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Abstract: Multicomponent viral systems face specific challenges when enduring population
bottlenecks. These systems can lose coding information due to the lack of co-encapsidation
of all the genetic information, at least in a proportion of the capsids in a population. Moreover,
bottlenecks can also impact one of the main potential advantages of multicomponent systems:
the regulation of gene expression through changes in gene copy frequencies at the population
level. How these systems cope with population bottlenecks is far from being clear. Here, two
non-exclusive scenarios are described. In the first scenario, population bottlenecks during host
infection allow for the isolation of within-host populations with different gene frequencies,
leaving the door opened for the selection of populations with adaptive gene frequencies. The
second scenario postulates that viruses could influence bottleneck size, at least at certain
steps of their life cycle, to limit random changes in gene frequencies. Examples of viral
mechanism impacting bottleneck size at cell infection are available and, intriguingly, they can
lead to either increases or reductions in bottleneck size. This situation opens the way for
putative tradeoffs on both gene frequencies and bottleneck sizes that could differ among
multicomponent systems.
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Variation in gene copy number in virus populations
Viruses display an extremely diverse array of mechanisms for the regulation of gene
expression. Nevertheless, copy number variation (CNV) is too seldom considered as a
phenomenon taking place in viruses [1]. Copy number variants (CNVs) occur when a genomic
region is repeated through recombination. The generated genotypes thus differ in the number
of copies of the genes within this region compared to the wild type. Differences in copy number
of a given gene can alter its expression and thus the phenotype. In general, a higher number
of gene copies will lead to higher messenger and protein levels [2] – although theory indicates
this may not always be the case [3]. Through its impact on gene expression, CNV plays an
important role in the adaptation of organisms to changing environments [2,4–8], and their role
in bacterial adaptation has been particularly well documented [8]. In addition, CNV can affect
the mutation supply and hereby the chance that a beneficial mutation will be sampled, with a
higher copy number leading to a larger mutation supply [6,8,9]. Finally, CNV can affect
robustness and evolvability, as it can introduce genetic redundancy and hereby allow one or
more gene copies to explore sequence space more effectively [2,7].
Pioneering work on poxviruses, a family of large DNA viruses with a monopartite
genome, has shown that CNV occurs in viruses and can play an important role in adaptation.
Experimental evolution of a poxvirus has uncovered an evolutionary pattern called a genomic
accordion, previously observed in other organisms [8]: rapid selection for CNVs that amplify
gene copies, followed by the occurrence of beneficial point mutations at these loci and the
subsequent loss of multiple gene copies [10–12]. Nevertheless, many viruses have small and
highly-streamlined genomes [13], and gene duplications are rare [14]. Moreover, when
duplications are generated in the laboratory, they tend to have strong deleterious effects on
viral fitness and are quickly purged from evolving populations [15]. Therefore, CNV probably
plays a role in the adaptation of only those viruses with large DNA genomes (e.g. poxviruses).
However, recent work has shown that viruses with small genomes could also display a
hitherto unknown and fascinating version of CNV. This new version operates, beyond the
genotype level, at the within-host population level. Sicard and colleagues showed in a
groundbreaking study [16] that populations of a nanovirus contain differences in copy number
among the different viral genes. Nanoviruses possess a multipartite genome consisting of
several segments. Contrary to segmented viruses (e.g. Influenza A virus), each segment of a
multipartite virus is encapsidated alone in a virus particle [1,17,18]. These authors found that
the differences in copy number among different nanovirus segments are not random: they are
host-specific and reproducible no matter their value at inoculation [16,19]. The relative copy
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numbers of the viral genes were called the genome formula, and the genome formula specific
to a given host or environment was named the setpoint genome formula. In addition, they
showed that within-host populations show higher accumulation when segment frequencies are
closer to the setpoint genome formula, thus pointing to a correlation between the genome
formula and virus fitness. Later work has shown similar results in other multipartite viruses,
with now examples from both DNA and RNA viruses [16,20,21]. These variations in gene
frequencies among virus populations could lead to gene expression regulation, and thus to
phenotype optimization, similarly to CNV [1,16,20]. Since the term CNV is usually reserved to
describe structural variation within a genome, here we will call this new type of population-level
variation genome-formula variation (GFV).
The suitability of multipartite genomes for GFV control has been postulated as one of
the few hypotheses specifically explaining the evolution of this genome organization. Whether
GFV takes place in the two other viral genome architectures, the segmented and monopartite
genomes, can be a matter of debate. Currently, there is a single example of a behavior
reminiscent of GFV for each of these architectures. First, segmented viruses have multiple
genome segments, each bearing different genes, which are packaged into the same virus
particle. It has been shown that the relative frequencies of the segments in populations of
Influenza A virus (IAV) can differ in a host-specific manner and that such differences can be
adaptive [22–24]. Contrary to multipartite and segmented viruses, the genome of monopartite
viruses is composed of a single molecule bearing all the genes and stricto sensu GFV is not
possible. However, wild populations of a baculovirus, an insect virus with a monopartite
genome, contain a proportion of non-infectious genotypes with deletions in the same genomic
region. These populations thus contain differences in frequency among virus genes and these
differences have been shown to increase viral fitness through an increase in infectivity of a
mixed-genotype population [25,26]. These two examples thus show populations with uneven
gene frequencies that are linked to viral fitness, just as expected in a GFV context. Given the
paucity of examples from segmented and monopartite viruses, more studies are required to
determine the potential conservation of GFV in genome architectures beyond the multipartite
one.
An uneven genome formula may provide a benefit through the regulation of gene
expression. However, it may also come to a cost: all other things equal, the more uneven a
genome formula, the more likely the genes with low frequencies are lost during the population
bottlenecks that virus populations usually encounter along their cycle.
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Population bottlenecks and genome-formula drift
As obligate intra-cellular parasites, one of the main hurdles viruses must constantly surmount
is transmission between the intracellular environments that support their replication. There are
barriers to virus transmission at the between-cell, between-organ and between-host levels [27–
30]. Even if there is a large number of virus particles present, typically only a small number of
founders will effectively contribute to new infections because transmission is difficult, resulting
in a population bottleneck. There are different approaches to demonstrate population
bottlenecks and to estimate the number of infection founders [30–37]. Many different laboratory
studies have shown that population bottlenecks are common at different steps of the viral life
cycle and that they occur for a wide range of viruses [27,28]. Recent studies have highlighted
that population bottlenecks also occur in vertical transmission [38], and that population
bottlenecks are common in natural virus populations [39]. Although severe bottlenecks—in the
order of units—are common in the current literature, it is important to note that bottleneck
estimates are available for a limited number of viruses [27,28,40]. As more and more estimates
become available, less severe bottlenecks have also been observed at all steps of viral cycles
in different viruses [30,35,41–43]. Virus particle concentration, host susceptibility and the route
of transmission probably all play important roles in determining bottleneck size [30,43,44], so
although bottlenecks can be narrow, they need not always be in practice.
One important consequence of population bottlenecks is genetic drift: stochastic
changes in allele frequencies (Figure 1). Genetic drift can lead to losses in genetic diversity,
which in turn can have a wide range of effects on evolution [28]. The main negative effects of
population bottlenecks are the fixation of deleterious mutations [45–47] and the loss of de novo
beneficial variants [48]. By contrast, positive effects of bottlenecks include permitting selection
for traits that act in trans [36], including the removal of defective genotypes [49]. These effects
occur because narrow bottlenecks reduce possibilities for coinfections between genotypes,
and hence selection can then act directly on the traits associated with a single genotype. A
further advantage is more efficient adaptation on rugged fitness landscapes [50]. For
multipartite viruses, population bottlenecks cannot only result in genetic drift but also in random
changes in the genome formula. These changes occur because only a small number of virus
particles contributes to infection. In the extreme, the frequency of one or more genes is zero
and there is no infection. But even if all genes pass through a bottleneck and infection
proceeds, the frequency at which these genes are present in the founding population can
change from the setpoint genome formula [16] (Figure 1b). In the absence of any existing term
for these changes in population composition, we propose to call such random changes in gene
frequencies ‘genome-formula drift’. Genome-formula drift is therefore the random effects of
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population bottlenecks on gene frequencies, analogous to genetic drift being the effect of
population bottlenecks on allele frequencies. As such, we see genome-formula drift as a
stochastic event and a non-directional evolutionary force. We expect that genetic drift and
genome-formula drift will occur simultaneously (Figure 1c).
But what do we know about bottlenecks and multicomponent viruses? There are a
limited number of bottleneck estimates for viruses showing a GFV-like behavior, even including
non-multipartite examples. In most cases, bottleneck sizes are below 10 units no matter
whether bottlenecks take place at cell infection [36,51,52], host colonization [53] or betweenhost transmission [53,54]. Only recent estimates of population sizes during between-host
transmission of IAV show more relaxed bottlenecks, in the order of hundreds [43]. Note also
that for the studies concerning multipartite viruses [36,53,54], bottleneck sizes are estimates
of the number of founders for a single segment, meaning that the total number of particles, all
genomic segments considered, will be higher. Overall, these few estimates suggest that the
genome formula probably varies during bottlenecks, although more quantitative data are dearly
needed to improve our understanding on the impact of bottlenecks on GFV.

Regulation of GFV along the viral cycle
If bottlenecks at different steps of the viral cycle lead to genome-formula drift and hereby
potentially move a population at equilibrium away from the setpoint genome formula, how can
populations maintain the setpoint genome formula? One possibility is that GFV requires
bottlenecks to be generated in the first place [16,55] (Figure 1b). On the one hand, although
GFV can move a population away from the setpoint genome formula, it also provides the
variation on which selection acts to evolve to the setpoint. Under this hypothesis, bottlenecks
during host infection lead to different populations within a host, a situation commonly observed
in viruses (e.g. Ref. [56]). These populations will presumably differ in gene frequencies due to
random processes behind GFV generation. Thus, selection will operate on the resulting
diversity in genome formula leading to the increase in frequency of within-host populations with
the most beneficial genome formula, that is, the setpoint genome formula. These beneficial
frequencies will be driven in part by the regulation of gene expression and selection to maintain
infectivity, in a frequency-dependent manner [16,20]. This scenario would also imply that GFV
presents a limitation compared to other mechanisms regulating gene expression. Periodic
bottlenecks would lead to genome formulae diverging from the setpoint, leading to transient
periods of suboptimal regulation of gene expression. This situation does not take place in other
regulatory mechanisms, for example promoter-based regulation of gene transcription.
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Another possible scenario is that viruses actively regulate population bottlenecks to
maintain the setpoint formula, at least at certain steps of their cycle. Larger population sizes at
infection can be achieved through collective transmission [57]. This phenomenon implies that
virus spread is mediated by structures that contain several viral particles, thus ensuring larger
population sizes at cell infection. There are more and more examples of viruses using different
mechanisms for collective transmission [57,58]. However, most viruses display mechanisms
that have exactly the opposite effect: they reduce the size of colonizing populations. This
limitation in population size is due to superinfection exclusion, a phenomenon in which a
preexisting viral infection in a cell prevents a secondary infection. Again, the mechanisms
underlying superinfection exclusion are very diverse and have been observed in an extremely
large array of viruses (e.g. see Refs. [59–65]), including examples of viruses with a GFV-like
behavior

[66,67].

By
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multicomponent viruses could affect bottlenecks, either increasing or decreasing colonizing
populations in different cell types or at different steps of the virus cycle. Further studies will
surely deepen our understanding of the putative role of collective transmission and
superinfection exclusion in GFV.

GFV and virus evolution
In bacteria and large DNA viruses, CNV has been shown to play a role in adaptation on
intermediate time scales, whereas point mutations with larger benefits typically only occur and
are fixed later, due to low mutation rates and the paucity of beneficial mutations [8,10,11]. It is
not known yet whether similar patterns also take place in the evolution of virus showing GFV.
Similarly to CNV, GFV can facilitate phenotypic plasticity but point mutations could bring about
similar changes in a manner that is less costly. If gene expression needs to be upregulated, it
seems more efficient to have–for example–a point mutation that increases promotor activity xfold than to have an x-fold increase in the frequency of the gene in the population. This effect
occurs because of possible losses of infectivity as genes with low frequencies can be lost
during bottlenecks [68] (Figure 2). GFV adaptation seems a rapid but coarse regulatory
mechanism, whereas mutation-driven adaptation would be less costly. Experimental evolution
could help to define whether, in a new but constant environment, a multicomponent virus
adapts only by GFV or, alternatively, in a two-step process involving initially GFV and later
point mutations optimizing another mechanism regulating gene expression.
GFV has been suggested to influence evolution in different manners. The uneven
genome formulae in GFV should lead to different evolution rates among genes through
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different mechanisms [68]. First, genes at higher frequency would have a greater mutation
supply, which can in turn drive more rapid evolution. Second, opportunities for intra-specific
genetic exchange should also increase with gene frequency. Finally, the strength of genetic
drift for each gene can differ depending on the gene frequency [53]. Excitingly, recent work on
nanoviruses has shown that this relationship can be rather complex: estimates of the number
of founders for different genome segments clearly depended on the gene frequency, whereas
dose-dependent effects were seen for only one gene [53]. Such varying tempo and mode of
evolution for the different genes of a multicomponent virus could lead to a wealth of interesting
interactions, one of which might be lose associations between segments on longer
evolutionary time scales [69].
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Figure 1: To illustrate the concept of gene-frequency drift, we consider a virus with two genes,
a long and a short one, which both have green and blue alleles. Panels a–d are a legend for
Panels e–g. Panels a and b show virus particles of a monopartite virus with the blue and green
alleles, whereas c and d show virus particles of a bipartite virus. Panels e–g illustrate what
happens with virus populations as they pass through population bottlenecks, that get narrower
from left (n = 4) to middle (n = 2) to right (n = 1). The three populations below the bottlneck
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illustrate three populations that have passed through the bottleneck. Panel e illustrates a
monopartite virus, where each virus particle can cause infection and in the extreme case of n
= 1 (right) one allele always becomes fixed. Panel f illustrates what happens when a clonal
bipartite virus passes through a population bottleneck. If both types of virus particles do not
pass through the bottleneck there will be no infection, as indicated by the traffic signs and
reflecting the cost of multipartition. As there is no standing genetic variation, allele frequency
will always be 1 in the infecting populations. However, the frequency of the genome segments
can change. We call these random changes genome-formula drift. In Panel g, we illustrate
what happens if a bipartite virus with two alleles for each genome segment passes through a
bottleneck. Both segment frequencies and allele frequencies can change simultaneously,
illustrating the co-occurrence of genetic and genome-formula drift.
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Figure 2: The cost of multipartition is illustrated. A multipartite organization comes at a high
cost [70], because at low doses not all virus genome segments will be transmitted all the time
leading to a lower infection rate. Consider the numerical example where all virus particles v
have a transmission probability ρ = 0.01 and there are k genome segments. If virus particles
are at equal frequency and transmitted independently, the rate of infection will be (1 − 𝑒 −𝜌𝑣 )𝑘
[71], and we can see that as the number of genome segments is increased from 1 (blue), to 2
(green), 3 (yellow), 4 (red) and 5 (dark red) the rate of infection decreases in the figure above.
It should be noted that this cost of segmentation for infection will increase if segments differ in
their frequencies within a population, all other things being equal. Moreover, this cost is
strongly dose-dependent, eventually disappearing at high doses when all hosts are infected.
All though this relationship holds up nicely in the case of mechanical transmission [71], it could
be that in some cases or under some conditions virus particles clump together and hereby
lower these costs.
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