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Abstract: Arthropod-borne viruses (arboviruses) of vertebrates including dengue, zika, chikungunya,
Rift Valley fever, and blue tongue viruses cause extensive morbidity and mortality in humans,
agricultural animals, and wildlife across the globe. As obligate intercellular pathogens, arboviruses
must be well adapted to the cellular and molecular environment of both their arthropod (invertebrate)
and vertebrate hosts, which are vastly different due to hundreds of millions of years of separate
evolution. Here we discuss the comparative pressures on arbovirus RNA genomes as a result of
a dual host life cycle, focusing on pressures that do not alter amino acids. We summarize what is
currently known about arboviral genetic composition, such as dinucleotide and codon usage, and how
cyclical infection of vertebrate and invertebrate hosts results in different genetic profiles compared
with single-host viruses. To serve as a comparison, we compile what is known about arthropod
tRNA, dinucleotide, and codon usages and compare this with vertebrates. Additionally, we discuss
the potential roles of genetic robustness in arboviral evolution and how it may vary from other
viruses. Overall, both arthropod and vertebrate hosts influence the resulting genetic composition of
arboviruses, but a great deal remains to be investigated.

Keywords: dinucleotide; codon; robustness; mosquito; arthropod-borne viruses; arbovirus; purifying
selection; diversification

1. Introduction

Viruses utilize host machinery in lieu of encoding all requirements for propagation. Therefore,
viral propagation necessitates close interactions with host cells and fine-tuned co-evolution. For many
viruses, such as measles virus, this has resulted in a restricted host range that includes only a few
closely related species [1]. On the other side of the spectrum are arthropod-borne viruses (arboviruses).
Arboviruses are mainly RNA viruses that are transmitted by arthropods to various secondary host
species—often vertebrates [2]. RNA arboviruses belonging to the families Flaviviridae, Togaviridae,
Bunyaviridae, Reoviridae, Rhabdoviridae, and Orthomyxoviridae [3] cause extensive morbidity and mortality
throughout the world in humans and agricultural animals [4-6]. Additionally, many arboviruses such
as chikungunya (CHIKV), West Nile (WNV), dengue (DENV), zika (ZIKV), Japanese encephalitis (JEV),
Mayaro (MAYV), and Rift Valley fever (RVFV) viruses have emerged in new host species or in new
geographical locations demonstrating their ability to adapt to new environments and hosts [3,7,8].
Due to their requirement for alternating replication, arboviruses thus face unique evolutionary pressures
during their lifecycles that could be expected to limit fitness potentials, yet they constitute persistent
and emerging health threats suggesting the possibility that frequent host shifts may instead facilitate
their emergence in new environments.

Invertebrates and vertebrates are separated by more than 570 million years of evolution [8],
and thus are highly divergent organisms with vastly different immune systems. Alternating replication
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in two distantly related hosts likely imposes distinct evolutionary pressures compared with single
host viruses, resulting in different patterns of mutation accumulation, dinucleotide, and codon usage.
Examples of these include CpG dinucleotide avoidance in vertebrates but not invertebrates and codon
and dinucleotide usage correlating with host usage [9-11]. Understanding the unique pressures
faced by these multi-host viruses is important for identifying countermeasures for one of the most
important groups of infectious diseases. Most studies of evolutionary pressures have focused on the
interaction of viral proteins with host machineries [12,13]. Increasingly however, the importance of
viral RNA, including the primary coding sequence, in all aspects of viral survival and propagation is
appreciated [14-16].

Dinucleotide and codon usage bias are markers left on viral genomes that demonstrate how natural
selection acts directly on RNA to impact fitness. Examination of nucleotide sequence data suggests
that selection on codon bias appears to be weak in most organismal and viral systems. However,
experimentally introduced perturbations in codon usage have been shown to decrease viral fitness
when introduced, at times to the point of nonviability [17-20]. Codon and dinucleotide usage vary
significantly between vertebrates and invertebrates [21,22]. In this review we highlight some of the
pressures placed on arbovirus nucleotide usage as a result of alternating replication in highly divergent
organisms. We summarize what is known about dinucleotide and codon usage in hematophagous
arthropods. Although important for a discussion of the environmental context in which arboviruses
evolve, vertebrate drivers of dinucleotide and codon biases have been reviewed elsewhere, so will not
be covered in this review except in comparison to arthropods. For excellent reviews on broad drivers
of codon preference please see [23-25]. Additionally, we compare arbovirus dinucleotide and codon
usages with that of host species, then discuss the results of experiments that have introduced altered
codon usage in arboviruses. Finally, we discuss evolutionary strategies arboviruses may have evolved
that differ from single host viruses, and future areas of investigation into arbovirus RNA evolution.

2. Evolutionary Pressures on Arboviruses Resulting from Replication in Multiple Hosts

Host-cycling by viruses requires adaptation to the cellular environments of divergent host types
in order to perpetuate. Both vertebrates and invertebrates have robust innate immune systems and
some pathways are shared between the two (e.g., the Toll and JAK/STAT pathways) [26-29]. However,
vertebrates heavily utilize interferon as a downstream effector stimulated through pattern recognition
receptors (PRRs) by pathogen-associated molecular patterns (PAMPs), as well as B and T cell mediated
adaptive immunity, both of which arthropods lack [28,30]. On the other hand, arthropods rely heavily
on RNA interference (RNAI), in particular the exogenous small interfering RNA (exo-siRNA) response,
for antiviral defense [31]. Within vertebrates, after reaching initial evolutionary equilibrium following
colonization of a new host, purifying selection drives arbovirus evolution to retain genomes best
suited to avoid interferon stimulation by PRRs. Occasional positive selection would also be expected
in order to escape adaptive immunity [13]. During arthropod infection, arboviral genomes might
also be expected to undergo purifying selection to avoid recognition by PRRs. However, sequence
diversification also occurs due to siRNA targeting of the most common virus sequences [32]. In fact,
this expected divergence in evolutionary pressures is observed for WNV where infection of birds results
in strong purifying selection, and infection of arthropods increases viral population diversity [32-36].
Although specific pressures may be conditional [37]. Alternating replication therefore clearly imposes
distinct selective environments as arboviruses move from one host to another.

Arboviruses must replicate within host environments and interact with host resources; this includes
binding host proteins, using available tRNAs, and folding RNA into functional secondary structures, all
of which may radically vary in different hosts. Mosquito-borne flaviviruses (MBFVs) have duplicated
stem-loop structures in the 3’UTR, and for DENV individual structures were shown to be essential to
replication in either mosquito or mammalian cells, therefore, both structures are required for cyclical
transmission between the two [38]. RNA secondary structures are important mediators of multiple
biological processes for both hosts and viruses [16], yet mRNA folding may be host dependent [39].
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MBEFV stem-loop duplications could allow the virus to bind entirely different proteins in alternate hosts
or it could be a result of differential RNA folding, with one stem-loop structure optimized for each host.
It is possible that other similar RNA structures are also essential for arboviral use of both invertebrate
and vertebrate hosts. The impacts of RNA secondary and tertiary structures during host shifts remain
poorly understood but could provide insight into why some viruses can infect both vertebrates and
invertebrates while others are specific to one group.

As a result of the unique evolutionary pressures imposed by alternating replication in vertebrates
and arthropods, trade-offs could be expected to occur to maintain arbovirus viability in both hosts,
with adaptation to one host resulting in decreased fitness in the other. The comparative effects of
experimentally replicating arboviruses in single vs. multi-host cycles have been studied for CHIKV [40],
DENV [41], WNV [33,34,42,43], St. Louis encephalitis (SLEV) [42], Sindbis (SINV) [44], RVFV [45],
vesicular stomatitis (VSV) [46,47], and eastern equine encephalitis (EEEV) [48] viruses. Much of
this work is reviewed in [49] and [50]. Surprisingly, results indicated that host alternation does not
automatically limit the adaptive potential of arboviruses, yet consensus sequences remain strikingly
consistent in nature over time. Combined, these studies largely support that purifying selection is the
dominant evolutionary pressure for arboviruses and suggest the mutant swarm may play an important
role in their adaptive potential [49,50]. Either arboviruses are extreme generalists, thereby avoiding
dual-host induced trade-offs or they have evolved mechanisms to limit the effects of trade-offs from
dual-host use. Single host passaging does, however, result in different accumulations of mutations,
suggesting that there are varied host-driven pressures that select for divergent optimal arboviral
evolution, and these often include both nonsynonymous and synonymous mutations [41,43,44,47,48].
Overall, arboviruses cyclically replicate in highly diverse environments with different evolutionary
pressures present; their genomes largely remain constant yet are positioned to evolve rapidly when
novel conditions arise. Together, this suggests that known arboviruses are highly adapted to their
dual host use and have evolved mechanisms to overcome the challenges associated with replication in
diverse host environments.

3. Codon Usage Bias in Hematophagous Arthropods

Dinucleotide preference and codon usage in arthropods, particularly hematophagous arthropods,
is only beginning to be investigated. Data available for other groups of organisms show that (a)
codon usage bias exists, (b) it has strong influences on protein expression and stability (which
can be tissue dependent), and (c) is driven by a complex mix of biology including avoidance of
common promoter sequences, modifications to nucleic acids such as deamination leading to CpG
suppression, and proportions of specific tRNAs [23-25,51-53]. Codon usage is frequently associated
with G+C content, dinucleotide prevalence, host tRNA profiles, protein expression levels, and immune
strategies [25]. In order to identify genetic markers and link them to potential biological causes,
well-annotated host genomes are required. Only three representative genomes are available for tick
species and only one of these, Ixodes scapularis, has an annotated genome. Therefore, little is known
about tick dinucleotide preferences, codon usage, and tRNA profiles; although this may be changing
soon [54]. Currently, 28 mosquito species have fully sequenced reference genomes, of these there are
six annotated genomes available: Anopheles gambiae, Anopheles darlingi, Anopheles sinensis, Aedes aegypti,
Aedes albopictus, and Culex quinquefasciatus (NCBI Assembly). Analysis of these genomes demonstrate
that, similar to other organisms, conserved proteins of mosquitoes show strong signs of codon usage
bias and proteins with strong codon usage bias have increased expression levels [55]. Expression
levels correlate with codon usage bias in nearly every system studied to date including the additional
arthropods: Gryllus bimaculatus (cricket), Oncopeltuds fasciatus (milkweed bug), and Parhyale hawainsis
(an amphipod crustacean), suggesting this trait is ubiquitous across species [56]. Additionally, unique
to the mosquito lineage, is the reduced use of the AGG codon. Reduced use of AGG is likely due to
an evolutionary history of alternative translation of AGG to lysine instead of the standard arginine
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(or the serine encoded in invertebrate mitochondria) [57]. Overall, codon usage bias exists in mosquito
genomes and has similar correlations with gene expression as has been observed in other species.
Transfer RNAs (tRNAs) are host RN As that assist in the translation of RNA to protein. tRNA include
three nucleotide long anti-codon sequences that bind to RNA codons and facilitate the incorporation of
the corresponding amino acid. Therefore, tRNA gene copies correlate with codon usage preferences
in organisms, as would be expected given their role in translation [58,59]. Understanding the tRNA
profiles of arthropods could be important to understanding pressures placed on arboviral RNA genomes
via codon bias. Ae. aegypti and An. gambiae tRNA gene copies have been compared; Ae. aegypti encodes
for 906 tRNA genes, nearly double the 441 found in An. gambiae [60] (613 are present in humans [61]).
Overall, Ae. aegypti and An. gambiae have similar tRNA expression profiles, both in the percentage of
tRNA devoted to specific amino acids as well as in similar under and overabundances of isoacceptors
(tRNA utilizing different codons). Of the tRNA isoacceptors that are genetically underabundant
in both Ae. aegypti and An. gambiae, many encode for codons that are TpA containing (see below)
(e.g., valine-TAC isoacceptor resulting in the GTA codon with relative abundance of isoacceptor tRNAs
(RAIT) scores of 0.27 in Ae. aegypti and 0.14 in An. gambiae, where 1 represents expected levels, >1 is
overabundant and <1 is underabundant (Box 1)), or they are codons that are one mutation away from
becoming a stop codon (a one-to-stop codon, OTS) (Figure 1) [18,60]. Both TpA containing codons
and OTS codons are also avoided in vertebrates [9,21,62]. OTS codons are one mutation away from
protein truncating non-sense mutations, therefore, are likely avoided to limit the generation of these
lethal mutations. Mosquitoes do not avoid CpG dinucleotides or the codons containing them, which
contrasts with strong CpG repression in vertebrates [9,60]. Many hypotheses exist to explain the
avoidance of TpA dinucleotides including (a) avoiding TATA box and other protein binding sequences,
(b) to optimize DNA stacking energy, (c) as a side-effect of avoiding UA-rich RNA regions resulting in
mRNA decay, and (d) to avoid TAA and TAG stop codons [14,17,27-29]. Overabundant isoacceptors
found in mosquitos can also be explained by TpA avoidance since, the overabundant isoacceptors
counterbalance the underabundant isoacceptors. For example, Ae. aegypti and An. gambiae encode an
overabundance of the Leu-CAG tRNA, allowing for few Leu-TAA or Leu-TAG tRNA genes, reflecting
the avoidance of TpA containing codons. However, other abundances do not have clear correlatives,
such as the underabundance of Ala-TGC, Arg-CCT, GIn-TTG, Lys-TTT and Thr-TGT, all with RAIT
scores below 0.75 in both mosquito genomes (Figure 1) [60]. tRNAs that are underabundant in both
Ae. aegypti and An. gambiae correlate with underabundant relative synonymous codon usage (RSCU)
(Box 1) in all cases except for Leu-CAA (OTS) and Gly-TCC (OTS) in Ae. aegypti, and Ala-CGC in An.
gambiae (Figure 1) [9]. However, correlation between preferred codons and highly abundant tRNA
genes or the opposite is not universally observed for Ae. aegypti and An. gambiae [53,60,63]. Codon use
in hosts, then, can be at least partially explained by differences in tRNA genetics and transcription.
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Figure 1. tRNA isoacceptor abundances in Aedes aegypti and Anopheles gambiae mosquitoes. (A) Relative
abundance of isoacceptor tRNAs (RAIT) values for Ae. aegypti and An. gambise mosquitoes.
Underabundant tRNAs in both species that are likely due to avoidance of TpA dinucleotides or
one-to-stop (OTS) codons are highlighted. RAIT values for (B) Ae. aegypti and (C) An. gambiae
were plotted together with relative synonymous codon usage (RSCU) data. There is an imperfect
correlation between the two relative abundances demonstrating the complexity of the tRNA-codon
usage relationship. Data adapted from Behura and Severson (2011) [60].
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Box 1. Frequently used measures and scores for nucleotide and tRNA usages.

Box 1. Frequently used measures and scores for nucleotide and tRNA usages. The usage of nucleotides across
genomes is not random. Organisms show specific patterns of use for combinations of total nucleotides, pairs
of nucleotides (dinucleotides), and for the specific codons used to select for amino acids. Additionally, these
different nucleotide measures are intricately linked to each other. To better understand these biases many
different measures have been developed. Those referenced in this review are summarized here:

Relative abundance of isoacceptor tRNA (RAIT). RAIT scores demonstrate preferences for specific isoacceptor
tRNAs in a genome. RAIT scores are the ratio of observed isoacceptor tRNA gene copies over the expected copy
number for a specific amino acid encoding tRNA group. Expected copy number is determined by the sum of all
tRNA genes that result in identical amino acids, divided by the number of different tRNA isoacceptors resulting
in that amino acid [60].

Relative synonymous codon usage (RSCU). RSCU was developed by Sharp and Li [64] and is used to determine
how much bias is present in the use of codons for a particular amino acid. To calculate this, the observed number
of a particular codon is divided by the expected number of codons if there was no bias. The expected value is
calculated as the total number of codons that result in the amino acid of the codon being investigated divided by
the codon degeneracy (number of codons resulting in that amino acid).

v
RSCU;‘]‘ = x,']'/—'
n; =

x,-]-

A value of 1 represents no bias. In this review we consider values above 1.38 and below 0.62 to represent over
and underabundant codons. RSCU can be calculated using CodonW [65] or ANACONDA software [60,66].

Dinucleotide odds ratios. Similar to RSCU, the dinucleotide odds ratios provide numerical values to the amount
of bias for or against a specific dinucleotide within a genome. It is measured as the observed number of a specific
dinucleotide pair divided by the number of each individual nucleotide that make up that pair multiplied together.

For viruses : Dinucleotide odds ratioy, = J{X}/
xXJy
o , , 2y + fw)
For hosts : Symmetrical dinucleotide odds ratioy, = m
x + fy)fz + fw

Here, fi (where k = x, y, z or w) represent frequency of mononucleotides in a sequence; z and w represent
complementary nucleotides to x/y. Similarly, fy, and f.;, represent the frequency of dinucleotides in the same
sequence. Again, 1 represents no bias; values above 1.25 or below 0.75 are considered to be significantly over or
underrepresented [21].

Effective number of codons (ENC). The ENC was introduced by Wright [67] and is a measure of how equally
synonymous codons are being used.

9 1 5 3
ENC—erF—ZJrF—BJrHJrFé
F,, F3, F4, and Fg represent the probability that randomly chosen codons for a specific amino acid are identical.
ENC calculation results in a value between 20, indicating only one codon is used per amino acid, and 61 indicating
that all synonymous codons are being utilized equally. CodonW software can be used to calculate ENC [65].

Codon usage and tRNA isoacceptor availability are clearly associated, however tRNA biology
is more complicated than exclusively functioning as cognate aminoacylation machinery. Wobble
base-pairing allows for binding of tRNA other than those containing an exact anticodon match.
Molecular modifications on tRNA result in altered translational fidelity, altered processivity,
or incorporation of an alternate amino acid (mis-aminoacylation). Additionally, some tRNA isoacceptors
participate in cell physiology beyond translation, such as preventing cell death, and thereby can
influence metastasis in cancer. In drosophilids, as well as other eukaryotes, the tRNAs encoding
for tyrosine, histidine, asparagine, and aspartic acid by the GUN anticodon can be modified by the
addition of queuosine. Queuosine modifications are dependent on the acquisition of the nutrient
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quinine from bacteria and levels of this modification vary across developmental stages and species in
Drosophila. Queuosine modifications of tRNAs result in altered kinetic competition between related
tRNAs; the result being changes in the specific tRNAs used to decode a codon, and the frequency
with which a non-encoded amino acid is incorporated [68]. Finally, fragmented tRNAs are prevalent
in cells and serve functions outside of aminoacylation once fragmented [59,68,69]. For example
fragmented tRNA can interfere with translation during stress through tiRNAs, and fragmented tRNAs
(tfRNAs) interact with factors unassociated with translation [69]. Due to these factors, specific tRNA
abundances do not directly predict codon usage preferences in organisms. However, taking into
account the influence of tRNA modifications can improve the correlation between tRNA abundance
and observed codon preferences [58,68,70]. Overall, stress responses and nutrient acquisition affect the
tRNA microenvironment so, when encountered by viruses during different stages of infection, and
within different hosts and tissues may impact virus codon usage and evolution.

During viral infection, knowing the life stages and tissues most likely to be infected and the tRNA
modifications present during infection will be important in understanding the codon usage preferences
selected for in these organisms. Additionally, the codon usage biases of genes highly expressed during
infection differs from those that are expressed during an uninfected state, with less codon usage bias
present during infection [71]. Similarly, tRNA pools are altered by interferon, and influenza A virus
codon usage better matches interferon induced tRNA pools [71]. Therefore, the environment that
selects for viral codon usage is likely different from the observed baseline for a host organism. There is
still a great deal to uncover in the overall biology of tRNA modifications, particularly regarding tRNA
use in hematophagous arthropods. Since differences in tRNA modifications are observed even between
species and life-stages of Drosophila, what role specific tRNA modifications have for mosquitoes and
ticks, and whether they will differ across life-stages will need to be determined in order to identify
contributing factors to the codon usage in these animals and their implications for arthropod-borne
viruses. Overall, codon usage defines evolutionary potential by shaping the available mutational
landscape and reflects environmental pressures an organism or virus face.

4. Dinucleotide Preferences in Arboviruses, Comparisons with Single Host Viruses

Similar to what is described above for vertebrate and invertebrate viral hosts, avoidance of
CpG and UpA dinucleotides are the main drivers of dinucleotide preferences in RNA viruses.
Host cells have many mechanisms to target non-self nucleic acids, zinc-finger antiviral protein
(ZAP)-mediated depletion of CpG rich viral RNA in vertebrates, and degradation of AU-rich RNA
across species being some of the better known [15,27]. In most virus families studied, both CpG
and UpA dinucleotides are avoided by RNA viruses including Arteriviridae, Astroviridae, Calciviridae,
Flaviviridae, Picornaviridae, Arenaviridae, Bunyaviridae, Bunya-Arena-like, Filoviridae, Orthomyxoviridae,
Paramyxoviridae, Rhabdoviridae, Mononega-like, and Birnaviridae families [9,10,62]. Only Coronaviridae,
Arenaviridae, Orthomyxoviridae, and Rhabdoviridae demonstrate an underrepresentation of any other
dinucleotides (UpC, GpU, GpU, and GpC respectively). Similarly, only a few families do not
underrepresent UpA (Coronaviridae, Dicistroviridae, Hepeviridae, Togaviridae, and Reoviridae) or CpG
(Hepeviridae, Nodaviridae, Togaviridae, and Reoviridae) dinucleotides [10,62]. Arthropod-borne viruses,
specifically, have genetic compositions that equally represent most dinucleotide combinations. The main
exceptions are the underrepresentation of UpA and CpG, and the corresponding overrepresentations
of CpA and UpG.

Broadly, dinucleotide frequencies are consistent across viral families, and more predictive of
viral family than viral host species. However, within viral families that include vector-borne species,
dinucleotide usage can be predictive of a vector-borne life-cycle [62]. Vector-borne virus dinucleotide
odds ratios (Box 1) group most closely with those of vertebrate hosts, since vertebrates underrepresent
both CpG and UpA. The only exception being arboviruses belonging to the Orbivirus genus (Reoviridae),
which are more similar in dinucleotide use to their arthropod hosts [10]. Orbiviruses are, in general,
understudied [72], so the reason for this is unknown, but if orbiviruses block CpG targeting by
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vertebrate hosts this might result in a closer match with mosquito dinucleotide use. Vector-borne
viruses may also be distinguishable based on the type of arthropod used, as mosquito-borne and
tick-borne viruses vary in G+C content and CpG underabundances [9,73]. However, these have
been combined in most studies. Broadly, arboviral dinucleotide use seems to be driven by cyclical
transmission between vertebrates and invertebrates, with vertebrate CpG repression having the most
dominant effect on viral dinucleotide use.

Sequence composition (i.e., codon and dinucleotide use) has been investigated most thoroughly
for Flaviviridae compared with other arbovirus-including families. The Flaviviridae family of viruses
provides an excellent system for comparing the influence of host species on viral nucleotide composition
as it includes many different life-cycle strategies and many of the viruses cause disease, so the family is
well studied. Flaviviridae includes vertebrate-specific (Hepacivirus, Pestivirus), insect-specific flaviviruses
(ISFVs), and vector-borne viruses (MBFVs and tick-borne flaviviruses (TBFVs)). No known vector
flaviviruses will not be discussed here since as a group they have indistinguishable genetic compositions
to MBFVs [9,73,74], and several no known vector viruses have been found to infect arthropods or
arthropod cell cultures suggesting some (or all) of these are actually vectored viruses [74]. Instead,
Hepacivirus and Pestivirus genera will be used to compare vertebrate-specific and arthropod-borne life
cycles influence on dinucleotide and codon usage.

When grouped by host usage, patterns emerge demonstrating that there are dinucleotide usage
differences within Flaviviridae that correlate with host species infected. Specifically, all flaviviruses that
infect vertebrate hosts, including ZIKV and WNYV, have an underabundance of CpG dinucleotides,
and only Pestiviruses show no repression of UpA dinucleotides, whereas, ISFVs only demonstrate an
underabundance of UpA dinucleotides [9,73,75-77]. An invertebrate-specific life-cycle is considered
ancestral in flaviviruses, demonstrating the strong pressure against CpG dinucleotides driven by
vertebrate hosts [31]. Pestiviruses avoid CpG dinucleotides more stringently than all other flavivirus
categories. In contrast, Hepacivirus CpG suppression is less than in either pestiviruses or arthropod-borne
flaviviruses [9]. This suggests that hepaciviruses have evolved alternative methods to avoid host
targeting of these dinucleotides compared with host-switching flaviviruses [78,79], consistent with a
long history as vertebrate-infecting viruses. Together this further suggests that dinucleotide usage is
driven by host species usage, but that viruses evolve variable strategies to circumvent host selection
against dinucleotide use, resulting in different outcomes across viruses that infect similar hosts.

Identifying patterns of host use for arboviruses and arthropod-specific viruses may require
careful categorization of host type. This is particularly notable for viruses that utilize Hexapoda and
other invertebrate hosts, which have faster evolutionary rates than vertebrates [3,37-39], resulting in
significant differences between genera. For example, members of the genus Phlebotomous (sandflies)
underrepresent CpGs, whereas mosquitoes donot [10]. When assessing virus-host genotypic similarities
to arthropods, Hexapoda tend to be grouped together, which may obfuscate identification of host driven
genetic patterns on viruses. This may explain why the Hexapoda species group in Di Giallonardo et
al. [62] resulted in different dinucleotide distributions compared to other studies [9,10,21]. Therefore,
arthropod grouping needs to be carefully considered for in silico host determinations, and for overall
analysis of the genetic pressures presented by the arthropod host. Still, overall, dinucleotide usage in
arboviruses is dominated by evolutionary pressure from the vertebrate host.

5. Arbovirus Codon Usage is Driven by Host Association, but Does Not Mimic Host Codon Usage

Given the dependence on host translational machineries, and specifically tRNA, one might expect
viral codon usage bias to match that of the host. However, as described earlier in this review, tRNA
expression differs during immune responses, based on nutrition, and between species [59,68,71,80].
Therefore, for many RNA viruses, and arboviruses in particular, codon bias does not correlate strongly
with host codon use, this is true in Flaviviruses [9,76,77,81], Huaiyangshan (Bunyavirus) [82], and
VSV (Rhabdovirus) [83]. For viruses infecting arthropods, the mosquito underabundant tRNA genes
TGG, CCT, and TGT, all correspond with normal, or even elevated, representation of CCU, AGG,
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and ACA codons in insect infecting flaviviruses [9,60] (Figure 2A). However, hosts do influence
synonymous codon usage of their viruses [10,73]. On average, arboviruses have high ENC values (52.0
on a 20-61 scale—Box 1) demonstrating that they use almost all available codons. However, for all
arboviruses tested (except Bunyamwera virus (Bunyaviridae)) ENC values are significantly below that
expected based on nucleotide composition alone, suggesting natural selection resulting in codon bias
is occurring in vector-borne viruses [84].
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Figure 2. Over and underabundant codons in Flaviviridae and hosts. (A) Codons with RSCU values
over 1.38 (dotted line) are shown for host and Flaviviridae viruses. Those that are likely the result
of compensation for CpG avoidance are highlighted, as are OTS codons. (B) Gly, Arg, Ser, and
Leu OTS codon usage is shown across Flaviviridae viruses and hosts. OTS codons are selected
against in most systems investigated, likely to avoid lethal non-sense mutations, but are relatively
abundant in insect-infecting flaviviruses. Dotted lines represent 1.38 and 0.62. Data adapted from
Lobo et al. (2009) [9].
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As discussed in relation to dinucleotide usage, the Flaviviridae family provides a particularly
compelling viral group to investigate the pressures on codon usage by host association due to the
diversity of host usage within this viral family. Lobo et al. demonstrate that across flaviviruses the
most striking differential patterns of codon usage are CpG and UpA dinucleotide driven [9]. However,
this results in different codon usage patterns depending on genus and subgroups. All viruses in the
Flaviviridae family that infect vertebrates, exclusively or in addition to an invertebrate host, repress
the use of CpG containing codons, however the hepaciviruses utilize the arginine encoding CGC
and CGG codons at values slightly above a neutral RSCU of 1, and only CGA has a RSCU value
below 0.62. Instead hepaciviruses are the only Flaviviridae to mimic the codon usage of vertebrates.
Similarly, all Flaviviridae underutilize UpA ending codons similar to both vertebrate and mosquito host
genomes, with the exceptions of pestiviruses, which do not show any significant underabundance
of any UpA containing codons, and significantly overrepresent the codon AUA (Ile) (RSCU above
1.38) [9] (Figure 2A). Of the Flaviviridae, pestiviruses repress CpG containing codons most strongly,
despite moderate GC contents of ~46% and 47% for classical swine fever viruses (CSFV—Pestivirus)
and bovine viral diarrhea virus (BVDV—Pestivirus), respectively [85,86]. It is possible that there are
varied mechanisms used by pestiviruses and hepaciviruses to avoid vertebrate host immune responses
and that these are the key drivers to these different patterns of codon usage observed, but more
investigation into the comparative immunology of the two Flaviviridae genera is required [87,88].

CpG and UpA underrepresentation also strongly influences MBFV and TBFV codon usage,
but repression falls between that of Pestivirus and Hepacivirus codon usage, repressing both moderately
rather than strongly underrepresenting CpG or UpA. In MBFVs only UUA (Leu) and GUA (Val) UpA
ending codons are restricted; and for TBFVs, CGC (Arg) codons are not underabundant [9]. Vertebrate
host use also results in an overabundance of some codons but these again are likely driven by the
avoidance of CpG dinucleotides. Specifically, the only CpG deficient arginine codons, AGG and
AGA, are overabundant in the vertebrate-infecting Flaviviridae and correlate with the degree of CpG
repression. However, whereas pestiviruses use AGG and AGA equally, MBFVs and TBFVs prefer AGA
over AGG, and hepaciviruses only overutilize AGG (Figure 2) [9]. AGA is an OTS codon, and AGG is
avoided in mosquito species, so these factors may play a role in the observed differential selection.
Similarly, CpA ending codons are also overrepresented in the high CpG repression pestiviruses,
MBFVs and TBFVs (Figure 2) [9]. In general, codon use for viruses that infect vertebrates is driven by
avoidance of CpG dinucleotides and this seems to supersede other evolutionary pressures on codon
usage. Arthropod-borne flaviviruses have not evolved ways to escape CpG or UpA suppression.

Generally, the use of arthropod hosts results in less dramatic codon usage bias than the use
of a vertebrate host, and no codons that are overrepresented in mosquitoes and not vertebrates
have associated overabundant viral codons. ISFVs use all CpG containing codons at expected
frequencies within amino acid groups, while UpA ending codons are the most underrepresented
codons. UpA avoidance in ISFVs mimics what is observed in the mosquito host, however mosquitos
have an overrepresentation of many CpG containing codons making the use in ISFVs low in relation [9].
After removing all codons that are overabundant in both vertebrates and mosquitoes, only one codon is
overrepresented for all flaviviruses that infect arthropods: GGA (Gly) (Figure 2) [9]. Glycine is encoded
by GGA, GGU, GGC, or GGG codons, so overrepresentation of the GGA codon does not correlate
with the avoidance of UpA dinucleotides, suggesting that it may be separately arthropod host driven.
Like AGA, GGA is also a OTS codon and the additional OTS codon, UUG, is elevated in all arthropod
infecting flaviviruses (Figure 2B) [9]. There are four amino acids which can be encoded for by OTS
codons as well as non-OTS codons, these are leucine, serine, arginine, and glycine (Supplementary
Figure S1). Interestingly, MBFVs and TBFVs have RSCU scores above 1 for all except the CpG and
UpA containing OTS codons (Figure 2B) Presumably, organisms and viruses would avoid OTS codons
when possible as they are more likely to result in nonsense mutations during replication. Supporting
this, increasing the OTS codons in CVB3 and influenza A viruses were attenuating whereas decreasing
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the number had no effect on the viruses [18]. The impact of altered OTS usage on arbovirus replication
and fitness is currently a topic of active research.

6. Altering Codon Position and Pair Bias Results in Attenuation of Arthropod-Borne Viruses

The interdependence of mononucleotide, dinucleotide, and codon usage has made it difficult
to make conclusions regarding the involvement of natural selection across these viral features.
Multi-component analyses often identify mutational pressure as the key driver of viral nucleotide
usage at all levels, and from this it is sometimes stated that nucleotide and codon usage in viruses is
not driven by natural selection, but instead is simply an accident of mutational preferences [89-91].
If this were the case, one would expect codon-altered viruses to be indistinguishable from wild-type
(WT) viruses. Alternately, viruses could have reached genetic equilibrium and mutational preferences
may be selected to maintain optimal genetic composition [17]. Advances in reverse genetics systems
and gene synthesis have allowed for the generation of full, or partial, viral genomes engineered with
altered-codons, which can be used to determine the manner in which alterations in synonymous
codon usage may affect viral replication. RNA viruses including poliovirus [92-94], coxsackie B3,
influenza A [18,71], classical swine fever [95], HIV [15,96], and others have be engineered with altered
synonymous codons resulting in attenuation and reduced capacity for replication in almost all cases [97],
demonstrating that natural selection acts on “synonymous” mutations in these viral genomes.

Arboviruses have also been engineered with altered codons, these include DENV [19,98], ZIKV [99],
VSV [100], CHIKYV [101], and tick-borne encephalitis (TBEV) [20] viruses. A summary of all codon
altered arbovirus experiments can be found in Table 1. Codon pair bias (CPB) was investigated for
DENYV, ZIKV, and VSV. To investigate CPB the envelope (env), helicase (NS3), and RNA-dependent
RNA polymerase (RdRp)/methyltransferase (Mtase) (NS5); the env and NS1; or the RdRp (L gene)
respectively were recoded. For DENV and ZIKV recoding was designed to minimize the use of codon
pairs that matched those used by humans but maintain a similar CPB to that preferred in mosquitoes,
all while maintaining the global codon frequency of WT viruses [19,98,99]. For both DENV and
ZIKYV, shifting CPB away from the human preference resulted in attenuation in vertebrate cell culture
and in vivo systems [19,99]. ZIKV resulted in a slight decrease in titers in mosquito cell culture [99],
but codon pair recoding did not result in any changes to the replication of DENV in mosquito cell
culture or in vivo [98]. It is important to note however, when codon pair usage is altered it routinely
alters dinucleotide usage making it difficult to determine if CPB or a change in dinucleotide usage is
the cause of attenuation [102,103]. Further, it may be that RNA secondary or tertiary structure, or RNA
modification patterns, were disrupted in engineered viruses. Disentangling the different ways in which
RNA sequences can impact virus replication remains an ongoing challenge.

Table 1. Arbrovirus altered codon viruses.

Replication Competitive
Codon Altered CpGs Kinetics Fitness

Proteins Controlled? Invert Vert Invert Vert Invert Vert

Attenuation Refs
Virus Family

Env, Helicase (NS3),

DENV Flavivirus No NC DECR - - No Yes [19,98]

RARP/Mtase (NS5)
ZIKV Flavivirus Env, NS1 No DECR  DECR - - - Yes [99]
VSV Rhabdovirus RdRP (L gene) Yes - NC - - - Yes [100]
CHIKV  Togavirus Env, RARP (nsp1+4) Yes DECR DECR DECR DECR - - [101]
TBEV Flavivirus RdARP/Mtase (NS5) - - NC - DECR - Yes [20]

“u_u

Invert = invertebrate, Vert = vertebrate, = not assessed, NC = no change, DECR = decreased.

Aswould be expected based on the known avoidance of CpG and UpA dinucleotides in vertebrates,
codon altered viruses which increase the prevalence of CpG or UpA dinucleotides result in attenuation
in vertebrate species [15,93,104]. For both DENV and ZIKV, CpG and UpA dinucleotides were increased
in the codon pair altered viruses [19,98,99]. Therefore, results suggest that an increase in CpG and
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UpA dinucleotides through codon pair rearrangements minimally affect replication in mosquitoes
but are highly attenuating in vertebrates. Future studies are required to determine if codon pairs,
positions, or usage are important to the ability of ZIKV or DENV to replicate in their vertebrate or
invertebrate hosts.

For VSV, recoding was designed to either minimize or maximize the use of codon pairs preferred
in humans, again while maintaining the codon frequency of WT viruses. Viruses with engineered
low preference codon pairs were not recoverable, potentially due to the high CpG content resulting
from these codon rearrangements. VSV engineered with human preference codon pairs resulted
in slightly lower CpG dinucleotide frequencies compared to WT and no change in the number of
UpA dinucleotides; yet this virus still was attenuated, demonstrating that codon position, or pairs,
are important beyond CpG dinucleotide frequencies [100].

Experiments with CHIKV and TBEV investigated the role of codon positions while specifically
taking into account overarching GC, codon usage, UpA, and CpG contents. Viruses were designed
by randomly assigning synonymous codons except those that are rare in primates (CGU, CGC, CGA,
CGG, UCG, CCG, GCG, ACG), which were maintained in both codon and position. CHIKV was
engineered with recoded Mtase/guanylyltransferase (nsp1l), RdRp (nsp4), env, nspl/nsp4, nsp4/env,
or nspl/nsp4/env. Only nspl/nsp4/env contained an overall UpA content (full genome) that was
increased above the natural range of 132 available CHIKV sequences. However, UpA dinucleotides
were increased for all six mutant viruses and these would necessarily be concentrated as they are
contained within one, two, or three proteins [101]. Concentrated areas of CpG dinucleotides are the
target of ZAP, so it is possible that an increase in localized UpA dinucleotides could similarly be a target
of the host immune system and/or AU-mediated RNA degradation [15]. TBEV RdRp/Mtase (NS5)
was recoded using the same parameters as CHIKV. However, only G+C and codon usage contents
were assessed for changes due to the recoding; both remained similar to WT [20]. Despite having
controlled for genomic character outside of codon positions, both recoded CHIKV and TBEV were
highly attenuated in vertebrate cell culture and in mice, resulting in an inability to compete with WT
viruses and decreased disease severity [20,101]. These results suggest that synonymous codon choice
is important to virus replication in a position dependent manner and that codon usage is not simply a
result of mutational pressure. Further, when the nsp1/nsp4/env recoded CHIKYV was passaged 50 times
on Vero, C636, or alternating between these two cell types, the replicative capacity of these viruses
increased over WT in most cases. The exception was C636-passaged viruses, that lost fitness in Vero
cells [101], suggesting vertebrate-specific fitness defects existed. Increased replicative fitness resulting
from passaging of codon altered viruses demonstrates that natural selection can act on synonymous
codon sites.

Decreasing replication kinetics as a result of codon position and dinucleotide content were shown
to be consistently concentration dependent across DENV, ZIKV, and CHIKYV: the greater the percentage
of the genome that was codon altered, the greater the inhibition to replication. DENV recoding was
only performed for individual proteins whereas ZIKV and CHIKV were also assessed through the
recoding of multiple proteins within a single genome [98,99,101]. In mosquito cells, recoding of ZIKV
and CHIKYV resulted in decreased replication kinetics proportional to the percentage of the genome
that was codon altered, similar to what was observed in vertebrate cells. Interestingly, when generated
in mosquito cells, both ZIKV and CHIKV RNA copies remained constant between WT and codon
altered viruses despite decreased titers, contrasting with decreased levels for both RNA copies and
titers in vertebrate cells [99,101]. Combined, these data suggest that synonymous codon usage is
important to replication of arbovirus in both vertebrate and invertebrate systems, but that the pressures
placed on replication due to codon reassignments differ between these two hosts. Considering the
extensive differences between these two systems, including differences in immune responses, this is
not surprising. However, it will be interesting to see where these data lead and how codon altered
viruses can be used as tools to better understand the differential pressures arthropod-borne viruses
face as a result of multi-host replication.
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7. Genetic Robustness (or Lack Thereof?) in the Context of Alternating Hosts

An active area of virus research is in understanding what allows a virus to maintain a constant
phenotype in settings where its genome faces change, referred to as genetic robustness [105]. In higher
organisms, genetic robustness often takes the form of redundancy of genes and pathways [106,107].
Compared to cellular organisms, RNA viruses are quite brittle with the majority of mutations being
deleterious and often lethal [108,109]. RNA viruses utilize genetic economy resulting in almost
no self-encoded genetic redundancy (except RNA structural redundancy [38,110,111]), and reliance
on host proteins for many functions [112]. Therefore, relative genetic robustness in RNA viruses
is largely driven by codon usage and large populations sizes [113-116]. For excellent reviews of
RNA virus robustness see [117] or [118]. Nearly all studies of genetic robustness in RNA viruses
to date have focused on single-host viruses. In the setting of a single host virus, decreased genetic
robustness results in attenuation of the virus, whereas increased robustness has little effect [18,113,119].
Interestingly however, genetic robustness can vary across a genome with some proteins encoded with
more genetic robustness than others [120,121], suggesting the benefits of genetic robustness may be
context dependent. Further supporting this idea Stern et al. [122] suggest through a combination of
computational and experimental evolution data (using high and low multiplicity of infection (MOI)
to represent robustness) that robust populations are positioned to rapidly fix beneficial mutations,
whereas brittle (low robustness) populations efficiently purge deleterious mutations. Further, brittle
populations may have an advantage in adapting to new environments, whereas robust populations
have an advantage in stable environments [122].

Arthropod-borne viruses are continually replicating in new environments; they transmit between
invertebrates and vertebrates, and also traverse through multiple tissue-specific bottlenecks in the
invertebrate host. Therefore, if brittle populations benefit viruses when emerging in new environments
arboviruses could be expected to prefer brittle genomes (relative to other RNA viruses). Although
this area of inquiry requires more investigation two studies support this possibility. First, in the only
direct test of the ability of an arthropod-borne virus to adapt as a function of robustness, VSV was
shown to adapt more readily to new cell types from an evolved brittle population compared with an
evolved robust population [123]. Second, Venezuelan equine encephalitis virus (VEEV) with a mutated
polymerase that alters the types of mutations generated, resulted in decreased specific infectivity and
attenuation in mice, yet reduced the number of stop codons introduced, contrary to expectations [124].
Although the VEEV study was not designed to directly investigate robustness, it nonetheless suggests
that VEEV may have a propensity toward the generation of stop codons during natural infection
since alteration of the types of mutations generated (three different mutation profiles) resulted in
approximately half as many stop codons generated [124]. This is consistent with the overabundance
of OTS codons seen for arthropod infecting flaviviruses (Figure 2) [9]. A great deal of work remains
to be done to understand preferences for and against genetic robustness across virus life-cycle styles,
host-types, and tissues tropisms. Investigating genetic robustness in arboviruses could provide a more
complete picture of the role of robustness in viral evolution.

8. Conclusions and Future Directions

Arboviruses efficiently replicate in two widely divergent hosts, vertebrates and arthropods.
Given our anthropocentric view, vertebrates are more comprehensively studied than arthropods.
However, to understand how arboviral threats persist and emerge we need to know what evolutionary
pressures drive fitness in these important viruses of humans, including in arthropods. In this review,
we focus on evolutionary pressures that are independent of amino acid changes and show that both
vertebrate and invertebrate hosts are important in shaping arbovirus genomes. Together, it is clear that
a dominant evolutionary pressure on the genetic composition of vertebrate-infecting viruses is the
avoidance of CpG dinucleotides, and the associated host responses. However, even closely related
viruses seem to have evolved variable strategies to avoid the vertebrate CpG targeting. Additionally,
through comparisons between closely related viruses that infect different host groups, combined with
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results from viruses with altered codons, we present evidence demonstrating that codon usage is also
influenced by the arthropod host.

A comprehensive picture of arbovirus evolution is essential to understanding what predisposes
an arbovirus to emerge in new hosts. Much remains to be investigated in order to fully understand the
contexts in which arboviruses evolve. For example, arthropod tRNA profiles during infection are not
fully characterized, and the impacts of altered nutritional status on viral replication in hematophagous
arthropods are currently unclear. Minimal data is available regarding dinucleotide usage and codon
usage in tick genomes and how this relates to the viruses that utilize these arthropods. Additionally,
tick-specific viruses that might provide informative comparisons to tick-borne viruses are lacking.
Altering codon usage effects arbovirus fitness, even when CpG content is controlled, but its impact is
host-dependent. The mechanism(s) for this remain to be elucidated. Similarly, the effects of altering
arbovirus genetic robustness and the overall role of robustness in arbovirus evolution and adaptation
remains to be fully explored experimentally. Immune evasion routinely leaves behind genetic markers
on viruses. Therefore, investigations into arbovirus genetic markers and comparisons with single
host-viruses provides an opportunity to identify new host processes and potential therapeutic targets.
Moreover, codon and dinucleotide usage has experimentally demonstrable impacts on arbovirus
biology and evolution, but much remains to be learned in order to fully understand how these
characteristics function in the full context of virus replication in different hosts.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/7/643/s1,
Figure S1: codon usage table with one-to-stop (OTS) codons.
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