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Although the rate at which proteins change is a key parameter in molecular evolution, its determinants are poorly understood in
viruses. A variety of factors, including gene length, codon usage bias, protein abundance, protein function, and gene expression
level, have been shown to affect the rate of protein evolution in a diverse array of organisms. However, the role of these factors in
viral evolution has yet to be addressed. The polar 3=-5= stepwise attenuation of transcription in the Mononegavirales, a group of
single-strand negative-sense RNA viruses, provides a unique system to explore the determinants of protein evolution in viruses.
We analyzed the relative importance of a variety of factors in shaping patterns of sequence variation in full-length genomes from
13 Mononegavirales species. Our analysis suggests that the level of gene expression, and by extension the relative genomic posi-
tion of each gene, is a key determinant of the protein evolution in these viruses. This appears to be the consequence of selection
for translational robustness, but not for translational accuracy, in highly expressed genes. The small genome size and number of
proteins encoded by these viruses allowed us to identify other protein-specific factors that may also play a role in virus evolution,
such as host-virus interactions and functional constraints. Finally, we explored the evolutionary pressures acting on noncoding
regions in Mononegavirales genomes and observed that, despite being less constrained than coding regions, their evolutionary
rates are also associated with genomic position.

Understanding the determinants of protein evolution is one of
the central tasks of molecular evolution. The rates of amino

acid substitution vary substantially within and between species
(72), and much of this variation reflects the differing types and
intensities of natural selection acting on proteins. However, the
factors that drive these selective differences are still the source of
debate. The most common explanation is that the rate of protein
evolution is largely set by the fraction of sites that are involved
in protein function (i.e., “functional density”) (6, 71). Unfortu-
nately, experimental tests of this theory are labor-intensive, since
the evaluation of functional density involves extensive mutagen-
esis analysis. As a consequence, most work in this area has focused
on measuring other, more accessible, variables, which are corre-
lated in various degrees to functional density. Thus, substitution
rates in proteins (often measured as the numbers of synonymous
and nonsynonymous substitutions per site[dS and dN], respec-
tively) and selection pressures (the ratio dN/dS) have been associ-
ated with a number of protein features, including length (39),
interactions with other proteins (16), contribution to overall fit-
ness (dispensability) (25), role in interaction networks (centrality)
(22), codon usage bias (62), abundance (11), structure (3), and
expression level (11, 12, 46).

Comparative analyses of the relative importance of a number
of these factors in determining the rate of protein evolution in
organisms ranging from bacteria to mammals have demonstrated
that higher levels of protein expression are strongly correlated
with lower dN, dS, and dN/dS values (11–13, 54). A possible ex-
planation for this correlation is that the fitness effect of a mutation
in a given protein is proportional to the contribution of that pro-
tein to the overall fitness of the organism (24, 54), with proteins
expressed at higher levels contributing most. However, this expla-
nation might not be of general applicability. For instance, under
this theory, proteins that are expressed less despite being more
abundant (for example, due to a slower turnover) are expected to

evolve more slowly, which does not appear to be the case in yeast
(11). It has also been hypothesized that increased expression
might lead to selection for codons that are translated faster or
more accurately (i.e., translational efficiency) (1) and/or selection
for amino acid sequences that are able to fold properly despite
mistranslation (i.e., translational robustness) (11). These factors
would reduce the rate of protein evolution in highly expressed
proteins due to the higher cost of slower/less accurate translation
and/or protein misfolding compared to proteins expressed at
lower levels. This idea is supported by mutagenesis experiments,
in which proteins with higher expression levels evolve to greater
stability despite accumulating more mutations, and sequence
analyses, which show strong protein-level constraints in nonpre-
ferred codons and asymmetry in the use of synonymous codons
depending on expression level (3, 4, 11, 18).

Remarkably little is known about the factors that shape rates of
protein evolution in viruses. As intracellular parasites, viruses
need to overcome host resistance systems and use host cellular
machinery to complete their life cycle. Accordingly, mutations
that facilitate the evasion of host immune responses or genetic
resistance, result in antiviral resistance, or improve interaction
with cell proteins are clearly subject to strong selection pressure
(17, 53). As a consequence, the selection pressures exerted by the host
on viral proteins might be expected to have a stronger effect on pro-
tein evolution than the level of gene expression. In addition, while
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many of the mutations that increase translational efficiency occur at
synonymous sites, optimizing codon usage, RNA viruses often utilize
synonymous codons that tend to match the nucleotide biases across
the viral genome as a whole (31). This suggests that selection on
codon choice may often be set by background mutational pressure or
selection for overall nucleotide composition, rather than optimizing
the match between viral codon and host tRNA anticodon to increase
the accuracy of protein translation (20, 26, 31), although exceptions
have been reported (8, 34, 69).

To better understand the determinants of the rate of protein
evolution in RNA viruses, we analyzed the role of several key fac-
tors— gene length, mRNA and protein abundance, gene relative
position in the genome, and codon usage bias—in the evolution of
viral species from the taxonomic order Mononegavirales which
comprise an important set of human, animal, and plant patho-
gens. The Mononegavirales belong to four different viral families
but share a number of important features. All possess an unseg-
mented negative-sense RNA genome that varies between 8.9 and
19 kb in length, encodes 5 to 10 proteins, and is encapsidated in
virions with enveloped structures and a fringe of spike glycopro-
teins. The Mononegavirales also share a distinctive genome orga-
nization. The 3=-proximal genes encode the viral nucleoprotein
(N), the phosphoprotein (P), and the matrix protein (M). Close to
the 5= are the two largest genes, which encode an attachment pro-
tein (either a glycoprotein [G], a hemagglutinin [H], or a hemag-
glutinin-neuraminidase [HN]) and the virus RNA polymerase
(L protein) (37). The Paramyxoviridae have extra proteins en-
coded by different genes, including the fusion protein (F), or tran-
scribed through RNA editing from the P gene (C and V proteins).
Other unique proteins observed in some species include tran-
scription factors (M2), other nonstructural proteins (NS1 and
NS2), or membrane proteins (SH) (15, 38). In all Mononegavi-
rales, genes are transcribed in a sequential interrupted synthesis
from 3= to 5=, which results in discrete mRNAs for each gene. This
transcription is polar with stepwise attenuation, even if it can be
further regulated (65). Critically, this generally results in a strong
transcription gradient, such that the 3= gene (N) is the most abun-
dant RNA and the 5= gene (L) is the least abundant. Since the
products of the genes at the 3= region of the genome are usually
those required in the highest numbers, it is likely that this genome
organization was selectively optimized as a way of controlling gene
expression (27). Importantly, this also means that the relative po-
sition of each gene within the genome is a good predictor of the
overall level of transcription. The exception are the filoviruses in
which mRNA levels do not appear to strictly decrease 3=-5=, which
could be the result of a strong effect of regulatory regions flanking
certain genes or differences in mRNA turnover (43, 56, 57). In
addition, the Mononegavirales contain noncoding regions of vari-
able lengths (15 to 695 nucleotides, depending on the species).
Although specific sequences within these regions are likely to pos-
sess a regulatory function (37) and so may be subject to selection
pressures similar to those in coding regions, they provide a useful
data set for the comparative analysis of substitution dynamics.
This combination of factors makes the Mononegavirales a valuable
system for analyzing the factors that shape the rate of protein
evolution in viruses.

MATERIALS AND METHODS
Sequence data. All available full-length genome sequences from species
assigned to the order Mononegavirales were collated from GenBank. Spe-

cies with more than 10 complete genome sequences were retained for
analysis, so that we were able to utilize 13 taxa, and a total of 345 sequences
from the four families of this order. For measles virus, 18 vaccine strains
and seven isolates passaged in non-natural hosts were also included in the
analysis, although their removal did not change our results in any mean-
ingful way. A list of the isolates and GenBank accession numbers of the
sequences used is provided in Table S1 in the supplemental material.

Sequence alignments were constructed for all genes from each species.
By the convention used in this order, the term “gene” refers to the
genomic RNA sequence encoding a single mRNA, even if that mRNA
contains more than one ORF and encodes for more than one protein, as is
the case for the P gene in some species. For the P gene, alignments of
nonoverlapping regions were also obtained to analyze the evolutionary
effect of additional ORFs. In all cases, alignments were constructed using
MUSCLE 3.7 (14) and adjusted manually according to the amino acid
sequences using Se-Al (50). Sequence alignments for the noncoding re-
gions in each species were obtained using the same protocol. To study the
differences in genetic distance between coding and noncoding regions,
alignments of concatenated genes and noncoding regions were also gen-
erated.

Genomic factors. Gene length (in nucleotides) and the relative
genomic position (3= to 5=) were extracted from GenBank and from Fau-
quet et al. (15). The values of gene expression level and protein abundance
were obtained from several sources (see Table S2 in the supplemental
material). To compile these data, several approaches were taken. (i) Mea-
surements were directly extracted from relevant publications. (ii) Images
of electrophoresis gels of total mRNA or protein extracts from infected
cells (and likely to represent levels in natural infections) were obtained
from the corresponding publications, and the bands of interest were eval-
uated densitometrically by using ImageJ v1.45 (51). The densitometry
values of each band were automatically corrected by subtracting the back-
ground value from the densitometry value of the area delimited by each
band. Where necessary, we also corrected the densitometry values for the
length of each gene, or the number of labeled amino acids in the protein
sequence. The densitometry values and subsequent calculations are pre-
sented in Table S3 in the supplemental material. (iii) When mRNA or
protein amounts were represented as a densitometry graphic in a publi-
cation, the abundance was estimated as the area under the corresponding
peak with ImageJ v1.45. No background correction was applied in these
cases, but a length or number of labeled amino acids correction was per-
formed as for densitometry values. These calculations are shown in Table
S4 in the supplemental material. Measures of the relative mRNA abun-
dance in mumps virus and of both mRNA and protein abundance in
parainfluenza virus 3 were gathered from in vitro transcription assays.
Using this information, the level of gene expression was compiled as the
relative abundance of each gene mRNA compared to that of the N gene
(the gene with the highest expression level in most Mononegavirales).
Similarly, protein abundance was measured as the relative abundance of
each protein compared to that of the N protein. Detailed information on
the manuscripts and relevant figures used to extract these data are pre-
sented in Table S2 in the supplemental material. Codon usage bias in each
gene was estimated as the effective number of codons (Nc=), which mea-
sures the departure of codon usage from that expected given the nucleo-
tide composition of the data set. Nc= takes the value of 61 when there is no
deviation from the expected codon usage, and this value declines as codon
usage bias increases (45).

Evolutionary factors. The selection pressure for each gene was mea-
sured as the mean number of nonsynonymous (dN) to synonymous (dS)
nucleotide substitutions per site (dN/dS ratio) and estimated using the
single-likelihood ancestor counting (SLAC), the random effects likeli-
hood (REL), and the fixed-effect likelihood (FEL) methods implemented
in the HYPHY package (36). Since the three methods yielded similar re-
sults, only the SLAC results are shown here. In all cases, dN/dS ratio
estimates were based on input neighbor-joining trees inferred using the
general-time-reversible (GTR) nucleotide substitution model, with 95%
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confidence intervals (CI) calculated assuming a �2 distribution. Estimates
were considered to be significantly different if the mean value of the esti-
mate from one data set fell outside of the 95% CI values of another (indi-
cating that these ratios have been drawn from different distributions).
Individual values of dN and dS were also obtained.

Genetic distances (d) were estimated for each coding and noncoding
region and also for the concatenated data sets of the Mononegavirales
species analyzed. For this analysis, the best-fit model of nucleotide substi-
tution in each data set was determined using Modeltest 3.7 (49), and this
was used to estimate pairwise distances with PAUP*4.0 (60).

Statistical analysis. The contribution of each genomic factor to the
variation in selection pressures and genetic distances was estimated using
principal component analysis (PCA). The gene length, relative position,
mRNA and protein abundance, and Nc= were scaled to zero mean and unit
variance, inserted into a regression matrix, and rotated to obtain the prin-
cipal components (PCs). Significance thresholds for the load of each
genomic factor on a PC were determined using a broken-stick model (47).
A subsequent linear regression of d, dN/dS, dN, and dS on the PCs yielded
the proportion of the variance in each of these variables explained by each
component (R2), the significance of R2, and the fractional contribution of
each original genomic factor to the component. The data on all of the
factors considered were only available for 10 of the 13 species; conse-
quently, Borna disease virus, Nipah virus, and the metapneumoviruses
were excluded from this analysis. Ebola virus was excluded from the PCA
that used the relative gene position as a variable, since the 3=-5= gradient of
mRNA levels is not observed in this species (57) (see Table S2 in the
supplemental material), and therefore the relative gene position cannot be
used as a proxy of the mRNA expression level. Indeed, the inclusion of
Ebola virus in this analysis slightly reduced the R2 values, although it did
not significantly change the results. Exclusion of species for which mRNA
and/or protein relative abundance was obtained from in vitro assays did
not alter the results.

All of the evolutionary parameters as well as measures of gene expres-
sion level were homoscedastic, i.e., these variables followed a normal dis-

tribution and presented homogeneous variances (55). Consequently,
these variables were analyzed using an analysis of variance (ANOVA), and
correlations between d, dN/dS, dN, and dS and the relative position of the
coding and noncoding regions in the viral genome and gene expression
level, as well as correlations between genetic distances in coding and non-
coding regions, were assessed using Pearson coefficients. Correlation
analyses were performed considering all 10 Mononegavirales species to-
gether. The presence of outliers, which potentially prevent significant lin-
ear correlation, was detected by calculating the studentized residual for
each data point, dividing the residual by its standard deviation. Values
outside the 95% CI of the Student t test distribution drawn with all of the
studentized residuals were considered outliers (58). This widely used
method of outlier detection allowed us to more accurately explore the
relationships between the factors studied and to identify genes with un-
usual behavior. Similar correlation analyses were carried out for each
species individually, excluding the outliers determined previously. In this
case, 10 Mononegavirales species were used for the analysis involving
mRNA abundance (see Table 2 in the supplemental material), and 13
species were used for the correlation test of the relative gene position and
evolutionary parameters (see Table S3 in the supplemental material).
Outlier detection in individual species data sets yielded similar results
(data not shown). All statistical analyses were performed using SPSS 13.0
(SPSS, Inc., Chicago, IL).

RESULTS
Relative contribution of different genomic factors to protein
evolution in the Mononegavirales. We used a PCA to determine
the relative importance of five genomic factors on the evolution of
the Mononegavirales. This analysis creates new uncorrelated vari-
ables (PCs), which group correlated factors, thereby avoiding po-
tentially artificial correlations due to redundancy of the genomic
factors. This analysis revealed that PC1 reflected the relative abun-
dance of mRNA and relative position of the gene within the ge-

TABLE 1 PCA of five genomic factors and four evolutionary traits in 10 Mononegavirales species

Parameter

PCA resultsa

All mRNA abundance Relative position

1 2 3 4 5 Sum 1 2 3 4 Sum 1 2 3 4 Sum

% Variance explained byb:
dN/dS 17.4* 8 5.4 2.5 2.1 35.4 14.5* 8.4 4.6 3.9 31.4 19.3* 12.4 1.9 1.6 35.2
dS 4.4 1 0 7.6 5.3 18.3 7.6 4.6 2.1 0 14.3 5.9 4.9 2.6 1.7 15.1
dN 22.6* 3.9 13.4 1.7 0.4 42 21.6* 4.3 3.9 1.4 31.2 20.5* 0 1.2 2.3 24
d 20.1* 2.7 1.7 5.1 2.6 32.2 15.6* 3.4 12.8 0 31.8 20.2* 12.6 0 0.6 33.4

% Association (PC variable)c

Relative mRNA
abundance

96.3 0.6 1.3 0.0 1.9 100 96.1 0.0 0.0 3.9 100

Relative position 93.6 0.0 3.0 3.4 0.0 100 95.5 0.6 2.2 1.6 100
Protein abundance 0.0 97.9 1.0 0.6 0.5 100 0.0 97.8 0.5 1.7 100 0.6 97.8 0.5 1.1 100
Effective no. of codons 3.7 1.5 86.1 1.7 7.0 100 0.0 0.5 98.7 0.9 100 2.7 0.7 87.6 8.9 100
Length 4.4 0.9 7.4 84.6 2.6 100 4.4 2.0 1.0 92.5 100 2.0 1.6 9.0 87.4 100

Expected valuesd 39.6 20.2 19.7 18.1 2.4 100 25.1 25.1 25.0 24.8 100 25.2 25.2 24.8 24.8 100

Total variancee 60.9 18.8 8.4 7.8 4.1 100 62.4 20.3 11.4 5.9 100 58.3 19 14.2 8.5 100
a “All” refers to PCA for the five genomic factors used in this study. “mRNA abundance” refers to PCA, excluding the relative position as a genomic factor. “Relative position” refers
to PCA, excluding relative mRNA abundance as a genomic factor. Individual PCs or collective PCs (Sum) are specified in the column subheadings. Boldfacing indicates a significant
association based on broken-stick model thresholds. *, Significant linear correlation (P � 0.05).
b That is, the percentage of the variance in each evolutionary factor is explained by the variance of each PC.
c That is, the squared loadings of each genomic factor in each PC, representing the degree of association between both variables.
d Squared loading thresholds were obtained by using the broken-stick model, determining significant association between PCs and genomic factors.
e That is, the percentage of the total variance explained by each PC.
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nome, as shown by squared loadings higher than the significance
threshold. This is indicative of a high degree of association be-
tween the PC, and these genomic factors. Squared loading was
higher for mRNA level than for relative genomic position (0.96
versus 0.93, respectively). PC1 explained around two-thirds of the
total variance in the five genomic factors (60.9%); hence, of the
genomic factors analyzed here, the relative position of the gene
and mRNA abundance are the most important. In addition, PC1
was the only one significantly correlated with dN, dN/dS, and d
(R2 � 0.174 – 0.226) (Table 1, “All” columns).

Due to the stepwise attenuation of gene transcription common
to the Mononegavirales, the relative gene position and mRNA ex-
pression level largely reflect the same biological process. Indeed,
both variables were not only associated with the same PC but also
highly correlated in our data set (r � �0.75; P � 10�3). To assess
the individual impact of these two variables on protein evolution,
we also performed an independent PCA for each. When the
relative gene position was excluded from the analysis, PC1, this
time only reflecting the relative abundance of mRNA (squared
loading � 0.96), explained ca. 62% of the total variance in the four
genomic factors. Minor PCs 2, 3 and 4, comprising the protein
abundance, the effective number of codons, and gene length, re-
spectively (squared loadings � 0.92), each explained less than
20.3% of the variance. Interestingly, regression of these PCs
against selection pressure and genetic distance revealed that only
PC1 explained a significant fraction of the variance in dN, dN/dS,
and d (R2 � 0.145 to 0.216). None of the four PCs was found to
affect dS (Table 1, “mRNA abundance” columns). Similar results
were obtained, excluding the mRNA abundance level from the

analysis. In this case, PC1, reflecting the relative position of the
gene within the genome, explained close to 58% of the total vari-
ance of the four variables and was the only one that significantly
explained a fraction of the variation in dN, dN/dS, and d (R2 �
0.193 to 0.205) (Table 1, “Relative position” columns).

To examine the possible effects of assuming a linear model in
the regression, we repeated our analyses using data ranks for
mRNA level. The results of this analysis did not significantly differ
from the parametric case (data not shown). However, the loadings
of mRNA abundance onto PC1 were much lower, and this vari-
able moved from being highly associated with PC1 to become a
worse predictor than relative gene position (a rank variable by
definition) (data not shown). Hence, information is contained in
the relative magnitude of the mRNA expression level. Conse-
quently, we focused on mRNA expression level for further analy-
sis, considering gene relative position as an associated variable.

Overall, these results suggest that the level of mRNA expres-
sion, and its associated variable the relative position of the gene in
the genome, is a major determinant of protein evolution in the
Mononegavirales. Interestingly, the minor role of gene length in
the PCA suggests that longer sequences do not contain higher
variability.

Association between level of mRNA expression and genetic
distance. Genetic distances (d) were estimated for each coding
region in each species and for the concatenated coding regions
within each species (Fig. 1). In coding regions, d ranged from
0.016 to 0.477, with 80% of these values being �0.2.

The relationship between d and mRNA abundance was ana-
lyzed by Pearson correlation test considering all of the Mononega-

TABLE 2 Analyses of association between relative mRNA abundance and d, dN/dS, dN, and dS values of the coding regions in Mononegavirales
speciesa

Virus
No. of
sequences

d dN/dS dN dS

Modificationbr rmod rnov r rmod rnov r rmod rnov r rmod rnov

Bornaviridae
Borna disease virus 12

Rhabdoviridae
Vesicular stomatitis virus 7 –0.10 –0.99* –0.76* 0.02 –0.82* –0.29 0.08 –0.91* –0.79* –0.09 –0.45 –0.30 (P) L
Rabies virus 60 –0.42 –0.94* –0.84 –0.97* –0.29 –0.85* –0.07 0.78 P or L

Filoviridae
Ebola virus 18 –0.48 –0.83* –0.32 –0.67* –0.65 –0.90* –0.27 –0.05 VP24

Pneumoviridae
Avian/human

metapneumovirus
19

Respiratory syncytial virus 11 –0.34 –0.72* –0.32 –0.29 –0.31 –0.24 - –0.02 0.20 G, L

Paramyxoviridae
Newcastle disease virus 110 0.20 –0.97* –0.82* 0.36 –0.92* –0.83* 0.30 –0.94* –0.99* –0.60 –0.76 –0.76 (P) L
Sendai virus 6 –0.05 –0.93* –0.73* –0.06 –0.99* –0.79* –0.16 –0.98* –0.97* –0.43 –0.93* –0.66 (P) L
Mumps virus 23 –0.22 –0.69 –0.22 –0.08 –0.53 –0.45 –0.22 –0.42 –0.58 –0.43 –0.28 –0.53 L
Parainfluenza virus 3 12 –0.43 –0.87* –0.83* –0.04 –0.75* –0.93* –0.19 –0.71* –0.90* –0.40 –0.92* –0.54 (P) L
Canine distemper virus 18 –0.48 –0.93* –0.92* 0.12 –0.25 –0.72* –0.25 –0.98* –0.80* –0.59 –0.73 –0.60 L
Measles virus 37 –0.62 –0.96* –0.94* –0.78* –0.84* –0.97* –0.06 –0.82* –0.82* –0.38 –0.54 –0.32 (P) L
Nipah virus 12

a r, Pearson’s correlation coefficient; rmod, Pearson’s correlation coefficient, excluding P, G, and/or L; rnov, Pearson’s correlation coefficient using nonoverlapping regions of the P
gene and excluding L. *, P � 0.05.
b Excluded gene(s). Cases in which values obtained using the full-length P gene were substituted for those obtained considering only nonoverlapping regions of this gene are shown
in parentheses.
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virales species for which this information was available (10 spe-
cies) as a whole. No significant association was found (r � 0.39;
P � 0.17). This lack of correlation was due to a small number of
outlier values (10/82), and their removal revealed a significant
positive correlation between these two variables (r � 0.48; P �

0.05) (Fig. 1). A similar analysis using the relative gene position
instead of mRNA abundance resulted in a significant correlation
between this variable and the genetic distance after the removal of
outliers (r � 0.61; P � 0.01) (Fig. 1).

Individual analyses for each species revealed that in most cases

FIG 1 Correlation between genetic distance (d) and relative mRNA abundance (left) or relative gene position (right), considering all of the Mononegavirales
species together and each species individually. Coding regions are represented by blue diamonds, and noncoding regions are represented by green squares. Gray
dots indicate outlier values. Values are means � the standard deviations for each data set. Note the different scale in each panel.
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the outliers previously detected were the consequence of (i) lower
levels of intraspecific genetic diversity in the L gene and (ii) higher
values of d in the P and/or G genes than in the remaining coding
regions (gray dots in Fig. 1). The exception was Ebola virus, for
which the outlier value corresponded to the VP24 gene. In most
species, the P gene encodes additional small overlapping proteins
that may have affected our estimates of genetic distance. To ad-
dress this possibility, we estimated d in nonoverlapping regions of
the P gene and observed smaller values than in overlapping re-
gions for all of the species studied (Fig. 1). To account for this
effect, we considered both the complete P gene and the nonover-
lapping region in further analyses.

Notably, we found no significant negative correlation between
gene expression level and genetic diversity in any viral species
(Table 2). However, this absence of correlation was again due to
the levels of genetic diversity in the outliers described above, and
their exclusion from the regression analyses resulted in significant
positive correlation coefficients in 9 of 10 virus species (r � �0.69;
P � 0.048). Mumps virus was the only species for which no sig-
nificant correlation was found (r � �0.69; P � 0.201) (Fig. 1 and
Table 2). Importantly, when the overall d values of the P genes
were substituted by those in their nonoverlapping regions, these
were not detected as outliers and significant correlations were ob-
tained in 6 of 7 species. Equivalent analyses using the relative po-
sition in the genome gave similar results (Fig. 1 and Table 3),
except for Ebola virus, for which no significant correlation was
obtained (r � 0.47; P � 0.293; Table 3). This was expected given
that mRNA levels do not strictly decrease 3=-5= in this virus (see
the introduction and Table S2 in the supplemental material). In
addition, a significant correlation was observed in the three spe-

cies for which gene expression level was not available (see Fig. S1
and Table S3 in the supplemental material).

In summary, these results suggest that level of gene expression is
an important factor in determining the extent of genetic diversity in
the Mononegavirales, in agreement with the PCA. However, other
factors might account for the variability of P, G, and L, since the
genetic diversity of these genes does not correlate with their expres-
sion level.

Association between mRNA expression level and protein
evolution. The selection pressures acting on each gene in each
species were measured as the dN/dS ratio and individual dN val-
ues. Overall, the dN/dS ranged from 0.008 to 0.726, with 80% of
the values being �0.2. Hence, the Mononegavirales are generally
subject to relatively strong purifying selection. When all of the
species were considered together, we observed a significant corre-
lation between mRNA expression level and dN/dS upon removal
of outlier values (r � 0.64; P � 0.01), with similar results obtained
in an analysis using relative gene position (r � 0.62; P � 0.01) (Fig.
2). We accounted for the effect of gene overlap in P by estimating
dN/dS values for both the complete P gene and the nonoverlap-
ping region. Again, estimates in the former were significantly
higher than in the latter (Fig. 2).

Analyses for each species indicated that excluding outlier val-
ues resulted in a significant positive correlation in 7 of 10 species
(Table 2). Interestingly, the P and G genes had consistently higher
dN/dS values than other genes, while the lowest values were ob-
served for the L gene, such that they again represent outliers (gray
dots in Fig. 2). When values in nonoverlapping regions of P were
considered, a significant correlation between selection pressure
and gene expression level was obtained in 6 of 7 cases (Fig. 2 and

TABLE 3 Analysis of association between relative position in the genome and the genetic diversity of coding and noncoding regions in
Mononegavirales speciesa

Virus
No. of
sequences

Coding regions Noncoding regions

r rmod Modification r rmod Modification

Bornaviridae
Borna disease virus 12 0.87 (0.046) 0.99 (0.012) P 0.74 (0.049) 0.82 (0.042) P

Rhabdoviridae
Vesicular stomatitis virus 7 0.08 (0.904) 0.99 (0.017) L 0.39 (0.447) 0.95 (0.050) 5=UTR
Rabies virus 60 0.43 (0.469) 0.99 (0.001) P 0.68 (0.137) 0.93 (0.020) G

Filoviridae
Ebola virus 18 –0.47 (0.293) 0.65 (0.113) 0.94 (0.005) 5=UTR

Pneumoviridae
Avian/human metapneumovirus 19 0.53 (0.176) 0.77 (0.043) L 0.81 (0.008) 0.81 (0.014) F, 5=UTR
Respiratory syncytial virus 11 0.24 (0.511) 0.70 (0.041) G, L 0.38 (0.277) -

Paramyxoviridae
Newcastle disease virus 110 0.01 (0.996) 0.99 (0.012) (P), L 0.73 (0.048) 0.80 (0.048) P
Sendai virus 6 0.24 (0.641) 0.95 (0.014) L 0.66 (0.156) 0.96 (0.011) L, 5=UTR
Mumps virus 23 0.20 (0.670) - - 0.36 (0.379) -
Parainfluenza virus 3 12 0.09 (0.867) 0.99 (0.003) (P), L 0.23 (0.613) 0.90 (0.038) F, 5=UTR
Canine distemper virus 18 0.45 (0.273) 0.94 (0.017) L 0.52 (0.235) 0.94 (0.020) L, 5=UTR
Measles virus 37 0.53 (0.283) 0.78 (0.022) L 0.52 (0.912) 0.93 (0.023) F, 5=UTR
Nipah virus 12 0.33 (0.522) 0.82 (0.009) (P) 0.35 (0.444) 0.83 (0.053) P, 5=UTR

a r, Pearson correlation coefficient (the P value is indicated in parentheses, and the correlation was calculated using all genes); rmod, Pearson correlation coefficient (the P value is
indicated in parentheses, and the genetic distance was calculated excluding the P, G, and/or L genes). “Modification” columns refer to excluded gene(s) or noncoding region(s).
Internal noncoding regions are named by the gene located downstream. Cases in which values obtained using the full-length P gene were substituted for those obtained considering
only nonoverlapping regions of this gene are shown in parentheses.
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Table 2). Hence, selection pressure in most Mononegavirales spe-
cies is associated with relative mRNA abundance, again in accor-
dance with our PCA. Similar results were obtained when relative
position of each gene in the genome was used rather than mRNA
abundance (Fig. 2 and see Table S5 in the supplemental material),

with the three species not considered in the analysis of gene ex-
pression level showing the same trend as the remaining Monon-
egavirales (see Fig. S1 in the supplemental material).

Analysis of the correlation between gene expression level and
dN generally mirrored the results described above. No significant

FIG 2 Correlation between gene dN/dS ratio and relative mRNA abundance (left) or relative gene position (right), considering all of the Mononegavirales species
together and each species individually. Values are means � confidence intervals, assuming a �2 distribution. Gray dots indicate outlier values. Note the different
scale in each panel.
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correlation was found considering all genes for any of the species,
but when the same genes as with the dN/dS analysis were excluded,
or only nonoverlapping regions of P were considered, both vari-
ables were correlated in the same species (Table 2), this correlation
being significant in 8 of 10 species. Similar results were obtained
using relative gene position, with 10 of 13 species showing a sig-
nificant correlation (see Table S5 in the supplemental material).

Finally, correlation tests between dS and the level of gene ex-
pression or the relative position of the gene within the genome
indicated that, with the exception of Sendai virus and parainflu-
enza virus type 3, these traits were not associated in any species
regardless of the number of genes considered (Table 2). A signif-
icant positive correlation between dS and relative position of the
gene within the genome was observed in parainfluenza virus type
3 and measles virus (see Table S5 in the supplemental material).

Evolution of noncoding regions. To analyze the pace of evo-
lution in noncoding regions, genetic distances were estimated for
these regions in each species individually and for the concatenated
noncoding regions within each species. Values ranged over a
much larger interval than in coding regions (from 0.009 to 0.767,
with only 50% of the values under 0.2) (Fig. 1), suggesting that
noncoding regions are subject to relatively relaxed selective con-
straints. To address this point further, we compared the average
genetic distance in coding and noncoding regions, concatenating
all of the fragments of each type in each species. The average d
values in noncoding regions were significantly higher than those
in coding regions in all species (Fig. 1). Furthermore, one-way
analysis of variance using the type of region (coding or noncod-
ing) as a factor and considering each species individually showed
significant differences in all viruses (F � 6.11; P � 0.023). Non-
coding regions are therefore less constrained than those that en-
code proteins.

Mononegavirales possess conserved regulatory elements at the
beginning and at the end of each noncoding region that are im-
portant in controlling transcription (65). Due to the key role of
these elements, it can be hypothesized that evolutionary con-
straints in noncoding regions will be proportional to those acting
on the genes that they control. To address this question, we first
analyzed the correlation between the relative genomic positions of
the noncoding regions and their associated d values considering
all of the species together. A significant positive correlation be-
tween these two factors was found when outliers were excluded
(r � 0.47; P � 0.021) (see Fig. S1 in the supplemental material).
When each species was analyzed individually, a significant corre-
lation was observed in Borna disease virus, metapneumoviruses,
and Newcastle disease virus (r � 0.73; P � 0.049) and, overall, the
correlation coefficients were higher than in the coding regions
(Table 3). Moreover, a significant correlation was found in 10 of
13 species when one or two noncoding regions were excluded as
outliers, mostly the 5= noncoding region and those preceding the P
and L genes (Table 3). These results suggest that genetic diversity
in noncoding regions is influenced by the position in the genome
and, by extension, might be correlated with the expression level or
relative position of the gene they are regulating.

It is possible that this correlation is in fact the consequence of
an association between d and region length rather than genomic
position; that is, short noncoding regions might contain only es-
sential regulatory elements, while longer regions may contain
nonessential elements and could therefore accommodate more
genetic variation. To explore this possibility, we analyzed the cor-

relation between noncoding fragment length and genetic distance
and between length and relative position, either considering all of
the species together or each one individually. No significant cor-
relation was found with the exception of the two species of the
Pneumoviridae (see Table S6 in the supplemental material).
Hence, fragment length does not appear to influence the level of
genetic diversity in noncoding regions.

Finally, we analyzed the extent of the correlation between the
genetic diversity of a given gene and that of the noncoding region
immediately upstream of it and which contains the starting se-
quence for its transcription. A significant correlation was observed
in 4 of 13 species (Table 4). Interestingly, three of these species are
closely related paramyxoviruses (subfamily Paramyxovirinae)
with very similar genomic structures (23), although the biological
correlates of this pattern are unclear. Therefore, even if gene po-
sition does have an influence on genetic distance, this effect varies
between coding and noncoding regions.

DISCUSSION

Using a methodology that avoids artificial correlations (12), we
provide evidence here that the level of gene expression is an im-
portant determinant of the rate of protein evolution in the
Mononegavirales. Among the factors considered in our PCA,
mRNA expression level— or its proxy, the relative gene position
within the genome— had the greatest impact on the variance in
dN, dN/dS, and d. In contrast, protein length, protein abundance
and Nc= do not appear to contribute meaningfully to the variance
of these evolutionary parameters. Although this is the first analysis
of its kind for RNA viruses, our results are largely in agreement
with those obtained in a variety of other organisms (13, 46, 54, 67).

Studies on protein evolution in yeast and bacteria (11, 12) have
led to the idea that high levels of gene expression result in lower

TABLE 4 Analysis of association between genetic diversity in coding
and noncoding regions in Mononegavirales species

Virus
No. of
sequences

da

r P

Bornaviridae
Borna disease virus 12 0.74 0.042

Rhabdoviridae
Vesicular stomatitis virus 7 0.20 0.741
Rabies virus 60 –0.04 0.944

Filoviridae
Ebola virus 18 0.26 0.577

Pneumoviridae
Avian/human metapneumovirus 19 0.47 0.236
Respiratory syncytial virus 11 0.24 0.495

Paramyxoviridae
Newcastle disease virus 110 0.34 0.506
Sendai virus 6 0.80 0.048
Mumps virus 23 0.18 0.738
Parainfluenza virus type 3 12 0.43 0.399
Canine distemper virus 18 0.92 0.010
Measles virus 37 0.56 0.244
Nipah virus 12 0.79 0.043

a d, genetic distance; r, Pearson’s correlation coefficient; P, significance of the
correlation coefficient (values � 0.05 are indicated in boldface).
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rates of protein evolution through translational selection, rather
than through relative protein importance. Two complementary
mechanisms have been proposed to explain this phenomenon.
First, highly expressed proteins undergo selection for combina-
tions of mutations that allow proper folding despite mistransla-
tion, thereby shaping dN. Second, these proteins also experience
selection for preferred codons that increase both the efficiency and
the accuracy of translation, in turn influencing dS (1, 11). How-
ever, the situation appears to be different in the Mononegavirales,
in which codon usage bias (measured here as Nc=) and protein
abundance are poorly associated with dN, dN/dS, and d. More-
over, dS did not correlate with any of the genomic variables stud-
ied here, and these variables explained a percentage of variance in
dS �2-fold lower than in the other traits examined (see Table 1).
This suggests that translational selection in the Mononegavirales
acts only through translational robustness. Although this is at
odds with previous analyses of cellular organisms (12), in these
cases proteins are translated and folded in a constant environ-
ment. This is evidently not the case for subcellular parasites such
as viruses, which are heavily dependent on their ability to infect
and replicate in the host cellular environment, and hence are sub-
ject to strong host selection. Since many viruses are able to infect
different cell types, as well as different hosts (15), this exposure to
different cellular environments may lead to trade-offs between
optimal translational conditions, likely mitigating the impact of
selection for translational efficiency or accuracy. Indeed, in many
RNA viruses the selection on codon choice appears to be relatively
weak and is not driven by the requirement to match viral codons
with host tRNA anticodons (31). Conversely, the strong correla-
tion between gene expression level and dN is compatible with
selection for translational robustness, which may be a particularly
potent evolutionary force for proteins expressed in various envi-
ronments. Moreover, viral proteins are produced in very large
numbers during virus infection, representing the majority of the
host cellular proteome (37). Therefore, the cost of protein mis-
folding on virus fitness would be expected to be comparatively
higher than in cellular organisms, and consequently selection for
translational robustness is likely to be stronger in RNA viruses.
Interestingly, we also observed a strong correlation between gene
expression and genetic distance, seemingly in parallel with varia-
tion in the dN. This suggests that variation in dN is a major com-
ponent of the differences in variability between genes with differ-
ent degrees of expression, since dS values are not correlated with
this trait and generally exhibit only minor fluctuations within each
species. Interestingly, comparison of dN in a subset of 10 protein
pairs indicated that those with higher relative abundance and
lower relative mRNA level evolved more rapidly (data not shown).
This is in agreement with a major role for translational robustness
rather than a functional importance in protein evolution (11).

Despite the importance of expression level in determining the
rate of protein evolution, it is clear that other forces are at play.
These can be difficult to disentangle when the organism in ques-
tion has many genes or protein-protein interactions and redun-
dant functions. However, because of their limited gene number,
RNA viruses provide a unique opportunity to understand the role
of a variety of factors in shaping protein evolution. Accordingly,
while we found a strong positive correlation between gene expres-
sion level (and its proxy of gene relative position) and dN, dN/dS,
and d, some genes had to be excluded from the analysis to achieve
significant correlations. Importantly, similar trends were ob-

served when the Mononegavirales were analyzed as a whole, sug-
gesting that these results are robust. Moreover, they are in agree-
ment with our PCA, in which all genes were considered. However,
the presence of outlier genes does indicate that protein-specific
factors other than expression level have at least some impact on
protein evolution. Indeed, we have not considered several protein
characteristics, such as centrality or dispensability, that have been
proposed to partially determine the rate of protein evolution (9,
21, 25, 33, 68), albeit with a relatively weak effect (12, 63). Al-
though centrality has been analyzed in several viruses (10, 30, 42),
its effect on evolutionary parameters has been only addressed in
hepatitis C virus (7). Dispensability has understandably not been
addressed, since all of the proteins encoded in RNA virus genomes
can be considered essential, and most sequence alterations result
in deleterious effects (27).

The outlier genes that prevented a significant correlation be-
tween mRNA abundance/gene relative position and d, dN, and
dN/dS were generally P, G, and L. The P protein, involved in RNA
synthesis and encapsidation, is the least conserved protein among
the Mononegavirales (41), as reflected in its capacity to undergo
multiple amino acid changes or partial deletions without reducing
its functionality (28, 55). This observation is perhaps surprising,
considering that in many Mononegavirales the P gene encodes
more than one protein. These proteins, such as the C and V pro-
teins of the paramyxoviruses, are encoded in overlapping reading
frames and expressed through RNA editing or the pseudotem-
plated addition of nucleotides (37). As a consequence, strong neg-
ative selection might be expected, since mutations in overlapping
reading frames affect more than one gene and are likely to be
deleterious (40). However, in our analysis the high variability of
the P protein is maintained despite the presence of overlapping
reading frames, perhaps because negative selection is strongest on
the additional proteins encoded by this gene (32). The reduced
dN/dS ratios observed in nonoverlapping regions of the P gene in
most species analyzed supports this idea. Indeed, the rate of pro-
tein evolution in nonoverlapping regions exhibited values largely
in agreement with what would be expected relative to their expres-
sion level.

While the trend for the P gene was general to all virus species,
the G gene was detected as an outlier in only two species (Ebola
virus and respiratory syncytial virus). The G protein acts as the
attachment protein and is the major antigenic determinant of the
Mononegavirales (37). Due to this interaction with the host im-
mune system and to the presence of several hypervariable regions,
the G protein is thought to be either under weaker negative selec-
tion or stronger positive selection than other proteins (70). That
our analysis revealed higher d, dN, and dN/dS values for the G gene
than expected from relative mRNA abundance suggests that in
some species selection pressures related to its function, rather than
level of gene expression, are the major determinant of its evolu-
tion.

Less genetic diversity than expected based on gene position was
observed in the L gene, which encodes an RNA-dependent RNA
polymerase (RdRp). The obvious functional importance of the
RdRp likely explains its constrained amino acid sequence, with a
number of functional motifs highly conserved across all RNA vi-
ruses (35, 48). Our study indicates that, despite being the least
expressed, the L gene is the most conserved in the Mononegavi-
rales. Similarly, the VP24 gene of Ebola virus was subject to stron-
ger evolutionary constraints than expected based on its expression
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level. This protein is involved in many aspects of viral infection,
such as nucleocapsid formation (29), viral budding or assembly
(22), host range determination (59), and genome replication and
transcription, as well as in blocking interferon signaling (52),
which might explain its lower evolutionary rate. Hence, functional
constraints may be the main factors shaping levels of genetic di-
versity in these two proteins. However, we cannot exclude that the
differences observed for these proteins (P, G, L, and VP24) could
also reflect, in part, variations in evolvability. Tolerance to amino
acid substitutions has indeed been shown to vary between pro-
teins (5) and be linked to protein structure and stability (4, 61).
Interestingly, selection for translational robustness could also act
on these traits and contribute to differences in mutational robust-
ness (19).

There is a marked lack of experiment-based literature on the
effect of gene expression on aspects of viral fitness and evolution,
including for the Mononegavirales. To date, most research has
focused on the fitness consequences of recombinant variants of
vesicular stomatitis virus and rabies virus with rearranged genes
(2, 44, 64, 66). Although these studies did not consider the role of
gene expression in the pace of protein evolution, they did reveal
that fitness is not correlated with the level of gene expression of P
and G (2, 44, 66), two of our outlier genes, and which in turn
suggests that the expression level is not a major evolutionary de-
terminant in these genes. Conversely, virus fitness was associated
with the expression level of the N and M genes (2, 44, 64), for
which we propose that gene expression has an importantly evolu-
tionary effect. As such, these experiments provide indirect support
for the conclusions we draw here. However, it is also clear that a
direct experimental test of the results obtained from our in silico
analysis is an important avenue for future research.

Finally, our results indicate that not only are noncoding re-
gions less conserved than those that encode proteins, but their
evolutionary rates are associated with their relative genomic posi-
tion (but not their length). Although the variation in d is not
proportional between genes and the corresponding upstream
noncoding region, the gradient in evolutionary rates with relative
position follows the same trend in both coding and noncoding
regions, perhaps because the latter contain key regulatory signals
for gene expression. Interestingly, this correlation was also ob-
served in Ebola virus for which there is no apparent 3=-5= gradient
in mRNA levels. This suggests that, at least for this virus, the rel-
ative position in the genome, rather than the expression level of
the adjacent coding regions, contributes to the observed con-
straints on the evolution of the noncoding regions.

Our comparative study has taken advantage of the unique
characteristics of the Mononegavirales. Although the processes de-
scribed here contribute to our understanding of the evolution of
this viral order, determining the generality of our observations
will clearly require estimates of both genomic and evolutionary
parameters in a wide array of virus species.
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