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Abstract 15 

 16 

To date, dengue virus evolution has mainly been addressed by studies conducted at the 17 

between-host level. Like other pathogens with high mutation rate and rapid replication, 18 

dengue viruses also evolve during the course of an infection. Over the last few years, the 19 

advent of deep-sequencing technologies has facilitated studies of dengue virus populations at 20 

the within-host level. Here, we review recent advances on the evolutionary dynamics of 21 

dengue virus populations within their mosquito vector. We discuss how identifying the 22 

evolutionary forces acting on dengue virus populations within the mosquito can shed light on 23 

the processes underlying vector-virus interactions and the evolution of epidemiologically 24 

relevant traits.  25 
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Introduction 26 

 27 

Dengue viruses (DENV) are mosquito-borne RNA viruses in the genus Flavivirus (family 28 

Flaviviridae) that cause more human disease than any other arthropod-borne (arbo) virus [1]. 29 

They consist of four serotypes (DENV-1 to -4) that are phylogenetically related [2] and 30 

loosely antigenically distinct [3]. Human DENV originate from sylvatic transmission cycles 31 

that occur between non-human primates and arboreal mosquitoes [4]. They emerged and 32 

became endemic in the human population in the last few hundred years [2]. Today, DENV are 33 

transmitted among human hosts by anthropophilic mosquito vectors, primarily Aedes aegypti 34 

[5].  35 

 36 

Over the last three decades, phylogenetic and molecular evolution analyses based on viral 37 

genomic sequences have provided valuable insights into DENV evolutionary history and 38 

epidemiology [6]. It is noteworthy that this large body of work on various aspects of DENV 39 

biology such as the origin, spatio-temporal transmission dynamics, and pathogenesis has 40 

mainly been conducted at the between-host level. In other words, viral genomic sequences 41 

have generally been analyzed by considering a single genome per human or mosquito host 42 

sampled, which makes the implicit assumption that a single DENV genome adequately 43 

represents a given infection. 44 

 45 

Due to their exceptionally high mutation rate – about a million times greater than that of 46 

vertebrates [7] – RNA viruses typically exist within their hosts as a heterogeneous population 47 

of related genetic variants, often referred to as a viral quasispecies [8]. The within-host 48 

genetic diversity of DENV was initially demonstrated by reverse transcription of viral RNA 49 

purified from individual human plasma samples, followed by cloning and sequencing of 50 

multiple PCR amplicons [9,10]. The majority of subsequent studies focused on the human 51 

host [11-14], although the within-host genetic diversity of DENV populations was also 52 

confirmed in mosquitoes [15,16]. Within-host DENV genetic diversity was initially reported 53 

to be lower in mosquitoes than in human patients [16], but this observation did not hold in 54 

later studies [15,17]. 55 

 56 

Early studies of within-host DENV genetic diversity based on clonal sequencing typically 57 

examined partial genome sequences, such as the viral envelope gene, or a limited number of 58 

complete genome sequences. With the advent of high-throughput sequencing technologies, 59 
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genome-wide surveys progressively became the standard approach [13,14,18,19], with some 60 

exceptions [20]. The primary aim of these studies was to estimate the extent of within-host 61 

DENV genetic diversity, and possibly correlate it with relevant clinical, epidemiological or 62 

phylogenetic features. For example, a comprehensive study of within-host DENV-2 genetic 63 

diversity in Nicaragua revealed non-uniform patterns across viral genes, variation across 64 

phylogenetic lineages, and some degree of relationship with between-host genetic diversity 65 

[13]. One unresolved question is whether dengue disease severity in humans is associated 66 

with the level of within-host DENV genetic diversity, as was reported in some instances [12] 67 

but not others [13,14]. 68 

 69 

Only during the last two years did studies begin to monitor the evolutionary dynamics of 70 

DENV populations at the within-host level [17,18,21-23]. The abundant genetic diversity of 71 

RNA virus populations, coupled with short generation times, fuels their rapid evolution over 72 

the course of a single infection. Combining deep sequencing of within-host viral populations 73 

(Figure 1) with computational and statistical methods allows empirical analyses of their 74 

evolutionary dynamics [24]. Viral evolutionary analyses rely on the observed patterns of 75 

genetic diversity to infer the underlying evolutionary processes [25]. Evolutionary forces 76 

acting on within-host viral populations are not fundamentally different from those acting on 77 

any population. They include genetic mechanisms (i.e., mutation and recombination), 78 

demographic processes (i.e., genetic drift) and natural selection. 79 

 80 

Here, we review our current knowledge on the within-host evolutionary dynamics of DENV, 81 

focusing on the infection of mosquito vectors because they represent the bulk of published 82 

studies to date. We illustrate how the analysis of within-host evolutionary dynamics can 83 

provide important insights into DENV-vector interactions and DENV epidemiology. 84 

 85 

 86 

Within-host evolution of DENV populations 87 

 88 

To our knowledge, only five studies published to date monitored DENV genetic diversity at 89 

the within-host level based on sequential observations of the same viral population. 90 

Rodriguez-Roche et al. examined patterns of within-host genetic diversity in human serum 91 

samples collected during a DENV-3 epidemic in Cuba [18]. Although this observation was 92 

based on a single dengue patient, they detected significant changes in the genetic composition 93 
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of the within-host viral population sampled two and four days after fever onset. Plummer et al. 94 

monitored the evolution of DENV-2 genetic diversity during several passages in a mouse 95 

model to evaluate the effect of an antiviral molecule [22]. The antiviral treatment resulted in a 96 

higher number of viral genetic variants and signals of positive selection. In addition, viral 97 

populations passaged in both the antiviral-treated mice and the control mice differed from the 98 

input virus, indicating that evolution also took place independently of the antiviral treatment. 99 

 100 

Sessions et al. examined DENV-1 genetic diversity in twelve paired human sera collected 101 

early and late (i.e., four days apart) during the course of the infection, and in both Ae. aegypti 102 

and Aedes albopictus mosquitoes ten days after intrathoracic inoculation with the same human 103 

serum samples [23]. They detected mutation hotspots and coldspots in the viral genome, some 104 

of which were independent of the host type. In addition, there was evidence for frequent 105 

reversion of low-frequency variants during human-to-mosquito transfer, and some degree of 106 

mosquito species-specific evolution. Sim et al. also tracked changes in within-host DENV-1 107 

genetic diversity during human-to-mosquito transmission, but using a more natural setting 108 

[17]. Twelve viremic dengue patients from Vietnam were experimentally exposed to naïve Ae. 109 

aegypti mosquitoes, and three blood-fed mosquitoes per patient were analyzed after two 110 

weeks of extrinsic incubation. Comparison of within-host DENV genetic diversity in matched 111 

human and mosquito samples revealed substantial changes in the variant repertoire between 112 

venous blood and the organs of mosquitoes that became infected by feeding on the 113 

corresponding person. The majority of genetic variants were lost upon transition from venous 114 

blood to mosquito abdomen, as well as from mosquito abdomen to salivary glands. 115 

Nevertheless, several measures of genetic diversity per sample were similar between human 116 

plasma, mosquito abdomens and mosquito salivary glands, indicating that the overall level of 117 

within-host genetic diversity was maintained. 118 

 119 

A study that our research group recently conducted investigated the evolutionary forces 120 

underlying within-host DENV evolution in different genotypes of their mosquito vector Ae. 121 

aegypti [21]. We used deep sequencing to monitor the genetic diversity of full-length viral 122 

genomes during mosquito infection by a wild-type DENV-1 isolate (Figure 2). Based on 123 

neutral or quasi-neutral genetic markers to rule out a confounding effect of natural selection, 124 

we detected a stochastic reduction in population size at initial midgut infection. We estimated 125 

that infection was randomly initiated by tens of viral genomes, two orders of magnitude less 126 

than the infectious dose of virus ingested by an individual mosquito in our experiment. The 127 
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observed level of genetic diversity increased substantially during population expansion in the 128 

midgut without evidence for positive selection. Importantly, the observed amount of viral 129 

genetic diversity differed among mosquito genetic backgrounds, despite a similar census 130 

population size. Although additional investigations are necessary to determine their exact 131 

nature, this study thus pointed to a role for host genetic factors in the genetic breadth of 132 

within-host DENV genetic diversity. This result extends to the host-genotype level the recent 133 

finding that within-host West Nile virus genetic diversity is host-species dependent [26]. 134 

 135 

 136 

Inferring DENV-vector interactions from within-host viral evolutionary dynamics 137 

 138 

The above studies illustrate how the evolutionary dynamics of within-host viral populations 139 

can provide insights into DENV-vector interactions. Fluctuations in viral population size 140 

caused by anatomical barriers, for instance, can be inferred by comparing the genetic variance 141 

before and after traversal of the barrier [27,28]. Such methods use neutral or quasi-neutral 142 

genetic variants to estimate the effective population size (Ne), which is the size of an idealized 143 

population that would drift at the same rate as the observed population. The relatively tight 144 

population bottleneck observed at initial infection of the mosquito midgut [21] indicates that 145 

DENV likely establish infection in a small number of cells, as was observed for other 146 

arboviruses [29]. One caveat of methods based on Ne estimation is that the neutrality 147 

assumption, even for synonymous substitutions, is difficult to verify for RNA viruses [30]. 148 

Nevertheless, these methods allow demographic analyses of wild-type viral populations that 149 

would otherwise require artificial variants mixtures [31], marked viral clones [32], or viral 150 

replicons expressing a reporter protein [33]. 151 

 152 

Measures of natural selection can also shed light on the processes at play during DENV-153 

vector interactions. The strength and direction of natural selection are commonly assessed by 154 

computing the ratio of non-synonymous to synonymous changes (dN/dS). A dN/dS ratio of one 155 

means that non-synonymous substitutions occur at the same rate as synonymous substitutions 156 

and is interpreted as evidence for neutral evolution. A dN/dS ratio greater than one implies 157 

positive selection (i.e., driving change), whereas a dN/dS ratio smaller than one indicates 158 

purifying selection (i.e., opposing change). Analysis of the dN/dS ratio can only be applied to 159 

coding regions, it cannot detect certain forms of natural selection [34] and has several 160 

limitations at the within-population level [35]. However, calculating the dN/dS ratio can be 161 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

useful to compare the selection regime in different host compartments or different host types. 162 

The within-host environment is typically heterogeneous (i.e., different cell types) and 163 

spatially structured (i.e., organs), which can lead to the emergence of fitness trade-offs [36]. 164 

Such within-host trade-offs remain to be been explored in the case of DENV. 165 

 166 

Host immunity is expected to represent a major selective pressure on viral populations, and 167 

mosquito hosts are no exception. Antiviral immunity in insects consists of several arms that 168 

include RNA interference (RNAi), apoptosis, the ubiquitin proteasome pathway, autophagy 169 

and the heat-shock response [37]. RNAi is often described as the major antiviral immune 170 

response of mosquitoes against arboviral infections [38]. Because RNAi results in viral RNA 171 

degradation in a sequence-specific manner, there is potential for within-host co-evolutionary 172 

dynamics between viral populations and the RNAi response. Under this hypothetical scenario, 173 

rare viral variants are selectively advantaged if their sequence is sufficiently divergent to 174 

escape the RNAi response targeted at the dominant viral sequence. Consistent with this 175 

hypothesis, a study of West Nile virus infection in Culex mosquitoes showed that intense 176 

RNAi targeting of the viral genome was associated with positive selection [39]. As the escape 177 

variants rise in frequency, they are increasingly targeted by the RNAi response, allowing 178 

other rare variants to be selected. This mechanism of negative frequency-dependent selection, 179 

whereby allele fitness decreases as a function of the relative allele frequency in the 180 

population, is an example of balancing selection (that cannot be detected with the dN/dS ratio).  181 

 182 

The shape of the viral phylogeny at the within-host level may also provide indications on 183 

within-host processes. It has been suggested that different within-host processes may result in 184 

a different phylogeny shape (i.e., different tree topology and distribution of branch lengths), 185 

so that these mechanisms could be inferred from time series of within-host viral genetic 186 

diversity [36]. For example, resource-mediated and immune-mediated competition are 187 

expected to result in different trajectories of within-host evolution [36]. Thus, analysis of the 188 

shape of viral phylogenies at the within-host level could help to elucidate the mechanisms of 189 

DENV-vector interactions. One technical difficulty to overcome is haplotype phasing (i.e., 190 

resolving the combination of nucleotide variants carried by one viral genome) using short-191 

read sequence data, for which existing programs perform poorly when sequence divergence is 192 

low [40].  193 

 194 

 195 
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Connecting within-host and between-host DENV evolutionary dynamics 196 

 197 

Dengue epidemiology (i.e., at the between-host level) can also benefit from a better 198 

understanding of within-host evolutionary dynamics because within-host and between-host 199 

levels are connected. Perhaps the most eloquent example of this connection is the long-term 200 

transmission of defective DENV genomes in nature. A DENV-1 lineage that acquired a stop-201 

codon mutation in the envelope gene was detected in both humans and mosquitoes over a 202 

period of 18 months in Myanmar [15]. Such defective genomes, in which large sections have 203 

been deleted, have a replication advantage over the full-length parental genomes but they are 204 

only replicated by complementation in the presence of co-infecting functional viruses [41]. 205 

Defective interfering particles compete with functional viruses [42] but may also contribute to 206 

infection persistence [43]. Maintenance of a defective DENV lineage over multiple 207 

transmission cycles between humans and mosquitoes implies that population bottlenecks are 208 

not severe enough to prevent complementation by a functional DENV lineage, consistent with 209 

the estimated bottleneck size of tens of DENV genomes at initial mosquito infection [21]. A 210 

modeling study accounting for both within-host and between-host dynamics showed that co-211 

transmission of defective and functional DENV can potentiate epidemic spread [44]. Thus, 212 

within-host interactions between viral variants (i.e., complementation) may provide a pathway 213 

to viral emergence.  214 

 215 

On a longer time scale, accounting for within-host evolutionary dynamics may help to predict 216 

the between-host viral evolutionary rate [45,46]. In the case of arboviruses, it was observed 217 

that their evolutionary rate is on average slower than that of directly-transmitted RNA viruses 218 

[47]. The fitness trade-off hypothesis postulates that arbovirus alternation between disparate 219 

host types (i.e., vertebrate and invertebrate) constraints adaptation and slows down evolution, 220 

but this hypothesis has only received partial support from empirical studies [48]. Another 221 

important feature of the arbovirus life cycle are the recurrent population bottlenecks that occur 222 

during transmission [49]. These bottlenecks may act to slow down arbovirus evolution 223 

independently of host alternation. Presumably, rare adaptive mutations are lost by genetic 224 

drift, whereas more frequent deleterious mutations are efficiently removed by purifying 225 

selection during phases of within-host population expansion. The combined action of 226 

recurrent population bottlenecks and within-host purifying selection may thus promote 227 

evolutionary conservation of arboviral genomes. 228 

 229 
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 230 

Conclusions 231 

 232 

Only a handful of studies investigated the dynamics of within-host DENV genetic diversity to 233 

date. Most of these studies used a descriptive approach to correlate the extent of within-host 234 

viral genetic diversity with epidemiologically relevant features. This is a time of great 235 

opportunities to carry out longitudinal studies of within-host DENV evolutionary dynamics 236 

that will go beyond the mere description of genetic diversity. By combining high-throughput 237 

sequencing data with computational and statistical methods, within-host evolutionary analysis 238 

of DENV has the potential to illuminate within-host processes and provide important insights 239 

into epidemiological dynamics. Another critical aspect for future research will be to move 240 

from the analysis of patterns of DENV genetic diversity to the analysis of phenotypic traits 241 

underlying DENV fitness (e.g., drug resistance, replication rate, extrinsic incubation period). 242 

This will require the alliance of robust within-host viral evolutionary analysis and carefully 243 

designed experiments of viral reverse genetics.  244 
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Figure legends 425 

 426 

Figure 1: Deep-sequencing analysis of within-host viral populations. (1) RNA is extracted 427 

from the sample, purified and reverse transcribed into complementary DNA (cDNA) using 428 

random hexamers or a specific reverse primer located at 3’ end of the viral genome. Reverse 429 

transcription is the most error-prone step of the library preparation because the reverse 430 

transcriptase (RT) lacks proofreading activity; however, recent advances in understanding RT 431 

activity may lead to the development of proofreading RT and increased fidelity of this step 432 

[50]. Double-stranded DNA (dsDNA) is obtained by synthesis of the second strand or by 433 

high-fidelity PCR amplification. Samples with low template concentration usually require 434 

PCR amplification using a variable number of overlapping amplicons to cover the viral 435 

genome [51]. dsDNA is prepared for sequencing through indexing (for multiplexing 436 

purposes) and ligation of sequencing adapters. This step usually includes or is followed by 437 

another round of PCR amplification. Minimizing the number of PCR cycles during library 438 

preparation is critical for data quality because each PCR cycle can introduce errors that are 439 

difficult to discriminate from true low-frequency variants, even when a high-fidelity DNA 440 

polymerase is used. (2) The dsDNA library is deeply sequenced (i.e., a given nucleotide 441 

position is sequenced hundreds to thousands of times per sample) on a high-throughput 442 

sequencing platform. Illumina has been the most popular sequencing technology in recent 443 

years [17,21,23]. (3) Sequencing reads are checked for quality (i.e., low-quality nucleotides 444 

are trimmed) and PCR duplicates may be removed. (4) Reads are aligned to the reference 445 

viral genome, which can be predetermined or assembled de novo using the newly generated 446 

sequence data. (5) Based on the alignment of sequencing reads and their quality score, 447 

variant-calling algorithms detect nucleotide variants for each position and estimate their 448 

relative frequency [52]. The variant detection threshold primarily depends on the sequencing 449 

depth, with deeper sequencing resulting in higher sensitivity. Finally, nucleotide variants and 450 

their frequencies are used for analyses of viral population genetics.  451 

 452 

 453 

Figure 2: Dynamics of DENV genetic diversity within the mosquito Aedes aegypti. The 454 

mosquito digestive tract (in red) is infected following a DENV infectious blood meal. A sharp 455 

population drop occurs at initial midgut infection [17,21] followed by intense replication 456 

resulting in a large population size and increased level of genetic diversity compared to the 457 

input virus. DENV release into the hemocoel (i.e., the body cavity containing the 458 
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hemolymph) leads to systemic dissemination and infection of secondary organs (in gray), 459 

including salivary glands (in blue). DENV genetic diversity in the hemocoel is yet to be 460 

documented, and it is unclear to what extent viral populations undergo repeated population 461 

bottlenecks during systemic dissemination as was recently shown for West Nile virus [26]. 462 

Salivary gland infection is necessary for virus transmission to a new host. DENV populations 463 

in salivary glands are genetically diverse and may contain genetic variants that are different 464 

from the parental consensus sequence at the individual mosquito level. The minute amounts 465 

of DENV RNA that can be recovered from saliva samples are a hurdle to assess the 466 

potentially transmitted viral genetic diversity, which is currently unknown. Viral loads 467 

expressed in RNA copies and within-host genetic diversity levels shown in the figure are 468 

based on data from Ae. aegypti isofemale line CD in Lequime et al. [21]. 469 
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