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In Brief

Kunec and Osterrieder demonstrate that
the encoding of viral proteins is not
influenced by codon pair preferences of
their host but that it can be influenced by
host dinucleotide bias. Codon pair bias is
primarily a consequence of dinucleotide
bias. Attenuation by codon pair
deoptimization works through an
increase in CpG dinucleotides in recoded
genes.
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SUMMARY

Codon pair bias is a remarkably stable characteristic
of a species. Although functionally uncharacterized,
robust virus attenuation was achieved by recoding
of viral proteins using underrepresented codon
pairs. Because viruses replicate exclusively inside
living cells, we posited that their codon pair prefer-
ences reflect those of their host(s). Analysis of
many human viruses showed, however, that the
encoding of viruses is influenced only marginally by
host codon pair preferences. Furthermore, examina-
tion of codon pair preferences of vertebrate, insect,
and arthropod-borne viruses revealed that the latter
do not utilize codon pairs overrepresented in arthro-
pods more frequently than other viruses. We found,
however, that codon pair bias is a direct conse-
quence of dinucleotide bias. We conclude that codon
pair bias does not play a major role in the encoding of
viral proteins and that virus attenuation by codon pair
deoptimization has the same molecular underpin-
nings as attenuation based on an increase in CpG/
TpA dinucleotides.

INTRODUCTION

Attenuation by codon pair deoptimization has emerged recently
as a strategy for rapid and highly efficacious attenuation of
various small RNA viruses (Coleman et al., 2008; Le Nouén
et al., 2014; Mueller et al., 2010; Shen et al., 2015; Wang et al.,
2015; Yang et al., 2013). The strategy, also known as synthetic
attenuated virus engineering (SAVE), eliminates many of the
drawbacks of traditional vaccine development and has resulted
in the generation of superior experimental live virus vaccines
(Coleman et al., 2008; Le Nouén et al., 2014; Mueller et al.,
2010; Shen et al., 2015; Wang et al., 2015; Yang et al., 2013).
Attenuation by SAVE is based on large-scale recoding of viral
genes while precisely preserving the amino acid sequences of
the encoded proteins.

The actual encoding of amino acids is biased, and some co-
dons are used more often than others, a phenomenon known
as codon bias. Similarly, but independently of codon bias, juxta-
position of codons in open reading frames (ORFs) appears to be

P

G} CrossMark

not random either (Gutman and Hatfield, 1989). Some codon
pairs are found in ORFs significantly more or less frequently
than would be expected based on the overall frequencies of
two codons that form a particular codon pair or bicodon (Cole-
man et al.,, 2008; Gutman and Hatfield, 1989; Mueller et al.,
2006). These preferences are typically referred to as codon
pair preference or codon pair bias. Codon pair preference has
been found in every species studied and can be radically dissim-
ilar between phylogenetically distant species (Moura et al., 2005;
Mueller et al., 2010). Its existence has been known for many
years, but its biological significance and the forces that shape
this bias are only poorly understood (Moura et al., 2005).

The attenuation by SAVE is achieved through the reshuffling of
existing synonymous codons in a coding sequence. The goal is
to increase the number of codon pairs that are underrepresented
in the protein coding sequences of the host because these are
implicated in creating unfavorable conditions for protein produc-
tion, processing, or folding (Coleman et al., 2008; Shen et al.,
2015). This hypothesis was never thoroughly tested experimen-
tally. Following the logic of the hypothesis, the procedure directly
causes a reduction of the reproductive fitness of the virus and
attenuation (Coleman et al., 2008).

Because viruses replicate exclusively inside of living cells and
depend on the protein synthesis and chaperone machineries of
the host, we speculated that the primary structure of viral genes
might be shaped by the same forces that are responsible for
the codon pair preferences in genes of their hosts and posited
that viral preferences reflect those of their host(s). The main
goal of this study was, therefore, to determine the level of
similarity in codon pairs used by human viruses and their
host and to identify factors that are responsible for the selec-
tion of codon pairs in viruses. We analyzed the protein coding
sequences of a large number of human viruses and discovered
that the encoding of viruses is influenced only marginally by
codon pair preferences of the host. We observed, however,
that the encoding of viral genes mimics the dinucleotide bias
of their hosts to a large extent. Furthermore, the similarity in
codon pair preferences between human viruses and their
host can be explained largely by CpG and, to a lesser extent,
TpA suppression. Analysis of codon pair preferences in viruses
from the Reoviridae, Flaviviridae, Togaviridae, and Bunyaviridae
families showed that arboviruses do not use codon pairs that
are overrepresented in the host arthropod species more often
than viruses that are not transmitted by arthropods, confirming
our previous observation that codon pair preferences of the
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Figure 1. Correlation of CPSs among Selected Species
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Species that are phylogenetically related have highly similar CPSs, suggesting that codon pair preferences reflect their common evolutionary history and

selection forces that shape codon pairing in coding sequences.

host do not significantly influence the primary sequence and
codon pair utilization of viral genes.

RESULTS

Codon Pair Preference in Different Species

First, we analyzed codon pair use in five vertebrates (human, pig,
mouse, chicken, and zebrafish) and four arthropods (Aedes ae-
gypti, Anopheles gambiae, Culex quinquefasciatus, and Ixodes
scapularis). We used well annotated protein coding sequences
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to calculate the codon pair scores (CPSs) of all possible 3,721
codon pair combinations (Coleman et al., 2008). The CPS indi-
cates whether a given codon pair is underrepresented relative
to the expectation (<0) and, therefore, potentially avoided or
overrepresented (>0) in the particular ORFeome.

A comparison of CPSs derived from different organisms (Fig-
ure 1; Figure S1) confirmed that closely related species have a
similar codon pair bias (CPB) (Moura et al., 2007; Shen et al.,
2015). For example, the CPSs of human, pig, and mouse are
almost identical (Spearman’s p 0.95), but even more evolutionary



distant species, such as the chicken and zebrafish, have CPSs
significantly similar to those of the human (Spearman’s p 0.94
and 0.74, respectively). Similarly, we detected high levels of cor-
relation between CPSs derived from different mosquitoes (Fig-
ure 1; Figure S1) and noticed that codon pair preference is a sta-
ble property of a species because randomly selected subsets of
the ORFeome, for example ORFeomes of two different chromo-
somes, produced almost identical CPSs.

Codon Pair Preferences in Human Viruses

We used human CPSs to determine whether viruses that infect
humans have similar codon pair preferences as their host. We
analyzed 92 (41 DNA and 51 RNA) viruses from all seven groups
of viruses according to the Baltimore classification (Table S1).
Most of the human viruses predominantly use codon pairs that
have positive CPSs and are potentially preferred in the human,
but the percentage of codon pairs with positive CPSs in viral
genes is lower (50%-60%) than in human genes (65%) (Fig-
ure 2D). Moreover, when we quantified the level of codon pair un-
der- or overrepresentation in ORFs, it became obvious that
genes of human viruses contain codon pairs that have much
lower CPSs than that of the human. As a result, ORFs of RNA
and DNA viruses have a significantly lower CPB scores (mean
of all CPSs in an ORF) than their human counterparts (Figures
2A-2C). Although the vast majority of human ORFs have CPB
scores in the range of 0-0.2, the ORFs of RNA viruses have
CPB scores ranging between —0.1 and 0.1, and ORFs of DNA vi-
ruses have even lower CPB scores (Figures 2A-2C).

When we calculated the overall CPB scores for viral
ORFeomes, a similar picture emerged. We discovered that en-
coding in most of the human viruses is only marginally influenced
by host codon pair preference (Figure 2E). Consequently, the
CPB scores of many viruses were less than 0, and only in two
cases (Influenza C virus and BK polyomavirus) did they match
the CPB of the human ORFeome (0.075).

RNA Viruses

As stated above, human viruses from all five RNA classes were
biased toward the use of codon pairs overrepresented in the
human ORFeome, but the majority of viral ORFs had relatively
low CPB scores in comparison with the host (Figure 2A). With
the only clear exception represented by the viruses of the family
Togaviridae, there are no obvious differences in CPB among
different RNA virus families. Viruses belonging to the same family
have varying CPB scores, but the range of CPB scores within each
family—as in the entire group of RNA viruses—is narrow (<0.15
CPB). We did not observe any distinct differences in CPB between
virus groups (e.g., single-stranded RNA [ssRNA] and double-
stranded RNA [dsRNA] viruses), which suggests that there is no
relationship between CPB and genome structure either.

DNA Viruses

In general, ORFs of DNA viruses have even lower CPB scores
than those of RNA viruses (Figures 2A-2C and 2E). Similarly to
RNA viruses, we did not find any evidence for a correlation be-
tween the structure of the genome and codon pair preferences
in coding sequences. However, there was a clear negative cor-
relation between genome size and overall CPB of DNA viruses

(Figure 3). Viruses with the smallest genomes (~5 kb, polyoma-
viruses and parvoviruses) had clearly the highest CPB scores
(0-0.08), papillomaviruses (~7.5 kb) and intermediate-sized
adenoviruses (~35 kb) had lower CPB scores (—0.03-0.03),
and herpesviruses and poxviruses (genomes >150 kb) had the
lowest CPB scores (—0.07-0.03).

The Abundance of CpG Dinucleotides in Viral Genomes
Correlates Negatively with CPB

To understand the possible factors that influence CPB in viruses,
we examined whether the size or the nucleotide and dinucleotide
composition of coding sequences correlate with the CPB of
viruses (Figure 3). This analysis showed a clear negative correlation
between genome size and CPB in DNA viruses: the larger the
genome, the smaller the CPB (Figure 3). We did not detect any cor-
relation between genome size and CPB in the case of RNA viruses.
Intuitively, however, the G+C content (GC content) of RNA viruses
negatively and clearly correlated with CPB (R? = 0.46). This was not
the case for DNA viruses (R? = 0.10), suggesting that overall base
composition influences CPB exclusively in RNA viruses.

The relative abundances (odds ratios) of dinucleotides deviate
from the normal or expected distribution in a variety of genomes
(Campbell et al., 1999; Karlin and Burge, 1995). Compared with
other dinucleotides, TpA and CpG are the most underrepre-
sented, whereas TpG, CpA, and CpT are the most overrepre-
sented dinucleotides in the vertebrate genomes (Figure S2).
Dinucleotide bias also appears to be linked with codon pair
bias (Moura et al., 2007; Shen et al., 2015), but this relationship
has not been thoroughly explored. For unknown reasons, CpG
and TpA dinucleotides are also significantly suppressed in the
genomes of most RNA and small DNA vertebrate viruses (Karlin
et al., 1994).

The analysis of relative abundances of dinucleotides in coding
sequences of human viruses revealed that CpG and TpA dinu-
cleotides deviate the most from the mathematical prediction
(Figure 2F), with CpG dinucleotides showing the highest level
of suppression in most of the small DNA and all RNA viruses.
TpA dinucleotides are underrepresented in most herpesviruses
and small viruses. Unexpectedly, CpA and TpG dinucleotides
are not only overrepresented in small DNA viruses, which might
be explained by the cytosine methylation-deamination-mutation
hypothesis (Bird, 1980), but also in the majority of RNA viruses.
The relative abundance of CpG, TpG, and CpA dinucleotides
generally conforms with random expectations in large DNA vi-
ruses (herpesviruses and poxviruses).

From the data presented in Figures 2D-2F, it is apparent that
the relative abundance of CpG dinucleotides shows a strong
negative correlation with the CPB in both DNA and RNA viruses
(R? ~0.75; Figure 3). Therefore, the relative abundance of CpG
dinucleotides plays a crucial role in determining the similarity in
codon pair preferences between human viruses and their host.

Dinucleotide Bias Is the Main Force Responsible for
Shaping Codon Pair Bias

To better understand the relationship of dinucleotide and codon
pair bias, we analyzed the influence of five adjacent and ten non-
adjacent nucleotide pairs in codon pairs on CPSs in vertebrates
(Figure 4) and different mosquitoes (Figure S3). In the human and
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Figure 2. Codon Pair Bias and Dinucleotide Bias in Human Viruses

(A-C) The CPB scores of human and viral ORFs. The blue circles represent CPB scores of the 18,261 human ORFs. Purple triangles represent CPB scores of
ORFs in RNA (A) and DNA (B) viruses. The CPB scores were calculated as a mean of CPSs of codon pairs present in the ORF. The CPB score of each ORF is
plotted against its length. The majority of human ORFs have a positive CPB value (the CPB average of the entire human ORFeome = 0.075). In general, human
ORFs have higher CPB scores than those of the viruses, and ORFs of RNA viruses have higher CPB scores than those of the DNA viruses. Also shown is the

distribution of CPB scores in the human and human viruses (C).

(D) Frequency of codon pairs in protein coding sequences of viruses that are overrepresented in the human ORFeome (CPS > 0). Viruses are color-coded by family.
(E) The CPB scores of WT (dots) and randomized (diamonds) virus ORFeomes. Error bars represent mean + SD.

(F) Relative abundance (odds ratios) of TpG, CpA, TpA, and CpG dinucleotides in protein coding sequences of analyzed viruses. From data experience the odds
ratios that are located outside of the interval of 0.78-1.25 (dashed lines) are considered to be of low (high) relative abundance compared with a random as-

sociation of nucleotides.
Definitions of virus name abbreviations are provided in Table S1.

other vertebrates, the largest deviation from the random distribu-
tion can be seen on the overrepresentation of CpG and TpA di-
nucleotides at the codon boundary (position P3-A1) in the under-
represented codon pairs (Figure 4). In contrast, TpG, CpA, and
CpT are frequently seen in overrepresented codon pairs (Fig-
ure 4). Therefore, as expected, dinucleotides at position P3-A1

58 Cell Reports 14, 55-67, January 5, 2016 ©2016 The Authors

have a decisive role in directing the codon pair bias in analyzed
organisms.

Because the CPS appeared to be influenced by the relative
abundance of dinucleotides present at the codon pair boundary,
we grouped codon pairs into 16 groups according to the dinucle-
otides that they contain at the codon pair boundary (i.e., one
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Figure 3. Analysis of Viral Genome Properties that Might Influence the Average Virus CPB Scores
(A and B) The average CPB scores of RNA (A) and DNA (B) viruses were correlated with the genome size, ORFeome size, C+G content, and relative abundance of
CpG dinucleotides in the viral ORFeome. DNA viruses are color-coded by family: herpesviruses (green), poxviruses (light blue), adenoviruses (dark blue),

papillomaviruses (red), polyomaviruses (orange), and parvoviruses (purple).

group would be the NNC-GNN codon pairs) and correlated the
mean CPS of each group with the relative abundance of dinucle-
otides observed in coding sequences at the codon pair bound-
ary (Figure 5). This experiment showed a significant correlation
between the two factors.

Importantly, we also calculated CPSs for the remaining two
non-coding (nonsense) reading frames utilizing the same strand
in the human ORFeome. Again, we observed a high degree of
correlation between CPS and dinucleotide bias in reading frame
3 (Figure 5), as we did between CPSs calculated for reading
frames 1 and 3 (Spearman’s p 0.60; Figure S4). This suggested
that identical codon pairs have similar CPSs, although the
CPSs had been calculated using highly dissimilar nucleotide
sequences. Collectively, the above results clearly show that
codon pair bias is a direct consequence of dinucleotide bias
and that underrepresented codon pairs are not underrepre-
sented because they are unfit for encoding proteins but are sim-
ply suppressed by forces that drive dinucleotide bias.

Random Reshuffling of Synonymous Codons in Viral
ORFeomes

We eliminated the original codon pair ordering in the viral ORFs by
random reshuffling of synonymous codons and then calculated
CPB scores of the randomized ORFeomes. We expected that re-
shuffling would have a negligible effect on the CPB of viruses in
which CpG and TpA dinucleotides are in the normal range.
Conversely, we expected that viruses with considerable sup-

pression of CpG dinucleotides will also have a high ACPB (differ-
ence between the CPB of the wild-type and reshuffled ORFeome)
because reshuffling normalizes the relative abundance of dinu-
cleotides at the codon pair boundary, and the level of normaliza-
tion depends on the length and codon bias of the ORF.
According to our expectations, the overall CPB scores in vi-
ruses of the families Poxviridae, Herpesviridae, and Reoviridae
that have normal abundances of CpG were not affected by
randomization (Figure 2E; Table S1). CPB scores were reduced
slightly in viruses that show moderate suppression of CpG dinu-
cleotides. Unexpectedly, randomized ORFeomes of orthopoxvi-
ruses had an even higher CPB scores than the wild-type OR-
Feomes, indicating that random reshuffling created codon
pairs that, on average, had higher CPSs than codon pairs in
the wild-type ORFeome. This increased the level of similarity in
codon pair preferences between the viruses and the hosts at
the same time. In contrast, viruses with the highest suppression
of CpG also had the highest ACPB between wild-type and ran-
domized sequences. In other words, random reshuffling of syn-
onymous codons in viruses that do not display suppression of
CpG dinucleotides does not change the overall CPB score
despite the complete permutation of coding sequences.

Arboviruses Do Not Mimic the Codon Pair Preferences
of Their Arthropod Hosts

Arboviruses have the ability to replicate in both a vertebrate
and arthropod host. The trade-off hypothesis predicts that

Cell Reports 14, 55-67, January 5, 2016 ©2016 The Authors 59
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constraining evolution in one host species diminishes fitness in
the other (Vasilakis et al., 2009). It has also been suggested
that arboviruses use codon pairs that are overrepresented
in both hosts to support efficient protein production in either
environment (Shen et al., 2015). Our objective was to determine
whether codon pairs in arboviruses are actively selected accord-
ing to the codon pair preferences of their alternating hosts.
Arboviruses comprise a large and polyphyletic group of viruses
that are transmitted between vertebrate hosts by hematophagous
arthropod vectors (Hanley and Weaver, 2008). Almost all arbovi-
ruses are RNA viruses that belong to the Reoviridae, Flaviviridae,
Togaviridae, and Bunyaviridae families. However, not all viruses
from these families are arboviruses. On the contrary, all four
RNA families contain species that do not require an arthropod
for transmission, implicating that the arthropod-borne lifestyle
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4 0 1 2 3 4 0 1
3,721 codon pairs (in thousands; highest to lowest CPS)

mal viruses from the genera Rotavirus
and Orthoreovirus; nine arthropod-trans-
mitted plant viruses from the genera
Phytoreovirus, Oryzavirus, and Fijivirus;
and four insect-specific viruses from the genus Cypovirus.
From the Flaviviridae, we analyzed 55 viruses from the genus
Flavivirus and eight mammalian viruses of the genera Pestivirus,
Hepacivirus, and Pegivirus. From the Togaviridae, we analyzed
human Rubella virus, the sole member of the genus Rubivirus,
and 29 arboviruses from the genus Alphavirus. Finally, from the
Bunyaviridae, we analyzed eight arboviruses from the genera
Orthobunyavirus, Nairovirus, and Phlebovirus and three mamma-
lian and three plant viruses from the genera Hantavirus and
Tospovirus, respectively. To discover how well different viruses
are codon pair optimized for different arthropod vectors, we
calculated CPB scores of their ORFs using the CPSs derived
from the ORFeomes of three different model mosquitoes (Aedes
aegypti, Anopheles gambiae, and Culex quinquefasciatus) and a
tick vector (Ixodes scapularis) (Table S3).
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Figure 5. Codon Pair Scores Are Influenced by the Nature of the Dinucleotides that Occupy the Codon Pair Boundary

(A) Distribution of CPSs calculated for three possible reading frames in the human ORFeome. Each dot represents a CPS. Codon pairs were grouped into 16
groups (each containing 256 codon pairs) according to the dinucleotide from the codon pair boundary (indicated above each group of CPSs).

(B) For each group of codon pairs we calculated the mean CPS and correlated it with the relative abundance of dinucleotides corresponding to the dinucleotides

present at the codon pair boundary.

Although CPB scores are distributed differentially in different
virus families, we did not detect significant differences in CPB
scores between arboviruses and non-vectored viruses within
individual virus families. The CPB scores calculated using
arthropod CPSs were not significantly higher in the arthropod-
borne or arthropod-specific viruses than in the sister vertebrate
viruses that do not replicate in arthropods (Figure 6). This finding
can be well illustrated using the Flaviviridae family, which con-
tains a large number of taxonomically recognized species that
belong to one of four genera as outlined above (Moureau
et al., 2015). Although the genus Flavivirus contains arboviruses,
the remaining three genera contain exclusively non-vectored
animal viruses. In addition, the genus Flavivirus also contains vi-
ruses that are hosted exclusively by insects or mammals. The
arboviruses are further divided into mosquito-borne and tick-
borne flaviviruses. The insect viruses are either classic insect-
specific flaviviruses, which appear to have never acquired the
ability to replicate in vertebrates, or insect-specific-like flavivi-
ruses, which likely evolved from mosquito-borne viruses (Blit-
vich and Firth, 2015; Moureau et al., 2015). The viruses that
are exclusively hosted by mammals (rodents and bats) are
evolutionarily related to either tick- or mosquito-borne viruses
(Moureau et al., 2015).

In general, we did not find evidence to suggest that codon
pairs in the analyzed viruses are subject to selection for codon
pairs that are preferred in their respective arthropod hosts. For
example, the CPB scores of tick-borne flaviviruses, calculated
using the CPSs of Ixodes scapularis, are not significantly higher
than CPB scores of other viruses of the same family when using
the tick CPSs (Figure 6). Similarly, the CPB scores of the mos-
quito-specific flaviviruses (insect-specific and insect-specific-
like groups) calculated using different mosquito CPSs do not
differ from the CPB scores of arboviruses that replicate in both
hosts or viruses that are maintained in mammals without a vector
(Figure 6). In addition, flaviviruses that infect arthropods did not
contain more codon pairs that are overrepresented in their
respective arthropod host than vertebrate-specific viruses.

The only association between the viral host and CPB can be
observed within the insect-specific and the insect-specific-like
groups of flaviviruses, which appear to have lower CPB scores
relative to the human than most other flaviviruses (Figure 6).
Mosquitoes, unlike vertebrates, do not display underrepresenta-
tion of CpG and overrepresentation of TpG and CpA dinucleo-
tides in their genomes (Figure S2). The relative abundance
of CpG dinucleotides is much lower in vertebrate-only than in
insect-specific flaviviruses, suggesting that the two groups of
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Figure 6. Analysis of Codon Pair Preferences in Vertebrate, Insect, Plant, and Arthropod-Borne Viruses from the families Reoviridae,

Flaviviridae, Togaviridae, and Bunyaviridae

(A—C) Analysis of codon pair preferences in vertebrate, insect, plant, and arthropod-borne viruses from the families Reoviridae (A), Flaviviridae (B), and Togaviridae
and Bunyaviridae (C).The average virus CPSs were calculated using the CPSs of selected species: Homo sapiens (H.s.), Anopheles gambiae (A.g.), Aedes aegypti
(A.a.), Culex quinquefasciatus (C.q.), and Ixodes scapularis (1.s.). CPB > 0 means that coding sequences of a virus are mainly composed of codon pairs that are
overrepresented in the particular species. Definitions of virus name abbreviations are provided in Table S2.

viruses are exposed to different selection pressures and that the
pressure is imposed by the respective hosts (Lobo et al., 2009).
Therefore, the slight underrepresentation of codon pairs that
have high human CPSs in the insect-specific flaviviruses is not

62 Cell Reports 74, 55-67, January 5, 2016 ©2016 The Authors

a result of selection for codon pairs that are preferred in the
mosquitoes but, rather, a consequence of nonexistent selection
against CpG dinucleotides in viral sequences. Accordingly, the
use of CpG, on average, is higher in insect-specific flaviviruses,



and this causes the decrease of their human CPB scores. This
interpretation is supported by the fact that insect-specific flavivi-
ruses, on average, use more CpG dinucleotides than insect-spe-
cific-like viruses, and these more than the dual-host flaviviruses
from which they evolved (Figure S5).

Similar conclusions can be derived by analysis of CPB scores
in viruses from the other three virus families (Figure 6). We deter-
mined the relationship between the relative abundance of
CpG and human-based CPB (Figure S6) and the relative abun-
dances of 16 possible dinucleotides for all analyzed viruses
(Figure S5).

To further corroborate our observation that the selection of
codon pairs in arthropod-infecting viruses is not influenced by
the codon pair preferences of their arthropod hosts, we analyzed
the level of under/overrepresentation in codon pairs that are used
by arthropod-infecting viruses from the Reoviridae, Flaviviridae,
Togaviridae, and Bunyaviridae. The results of the analysis are
exemplified in Figure 7. We discovered that none of the analyzed
arboviruses show a bias toward codon pairs that are overrepre-
sented in their respective mosquito vectors. In addition, analysis
of the mosquito-specific flaviviruses Culex flavivirus (CxFV) and
Aedes flavivirus (AFV) and other insect-specific flaviviruses
(data not shown) showed that their ORFeomes are not biased
toward codon pairs that have high CPSs in their respective
mosquito host (Figure 7). We discovered that arthropod-borne
flaviviruses and bunyaviruses show a bias toward codon pairs
that are overrepresented in vertebrates, which was expected
because viruses from these families show significant suppres-
sion of CpG dinucleotides in their genomes (Figure S5). In
contrast, the togaviruses do not preferentially use codon pairs
that have higher CPSs in their respective vertebrate hosts.

DISCUSSION

The goal of our study was to determine the level of similarity in
codon pair preferences between human viruses and their host.
We expected that the selection in viruses would largely reflect
host codon pair preferences. The hypothesis was based on pre-
vious observations that increasing the number of codon pairs
that are underrepresented in the host caused robust attenuation
of several RNA viruses (Coleman et al., 2008; Le Nouén et al.,
2014; Mueller et al., 2010; Shen et al., 2015; Wang et al., 2015;
Yang et al., 2013).

Unexpectedly, we discovered that codon pair preferences in
viruses that infect (primarily) humans only correlate very weakly
with those of their hosts. On average, only about 50%-60% of
codon pairs used by human viruses are overrepresented in the
human ORFeome (Figure 2). In addition, codon pairs used by
viruses have much lower CPSs than those that are used by the
hosts. As a result, ORFeomes of many human viruses have nega-
tive CPB scores (Figure 2), which means that the level of under-
represented codon pairs in their genomes is greater than that of
overrepresented codon pairs. The similarity in codon pair bias
was higher in viruses that have small genomes. This, however,
is caused by suppression of CpG dinucleotides in the viral ge-
nomes rather than by the actual selection of codon pairs that
have high CPSs in the host and would, therefore, hypothetically
be preferred for encoding proteins.

We also analyzed the protein coding sequences of a large
number of arboviruses because their maintenance in nature re-
quires replication in phylogenetically distant hosts (Erwin and
Davidson, 2002) with very different codon pair preferences (Fig-
ure 1; Table S3). It has been proposed that attenuation by SAVE
is a consequence of the presence of underrepresented codon
pairs in protein coding sequences that do not support efficient
protein production or processing (Coleman et al., 2008; Shen
et al., 2015). Therefore, we surmised that, if overrepresented
codon pairs were indeed preferred, then arboviruses should
use codon pairs that are overrepresented in both hosts. In
contrast to a previous study (Shen et al., 2015), we did not find
evidence that would suggest that codon pairs in arboviruses
are biased toward codon pairs preferred in both hosts. Although
some of the analyzed arboviruses show a bias for codon pairs
that are overrepresented in the vertebrate hosts, these viruses
also display a marked suppression of CpG dinucleotides. On
the other hand, protein coding sequences of viruses such as Chi-
kungunya virus or O’nyong’nyong virus, which display only mod-
erate suppression of CpG dinucleotides in their genomes (rela-
tive abundance 0.81 and 0.76, respectively), contain only very
few codon pairs that are overrepresented in the vertebrate
host (52%), which results in very low CPB scores (—0.05
and —0.04, respectively) (Figure 2). Therefore, as in the human
viruses, the similarity in codon pair preferences of arboviruses
can simply be explained by suppression of CpG dinucleotides,
which concomitantly increases the number of codon pairs that
are overrepresented in vertebrates.

Codon pair preferences were analyzed previously in
arthropod-borne Dengue virus 2 (DENV-2); Rift Valley fever virus
(RVFV), a bunyavirus infects mosquitoes and sheep; and Maize
fine streak virus (MFSV), a leafhopper-transmitted nucleorhab-
dovirus that replicates in an insect and a plant (Shen et al,,
2015). Similar to our results, the data presented for DENV-2
and RVFV show that these viruses are biased for codon pairs
that are overrepresented in the vertebrate host but not in the
respective mosquito vector (Shen et al., 2015). The bias in
analyzed arboviruses for overrepresented codon pairs of the
corresponding vertebrates was identified only in a small set of
codon pairs that are used with higher frequency. Again, the
bias is observed only in arboviruses (such as DENV and RVFV)
that display suppression of CpG dinucleotides.

Compared with other dinucleotides, the relative abundance of
TpA and CpG deviates the most from the normal or expected
distribution in a variety of organisms. Although TpA dinucleotides
are underrepresented in the genomes of almost all species, CpG
dinucleotides are underrepresented only in the nuclear DNA of
plants and vertebrates as well as in the mitochondrial genomes
of all metazoan species, be they invertebrates or vertebrates
(Cardon et al,, 1994). TpA is the least energetically stable
dinucleotide (Breslauer et al., 1986) and TpA dinucleotides are
often found in regions that require binding of proteins for bending
and unwinding of the DNA double helix (e.g., TATA boxes or
replication origins) (Karlin and Ladunga, 1994). Therefore, re-
striction of TpA use might reduce the improper binding of regu-
latory factors (Karlin and Burge, 1995; Karlin and Ladunga,
1994). In addition, TpA shows greater suppression in DNA that
is destined for expression from mRNA in the cytosol (Beutler
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parentheses. DENV-1, YFV, JEV, CxFV, and AFV are flaviviruses; BUNV and LCV are bunyaviruses; and CHIKV, RRV, and SINV are togaviruses. Definitions of

virus name abbreviations are provided in Table S2.

et al., 1989). This suppression may be accounted for by the fact
that TpA dinucleotide is present in two canonical stop codons
(TAA and TAG) and that UpA dinculeotides in RNA are preferen-
tial targets for ribonucleases (Beutler et al., 1989). Avoidance of
TpA reduces the risk of nonsense mutations and increases the
stability of RNA. CpG suppression is traditionally explained by
the methylation-deamination-mutation hypothesis, where
deaminated and unrepaired 5-methylcytosine mutates into
thymine and results in conversion of CpG/CpG into TpG/CpA
(Bird, 1980).

Previous studies have shown that SAVE not only increases the
number of codon pairs that are underrepresented in coding se-
quences of the target host but that, when done using vertebrate
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CPSs, inadvertently increases the number of CpG and, to lesser
degree, also TpA dinucleotides in recoded sequences because
codon pairs that contain CpG and TpA dinucleotides at codon
position P3-A1 are among the most underrepresented codon
pairs (Table S3; Atkinson et al., 2014). We also assessed the
alteration of 16 possible dinucleotide frequencies in recoded
genes by analyzing codon pair deoptimized sequences that
have been described in two recent studies on Human respiratory
syncytial virus (HRSV) (Le Nouén et al., 2014) and DENV-2 (Shen
et al., 2015). In both studies, three different viral regions were re-
coded (Min A, Min B, and Min L of HRSV and E, NS3, and NS5 of
DENV-2). As expected, recoding changed the frequencies of
TpA, CpG, TpG, and CpA dinucleotides (Figure S7). Although



the number of TpA dinucleotides in recoded genes increased
only moderately (30%-60% increase over the wild-type), the
number of CpG dinucleotides increased dramatically (140%-—
360% increase in the case of DENV-2 and 480%-630% in
HRSV). The most prominent reduction of dinucleotide fre-
quencies involved TpG and CpA dinucleotides (20%-60%
decrease). This analysis seems to lend further support to our
interpretation that attenuation of vertebrate viruses by SAVE is
not caused by increasing non-preferred codon pairs but, rather,
by increasing underrepresented dinucleotides.

The exact molecular mechanisms responsible for attenuation
by SAVE or, rather, an increase of the CpG and TpA dinucleo-
tides are still unknown. Two major, mutually not exclusive hy-
potheses propose explanations for the attenuation by SAVE
and the CpG/TpA increase. The first theory posits that underrep-
resented codon pairs create unfavorable conditions for protein
production, processing, or folding and that the decreased pro-
tein production is directly responsible for virus attenuation (Cole-
man et al., 2008). The alternative theory suggests that the cause
of attenuation is to be found in the increased number of CpG
(and TpA) dinucleotides, which are recognized by an as yet un-
characterized self-non-self recognition system that stimulates
enhanced innate immune responses to such recoded viruses
(Atkinson et al., 2014; Greenbaum et al., 2009).

Based on our findings, we put forward the hypothesis that
codon pairs that contain CpG or TpA dinucleotides at the codon
pair boundary might not be underrepresented in protein coding
sequences because they are less fit for encoding proteins but,
simply, because CpG and TpA dinucleotides show the highest
level of suppression (relative abundance 0.48 and 0.56, respec-
tively). A staggering 94% and 98% of codon pairs that contain
TpA and CpG dinculeotides at position P3-A1 are underrepre-
sented in the human ORFeome (Table S3). Similarly, the GpT
dinucleotide has the third-lowest relative abundance (0.79; Fig-
ure S2), and 78% of codon pairs with such a dinucleotide at
the codon pair boundary have negative CPSs. Conversely,
89% and 85% of codon pairs with TpG and CpA dinucleotides
at the codon pair boundary have positive CPSs. Therefore, sup-
pression of CpG (and TpA) dinucleotides in the genomes of ver-
tebrates also causes codon pairs with CpG and TpA at the codon
pair boundary to become underrepresented. The logical implica-
tion of this conclusion is that that attenuation by SAVE is not
caused by impaired gene decoding or protein production but,
rather, by a different mechanism.

Itis becoming clear that many extant RNA vertebrate and plant
viruses evolved from insect viruses (Li et al., 2015; Marklewitz
et al.,, 2015). During adaptation viruses often change their
genome structure according to the genome features of their
new hosts (Greenbaum et al., 2009). The most interesting adap-
tation is the suppression of CpG (and TpA) dinucleotides in the
genomes of viruses that infect vertebrates. This can be well
exemplified with members of the family Flaviviridae. Suppression
of CpG dinucleotides is higher in vertebrate-specific than in the
arthropod-borne viruses, and is virtually nonexistent in classic
insect-specific viruses (Lobo et al., 2009). Suppression of CpG
dinucleotides in these and many other small viruses occurs at
all three possible codon locations, not only at the codon pair
boundary. This, however, would be expected if the theory were

correct that links underrepresented codon pairs with suboptimal
protein production because codon pairs that contain CpG dinu-
cleotides at the codon pair boundary are the most underrepre-
sented codon pairs in vertebrate genomes. The interpretation
is supported by the fact that almost all analyzed arboviruses
show stronger suppression of CpG dinucleotides at codon posi-
tion P1-P2 and P2-P3 than at position P3-A1 (data not shown),
suggesting that elimination of CpG dinucleotides from codon
positions P1-P2 and P2-P3 is at least as important for the virus
as elimination of these dinucleotides from position P3-A1; i.e.,
at the codon boundary that would have the largest effect on
codon pair usage.

The exact basis for attenuation by SAVE still remains unan-
swered. Because codon pair preferences and dinucleotide
frequencies are intimately related, dissecting the effects of the
two on virus fitness is rather difficult. A study that analyzed a
library of echovirus mutants - in which either CpG and TpA
frequency or the overall CPB was kept constant while the other
feature was altered - demonstrated that the increase of CpG
and TpA frequencies impaired virus fitness but that alternation
of CPB without changing the CpG and TpA frequency did not
(Tulloch et al., 2014). Therefore, the results of this study, although
questioned (Shen et al., 2015), are in line with our observations,
which also suggest that the basis of attenuation by SAVE is the
increase of CpG dinucleotides in coding sequences. An alternate
confirmation of this hypothesis could be achieved by recoding
viruses so that the recoded viruses would have a lower CPB, a
lower frequency of highly underrepresented codon pairs, but a
higher number of CpG dinucleotides at the first and/or the sec-
ond codon position than the parental viruses. Therefore, if our
conclusions are correct, then replication of such viruses and their
overall fitness should be impaired in comparison with their par-
ents. Conversely, if the alternate hypothesis is correct (and the
presence of CpG dinucleotides in underrepresented codon pairs
is not a prerequisite for attenuation), then it should be straightfor-
ward to put it to the test by altering the codon pair preferences of
viruses for hosts that do not show suppression of CpG dinucle-
otides in their genomes. Because mosquitoes, and insects in
general, do not display suppression of CpG dinucleotides, it
should be possible to deoptimize codon pairs of insect-specific
or arthropod-borne viruses for their insect hosts without altering
the level of CpG (and TpA) dinucleotides in coding sequences.
Such modified viruses should be highly attenuated in their insect
hosts.

Both attenuation by SAVE and increase of CpG/TpA dinucleo-
tides appear to be breakthrough technologies that might result in
the production of very efficient and safe vaccines. The data pre-
sented here indicate that the basis for attenuation by SAVE is the
increase of CpG dinucleotides in coding sequences of viruses.
This means that viruses that were engineered by SAVE might
not be weakened per se but that they are attenuated because
they induce stronger immune responses (Tulloch et al., 2014).
If this is true, then the genetic stability, safety, and efficacy of
such attenuated virus mutants must be studied and tested
exhaustively before this technology can be used for the develop-
ment of animal or human vaccines.

The safety of codon pair deoptimized viruses should be stud-
ied in outbred populations, where one would expect differential
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levels of attenuation depending on the genetic background of
infected animals. It should also be possible to identify pathways
used in the recognition of viral sequences with elevated TpA and
CpG frequencies because attenuated viruses should still cause
disease in individuals with compromised recognition mecha-
nisms. Such experimental confirmation of our predictions is
currently being performed but is beyond the scope of this work.

EXPERIMENTAL PROCEDURES

Retrieval of Protein Coding Sequences

The entire sets of protein coding sequences were retrieved from the
NCBI Consensus CDS (CCDS) (https://www.ncbi.nlm.nih.gov/CCDS), NCBI
Genome (http://www.ncbi.nim.nih.gov/genome/), or the VectorBase data-
bases (https://www.vectorbase.org/) using the Biomart tool (see Table S4
for details).

Calculation of Codon Pair Scores

To determine codon pair biases in coding sequences, we developed algo-
rithms that calculate CPSs and CPB scores exactly as described by Coleman
et al. (2008). The CPS is defined as the natural logarithm of the ratio of the
observed over the expected number of occurrences of a particular codon
pair in all protein coding sequences of a species. The expected number of
codon pair occurrences estimates the number of codon pairs to be present
if there is no association between the codons that form the codon pair. It is
also calculated to be independent of codon bias and amino acid frequency
(Coleman et al., 2008). A negative CPS value means that a particular codon
pair is underrepresented, whereas a positive CPS value indicates that a partic-
ular codon pair is overrepresented in the analyzed protein coding sequences.
Codon pairs that are equally under- or overrepresented have a CPS equidis-
tant from 0. Mammals share essentially the same codon pair bias, which can
be different among phylogenetically distant species (Mueller et al., 2010).
We calculated CPS for each of the 3,721 possible codon pairs (61 x 61 co-
dons) using only validated protein coding ORFs. We considered ORFs valid
when they started with an ATG codon, ended with an in-frame stop codon,
and had no internal stop codons or undetermined nucleotides. In the final
set of ORFs, we included only the longest of the alternative splicing variants.

We used a core set of consistently annotated protein coding sequences
(CDS) from the CCDS database to calculate species-specific CPSs for human
(database name CPPDS15) and mouse (database name CCDS16). Similarly,
we used the entire sets of protein coding sequences to calculate CPSs for
pig, chicken, zebrafish, Aedes aegypti, Anopheles gambiae, Culex quinquefas-
ciatus (pipiens), and Ixodes scapularis. All calculated CPSs are provided in Ta-
ble S3.

Using the CPSs, we then calculated CPB scores for each analyzed ORF
(ORFeome) as an average of the CPSs of all codon pairs present in each
ORF (ORFeome). To determine whether codon pair ordering in the WT ORF
was a result of chance, we randomly reshuffled synonymous codons in WT
ORFs and generated a set of 30 randomized ORFs from each ORF. Random
reshuffling removed codon pair preferences but preserved codon bias; i.e.,
all ORFs contained exactly the same codons. For each set of the reshuffled
ORFs, we calculated the mean CPB (CPB random [rnd]), the SD, and the prob-
ability that codon ordering in the WT ORF was a result of random chance. For
each ORF, we also calculated ACPB as a difference of CPB of the WT ORF
(CPB WT) and the CPB rnd. Similarly, we calculated ACPB for each virus
ORFeome. The CPB score of the wild-type ORF or ORFeome provides general
information on the use of codon pairs that are over- or underrepresented rela-
tive to the human ORFeome. The comparison between the CPB scores of the
WT and the reshuffled ORF or ORFeome provides information on the ordering
of “available” codons in the particular virus.

Assessment of Dinucleotide Relative Abundances

We assessed the dinucleotide biases (relative abundances) in coding se-
quences using the odds ratio measure pXY = fXY/fXfY, where XY denotes
the observed frequency of the dinucleotide XY and fXfY the product of the fre-
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quency of the nucleotides X and Y in a sequence (Burge et al., 1992). As a con-
servative criterion, we considered dinucleotides XY with pXY < 0.78 (> 1.25) of
low (high) relative abundance because each pXY occurs with the probability of
less than 0.001 for sufficiently long (~20 kb) random sequences.

Identification of Dinucleotide Pairs that Influence Codon Pair Scores
We sorted all 3,721 possible codon pairs in a descending order by their CPSs
(from highest to lowest) and calculated the distribution of different nucleotide
pairs in CPS-sorted codon pairs. Including the stop codons, there are 4,096
(64 x 64) possible codon pairs, and there are 256 different codon pairs
that contain a particular type of a dinucleotide at a particular position (e.g.,
NNC-GNN). We analyzed the contribution of 16 possible dinucleotides in
five possible adjacent nucleotide pair types (P1-P2, P2-P3, P3-A1, A1-A2,
and A2-A3) and ten possible non-adjacent nucleotide pair types (P1-P3,
P1-A1, P1-A2, P1-A3, P2-A1, P2-A2, P2-A3, P3-A2, P3-A3, and A1-A3) on
codon pairing preferences in different species. To visualize the distribution
of a particular nucleotide pair in a sorted array of codon pairs, we plotted
the cumulative frequency of dinucleotides against the rank number of a partic-
ular codon pair.
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