inter-
actions between microorganisms and their eukaryotic 
partners (for example, sponge microbial symbionts106; 
fig. 3Bd, top panel). Intriguingly, SOS- mediated expres-
sion of phage- encoded genes may also be relevant in 
metazoans that harbour symbiotic microorganisms. 
For example, in silico analyses suggest prophages may 
similarly shift Vibrio coralliilyticus towards pathogenic or 
antagonistic interactions with their host when residing 
on coral colonies107.

Prophages can also help hosts to become winners 
by modulating their regulatory machinery. This type of 
cooperative virus–microorganism behaviour, termed 
‘active lysogeny’, results when virus insertion–excision 
events engineer the cellular genome108 or control a host’s 
gene expression by interrupting host genes or regulatory 
regions (reviewed in ref.109; fig. 3Ba). In the few char-
acterized examples, these phage regulatory switches 
mediate conditional expression of virulence factors 
in microbial pathogens (for example, in Listeria and 
Streptococcus strains). These interactions are beneficial 
for infected hosts on the basis of the logic of ‘the enemy 
of my enemy is my friend’: virus- mediated expression of  
toxins or host virulence factors assists the host cell in 
competitive interactions with other microorganisms. 
These virus- mediated responses can potentially lead 
to community- level shifts in environmental microbial 
communities or in the microbiotas residing in metazo-
ans (that is, in virus–microorganism–metazoan ‘Russian 
doll’ symbioses; Box 3).

Finally, viruses may also function as selective antag-
onistic weapons by coexisting with one host but killing 
off different hosts through occasional lysis events that 
affect a small fraction of the first host population (for an 
example see ref.81; reviewed in ref.88). In these instances, 
the lytic pathway is activated in a subpopulation of lyso-
genized cells in a nutrient- dependent manner, resulting 
in the release of viral progeny that attack non- immune 

Box 3 | Towards understanding virus–microorganism–metazoan associations

virtually all metazoans harbour microbial symbionts within their tissues; viruses that 
infect these microbiotas are also likely to be ubiquitous within metazoan tissues. 
analysis of so- called ‘russian doll’ symbioses, named after nested wooden dolls  
that sit one inside the other (see, for example, refs79,157–159), reveals that viruses can 
manipulate their microbial hosts, but also the eukaryotic hosts of their microbial hosts160. 
Few Russiandollsymbioseshavebeencomprehensivelycharacterized,butrepresentative
examples argue for viewing these interactions through a holobiont lens (that is, the 
collective of the host and all its symbionts). For example, an obligate and ubiquitous 
bacterial symbiont (Wolbachia) was originally thought to encode a toxin that provides 
antipredatory defences for its insect host against a parasitizing wasp. However,  
the toxin is actually encoded by a prophage (wO) in the highly- reduced Wolbachia  
genome (fig. 3Bc); this prophage has now been documented in many insect hosts  
of Wolbachia161,162 (reviewed in ref.163). in other cases, subversion of host immunity is 
accomplished via maladaptive viral pattern recognition receptors and suppression of 
phagocytosis, such as in chronic wound- forming Pseudomonas aeruginosa. it was also 
recently reported that when P. aeruginosa was infected by phage Pf, the immune system 
of a mouse model host was suppressed, reducing the clearance of chronic wounds 
containing P. aeruginosa in humans164. in the virus–fungal endophyte–tropical panic 
grass symbiosis, the fungus (Curvularia protuberata) is more thermotolerant when it  
is positive for Curvularia thermal tolerance virus165. viral infections enable the fungal 
endophyte (inside its grass host, Dichanthelium lanuginosum) to survive in soil temperatures 
ofupto65 °CatYellowstoneNationalPark(USA).Thevirus–dinoflagellate(family
symbiodiniaceae)–stony coral system may be ripe for similar enquiries (see, for example, 
ref.166), as symbiodiniaceae members are known to influence host thermotolerance by 
upto1.5 °C,andpreliminarystudiessuggestthatSymbiodiniaceae-infectingviruses
influence the thermotolerance of the dinoflagellate cells they infect45. these interactions 
may have important ecological implications for coral bleaching resistance and/or 
susceptibility, and ultimately the survival of coral reefs in warming seas. Finally, such 
nested symbioses may extend beyond three levels, as in virus–bacterium–protozoan–
termite systems167. although the study of the roles of viruses in multipartite symbioses 
remains in its nascent stage, continued work should reveal the influence of these 
symbionts on metazoans, particularly when there are not bright lines demarcating 
where one organism’s life cycle begins and another’s ends.
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competitors110 (fig. 3Ab). Although the fitness advantage 
for the host microorganism may be limited if the prin-
cipal outcome is lysogenization of previously phage- free 
populations, this mechanism of competition enables the 
invasion and establishment of new niches111–113. This 
strategy was recently documented in a two phage–single 
bacterium system, which demonstrates the possibility 
of reciprocal attacks by genetically similar, but hetero-
immune, phages that share an integration site in their  
common host, a species of the marine Roseobacter 
lineage114. This type of biological warfare has also been 
proposed to modulate competition among members 
of the microbiota of the freshwater cnidarian Hydra 
vulgaris (another example of a Russian doll symbiosis; 
Box 3). In this instance, one microbiota member, a 
Curvibacter species, has an inducible prophage that lyti-
cally infects another microbiota member, a Duganella 
strain115. As microbial symbionts influence the emergent 
physiological properties of their metazoan hosts in many 
systems, including ecological engineering species such as 
corals, virus- mediated shifts in metazoan microbiotas 
can potentially impact communities of macroorganisms 
and ecosystem functions (for example, nutrient cycling 
or productivity).

Viruses infecting alternative hosts
In natural environments, virus–microorganism inter-
actions occur in the context of diverse communities, 
where many suboptimal microorganisms may be poten-
tial virus targets116. The consequences and relevance of 
suboptimal infections have only begun to be the subject 
of inquiry, primarily in marine systems. Cyanophages, 
viruses that infect cyanobacteria, nicely illustrate varia-
tion in infection efficiency among virus types. Single- cell 
measurements of virulence (44–82%) and burst sizes 
(21–43 infective viruses per cell) differed substantially 
in the evaluation of two phages during infection of two  
Synechococcus strains, with the single- cell variation rang-
ing from 2 to 100 virions produced per cell26. Notably,  
average burst sizes for one phage (Syn9) differed sub-
stantially from one host to the other, whereas the average 
burst size for the second phage (S- TIM5) was relatively 
invariant across the same two hosts. Cyanophage isolates 
within the same population can differ in infection effi-
ciency given the same host over orders of magnitude27, 
which suggests that host range is a highly evolvable 
trait. A mechanistic illustration of struggling or stalling 
at each infection stage was shown in a detailed study of 
phage infection of Prochlorococcus and Synechococcus 
strains29. When a phage could enter the target host, infec-
tions failed at different stages of typical lytic pathways: 
after injection, after transcription and even after virus 
particles had started to assemble29. This study revealed 
that inefficient infections may arise due to changes in 
host cell physiology that are not necessarily detectable 
via extracellular changes alone.

The prevalence and status of suboptimal host infec-
tions has also been investigated for marine heterotroph– 
phage interactions. Via large- scale (38 phages and 
19 hosts) quantitative host range assays in strains 
of Cellulophaga (a genus of the bacterial phylum 
Bacteroidetes), phages were shown to infect as many as 

17 of 19 tested host strains and, remarkably, infection 
efficiency of a phage within a single population (approx-
imately species- level designation) could vary by up to 
10 orders of magnitude28. Subsequent investigation of 
a single Cellulophaga phage (Φ38:1) on both an effi-
ciently infected host (a more ‘optimal host’) and an inef-
ficiently infected host (a ‘suboptimal host’) showed that 
the suboptimal infection was inefficient at many steps  
of the infection cycle, from attachment to the cell surface 
through to cell lysis24,25,117,118. This indicates that phages 
in nature can encounter closely related hosts, and their 
infection efficiency can be drastically different on each 
of those hosts, whereby the phage will still reproduce, 
but only after overcoming one or multiple inefficiencies 
during the infection cycle of its host24,25. Finally, even 
efficient infections by two viruses that infect the same 
host (for example, in separate experiments) can differ-
entially metabolically reprogramme these cells. In this 
case, the resultant host metabolic differences are driven 
by one virus being genetically well complemented by the 
host genome and efficiently infecting it with minimal 
reprogramming, whereas the other virus must more 
drastically reprogramme the cell and access its intracel-
lular resources to achieve efficient infection69. Together, 
these findings illustrate that the same cell can potentially 
be transformed into virocells that are metabolically dis-
tinct depending on the infecting phage, with conse-
quently distinct ecosystem- level impacts72. Scaling such 
measurements across diverse virus–host model systems 
(encompassing generalist and specialist viruses119) and 
conditions is critical to uncovering generalizable ‘rules’ 
for the roles of viruses in ecosystems, particularly those 
containing diverse communities.

Omics and the infection continuum
Viral genomes are being discovered and catalogued at 
unprecedented rates. These genomes can now routinely 
be used to map the ecological distributions of viruses 
and their drivers, to make in silico predictions about 
the hosts being infected (Box 2) and to assess the ways 
in which viruses might directly modulate microbial 
metabolisms through virus- encoded auxiliary meta-
bolic genes or regulators. However, these ecogenomic 
inferences are just a first critical step in assessing the 
ecosystem- level impacts of viruses. Studies to date have 
specifically focused on highly efficient lytic or persistent 
lysogenic infection states — the extremes of the infection 
continuum — in single virus–host pairings. This leaves 
virus–host interactions at the middle of the infection 
continuum (for example, those that dynamically switch 
between lytic and non- lytic infections) largely unstudied.

Omics- based inferences (reviewed in ref.120) suggest 
there is a critical need for the analysis of lysogeny (and  
latency), inefficient lytic infections and viral inter-
actions during co- infections in cultured organisms and 
in natural systems. First, in a survey of cultured bac-
terial and archaeal genomes, non- integrated lysogenic 
infections were found to be more common (nearly one 
in six viruses) than previously estimated. A substan-
tial number of viruses (1,756 of 12,498, 14%) identi-
fied from these ~15,000 microbial isolate genomes  
were found to exist as ‘extrachromosomal prophages’11.  
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Although these sequences were derived from microbial 
genomes generated from bacterial and archaeal isolates 
that were maintained in culture for years to decades, 
the impacts of these infections on host cells are rela-
tively undescribed. Second, experiments with marine 
phage–host model systems reveal that regulation of 
infection efficiency is multilayered and extends beyond 
‘surface’- based resistance24,25; microbial defence against 
viral attack differs depending on whether a phage uses a 
generalist strategy or a specialist strategy (for example, in 
cyanobacteria, resistance to generalist phage attack tends 
to be intracellular, whereas resistance to specialist phage 
attack tends to be extracellular29); and a single host cell 
can have vastly different ecosystem impacts depending 
on whether it is uninfected, infected by an efficient virus 
or infected by a less efficient virus72. Third, growing evi-
dence suggests co- infection by viruses is predominant in 
microorganisms in natural systems12,93,119,121–124; in some 
instances half of infected cultures or single cells are 
infected with two to three identifiable viruses93,125. Such 
viruses are likely to manipulate a host cell’s readiness for 
infection via heteroimmunity and/or homoimmunity30,89, 
which implies that virus–virus interactions may also 
drive microbial physiology in diverse communities126. 
For the most part, our understanding of virus–host 
interactions and their physiological impacts is tradi-
tionally constrained to single virus–host pairings, which 
misses virus–virus interactions (including those cases 
where viruses may interact to overcome host CRISPR 
immunity, as in anti- CRISPR phage counterdefence127).

The continued expansion of virus–microorganism 
sequence data raises the question of whether there are 
sequence- based indicators to predict lysogeny, variably 
lytic infection modes and virus–virus interactions in 
the environment. Bioinformatics methods are availa-
ble to infer the prevalence of lysogens128 (reviewed in 
ref.31). These methods focus on identifying proxy genes 
(for example, excisionase, integrase and virulence) that 
are associated with lysogenic lifestyles31,95,129. Although 
such lists of proxy genes are currently constrained to 
those proxy genes known from canonical model sys-
tems, they might be expanded more broadly through 
virome- enabled induction experiments (see, for exam-
ple, ref.44), and they must also be used with caution 
when one is trying to link patterns of indicator gene 
abundance to underlying infection mechanisms95–97,129,130.

However, beyond lysogenic indicator genes, there 
is a dearth of diagnostic genes available for inferring 
chronic infections from omics data. For double- stranded 
DNA viruses, there are now clear examples in which a 
virus can infect one host well and another host poorly 
(for example, infections of the abundant marine phage 
Φ38:1 in different hosts31,117). However, such diagnostics 

might not be possible at the level of the genome; infec-
tion dynamics may need to be evaluated at the transcript 
level. Furthermore, if eukaryotic viruses are any indica-
tion, then RNA and single- stranded DNA viruses may 
be ideal targets for inferring chronic infections from 
omics data as they are known to more commonly adopt 
chronic infection modes, at least in cultivated isolates131. 
Identifying genetic markers for such persistent infection 
modes constitutes a ripe area for future research and may 
help to resolve non- standard phage types (for example, 
filamentous phages) and/or carrier states for phages. 
Omics approaches have advanced the field of environ-
mental virology by helping to structure viral genome  
sequence space, and revealing that virus–host inter-
actions that frequently switch between lytic and non-lytic 
infection modes are common in diverse systems. The 
development of further tools and analytical approaches 
that can detect virus–host associations, including 
co- infections, and illuminate dynamic lysogenic switch-
ing along a continuum of infection will critically inform 
developing theoretical frameworks for when it is (and is 
not) beneficial for viruses to lyse their hosts.

Conclusions and outlook
More than a century of viral research, primarily on labo-
ratory model systems, established a solid basis for defin-
ing the rules of life for viruses of microorganisms; these 
rules have also been applied or extrapolated to phages 
in nature, with caveats. Rapid sequencing of environ-
mental samples, technological developments, isolation 
and characterization of new model systems and growing 
interest in the diversity of Earth’s virosphere have pro-
pelled expansion of the horizons of our knowledge of 
viruses in nature. This Review has focused on seminal 
work in phage biology and the rules of life principles that 
emerged from it, while highlighting that these rules are 
being revised and rewritten. As we have shown, there is 
increasing awareness that infections are not static but 
are fluid along an infection continuum; there is utility 
in quantifying viral fitness from a cell- centric perspec-
tive; and infections in nature (unlike those typically used 
in laboratory systems) may occur more commonly on 
suboptimal, rather than on optimal, hosts (Box 1). This 
Review has centred on principles derived from phages 
with double- stranded DNA genomes. We anticipate 
that future work will reveal additional nuances in the 
rules of life for viruses of microorganisms (particularly 
for viruses with other genomic and morphologic archi-
tectures) and continue to solidify understanding of how 
diverse viruses can shape microbial hosts, ecosystems 
and the biosphere.
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Homoimmunity
Denoting when a prophage 
confers immunity against 
infection by similar viruses 
because both the resident 
prophage and the incoming 
virus contain homotypic 
(identical or nearly identical) 
genetic elements (that is, 
repressor and cognate 
operator) to control the  
lytic cycle.

Carrier states
Cells that are considered  
to have a chronic infection.
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