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Considerable uncertainty surrounds the evolutionary rates of and selection pressures acting on arthropod-
borne RNA viruses (arboviruses). In particular, it is unclear why arboviruses such as dengue virus show
substantial genetic variation within individual humans and mosquitoes yet low long-term rates of amino acid
substitution. To address this question, I compared patterns of nonsynonymous variation in populations of
dengue virus sampled at different levels of evolutionary divergence. Although nonsynonymous variation was
abundant in viral populations within individual humans, there was a marked reduction in the frequency of
nonsynonymous mutations in interhost comparisons. Moreover, intrahost genetic variation corresponded to a
random pattern of mutation, and most of the sites that exhibited nonsynonymous variation within hosts were
invariant at deeper phylogenetic levels. This loss of long-term nonsynonymous variation is the signature of
extensive purifying selection such that more than 90% of all nonsynonymous mutations are deleterious.
Consequently, although arboviruses are able to successfully adapt to diverse cell types, they are characterized

by a high rate of deleterious mutation.

An important concept in the evolution of arthropod-borne
RNA viruses (arboviruses) is that due to intrinsic constraints
associated with dual replication in mammalian and inverte-
brate hosts, these viruses evolve more slowly than RNA viruses
transmitted by other routes (1, 9, 11, 18, 19). However, al-
though this theory is commonly stated, the evidence claimed to
support it is more ambiguous. For example, large-scale phylo-
genetic studies have revealed that arboviruses have signifi-
cantly lower rates of nucleotide substitution than other RNA
viruses, particularly at nonsynonymous sites (6), and that they
are subject to significantly less positive selection pressure (and
hence lower levels of amino acid diversity) on their surface
structural genes (21). In contrast, analyses of individual human
and mosquito hosts infected with dengue virus (DENV) have
found levels of nonsynonymous and synonymous genetic vari-
ation comparable to those seen in other, highly variable RNA
viruses (3, 16, 17, 20). Moreover, while a variety of experimen-
tal studies confirm that selection pressures on arboviruses dif-
fer when the viruses are grown in insect and mammalian cells,
there is conflicting evidence as to whether alternating replica-
tion among hosts produces negative fitness trade-offs such that
traits favored in one host are selected against in another (2, 8,
18).

In an attempt to resolve the discrepancies concerning the
evolutionary rates of and selection pressures acting on arbovi-
ruses, I analyzed the patterns of genetic variation in a repre-
sentative and well-studied arbovirus—DENV—at different lev-
els of evolutionary divergence. In particular, I compared the
respective numbers of nonsynonymous and synonymous muta-
tions within and among hosts and used the changing propor-
tions of nonsynonymous mutations as a key indicator of the
selection pressures affecting this virus.
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Three different types of DENV data sets were compiled,
representing increasing levels of evolutionary divergence: (i)
one for virus populations within individual human hosts, (ii)
one for epidemiologically linked virus populations, and (iii)
one for populations representing the full extent of genetic
diversity of two of the four DENV serotypes (Table 1). Four
intrahost data sets were collected, all corresponding to
DENV-3 in humans, and included full-length (20) and partial
(17) envelope (E) gene sequences and partial sequences of the
capsid and NS2B genes (16). I also collected four data sets
representing DENV diversity within epidemiologically linked
host populations, that is, viruses collected from the same coun-
try over a limited time span. All sequences in these sets came
from the E gene, and sequences in three data sets, namely,
those corresponding to viral populations collected from Thai-
land in 1987 (data compiled from GenBank), Venezuela dur-
ing the period from 1997 to 2000 (14), and Vietnam during the
period from 1997 to 1998 (12), were from DENV-2, for which
most sequence data are available. I also analyzed a single data
set, corresponding to viral populations collected in Venezuela
during the period from 2000 to 2001 (15), of DENV-3 se-
quences. Finally, I examined genetic variation at a more distant
phylogenetic level by compiling two data sets encompassing the
full range of genetic diversity in DENV-2 and DENV-3. Where
possible, five sequences were taken from each of the six de-
fined genotypes of DENV-2 (12) and the five genotypes of
DENV-3 (20). For genotypes with fewer than five sequences
available, all sequences were included in the analysis. All se-
quences were aligned by eye and no insertions or deletions
needed to be introduced.

To measure the change in selection pressures on DENV at
different levels of evolutionary divergence, I compared the
numbers of nonsynonymous and synonymous mutations. In the
simplest analysis, the proportion of nonsynonymous mutations
in each alignment (designated pN) was computed. To obtain a
more accurate estimation of changing selection pressures and
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TABLE 1. Analysis of patterns of nonsynonymous variation in DENV at different levels of evolutionary divergence
a DENV type (place and date No. of Length
Data set of collection) sequences (bp) i PN dnldg”
Intrahost
1 3 180 318 0.003 0.757 1.062
2 3 180 366 0.004 0.732 1.183
3 3 69 393 0.003 0.747 1.262
4 3 20 1,479 0.002 0.520 0.562
Average 0.003 0.689 1.017
Interhost (epideniologically
linked populations)
5 2 (Thailand, 1987) 19 1,485 0.008 0.067 0.030
6 2 (Venezuela, 1997-2000) 35 1,485 0.010 0.133 0.066
7 2 (Vietnam, 1997-1998) 16 1,485 0.017 0.164 0.077
8 3 (Venezuela, 2000-2001) 15 1,479 0.002 0.200 0.131
Average 0.009 0.141 0.076
Interhost (among genotypes)
9 2 25 1,485 0.090 0.120 0.054
10 3 21 1,479 0.081 0.148 0.076
Average 0.086 0.134 0.065

“ Sequences in data sets 1 and 2 were from capsid and NS2B genes, respectively. Sequences in all other data sets were from E genes. Data for each of sets 1 and

2 were collected from 18 patients; data for set 3 were collected from 6 patients.

® For data sets 1 to 3, dy/dg was calculated by dividing the numbers of nonsynonymous and synonymous mutations in samples from each patient by the average
number of nonsynonymous and synonymous sites calculated across all patients. In individual pairwise comparisons in which there were no synonymous substitutions,

dy/dg was set at 1.0.

to take account of multiple substitutions at single sites, I next
compared the ratio of nonsynonymous (d,) to synonymous
(ds) substitutions per site (dn/dg). This analysis was under-
taken by using the CODEML program from the PAML pack-
age (22), as this enabled me to obtain a maximum likelihood
estimate of d,/dg averaged across all sites in the alignment
while taking into account the phylogenetic relationships of the
sequences in question (as specified in the M0 model of codon
evolution [23]). Finally, to analyze how overall levels of genetic
diversity changed through time, I also calculated r, the average
pairwise distance among the sequences in each data set.

The levels of nonsynonymous variation at different levels of
evolutionary divergence are presented in Table 1. The most strik-
ing observation was that far more nonsynonymous variation was
present within hosts than among them (in epidemiologically
linked populations or DENV genotypes). On average, ~69% of
mutations at the intrahost level were nonsynonymous (~75% if
the small E gene data set from Wittke et al. [20] is excluded). Such
a high proportion of nonsynonymous changes is very close to that
expected (~70%) if both nonsynonymous and synonymous mu-
tations occurred at random. In contrast, an average of only 14.1%
of mutations within epidemiologically linked populations were
nonsynonymous, and a similarly low proportion (13.4%) was de-
tected among the different genotypes of DENV-2 and DENV-3.
The reduction in frequency of nonsynonymous changes was also
revealed in a comparison of d,/d ratios at different levels of
evolutionary divergence. In this case, the mean intrahost d,/dg
ratio was 1.017 (1.169 if the E gene data set from Wittke et al. [20]
is excluded), which is again very close to the value of ~1.0 ex-
pected if all mutations occurred randomly. Far lower d,/d ratios

were observed within local populations (mean dy/dg = 0.076) and
among genotypes of DENV-2 and DENV-3 (mean d,/dg =
0.065). That both pN and d,/dg are similar among epidemiolog-
ically linked DENV populations and genotypes of DENV-2 and
DENV-3 but differ substantially from the values seen for popu-
lations within hosts indicates that very different selection pres-
sures are imposed on viral populations in the short term and in
the long term. Moreover, the interhost d/d ratios are lower than
those seen in many other RNA viruses (21) and confirm previous
suggestions that DENVs are subject to relatively strong selective
constraints such that most amino acid changes are deleterious.
More evidence that the majority of intrahost nonsynony-
mous mutations may be deleterious was the fact that they
generally occurred as singletons, suggesting relatively low fre-
quency in the population, and that the sites with these muta-
tions were usually invariant in comparisons involving more
distantly related DENVs. For example, 23 amino acid sites
were variable in the virus sample from patient ID17 from the
E gene data set of Wang et al. (17), yet only one of these sites
exhibited any variation in an alignment of 68 sequences from
the five genotypes of DENV-3 sampled on a global scale. That
the remaining 22 amino acid sites were invariant in the global
DENV-3 data set strongly suggests that these sites are subject
to major selective constraints so that purifying selection purges
nonsynonymous variation in the long term. Likewise, of the 13
amino acid changes observed in the E gene data set of Wittke
et al. (20), only two occurred at sites that are variable in the
global DENV-3 alignment. Finally, and as expected, overall
genetic diversity within DENV populations increased with evo-
lutionary divergence. The only exception was the DENV-3
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population from Venezuela that was sampled during 2000 and
2001, in which no more genetic diversity was observed than
that within individual hosts.

Taken together, these results reveal that the intrahost ge-
netic variation in DENV represents the random mutation fre-
quency in the population prior to the action of widespread
natural selection, either positive or negative. Indeed, stop
codons and deletion mutations, which are presumably delete-
rious, were observed in all the intrahost data sets (16, 17, 20).
That the frequency of nonsynonymous mutations is greatly
reduced in comparisons involving more distantly related vi-
ruses further indicates that the majority of these mutations are
deleterious and eventually purged by purifying selection. To
estimate the proportion of all nonsynonymous mutations that
are deleterious in DENV, I compared the difference in mean
dnldg ratios within and among hosts (Table 1). As the mean
dy/d ratio in the interhost comparisons is less than 10% of its
mean value within hosts, it can be roughly estimated that more
than 90% of the nonsynonymous mutations that occur within
hosts are removed by purifying selection in the long term.
Moreover, because intrahost genetic variation must have built
up over a number of replication cycles, the high numbers of
nonsynonymous mutations observed at this time imply that any
purifying selection within individual hosts must be relatively
weak and that this selective purging most likely occurs when
the virus replicates in the alternate host. However, there is
currently insufficient data to ascertain whether different sites
are selected in human and mosquitoes.

My calculation that over 90% of nonsynonymous mutations
in DENV are deleterious is higher than the average figure of
~80% estimated for the human genome (5). Because all my
interhost comparisons involved the E gene, which shows
greater variability in corresponding amino acids than many
other DENV genes because of sporadic positive selection (12,
13), it is also likely that an even greater frequency of delete-
rious mutations will be found in whole genome comparisons.
Moreover, the fact that the DENV-3 population from Vene-
zuela which had a low level of genetic variation also had the
highest d,/d ratio further suggests that the full force of puri-
fying selection has yet to be experienced in this population.
Finally, it is also possible that a proportion of synonymous
changes are deleterious because of such factors as RNA sec-
ondary structure (10) and codon usage bias (6). While the
frequency of deleterious synonymous mutations can be esti-
mated by comparing changing base compositions through time
(4), the available sample size of DENV (or any arbovirus)
currently precludes this analysis.

Overall, the reduction in frequency of nonsynonymous mu-
tations through time strongly supports the notion that there
are major constraints acting on the long-term evolution of
DENYV and most likely of arboviruses in general. Although the
high level of intrahost genetic variation confirms that arbovi-
ruses are not in evolutionary stasis (8), my finding that most of
these mutations are deleterious explains why long-term rates of
amino acid substitution are lower than those seen in many
other RNA viruses (7). As such, measures of intrahost genetic
variation should not be used to estimate long-term rates of
nucleotide substitution. Moreover, while it is clear that arbo-
viruses are able to adapt to diverse cell types, as revealed in
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experimental studies, many of the mutations produced will be
deleterious in the alternate host. As such, perhaps the most
telling measure of the selective constraints acting on arbovi-
ruses is the high frequency of deleterious mutations; although
these mutations may only cause negative fitness trade-offs in
some experimental systems (depending on the extent of ep-
istasis and pleiotropy), arboviruses in general are likely to
produce many more deleterious mutations than RNA viruses
that replicate only in phylogenetically similar host species.

I thank Oliver Pybus, Michael Worobey, and two referees for con-
structive comments.
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