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Experimental Evolution and Population Genetics of RNA Viruses
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Abstract: Viral studies have contributed substantially to the field of experimental evolution during the last two decades.
The rapid evolution of RNA viruses makes them especially suitable for investigating real-time evolution, while their small
genomes facilitate the analysis of the genetic basis of evolutionary change. We review recent advances in RNA virus
experimental evolution, focusing on genetic properties that differentiate them from DNA-based organisms, such as their
high mutation rates, small genome sizes, low genetic robustness, and the predominance of antagonistic epistasis. We
argue that these properties can explain many aspects of RNA virus evolution, including rapid evolution, marked fitness
tradeoffs, frequent sequence convergences, strong deleterious effects of genetic drift, or high sensitivity to mutation

accumulation.

INTRODUCTION

RNA viruses are the causative agents of important dis-
eases affecting humans, cattle, and crops. Efforts to develop
treatments and epidemiological control strategies are often
frustrated by the ability of these pathogens to evolve resis-
tance, clearly showing the need to study RNA viruses from
an evolutionary standpoint. Additionally, owing to their fast
evolution and small genomes, RNA viruses are excellent
models for experimental evolution. During the last two dec-
ades, experimental evolution studies have contributed sig-
nificantly to our understanding of RNA viruses. Conversely,
RNA viruses have been used as model systems to test gen-
eral theoretical population models, as for example Muller’s
ratchet, the competitive exclusion principle, the Red Queen
hypothesis, clonal interference, or the Prisoner’s dilemma,
which ought to be valid for RNA viruses as well as other
systems. However, in order to understand the remarkable
evolutionary success of RNA viruses, it becomes necessary
to pay special attention to the features that differentiate them
from the rest of evolving entities. We will do so focusing on
the most recent advances. Classical work in the field has
been reviewed previously [1-4].

There are at least four general genetic properties that are
central to RNA virus evolution. Firstly, their per-base muta-
tion rates (10° - 10™ per round of replication) are orders of
magnitude higher than those of DNA-based organisms [5-7]
(Table 1, Fig. 1). The lack of 3"exonuclease proofreading
activity in viral RNA polymerases [8], as opposed to DNA
polymerases or eukaryotic DNA-dependent RNA polym-
erases, provides a biochemical basis for error-prone replica-
tion. Secondly, RNA viruses have small genomes, generally
not exceeding 15 kb in length, although some closteroviruses
and coronaviruses can range in size up to approximately 30
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kb. Thirdly, recent work has established that RNA viruses
show extremely low tolerance to mutation [9, 10], implying
that most spontaneous mutations are rapidly purged by selec-
tion [3, 11-13]. Fourthly, the fitness effect of deleterious
mutations tends to diminish as mutations accumulate [14-
16], i.e. epistasis is antagonistic on average. These general
properties can explain RNA virus rapid evolution, but also
the limits to viral adaptability. In addition, they are important
for understanding the response of RNA viruses to genetic
drift and mutation accumulation, as well as the nature of
virus-virus and host-virus interactions.

ADAPTATION

High Mutation Rates and Rapid Evolution of RNA
Viruses

RNA viruses show rapid adaptation both in laboratory
[17-19] and natural environments [6]. The enormous diver-
sity generated by the high error rates of viral polymerases is
generally believed to be at the root of such adaptive poten-
tial. Clearly, high mutation rates provide increased variation
for responding to strong selective pressures, hence account-
ing for the rapid emergence of drug-resistant viruses, for
instance. Evidence for the advantage of high mutation rates
under immune pressure was provided by recent studies with
poliovirus, in which a high-fidelity variant showed reduced
pathogenicity in mice [20, 21]. Although current evidence
indicates that RNA viruses respond rapidly to strong selec-
tive pressures, their evolutionary potential in the long-term
or under weak selective pressure, and their ability to evolve
new functions or capabilities, might be less spectacular [11].

A related but different question is why high mutation
rates evolved. The fact that high mutation rates can provide
an evolutionary advantage does not imply that they evolved
because of the evolutionary advantage they bestow [22, 23].
Given that most mutations with phenotypic effect are delete-
rious, high mutations rates increase the mutational load in
the short-term. Thus, the payoffs of elevated mutation rates
are only felt in the long-term. Natural selection fails to favor
traits for their future beneficial effects [23] and, given this
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Table1. Mutation Rates for Different Biological Entities

Group Species Per-Base Mutation Rate Genome Size

RNA viruses Human rhinovirus [5] 9.4x10°° 71x10°

Influenza virus A [97] 73x10°° 14x10*

Measles virus [5] 6.3x10°° 1.6x10*

Poliovirus [97] 13x10°° 74%x10°

VSV [5, 24, 91] 23x10°%" 11x10*

Tobacco mosaic virus [98] 9.1x10°° 6.4x10°

Bacteriophage @6 [99] 27x10°° 13x10*

Retroviruses Rous sarcoma virus [97] 46x10°° 9.3x10°

Murine leukaemia virus [100] 19%x10°° 8.3x10°

Spleen necrosis virus [97] 47x10°° 78x10°

Bovine leukaemia virus [101] 32x10°° 84x10°

HIV [102] 21x10°° 9.2x10°

ssDNA viruses Bacteriophage @X174 [103] 1.8x10°°" 54x10°

Bacteriophage m13 [100] 72x10°7 6.4x10°

dsDNA viruses Bacteriophage 4 [100] 7.7%x10°8 49x10*

Bacteriophage T2 [100] 24%x10°8 1.7x10°

Bacteriophage T4 [100] 24%x10°8 1.7x10°

Herpes simplex virus [104] 1.8x10°8 15x10°

Prokaryotes E. coli [100] 54x10°* 46x10°

Lower eukaryotes Saccharomyces cerevisiae [100] 22x10°% 12x107

Neurospora crassa [100] 72x10° 1 42x107

Higher eukaryotes Drosophila melanogaster [100] 34x10°% 17x10°8

C. elegans [100] 23x10°% 8.0x10"’

Mus musculus [100] 1.8x10°%° 27x10°

Homo sapiens [100] 50x10° " 32x10°

“There are five values available in total. The geometric mean is shown.

"The authors reported a mutation rate of 7.4 x 10 ** based on the spontaneous acquisition of a selectable phenotype. Sequencing of mutants showed that mutations could occur at 12
different nucleotide sites. Hence, the per-base mutation rate would be 7.4 x 10 $%3/12=1.8x%x10"°

conceptual difficulty, it seems natural to suggest alternative,
selective pressures that would act in the short-term and drive
the evolution of stably high mutation rates. In this vein, it
has been postulated that the existence of a tradeoff between
replication speed and accuracy could impose a direct cost to
replication fidelity [24, 25]. Alternatively, error-prone repli-
cation might simply be an unavoidable consequence of RNA
biochemistry, but it has been shown that there is some room
for increasing RNA replication fidelity [20, 21, 25].

Fixation of Beneficial Mutations

The nature of adaptive mutations in RNA viruses is di-
verse and includes synonymous substitutions [26-28]. Ac-
cording to Fisher’s geometric model, most mutations fixed
during adaptive evolution are expected to be of small effect
because they should be more common than those of large

effect. This classical prediction gained support from experi-
ments with bacteriophage ®6 in which, after a series of
population bottlenecks, fithess was allowed to recover at
large population sizes [29]. It was shown that fitness recov-
ery took place in smaller steps than the original fitness
decline and that there was a positive correlation between the
adaptive step size and the original bottleneck size. Addition-
ally, most advantageous mutations were compensatory.
These mutations can partially or totally restore function by
interacting with the primarily deleterious mutation (for
example, restoring amino acid interactions that are important
for the stability of the protein). Since their fitness effects are
dependent on the genetic background, compensatory muta-
tions constitute a clear case of epistasis (epistasis can be
generally defined as the lack of independence between muta-
tional effects). Compensatory mutations have also been
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Fig. (1). Mutation rates for different biological entities as a function of genome size. Values were taken from Table 1. The dotted line corre-
sponds to Drake’s rule, which states that DNA-based microorganisms show a constant genomic mutation rate approximately equal to 0.003

[105].

shown to be frequent in Vesicular stomatitis virus (VSV)
populations undergoing fitness recovery, although genetic
reversions were also observed [30].

Fitness of RNA viruses and other microorganisms under-
going adaptation to a novel environment typically follows a
hyperbolic-like trajectory [2]. This is in accordance with
Fisher’s geometric model, which predicts that the effect of
beneficial mutations should decrease as the population ap-
proaches optimality, a prediction that can be also derived
from clonal interference models [31]. Using site-directed
mutagenesis, it has been possible to estimate the fitness ef-
fects associated with spontaneous beneficial mutations in
VSV [10]. It was shown that the effects of beneficial muta-
tions are not independent [16], but rather tend to diminish
when combined (antagonistic epistasis), suggesting that the
hyperbolic-like trajectory observed for fitness is not only due
to the fact that the population is approaching optimality in a
given environment (genotype-environment interactions), but
also to the nature of epistasis (genotype-genotype interac-
tions).

Genome sequencing of different viral lineages or species
adapted to a common environment has revealed a striking
amount of parallel or convergent evolution in animal RNA
viruses [26, 28], plant RNA viruses [32, 33], and DNA
viruses [34-38]. These parallel or convergent substitutions
consist of amino acid replacements as well as synonymous
changes and deletions. Another striking result is that the
number of mutations fixed during adaptation of RNA viruses
is surprisingly small given their high mutation rates [26, 27,
39]. Hence, adaptation of RNA viruses seems to be a rapid,
simple, and repetitive process, implying that it should be at
least partially predictable.

Migration and Virus-Virus Interactions

Migration is another source of genetic diversity in RNA
viruses. Experimental mimicking of migratory flows indi-
cates a positive correlation between migration rate and mean

fitness in VSV, presumably because migration facilitates the
spread of beneficial mutations throughout demes [40]. In the
absence of migration, adaptation to new cell types becomes
host-specific in VSV, thereby restricting RNA virus diversity
[41]. In contrast, replication of Foot-and-mouth disease virus
(FMDV) in a constant cellular environment promoted the
expansion of cellular tropism [42], implying that migration
would not be essential for the maintenance of a repertory of
genotypes with different host-specificities. Related to this, it
has been shown that viral populations in which antibody-
resistance specific mutants are favored also harbor mutants
with other antigenic specificities [43].

Migration in combination with high levels of co-infection
increases the probability of interactions between different
viral genotypes. For example, co-infection facilitates the
propagation of defective genomes by complementation [44].
It has also been shown using Vaccinia virus and VSV that
co-infection with a DNA and an RNA virus promotes in-
creased adaptability of the latter [45]. Co-infection is also a
prerequisite for recombination between different variants.
According to the Fisher-Muller model, sexual reproduction
in large populations would lead to higher rates of adaptation
than in equally large asexual populations. This prediction
was tested using bacteriophage ®6 [46]. Interestingly, in this
case, segment re-assortment involved a cost due to high
intra-host competition. Finally, co-infection and genetic
complementation can promote frequency-dependent selec-
tion, as shown for bacteriophage ®6 [47]. Studies with VSV
[48] and Human immunodeficiency virus (HIV) [49] found
frequency-dependent selection under weak co-infection lev-
els, but it must be noted that in these studies, co-infection
levels fluctuated and were high at the end of each infection
passage, potentially favoring frequency-dependent selection
during this phase [50].

RESTRICTIONS TO VIRAL ADAPTATION

A widely accepted evolutionary restriction is one operat-
ing on RNA virus genome size [51-54]. Deterministic mod-
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els for the evolution of simple replicons at high mutation
rates predict that the maximum genome size that can be
maintained without loss of genetic information is inversely
correlated with mutation rate [55, 56]. Therefore, error-prone
replication imposes an upper-limit to the genome size of
RNA viruses. In fact, few RNA viruses have genomes larger
than 15 kb, with the remarkable exception of coronaviruses.
Recent findings indicate that members of this group possess
replicases with 3"exonuclease proofreading activity [57],
presumably reducing the overall mutation rate and relaxing
the restriction on genome size.

One might expect that, owing to their small genomes
sizes, RNA viruses should display higher growth rates than
more complex viruses. However, experimental data suggest
the contrary. Bull et al. [58] allowed RNA and DNA phages
with ample differences in genomes sizes to evolve under
conditions favoring rapid growth and found that DNA
phages with relatively large genomes showed the highest
growth rates. Therefore, the ability to grow fast depends on
genomic properties other than just size, as for instance, ge-
netic structure [59]. In general, small genomes contain
highly compressed genetic information with little non-coding
and regulatory regions, frequently overlapping reading
frames, and multifunctional proteins. As a result, strong
functional constraints should operate in small genomes
[11, 12, 53], potentially imposing an upper-limit to the de-
gree of evolutionary optimization that can be achieved.

Functional constraints imply that spontaneous mutations
are more likely to have strongly deleterious fitness effects in
RNA viruses than in more complex genomes. Indirect evi-
dence for reduced tolerance to mutation came from early
plague-to-plague mutation accumulation experiments [60-
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63], but the drastic fitness losses observed in these experi-
ments were mainly attributed to high mutation rates. The
first unambiguous estimation of mutational robustness in
RNA viruses came from a collection of VSV random single-
point mutants obtained by site-directed mutagenesis [10].
Most mutations were found to be highly deleterious and up
to 40% were lethal. These results were confirmed by a sec-
ond study using Tobacco etch virus [9] and strengthen the
notion that RNA viruses show very little tolerance to muta-
tion (Fig. 2).

In another site-directed mutagenesis study using VSV,
pairs of random point mutants were assayed for fitness and
compared with the corresponding single mutants [16]. This
revealed that the deleterious fitness effects of random muta-
tions tended to be larger alone than in combination or
equivalently, that epistasis was antagonistic on average.
These results are consistent with other studies using HIV
[14] and bacteriophage ®6 [15], suggesting that antagonistic
epistasis is a characteristic feature of RNA viruses, as op-
posed to more complex genomes [12, 54] (Table 2). Indeed,
theoretical and experimental work indicates that, in general,
epistasis and robustness are correlated traits, such that low
levels of robustness are associated with antagonistic epista-
sis, whereas high levels of robustness are associated with
synergistic epistasis [12, 54, 64-69]. A general explanation
for the predominance of antagonistic epistasis is the so-
called multiple-hit effect, whereby a given functional unit is
damaged by more than one mutation, implying that succes-
sive mutations have decreasing damaging potential [12, 67,
69]. The implications of epistasis for evolution have been
amply studied and include the maintenance of population
genetic diversity, recombination, ploidy, or speciation,
among others [70].

Number of cases

0.001 0.003 0.01

0.03 0.1 0.3 1

Selection coefficient

Fig. (2). Selection coefficients for RNA viruses and DNA-based organisms. Data were taken from Supplementary Tables 1 and 2 from Elena
et al. [12] and updated with data from Carrasco et al. [9]. The x-axis is divided into 6 categories and the y-axis shows the number of esti-
mates falling in each category. Black and white dots correspond to RNA viruses and DNA-based organisms, respectively. The species in-
cluded are Poliovirus, FMDV, HIV, Tobacco etch virus, Dengue virus, VSV, Tick-borne encephalitis virus, Venezuelan equine encephalitis
virus, Bacteriophage @6, E. coli, Aspergillus nidulans, S. cerevisiae, Daphnia pulex, C. elegans, Arabidopsis thaliana, and D. melanogaster.
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Table 2.  Epistasis Coefficients for RNA Viruses and DNA-Based Organisms

Group Species Epistasis Coefficient” pt
RNA viruses VSV [54] 0.109 £ 0.041 0.001
FMDV [15]* -0.017 n/a
Poliovirus [15] 0.008 n/a
Bacteriophage @6 [15] 0.007 n/a
DNA-based organisms E. coli [54] 0.034 £0.040 0.163
S. cerevisiae [54] -0.001 + 0.001 0.633
Aspergillus niger® [54] -0.009 + 0.005 0.046
D. melanogaster [54] -0.166 + 0.066 0.004

“Calculated as the observed fitness minus the fitness expected in the absence of epistasis [54].

"Probability that the epistasis coefficient does not differ from zero [54].

*In this work, experimental mutation accumulation data were fit to a model of the form logW = ak +bk?, Where W is fitness, k is the number of mutations, and a and b were pa-

rameters inferred from the data. The epistasis coefficient reported here was obtained as g22+4° _ g2a+20
SExcluding putative synthetic lethals. The estimate including these cases would be -0.063+0.029 (P = 0.010).

As a consequence of low mutational robustness and func-
tional constraint, antagonistic pleiotropy is believed to be
especially frequent among RNA viruses. Antagonistic plei-
otropy has often been studied from the perspective of host
radiation. For instance, adaptation of VSV to new cell types
was detrimental to their fitness in the original host [71]. In
this study, for each cell type, the number and nature of the
fixed nucleotide substitutions differed strikingly between the
replicated evolved populations, in contrast with the homoge-
neity observed in their fitness values [28]. In addition, recent
studies with bacteriophage ®6 have shown that mutations
conferring adaptation to a novel host tend to be characterized
by negative pleiotropic effects on previous hosts [72-74].
However, RNA viruses can also evolve increased fitness in
several cell types simultaneously, for instance, upon alternat-
ing-host evolution [42, 71]. In the case of arboviruses, these
simultaneous fitness gains were achieved by combining mu-
tations in single genomes rather than through genetic poly-
morphisms [75].

Finally, another important consequence of functional
constraint is parallel or convergent evolution. As mentioned
above, molecular convergences are very common among
RNA and ssDNA viruses [26-28, 32-37]. As suggested by
these data, viruses with small, compact, genomes can offer
few different adaptive responses to a given environmental
change. Also, clonal interference predicts that beneficial
mutations with strong effect will become fixed preferentially
in the population because those of weak effect will be often
out-competed before fixation. However, this model also pre-
dicts that beneficial mutations should accumulate in an or-
dered way, but contrary to this expectation, ®X174 showed
parallel substitutions without a conserved order in independ-
ent viral lineages [36].

GENETIC DRIFT AND MUTATION ACCUMULA-
TION

Drift is a major evolutionary mechanism in the absence
of strong selection and has been extensively studied in RNA
viruses [1-5, 60-63, 76-80]. The primary effect of drift is to
decrease viral fitness due to the random fixation of deleteri-

ous mutations. However, there are some important nuances
to be made. Firstly, in nature, viruses undergo large fluctua-
tions in population size and classical plaque-to-plaque
experiments do not always capture this dynamic because
population expansions in these experiments are rather mod-
est. It has been shown that extreme transmission bottlenecks
followed by large population size expansions can also lower
RNA virus fitness, though this result is conditional on the
mode of transmission [77]. Secondly, despite repeated bot-
tlenecking can lead to extinction [18, 62, 63], it seems that
the potential for compensatory evolution is high, as sug-
gested by work with FMDV [81-83] and ®X174 showing
that populations subjected to repeated bottlenecks can reach
a fitness plateau [84].

Whereas population bottlenecks alone often fail to trigger
viral extinction, their negative effects on viral fitness are
increased when combined with the administration of
mutagens. The fitness of FMDV was greatly diminished in
the presence of different base analogs, and populations fre-
quently underwent extinction when these mutagens were
combined with viral inhibitors [85]. Efficient attenuation was
also achieved for the dsDNA phage T7 using a combination
of population bottlenecks and mutagenesis [86]. Recent the-
ory of lethal mutagenesis predicts that the mutation rate and
the viral yield are the two critical parameters determining
extinction [87]. Also, despite deterministic lethal mutagene-
sis not depending on population size, extinction should occur
faster in small populations because the latter are demog-
raphically more susceptible to extinction, generate less bene-
ficial mutations, and accumulate deleterious mutations via
Muller’s ratchet. Finally, there is no expected genetic signa-
ture of extinction, and experiments with Lymphocytic
choriomeningitis virus failed to detect any such signature in
pre-extinction populations [88]. In sum, mutagens in combi-
nation with viral inhibitors that reduce viral yield and in-
crease population bottlenecks should maximize the probabil-
ity of viral clearance. However, potential mechanisms of
resistance such as the appearance of high-fidelity strains
[89], mutations in the polymerase gene leading to reduced
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affinity for the mutagen [90], or increased mutational ro-
bustness [91] need to be carefully considered.

CONCLUDING REMARKS

We have shown that RNA virus high mutation rates,
small genomes, low robustness, and antagonistic epistasis
are deeply interlinked features. The importance of error-
prone replication for RNA virus evolution is well-
established, although the reasons why high mutation rates
are commonplace in RNA viruses and not in other taxa with
similar parasitic lifestyles remain to be elucidated. On one
hand, high mutation rates allow viruses to rapidly respond to
strong selective pressures imposed by host defenses or anti-
virals but, on the other hand, they increase the mutational
load and impose a limit to genome size. In turn, small, com-
pact genomes are subject to strong functional constraints,
thereby limiting the long-term evolvability of RNA viruses.
Extremely low tolerance to mutation, antagonistic epistasis,
antagonistic pleiotropy, adaptive constraints and molecular
convergences can be considered as consequences of compact
genome organization.

Knowing the key factors that shape RNA virus evolution
and differentiate them from more complex organisms is
doubtlessly critical for efficiently combating them. An
emerging research area is the study host-parasite co-
evolution (reviewed in [92]). For instance, antagonistic co-
evolution should play an important role in coexistence and
genetic differentiation of natural populations as well as in the
modulation of virulence in viruses and bacteria [93-96]. The
study of virus-host interactions in combination with com-
parative biology, experimental evolution, molecular biology,
and molecular epidemiology will further contribute to disen-
tangle the key factors shaping RNA virus evolution.
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