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Viruses are ubiquitous, and virus particles (virions)
in most environments outnumber the hosts on which
they depend for replication'~. Concentrations of free
virions can reach up to approximately 10° per millilitre
in aquatic systems*, 10° per gram of soil” and 10" per
cubic centimetre of sediments®’. These high numbers
arise from cycles of infection and lysis of cells that influ-
ence food web dynamics, community structure and
nutrient cycling*'°'*. Viral infections can also dra-
matically alter host physiology as a result of viral gene
expression and drive evolutionary innovation through
virus-mediated horizontal gene transfer'*-"°.
Understanding how viruses shape life requires grap-
pling with their exceptional diversity. All extant cellular
life forms derive from a common ancestor and share
the ancestral trait of a double-stranded DNA genome
and a set of core metabolic genes. Viruses, however,
have arisen multiple times'*™'* as molecular symbionts
that must replicate inside a cell with some dependence
on host resources'. With only lifestyle, rather than a
common ancestor, uniting viruses as a group, there is
no universally shared gene among them. Viruses dif-
fer widely in morphological features as well as genome
content and nature. The genome may be single-stranded
or double-stranded and composed of DNA or RNA, or
even some hybrid of these options'*'*. Regardless of its
biochemical composition, the genome of a virus, like
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Abstract | Understanding how phenotypes emerge from genotypes is a foundational goal in
biology. As challenging as this task is when considering cellular life, it is further complicated in the
case of viruses. During replication, a virus as a discrete entity (the virion) disappears and manifests
itself as a metabolic amalgam between the virus and the host (the virocell). Identifying traits

that unambiguously constitute a virus's phenotype is straightforward for the virion, less so for

the virocell. Here, we present a framework for categorizing virus phenotypes that encompasses
both virion and virocell stages and considers functional and performance traits of viruses in the
context of fitness. Such an integrated view of virus phenotype is necessary for comprehensive
interpretation of viral genome sequences and will advance our understanding of viral evolution

that of a cell, encodes the information that translates
into the observable traits constituting the phenotype
of that virus.

A phenotype is an observable characteristic of an
individual. ‘Phenotype’ is often used synonymously with
‘traits, such as morphological structures, behaviours,
developmental or physiological processes, molecules or
emergent properties of networks (BOX 1). Selection acts
on phenotypes because they determine the functional
interactions between organisms and their environment
and between biological entities such as viruses and their
hosts. These interactions ultimately determine the sur-
vival and reproduction of individuals, which are the core
components of fitness and the drivers of virus and host
community dynamics”.

Viruses may evolve rapidly in response to host
defences or environmental conditions*-*, which influ-
ences infection dynamics®*". The genetic basis of this
evolution is detectable as shifts in allelic composi-
tion, divergence of genes between virus lineages, and
the acquisition and exchange of genetic material'>'c.
However, because natural selection acts on phenotypes
and not genotypes, our understanding of the mecha-
nisms of viral evolution and population biology depends
on clearly defining and quantifying virus phenotypes
and linking them to their genetic underpinnings
(genotype-to-phenotype map; BOX 1).
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Reassortment

When genome segments from
different infecting viruses
combine to form a new viral
genome.

Episome
A length of viral genome

occurring within a host cell.

T number

The number of sides of a virion.

Identifying and measuring virus phenotypes is
challenging, in part because of the poorly delineated
genotype-to-phenotype transition for molecular pheno-
types (BOX 1), and in part because virions are microscopic
and can be observed only with specialized instruments.
Perhaps the biggest obstacle, though, is that many viral
traits are expressed during replication in a host cell, at
which point the metabolisms of the host and the virus
are inexorably entangled”. As a result, aside from the
basic features of the virion (for example, size and shape)
and broad classification based on genome structure and
replicative strategy (for example, Baltimore classifica-
tion scheme™), virologists frequently use the genotype
as a lens to the phenotype. This reflects the relative
ease of genome sequencing compared with the experi-
ments required to quantify viral infection or determine
morphology and macromolecular structure. With the
accumulation of new viral genome sequences rapidly
outpacing our capacity to isolate and characterize the
phenotypes of the associated viruses, there is a push to
allow taxonomic assignments based entirely on sequence
data®”’. However, many viral genes have no known
function that can be inferred from sequence homology
to a known gene, suggesting that challenges remain
in identifying virus phenotypes through sequence
data alone.

References to virus phenotype frequently focus on
the physical properties of the virion***. Newly produced
virions can differ from the parent virion (for example,
through genetic reassortment™), but virions generally
inherit copies of the original genomic information and
recapitulate the phenotype of the ‘parent’, or originally
infecting virion. However, when a virion disintegrates to
release its genomic material in a host cell, does the virus
no longer have a phenotype? Or can a phenotype be
identified as something beyond the traits of the discrete
particle that initiated the infection? The latter case would
contradict the standard view that traits must be ascrib-
able to and/or measured on an individual®, because the
virus is no longer an individual but a chimeric entity
often referred to as a ‘virocell”. Thus, an expanded and
integrative view of virus phenotypes — a view that can
accommodate the full diversity of viruses — is needed.
In this Review, we present an integrative view of the virus
phenotype with the aim of facilitating a more mechanis-
tic understanding of viral evolution, improving efforts at
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comparative virology by helping to establish a common
language about virus phenotypes® and enabling the
genotype-phenotype mapping essential to understand
the molecular basis of virus functions.

Virus phenotypes

Generally, the virus life cycle alternates between two
stages. In the virion stage, a virus exists as an encap-
sidated genome, usually spending some time outside a
cell as a means of dispersal. In the infection stage”, the
virus exists as unencapsidated nucleic acid within a host
cell participating in genome transcription, translation,
replication, and assembly and packaging™ (FIC. 1). Virion
production may start immediately or after a quiescent
period. In the latter case, viral genomic information per-
sists in the cell either as an episome or integrated into
the host genome. Although there are exceptions to this
generalization (for example, some fungal viruses have
no extracellular stage®), these two stages are widespread
among viruses and are physically and functionally dis-
tinct. Furthermore, the types of phenotypic traits that
could be ascribed to the virus are mutually exclusive
between the stages. As a result, two key categories of
virus phenotypes are virion and virocell traits. This divi-
sion of phenotypes is loosely analogous to the pheno-
typic division of flowering plants and seeds — seeds are a
distinct life stage with phenotypes that differ from those
of the plant that produced them, while the adult plants
have their own unique set of phenotypic traits, including
those involved in producing the seed”.

Virion phenotype. Identifying the phenotype of a virion
is relatively straightforward, as a virion can be recog-
nized as an individual with measurable features (TABLE 1).
Some morphological traits of virions include capsid size
(for example, mass, volume or diameter), capsid protein
arrangement (for example, T number), number and type
of surface-embedded proteins, presence or absence of
an external or internal membrane, presence and type
of attachment structures, and capsid shape (for exam-
ple, helical or non-helical). Some non-morphological
phenotypes include tolerance to environmental stressors
and whether there is diffusion of virion contents to the
surrounding environment, and what those molecules are®.

Virocell phenotype. By contrast, the physical identity
of a virus is lost after it infects a cell, even if a virion
capsid is still attached to the host cell membrane or
wall. Given that a phenotype is defined with respect to
an individual, the loss of the discrete entity that can be
identified as the virus poses some problems for defining
the phenotype in the infection stage. With disintegration
of the virion, the virus no longer has mass, size or mor-
phology. With the virus not being an individual, how can
we define the phenotype of the virus itself in the infec-
tion stage? We suggest that the concept of phenotype
has to be altered to accommodate the infection stage of
viruses. Virocells are where replication occurs in viruses,
and they are neither just a host cell nor an individual
virus. The virocell is a chimeric individual composed
of the host and the virus. As an individual, the virocell
may have a phenotype of its own, with traits that differ
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Box 1| Multilevel phenotypes and the fuzzy transition between the genome
and the phenome

One of the main challenges of linking genomes to phenomes is that the phenome is
composed of numerous features distributed across hierarchical levels of organization
from molecules to whole organisms (see the figure). Starting with the molecular building
blocks, phenotypes emerge across levels through interactions between molecules, cells
and tissues, leading to the complex phenotypes of metazoans (a phenotype chain; green
rectangles in the figure). Measuring phenotypes across levels down to the molecular
levelis sometimes referred to as ‘deep phenotyping’. Predicting high-level phenotypes
is complicated by the many transformations involved between components. ldentifying
and classifying lower-level phenotypes such as molecular building blocks or machinery
present another type of challenge. Although some molecules, such as proteins, are
clearly phenotypic, other molecules may be involved in transcription and translation or
regulation of gene expression and are thus part of the machinery making phenotypes.

It may not always be readily apparent which molecules make phenotypes and which are
phenotypes themselves, generating a fuzzy transition between the two bins (mottled
grey rectangle). The implication is that understanding the genome-to-phenome transition
can be hampered by lack of clarity about where the phenotype starts and thus how far
down deep phenotyping needs to go (mottled arrow). This problem is particularly relevant
for the phenotypes of viruses, as they do not contain the higher-level phenotypes (indicated
by grey text) and therefore there is considerable focus on molecular traits. In this Review,
we do not consider the higher-level phenotypes associated with metazoans (two far-right

green boxes).
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Segmented

A genome separated into
different parts and not
physically connected.

Monopartite
Referring to a virus with
anon-segmented genome.

Bipartite

Referring to a virus with

a genome segmented into
two parts.

Multiplicity of infection
The ratio of infecting viruses
to hosts.

G+C content

The proportion of all the
nucleotides that are guanine
or cytosine.

from either component individually (host and infecting
virion), but it is challenging to call these traits those of
the virus, unless the virus is (re)defined as a chimera,
which we do not recommend because this obscures the
crucial role of the host phenotype in driving the virocell
phenotype. Thus, we proceed by discussing the pheno-
types of virocells, recognizing that the identity of the
host and the identity of the virus have both changed in
the infection stage, and do not refer to these traits as
virus phenotypes.

Our definition of a virocell deviates from the orig-
inal in which the virocell is the virus*’. We argue that
for clarity in defining virus phenotypes and thus the
nature of viruses, the virocell must be understood as
an amalgam rather than the virus itself for two key rea-
sons. First, in the original view, if an infected cell is ‘the
virus, then its phenotypes must map onto the virion’s
genotypes, but this is impossible, as much of the virocell
phenotype depends on the host genome. Second, in the
original virocell concept, identical virions would pro-
duce consistently different ‘viruses” (both genetically and
phenotypically) depending on the type of cell infected.
In our description, identical virions may result in dif-
ferent phenotypes if they are infecting different cells
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(or even the same cell type under different environmen-
tal conditions), but at least the ‘virus’ itself is a geneti-
cally consistent entity, because it is not synonymous with
the virocell.

At some point after a virus enters a host cell, viral
gene expression begins (FIC. 1), and we suggest it is at
this time that a core feature of the virocell phenotype
emerges. This feature is the set of proteins that are being
synthesized on behalf of the viral genome (that is, its
proteome). The proteome includes building blocks
of future virions and proteins involved in replication,
virion assembly or auxiliary metabolic functions*”,
as well as proteins that are secreted to perform other
functions outside the cell or prevent further infection
by additional virions*. The proteome of the virion is
necessarily a subset of the virocell proteome, which
includes both structural and non-structural proteins
linked to the eventual capsid as well as all the proteins,
such as viral genome replication proteins, involved in
the virocell stage. These virocell proteins are a tempo-
rary physical manifestation of the virus within the host,
and the distribution and biochemistry of these proteins
thus are a main feature of the virocell phenotype during
infection. One advantage of recognizing that the viro-
cell proteome is part of the phenotype of a virocell is
that protein information can be directly connected with
genomic information from either the virus or the host™.

Other phenotypic traits. In addition to traits associated
with the virion or virocell stages, some aspects of a virus’s
genome may be phenotypic. Viruses show variation with
respect to whether their genetic information is stored in
DNA or RNA; whether their genome is single-stranded
or double-stranded; if single-stranded and RNA,
whether the genome is positive sense or negative sense;
and whether the genome is segmented®. Such features
of the genome are generally not viewed as phenotypic’’,
but the way genetic information is organized might have
fitness consequences. If the genome structure has fit-
ness consequences, then logically it must be phenotypic
because selection acts on phenotypes. Some evidence for
genotype structure as phenotypic includes the follow-
ing: shorter genomes tend to have a reduced degradation
rate, which favours genome segmentation’’; selection to
minimize genome size appears to be common among
many viruses*>*’; an evolutionary shift from monopartite
to bipartite is likely if the multiplicity of infection during
evolution is high enough, because more smaller seg-
ments increases stability, but having multiple segments
packaged into independent viral capsids requires a
higher multiplicity of infection to function*; and high
G+C content may confer protection from damage caused
by ultraviolet light in marine phages®. These exam-
ples suggest that at least some structural aspects of the
genome are part of a virus’s phenotype.

Although the taxonomy of viruses curated by the
International Committee on Taxonomy of Viruses
likely reflects the evolutionary history and the Bauplan
of viruses in a useful way, there is tremendous additional
variation in viruses within these high-level viral taxo-
nomic categories. This finer-scale phenotypic variation
reflects functionally important variation between viruses
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Fig. 1| Phenotypes and traits during the virus life cycle. Virus phenotypes are
associated with either the virion phase between infections or the infection and
replication phase within a host cell (virocell). Different phenotypes are expressed and
detectable at different times of the life cycle. A more detailed description of phenotypes

and traits is given in TABLE 1.

that is informative for virus-host dynamics, evolution-
ary trajectories and the community ecology of viruses,
including their impact on ecosystem processes. It is at
this scale of phenotypic variation, at which traits differ
between genomically defined ‘species’ of viruses, where
research will improve linking genotype to phenotype.

Phenotypes and classification of traits

The connection between genotype and fitness may be
seen as a chain of dependencies. Specifically, genotypes
give rise to macromolecules that lead to morphologi-
cal, physiological or behavioural traits that influence an
organism’s survival, growth and reproduction, which
combine to determine an individual’s fitness (FIG. 2).
Partly borrowing from the plant ecology literature®,
this chain might be described as follows: genome —
proteome — functional trait — performance trait
— fitness. This organization is useful for categorizing
traits on the basis of their position in the chain and maps
onto all manner of microscopic to macroscopic organ-
isms, including viruses. We tentatively classify viral traits
according to this scheme in TABLE 1.

Performance traits directly determine reproduc-
tion and survival, the two core components of fitness.
By setting rates of reproduction, changes in state (that
is, virion to virocell) and mortality, performance traits
include phenotypes often referred to as life history traits.
Some virus life history traits are directly analogous to
multicellular organism life history traits such as burst
size (analogous to the number of seeds), virion decay
rate (seed survival rate) and latent period (age at repro-
duction). Performance traits can often be identified as
parameters of epidemiological (or other population
dynamic) models. For example, with use of a model

of the population growth of a lytic virus, it has been
shown"” that the fitness of a virus is linked to how well
the viruses suppress its host cell population. Therefore,
virus fitness is proportional to

k(be™™ - 1)
W= —— -,

d

(1)

where w is the inverse of host cell density (unit of volume
per cell), b is the burst size (unit of virions per cell), k is
the adsorption rate (volume per virion per time unit),
m is virocell mortality (death rate of the host cell; per
time unit), L is the latent period (time) and d is the decay
rate of free virions (per time unit). This quotient rep-
resents the net virion production from an infected cell
(be™ 1) multiplied by the mean virion lifespan (1/d)
multiplied by the effective volume over which a virus
can encounter and infect a host cell per time unit (k).
In other words, Eq. 1 shows how performance traits
determine fitness, and in this simple model, virus fit-
ness increases with burst size and adsorption rate, and
decreases with the latent period and the death rates of
both hosts and virions. Thus, births and deaths in the
model are driven by performance traits. This connec-
tion between fitness, model parameters and traits is the
foundation of trait-based approaches that facilitate an
understanding of population dynamics and epidemiol-
ogy beyond species identity'’, meaning that it is the traits
that are the core ecological drivers of virus populations.

Performance traits, in turn, can be written as func-
tions of functional traits*>**. Functional traits are pheno-
types that are involved in processes that contribute to
performance traits. A key functional trait that may
influence several viral performance traits is virion size,
which is linked to burst size, survival and other aspects
of the virus life cycle”’. These links between virion size
and performance may arise because larger virion size is
often linked to a larger genome, and larger genomes
create a cost (for example, requiring more resources per
virion) for virion production and potentially a benefit
(for example, augmenting metabolic pathways) within
the host cell, altering both the production and the pack-
aging of new virions. As a more specialized example,
chloroviruses infect Chlorella-like green algae that live as
symbionts (‘zoochlorellae’) within small aquatic organ-
isms such as Paramecium bursaria®. The ecological
challenge chloroviruses face is that their hosts are safely
sequestered as a symbiont inside another organism and
cannot be infected. How does the chlorovirus infect its
host then, and what phenotypes have emerged to facil-
itate infection? Chloroviruses can attach to the outside
of P. bursaria cells by the hundreds through fibres that
extend from the surface of the virus”. The viruses are
therefore physically near zoochlorellae, albeit attached to
the outside of the paramecium. If a predator disrupts the
paramecium, the attached chloroviruses are well posi-
tioned for infection of their chlorella host™. Described
in terms of the genotype to fitness chain, the fibres of
chloroviruses are a functional trait that influences a
performance trait such as adsorption rate®.

As another example of how phenotypes and traits are
linked to fitness, we consider the determinants of burst
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size (FIC. 2). Burst size is a highly variable performance
trait of virocells. Burst size should increase if the host
contains more resources, if the virions are smaller’ and if
the latency period or lysis timing is longer (more time to
make virions)®'. These traits can combine in a way anal-
ogous to the classic offspring size-number life history
trade-off, wherein for a given amount of resource avail-
able, an organism can produce many small offspring or
a few large offspring™. In the burst size example, the host
produces the resource available to a virus, determined by
the host’s genome and the environment; consequently,

REVIEWS

burst size is also determined by the amount of limiting
resource needed for building capsids or copies of the
genome and dividing that by the per progeny virion
resource requirements>’. Typically, once the genetic cas-
cade towards viral assembly and cell lysis begins, viro-
cells continue making virion parts until the cell runs out
of resources or lyses. Thus, the production of virions can
continue through time, increasing burst size with lysis
timing. Each of these components — virion size, host
resources and lysis timing — is a functional trait that
is in turn influenced by other functional traits, such

Table 1 | A non-exhaustive list of virus phenotypes

Phenotype Description Type Genetic Phenotypic
origin plasticity?
Genome traits
Nucleic acid type DNA or RNA Functional  Virus No
Strandedness Double-stranded or single-stranded, Functional  Virus No
positive sense or negative sense
Genome segmentation Number of nucleic acid segments Functional  Virus No
G+C content Proportion of nucleotides that are guanine Functional  Virus No
or cytosine
Genome size Total length of genome and number of genes  Functional  Virus No
Virion traits
Entry mechanism Membrane penetration, fusion, endocytosis ~ Functional ~ Virusand Possibly
host
Virion size Mass, volume, diameter Functional ~ Virus Possibly
Capsid structure and For example, T number Functional  Virus No
protein arrangement
Nucleocapsid shape For example, helical or icosahedral Functional ~ Virus Possibly
Surface proteins Number and type of surface-embedded Functional  Virus Possibly
protein
Virion membrane Presence or absence Functional ~ Virusand Possibly
host
Presence and type of For example, phage tail fibres Functional  Virus Possibly
attachment structures
Virion molecular contents  Diffusible molecules Functional  Virus Yes
Virion proteome Proteins present in the virion Functional  Virus Yes
Virion stability How long a virion can remain infectious Performance Virus Yes
in the environment
Host range Number (range) of cell types a virion Performance Virus and Yes
could infect host
Attachment affinity Likelihood of attaching to host cell Performance Virus and Yes
host
Virocell traits
Trigger molecules Mechanism of host cell lysis Functional ~ Virus No
Virocell proteome Type and number of viral proteins being Functional  Virus and Yes
made in infected cell host
Eclipse period Time between initial infection and Performance Virus and Yes
appearance of first progeny within the host
host cell
Escape period (latent Time between initial infection and release Performance Virus and Yes
period, lysis timing) of first progeny outside the host cell host
Budding rate Rate of emergence of individual virions from  Performance Virusand Yes
the host cell host
Burst size The number of progeny produced from Performance Virus and Yes
asingle infected cell host
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Host proteins that can inhibit
virus reproduction.

Restriction—modification
systems

A tool for breaking up foreign
DNA within host cells.

CRISPR—Cas immunity
Genetic sequences that can be
used to identify and destroy
foreign genomes.
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Fig. 2 | How the performance trait of burst size may
arise from the interactions of multiple functional traits
and the environment. In this example, genome size and
capsid structure influence virion size, which interacts with
host resources to determine burst size. Host resources in
turn may be impacted by the environment or by auxiliary
metabolic genes within the viral genome that, once
expressed, provide support proteins altering some aspect
of the host’s metabolism. Resources may further influence
burst size directly as well as indirectly through their effect
on the time to lysis. Finally, each virocell must respond to
some type of trigger molecule that initiates escape, which
itself is potentially influenced by molecular precursors.
The dashed line suggests a possible but unconfirmed
connection between host resources and the time to lysis.

as genome length (analogous to genome streamlining
and decreased G+C content in bacteria™). All else being
equal, there can be a straightforward sequence of traits
leading to fitness. However, all else is often not equal.
Some viruses, such as the cyanophage P-SSP7 infecting
Prochlorococcus, have genomes that code for proteins
that bolster host cell resource acquisition, simulta-
neously increasing resource levels and genome size,
potentially having antagonistic effects on burst size®.
Thus, functional traits interact with each other and the
environment to determine performance traits, which
combine to determine fitness.

Phenotypes and their genetic origin

Some traits may be mostly hard-coded by the virus’s
genome, including functional traits such as capsid mor-
phology (size and structure), which is a direct outcome
of protein assembly. Performance traits that are linked
to the virus’s genome could include virion stability,
which influences how long a virion remains viable in
the environment. By contrast, some traits may not be
linked strictly to the virus’s genome. For example, the
performance trait of burst size is a function of both
the size of the virus’s genome and the capacity of the
virocell to produce copies of the virus's genome (perhaps
reflected in the host growth rate’®). Therefore, burst

size — which can be clearly identified as a performance
trait of a virocell — must also be understood to be a trait
co-defined by the virus and its host (that is, the two
genomes in the virocell). We refer to this type of trait as an
‘interaction-mediated trait. That many virocell traits are
interaction mediated is underscored by the fact that host
cell proteome responses to different viruses, or responses
of different hosts to the same virus, may differ”**. From a
genotype-to-phenotype perspective, understanding how
interaction-mediated traits arise requires mapping both
viral and host genomes to the virocell phenotype.

Host range is an interaction-mediated performance
trait with substantial ecological and epidemiological
impacts. It is defined as the set of hosts that an individual
virion can productively infect. In practice, host range is
measured as the set of hosts a population of a particular
type of virus can infect, which means that host range
generally reflects the set of hosts that at least some mem-
bers of a particular viral strain can successfully infect.
A series of molecular interactions between the virus and
the host mediate a successful infection: virion attach-
ment followed by virion (or the viral genome) entry into
the host cell and subsequent use of the host’s cellular
machinery for producing new virus particles. For exam-
ple, the interactions between host cell receptors and viral
attachment molecules (themselves phenotypes) facilitate
recognition, attachment and entry into the cell”. The
outcome of viral infection in a cell is also influenced by
active resistance mechanisms in host cells meant to limit
productive infection (for example, antiviral cytokines,
such as interferons®; restriction—-modification systems®'; and
CRISPR-Cas immunity®?) and the evasion or countering
of these defences by the virus®**. At very fine scales,
such co-evolutionary dynamics can lead to host ranges
(visualized as infection matrices®) that are nested when
one is observing pairwise interactions, with some viruses
capable of infecting many host genotypes and other
viruses capable of infecting only a few. Furthermore,
all viruses infect cells, regardless of whether those cells
are organized as tissues within an organism, within the
physicochemical strata of microbial mats or as free-living
entities. Yet ‘host’ can also refer to a multicellular organ-
ism that contains different cell types that are hosts at the
level of infection. Thus, viruses infecting multicellular
hosts often have the additional phenotype of infecting a
particular cell or tissue type within a multicellular host
organism (tropism)*. For example, the human immuno-
deficiency virus infects only particular lineages of white
blood cells but can, during the course of infection in an
individual, evolve to infect additional cell types®. The
molecular interactions that influence cell and tissue tro-
pism during the infection of multicellular organisms is
analogous to the interactions that determine host range
in viruses infecting free-living cells. Thus, the processes
and phenotypes that we consider here apply equally to
viruses infecting free-living cells and viruses infecting
cells within multicellular organisms.

The potential for phenotypic plasticity in viruses
Many traits of multicellular and unicellular organ-
isms vary with abiotic or biotic factors. Examples
include a smaller body size at higher temperatures
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(temperature-size rule®’), photoacclimation responses
of phytoplankton in which cells adjust their pigment
content on the basis of light intensity®, shifts in cell
size and/or shape with the addition or loss of specific
endosymbionts®, and smaller cell size under low-nutrient
conditions”. Because viruses rely on the host phenotype
for expression of their genotype, interaction-mediated
viral traits can be influenced by their host’s phenotypic
plasticity and may vary systematically along an environ-
mental gradient (for example, temperature or resources)
as a consequence of host phenotypic plasticity, leading to
reaction norms (environment-phenotype relationships)
for viruses.

For example, because of the temperature-size rule,
we might predict that the burst size of viruses would
decrease with increasing temperatures, all else being
equal, because smaller host cells have fewer resources
available for virus replication (FIC. 3). The full effect
of temperature on burst size, however, would emerge
from the net effect of temperature on the many steps
and processes that lead up to the generation of burst
size (FIC. 2). Similarly, phosphorus can limit both cell
proliferation in Micromonas pusilla and the burst size
of M. pusilla virus”', and light levels influence the burst
size of cyanophage N-1 infecting the cyanobacterium
Nostoc muscorum’™. With T4 phage infecting Escherichia
coli, several interaction-mediated traits varied with the
carbon source for E. coli growth, including burst size and
lysis timing”®. Other interactions, such as co-infection
with other viruses or interactions with predators or
mutualists, could alter the host in such a way as to alter
the phenotype of the virocell or the virion.

Abiotic factors can influence host-dependent viral
plasticity in other ways. For example, the temperature
dependence of interactions between prasinoviruses and

Host | ( e
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their phytoplankton hosts (Micromonas sp.) indicates
a combination of direct and host plasticity-induced
changes in virus phenotype that have opposing effects™.
In this study’™, increasing temperature reduced both
infectivity and virion survival across several host and
virus genotypes (plastic performance traits). However,
increasing temperature increased host growth rate
(host plasticity), thereby indirectly increasing the over-
all rate of virus production and decreasing the latent
period (an interaction-mediated performance trait).
In another study, bacteriophage ¢29-infected Bacillus
amyloliquefaciens showed faster rates of DNA synthe-
sis but smaller burst size when grown at 45 °C rather
than 37°C (REF""). Thus, aspects of the virus phenotype
emerge as a complex set of responses to the environment
and the host phenotype, in addition to the virus’s own
genotype-to-phenotype map.

Phenotypic plasticity in viruses or their hosts has
important implications for viral evolution, persistence
and epidemiology. Phenotypic plasticity can alter host—
virus interactions because traits mediate those inter-
actions (for example, burst size, encounter rates and
lysis timing), with consequences for disease dynamics
and the persistence of viruses in the environment’.
For example, the dependence of viral burst size on light
can generate diel cycles in cyanophage production’*.
Likewise, host phenotypic plasticity can influence virus
transmission, for example, through an increase in host
activity and contacts, even if virus phenotypes have not
changed”. Finally, phenotypic plasticity itself is a trait
that can evolve, meaning the expression of a different
phenotype in different environments is under selection
because it is sometimes advantageous and sometimes
not advantageous to express different traits in differ-
ent environments®. Plasticity appears to have evolved

Burst size and lysis timing
declining with cell size

\
|

| & Host "W

J Host )

Fig. 3 | Phenotypic plasticity of a virus due to temperature. Increasing temperature can lead to smaller host cells”
and shifts in the total and relative amounts of cellular supplies of key nutrients such as nitrogen and carbon. In addition,
increased temperature may increase the rates of biological reactions, which applies to both host-controlled and
virus-controlled reactions. Therefore, infection at higher temperatures may lead to shorter times to lysis, smaller burst

sizes or shifts in the chemical content of the virion.
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in bacteriophages during co-infection, leading to faster
lysis in co-infected hosts than in host cells infected by
a single virus®. It is therefore clear that host plasticity
plays a role in setting phenotypes and their functional
consequences.

Although viruses may not generally be thought
to have behaviour, behavioural plasticity may arise in
viruses when the likelihood of certain viral actions
changes with host or environmental factors. For exam-
ple, the decision by a temperate phage to integrate into
a host genome as a prophage rather than initiate a lytic
infection is governed by a molecular switch that depends
on cell conditions, such as the number of co-infecting
viruses and host nutritional state®”. This decision may
be made on the basis of signalling molecules produced
by the virocell (that is, part of the virocell proteome)®.
We may understand this as a form of behavioural pheno-
typic plasticity because the phenotype itself (lysis timing)
arises from a decision process that is influenced by the
environment.

Virus reproduction strategies

Viruses may be further categorized by their reproduc-
tion strategies within the cell, which describe the path
that viruses take from entry of a virus (or a viral genome)

Entry into
host cell

"
— o)

Vertical
Escape cell )™ transmission
/ Host cell

Host cell lives
ies

Vertical
transmission

O .\

Fig. 4 | Reproduction strategies and pathways of
replication inside host cells. The reproduction strategies
and pathways themselves are not phenotypes, but
phenotypes determine both which steps occur and how
fast the transitions occur. The pathways shown are not
exhaustive of all possible pathways, and some pathways
may be flexible depending on the conditions. Three main
pathways are shown. The grey pathway reflects the typical
action of temperate phages and retroviruses that enter
cells, spend some time in a dormant phase, begin to replicate
and then kill the host cell upon escape. In the blue pathway,
lytic viruses such as chloroviruses and influenza viruses
infect host cells, replicate and then escape with concomitant
host cell death. By contrast, the yellow pathway describes
the route of most plant viruses and chronic viruses, such as
hepatitis B virus, with infection, replication and escape
happening without their killing the host cell.

to release of virions from the cell (FIC. 4). Reproduction
strategies are not phenotypes per se, although they
clearly reflect numerous phenotypic traits that govern
the replication steps within the cell. Reproduction strat-
egy also dictates what performance traits are relevant
for a given virus. For example, chronic viruses have a
release rate and lytic viruses have a burst size. As a result,
reproduction strategies are reflected in different model
structures used to describe the population dynamics
of viruses®.

Several potential reproduction strategies are shown
in FIC. 4. The grey pathway reflects the typical strat-
egy of temperate phages and retroviruses, which enter
cells, spend some time in a dormant phase, begin to
replicate and then kill the host cell upon escape. In the
blue pathway, lytic viruses such as chloroviruses and
influenza viruses infect the host, replicate and then
escape with concomitant host cell death. By contrast,
the yellow pathway describes the route for most plant
viruses and chronic viruses such as hepatitis B virus,
with infection, replication and escape happening with-
out killing the host cell. Host cells may survive because
some routes of escape, such as by budding or passing
through the plasmodesmata for most plant viruses, do
not rupture the cell. We expect that most viruses follow
one of these paths, with variations in the exact mecha-
nisms governing the transitions from step to step. Some
viruses may have flexibility in the path taken, such as
temperate phages, which may or may not have a waiting
(latent) period depending on the conditions. We also
stress that the patterns of infection used to characterize
the progress of disease in multicellular organisms oper-
ate on longer timescales and often across cell types and
organs, whereas the reproduction strategies we describe
are narrowly focused on the reproductive steps of a virus
from virion entry to exit from a host, or in some cases,
a sequence of hosts through vertical transmission.

Phenotypes, selection and evolution

Clearly defining the virus phenotype at different life
cycle stages will facilitate mapping from genetic varia-
tion to phenotypic variation, from phenotypic variation
to fitness differences, and from fitness differences to
evolutionary trajectories and the ecological dynamics
that depend upon the virus phenotype. However, meas-
uring phenotypic variation and selection on phenotypes
in virus populations is challenging owing to the minute
size of viruses. Technologies with single-cell resolution,
such as flow cytometry and microfluidics (see BOX 2),
could enable trait measurements of single virocells, and
in combination with single-cell sequencing this could
advance genotype-to-phenotype mapping®. Some
insights into selection on virus phenotypes have been
gained from experimental evolution, where the experi-
menter imposes selection directly or indirectly and the
average phenotype of the whole virus population evolves
in response. For example, microbial hosts often evolve
resistance to lytic viruses in culture, and the virus pop-
ulation may co-evolve to overcome this resistance®.
Isolation and sequencing of virus and host strains dur-
ing co-evolution of phage A and its Escherichia coli host
identified a series of mutations that switched the virus
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Box 2 | Facing the challenge of measuring virus phenotypes with microfluidic
technologies

Phenotypes are central to our understanding of viruses but remain challenging to
observe and measure. Current approaches, such as electron microscopy and one-
step growth curves, will remain important for measuring phenotypes but are likely
insufficient for a fuller view that matches the scale of genomic information currently
being produced. A promising approach to increase the capacity to measure virus
phenotypes is to shrink measuring devices to viral length scales using microfluidic
technologies. Recently, microfluidic assays have focused on microbial hosts (reviewed
in'*®) as they are easier to visualize and measure, but applications to viruses are
expanding. For example, microfluidic devices were used to generate a concentration
gradient of GFP-expressing baculoviruses across the width of a fluidic channel with
host cells attached along the channel floor. As the fluid progressed along the channel
length, the ‘lawn’ of cells within the channel was spatially exposed to different virus
concentrations, enabling high-throughput measurement of the effect of multiplicity
of infection (infectious units per cell) quantified by the number of GFP-expressing
hosts''*!*”. Several such proof-of-concept microfluidic studies have demonstrated
measurements of virus phenotypes similar to those obtained with traditional laboratory
methods for viral infection studies, including a one-step growth curve in a microfluidic
channel using a GFP-expressing pseudorabies virus'*é. Microfluidic devices also

have been developed that directly enumerate fluorescently labelled viruses using

a dielectrophoretic field that separates and traps virus particles flowing through a
channel, allowing epifluorescent imaging**. A more recent strategy for virus—host
quantification has been the adaptation of droplet microfluidics, wherein tens of
thousands of aqueous droplets are created and kept isolated from each other in an oil
phase, thus creating individual ‘reaction’ chambers that are hundreds of microns in size.
These microfluidic technologies improve our ability to ‘see’ viruses and investigate
virus—host interaction'?*-'?2,

host-recognition protein from the LamB receptor to the
OmpF receptor after the host evolved lower expression
of the LamB receptor”. In general, such studies have
been performed on well-known phage-host model
systems, but similar approaches may help establish
genotype—phenotype links and trait evolution dynam-
ics in microorganisms with key ecosystem roles, such
as marine cyanobacteria® or freshwater chlorophytes®.
One challenge is to determine whether genetic and
phenotypic changes that occur in the laboratory are rep-
resentative of how virus populations evolve in the wild,
where host densities are often far lower than those used
in laboratory experiments™.

A focus on quantitative trait variation between viruses
will enable testing of theoretical predictions from models
of trait evolution as well as predictions from trade-offs
that may constrain phenotypic variation. For exam-
ple, a lytic virus should evolve a shorter latent period
in dense host populations, even though shorter latent
periods reduce burst size, because the virus population
will have a greater overall multiplication rate if host cells
are lysed sooner, enabling progeny viruses to infect new
cells’’. Experimental evolution with E. coli phage RB69
confirmed this prediction, as higher host cell densities
selected for a mutant phage strain with a shorter latent
period and lower burst size, which outcompeted the
ancestral strain®. Importantly, predictions from such
models may depend on how ecological dynamics inter-
act with evolutionary trait change (eco-evolutionary
dynamics)®. Viruses can suppress the density of their
host population, and a lower host density affects the
relative fitness of different life history strategies. In an
eco-evolutionary model of phytoplankton viruses, the
optimal latent period is often the one that maximizes
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burst size, under the constraints set by host cell resources
for virus replication, because virus-induced host mor-
tality has made host cells scarce®. This prediction is
consistent with double-stranded DNA phytoplankton
viruses often having burst sizes that appear to maximize
recycling of host nucleotides*”". Important directions for
future work include understanding the genetic basis of
latent period evolution in these diverse viruses, and how
evolutionary dynamics depend on interaction-mediated
virocell traits such as burst size and latent period.

Effects on host environments

Virus phenotypes are key to understanding virus fitness,
population dynamics of viruses and their hosts, and viral
evolution. Phenotypes, however, also influence the con-
sequences of viral infection and replication for the fate
of host resources as well as the composition of the overall
community in which the host cell resides, be that com-
munity a microbial one in the ocean or a mammalian gut
or the different cell types within a metazoan. Connecting
virus phenotypes to host resource utilization, population
dynamics and the characteristics of host physiology dur-
ing infection is therefore central to understanding the
impacts of viruses on the larger ecosystems that viruses
and hosts inhabit'’. An example of how phenotypic
variation could substantially alter ecosystem impacts of
microorganisms is the viral shunt”"’. In short, viral lysis
releases material from cells into particulate and dissolved
organic carbon pools, efficiently shunting carbon (and
other elements) away from biomass that can be con-
sumed by higher trophic levels. For example, release of
specific elements such as iron”” and nitrogen®*” in highly
bioavailable forms can substantially enhance the growth
of non-infected microbial populations, and the pools of
particulate and dissolved organic carbon also fuel fur-
ther growth of microorganisms. Thus, any trait influ-
encing lysis timing, how efficiently the virus exhausts
(or sustains) host resources and the specific elemental
building blocks required to make new virions'" will
influence the type and amount of materials released
from the host cell upon lysis and passing through the
viral shunt, whereas burst size, escape period and viral
stability impact further infection of other cells, altering
population densities and community structure”.

Some viruses, and many cellular organisms, have
emergent properties that influence their environment
and that may be thought of as ‘extended phenotypes™*'~'%.
The term is typically used in reference to behaviours of
animals, but the concept might be extended to encom-
pass certain context-dependent effects that derive
from the molecular properties of a virus. For example,
a Tupanvirus that infects Acanthamoeba, causes cytotoxic
effects in Tetrahymena, a ciliate that readily ingests the
virus but is not itself a host'*. If this reduces predation
losses for the virus, then the virion phenotype (that is,
its molecular composition) could be under selection to
be toxic in some cells. The cytotoxicity, and its cascading
effects on the food web, is not a virus phenotype per se,
but can be viewed as an extended molecular phenotype
that enhances survival of the virus.

Not all emergent properties, however, should nec-
essarily be categorized as an extended phenotype.
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An example is plaque morphology. A common test for
the presence and infectivity of some viruses is the plaque
assay, in which a virus suspension is combined with an
excess of host cells. The cells are immobilized in a thin
layer in a culture dish, but can grow to form a dense
‘lawn’. If a cell in the lawn is productively infected by
a virus, the viruses released infect neighbouring cells.
After successive rounds of viral infection and lysis, a
zone of dead cells creates a clearing in the lawn, called
a plaque. Depending on the virus, host and growth
conditions, plaques may differ in size, shape, colour
and texture'”. Plaque morphology is not a feature of an
individual virion or the virocell. It is thus not itself a
virus phenotype, but is an emergent property influ-
enced by underlying virion and virocell phenotypes,
such as burst size, and infectivity'*. Plaque morphology
can be a useful diagnostic of changes in an underlying
phenotype, but, unlike virion toxicity mentioned in the
previous example, plaque morphology has no inherent
consequence that would influence selection outside
the laboratory context. Similarly, diseases (symptoms)
in hosts (for example, necrotic lesions in the leaves of
plants infected by viruses, and immune responses) are
also not virus phenotypes but instead represent pheno-
typic responses of the host to infection rather than traits
of individual virions or virocells.

Genome-to-phenome connections

At this time, we have a poor understanding of how
the genomic features of a virus give rise to its pheno-
typic characteristics, leaving a large fraction of the
ever-expanding pool of viral sequence data with no
functional interpretation. Although we are beginning
to see efforts to predict the reproduction strategies of
phages based on sequence information’'"”'%, prediction
of virus performance traits such as host range, infectivity
or virion decay is not possible on the basis of genome
data alone. However, recent work examining hypoth-
esized links between the biochemical characteristics
of viral genome replication proteins and the predicted
infection dynamics of unknown viruses illustrates the
possibilities for discerning virocell phenotypes from
genotype information. For example, the performance
trait of lysis timing may be predictable from a group of
interacting functional traits'” linked to genes coding
for family A DNA polymerases (PolA), helicases and
ribonucleotide reductase (RNR) in phages. In particular,
viruses having a more efficient PolA and other associ-
ated replication proteins could enable more rapid assem-
bly of virions, which in turn could influence burst size
and/or latent period’®"'*!!!,

Another example of genomic clues to virus pheno-
types that have implications for virus fitness comes from
cellular metabolic genes carried in viral genomes that, at
first glance, do not appear to directly link with a virus
functional trait'>''>'"*, Such genes have been termed

541-548 (1999).

biogeochemical and ecological effects. Nature 399,

‘auxiliary metabolic genes), and in our model (FIC. 2) they
can be viewed as giving rise to phenotypes (support pro-
teins) that aid in the acquisition of host resources. These
support proteins likely influence virus fitness under
resource-limited environmental conditions. One of the
longer-known examples is the occurrence of photosyn-
thesis genes within cyanophages”, where the number of
photosynthesis genes carried by a cyanophage aligned
with its degree of host specificity'®. Cyanophages con-
taining both psbA and psbD photosynthetic genes had
broader host ranges than cyanophages having only psbA.
Because host range is an interaction-mediated perfor-
mance trait, cyanophages carrying both photosynthetic
genes rely less on allosteric interactions between viral
and host proteins to sustain photosynthesis during
infection than those carrying only one gene, leading
to an increase in fitness on a broad range of hosts'>'".
Other cellular metabolic genes involved in energy path-
ways, such as the gene encoding dissimilatory sulfite
reductase’®®, have also been observed in unknown
viruses, indicating that viruses sustain other key metab-
olic pathways during the virocell stage, presumably with
other impacts on virus performance traits; however, out-
side the better studied photosynthetic genes in cyano-
phages, the impact of most auxiliary metabolic genes
or infection support proteins on infection dynamic
phenotypes has yet to be determined.

Conclusion

We propose that renewed emphasis on virus phenotypes
is essential for progress in virology in all its forms. To
this end, we have presented a framework that provides
a common language to describe the nature and differ-
ent categories of virus phenotypes and illustrates how
they form a chain of interactions linking genotype to
fitness. By describing how the key performance traits
that determine virus fitness (burst size, adsorption rate
and so on) are affected by many lower-level traits, which
themselves are affected by many genes in the viral and
host genomes, we hope the path leading from viral
genome to phenome, although complicated, is made
conceptually clear. The ultimate goal of better predict-
ing the phenotypic characteristics of an unknown virus
from its genome will remain a challenge, however, until
many more viruses across the broad spectrum of diver-
sity have been comprehensively characterized. The pace
at which genomic information is being produced con-
tinues to accelerate. Commensurate efforts to generate
phenotypic information, and develop new technologies
to do so, are urgently needed.

These efforts will dramatically improve our under-
standing of the ecological consequences of viruses in their
environments, from ecosystems to gut microbiotas, and
advance our understanding of viral evolution and ecology.
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