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Abstract: The term arbovirus denotes viruses that are transmitted by arthropods, such as 

ticks, mosquitoes, and other biting arthropods. The infection of these vectors produces  

a certain set of evolutionary pressures on the virus; involving migration from the midgut, 

where the blood meal containing the virus is processed, to the salivary glands, in order to 

transmit the virus to the next host. During this process the virus is subject to numerous  

bottlenecks, stochastic events that significantly reduce the number of viral particles that are 

able to infect the next stage. This article reviews the latest research on the bottlenecks that 

occur in arboviruses and the way in which these affect the evolution and fitness of these 

viruses. In particular we focus on the latest research on three important arboviruses, West 

Nile virus, Venezuelan equine encephalitis virus and Chikungunya viruses and compare 

the differing effects of the mosquito bottlenecks on these viruses as well as other 

evolutionary pressures that affect their evolution and transmission. 
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1. Introduction 

1.1. Arboviruses 

Arboviruses are arthropod-borne viruses that are transmitted between vertebrate amplifying hosts 

by mosquitoes, ticks and other biting arthropods that serve as vectors [1,2]. Their transmission cycles 

generally include an intrinsic incubation phase, when infection, replication and viremia occur in the 

vertebrate host, and an extrinsic incubation, when infection, replication, dissemination and ultimately 

shedding of virus into the saliva of the vector occur. Most arboviruses initiate infection of the vector 

after ingestion of viremic blood, which passes to the digestive tract (e.g., midgut for mosquitoes) and 

infects epithelial cells. An arbovirus must then replicate and spread into the hemocoel or open body 

cavity, where it gains access to a variety of secondary target organs including the salivary glands, 

where replication and deposition into the apical cavities of acinar cells can lead to inoculation into a 

host upon refeeding. Some viruses can also be transmitted mechanically (as opposed to biologically), via 

contamination of vector mouthparts during feeding, followed by infection of a new vertebrate host 

upon subsequent feeding without infection or replication in the arthropod, a process that is typically 

compared to a “flying pin.” However, mechanically transmitted viruses are not considered arboviruses 

sensu stricto. Some arboviruses can also be transmitted vertically via infected eggs, or venereally, or 

via nonreplicative viremia to co-feeding vectors. However, for the most part, these modes of 

transmission are thought to be insufficiently efficient to perpetuate circulation in the absence of some 

degree of horizontal transmission. 

Arboviruses do not comprise a taxon because arthropod-borne transmission has evolved 

convergently several times, as indicated by the presence of arboviruses in several different RNA viral 

taxa, all of which also include non-arthropod-borne members: the alphaviruses (genus Alphavirus, one 

of two genera in the family Togaviridae); the flaviviruses (genus Flavivirus, one of three genera in the 

family Flaviviridae); the bunyaviruses, nairoviruses and phleboviruses (three of five genera in the 

family Bunyaviridae); the orbiviruses (one of nine genera in the family Reoviridae); the vesiculoviruses 

(one of six genera in the family Rhabdoviridae) and the thogotoviruses (one of four genera in the family 

Orthomyxoviridae) [3]. Only one DNA arbovirus is known, African swine fever virus (Asfarviridae: 

Asfarvirus), suggesting that the genetic plasticity and mutant swarm characteristics of RNA viruses are 

critical to maintaining the alternating vertebrate-invertebrate host cycle in nature (DNA viruses 

generally exhibit lower mutation frequencies than RNA viruses). Traditionally, it has been 

hypothesized that arboviruses are constrained genetically due to the “trade-off” in fitness that they 

must make when adapting simultaneously for infection and replication in both kinds of hosts. This view 

has been partially supported by experimental and retrospective studies of host range changes [4,5]. 

However, recent studies also suggest important effects of viral population bottlenecks that occur 

during the extrinsic incubation period. 

In addition to their taxonomic diversity, arboviruses are ecologically highly diverse, utilizing 

vectors in four different orders of insects (Diptera, Anoplura, Siphonaptera and Hemiptera) and two 

families of ticks (Ixodidae and Argasidae) as vectors [2]. Vertebrate hosts of arboviruses are also 

highly diverse, with birds and mammals serving as the enzootic amplification and/or reservoir hosts for 

the majority of human-pathogenic arboviruses. 
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1.2. Bottlenecks 

In evolutionary biology, a bottleneck is a stochastic or random event that decreases the number of 

viable replicating organisms in a population to a much smaller number, therefore reducing the effective 

population size. Following a bottleneck, one of two outcomes will occur: the population will either go 

to extinction or recover to a larger effective population size. The genetic diversity of the population 

will be reduced regardless of the outcome [6]. This is illustrated in Figure 1, where the potential 

changes in diversity particularly associated with viruses is shown. 

 

 

Figure 1. Effects of a bottleneck on virus populations, where virus variants are shown as 

colored circles: (1) Only the largest subpopulation is maintained after the bottleneck and 

viral variation decreases; (2) Virus variability decreases but a small amount of viral 

diversity is retained, and (3) Virus population diversity changes significantly due to 

random selection of small subpopulations and the dominant sequence is not perpetuated. 

Bottlenecks occur in all types of organisms and their populations including humans [7], the 

European rabbit [8] and various viral populations [6,9,10]. For viral populations the presence of 

bottlenecks should in theory lead to regular extinction events due to the lack of regular or efficient 

recombination of their genomes, which can restore the original master sequence following a 

bottleneck. A bottleneck in a viral population occurring during a life cycle would potentially increase 

the number of sub-optimally fit viral particles (because most mutations affect well adapted protein 

sequences and reduce fitness) being transmitted, just by chance. This conforms to the theory of 

Muller’s Ratchet, which predicts that asexual populations of organisms that periodically undergo 

population bottlenecks should tend to accumulate deleterious mutations unless sex or recombination 

intervene to allow efficient restoration of the wild-type (wt) or master sequence [11,12]. For viruses, 

bottlenecks can be experimentally induced by plaque-to-plaque transfer (initiating viral infection from 

a single virus particle forms one plaque), which simulates repeated natural bottleneck events and should 

be accompanied by fitness decreases as stochastic mutations are accumulated and the virus sequence 

becomes further and further removed from the consensus (average) sequence of the original viral 

population. This has been experimentally demonstrated in many viruses [13–20]. Studies with foot-

and-mouth disease virus (FMDV) by Domingo et al. [21] have shown that repeated bottleneck events 

induce a fluctuating fitness for approximately 20–40 passages, with fitness showing a fixed variation 

around the mean. Following the 20–40 passages the mean fitness decreases substantially but the 

oscillations around the mean increase give rise to greater diversity in fitness. Further, plaque-to-plaque 



Viruses 2014, 6 3994 

 

 

propagation does not result in a decrease in the mean fitness. After the virus has been subjected to 200 

bottleneck events there is no increase in fitness, only a continued oscillation around the decreased 

mean fitness seen after 20–40 passages. Interestingly, the virus is never able to recover by 

compensating for this reduced fitness and this indicates a long-term, irreversible effect of bottlenecks 

on virus populations. 

For arboviruses, the presence and effect of bottlenecks is especially important as the mosquito 

vector subjects the virus to several anatomical bottlenecks (reviewed in [4]). As arboviruses must 

infect all major compartments of the mosquito from infection of the midgut to dissemination into the 

hemocoel, to invasion of the salivary glands in order to be transmitted, they are constantly subjected to 

bottlenecks because most of these compartments are separated by basal lamina with limited viral 

penetration. The first evidence of this came when mosquitoes were infected with virus-like particles 

containing replicons expressing reporters such as green fluorescent protein. This allows the 

identification of the number of cells initially infected in the mosquito midgut. For Sindbis virus 

(SINV), West Nile virus (WNV) and epidemic VEEV and their associated mosquito vectors, a limited 

number of midgut cells were identified as initially infected using this method [22–25] indicating the 

presence of a significant bottleneck upon midgut infection. Interestingly, a similar experiment using 

the enzootic mosquito Culex taeniopus and an enzootic VEEV strain naturally transmitted by this 

mosquito showed that almost the whole midgut was infected with the virus [26]. These findings show 

that the relationship between the mosquito and the virus influences the severity of the bottleneck upon 

entry into the midgut. Subsequent experiments with the same VEEV enzootic strains and the enzootic 

mosquito C. taeniopus, showed that the number of infected midgut cells was determined by the amount 

of virus ingested by the mosquito [9]. Further discussion of the bottlenecks associated with the best-

studied viruses can be found below. 

For tick-borne viruses, the only study of diversity was performed using Powassan virus (POWV), 

and this showed that POWV populations isolated from ticks contain little viral genetic variation. This 

suggests that, upon infection of Ixodes scapularis, POWV is subject to a high degree of purifying 

selection and bottlenecks that probably occur when the ticks moult to the next stage [27]. Further 

investigations of tick-borne viral infections are required to confirm the severity and timing of bottlenecks 

in other tick-borne viruses and the long-term effect on viral evolution. 

Given the evidence presented above, it is likely that all arboviral infections are affected to some 

degree by bottlenecks. However, the severity and effect of these bottlenecks on the viral diversity is 

only just beginning to be uncovered and further experiments are required to determine the evolutionary 

pressures that such bottlenecks impose on arboviruses. 

2. Transmission Cycles and Viral Diversity 

Arboviral transmission cycles are complex and the viruses encounter different environments during 

their transmission cycles. Infection of the vertebrate host requires the virus to evade both innate and 

adaptive immune responses as well as to replicate to high enough titers to facilitate transmission to the 

next arthropod vector. It has long been postulated that the diversity present within the viral populations 

facilitates evasion of the immune system long enough for transmission. Certainly, viruses that have  

reduced diversity are no longer able to replicate as well within the host [28–30]. Experimental 
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infections with Chikungunya virus (CHIKV) that had been mutated to reduce the number of mutant 

progeny via increased genome replication fidelity produced infections that were less virulent with 

reduced mortality associated with the infection [30]. These experiments confirm that the presence of 

intra-host viral genetic diversity (a diverse mutant swarm) is critical to the successful infection and 

spread within the multiple hosts required for horizontal arbovirus transmission in nature. Interestingly, 

increasing the level of mutant viruses, i.e., making the virus a hyper-mutator, also decreases the 

infectivity of CHIKV [31], reducing the virulence and mortality. These results confirm that most 

viruses evolve an optimal level of replication fidelity and diversity, and any changes can result in 

compromised fitness. 

Unlike vertebrates where the immune response is well understood, we are only just beginning to 

understand the immune responses associated with arbovirus vectors such as the mosquito and tick.  

Most of the work on insect immune systems has been done with Drosophila and is reviewed elsewhere 

[32]. For mosquitoes, the presence of an RNAi response has been well documented and there are three 

potential pathways; the small interfering RNA response (siRNA), the micro RNA pathway (miRNA) 

and the piwi-like RNA response (piRNA) [33]. Most of the work in arboviruses has been done with the 

siRNA response and is thus the focus of this review. The first indication of the presence of the siRNA 

response in mosquitoes was homology with Drosophila genes, and homologues of the important genes 

Dicer-2 (Dcr-2), R2D2 and Argonaute-2 (Ago-2) have been found in Anopheles gambiae, C. pipiens 

and Aedes aegypti [34,35]. 

In general, arboviruses infect mosquito cells without causing significant damage, with little 

evidence of the cytopathic effects (CPE) usually seen in vertebrate cells. This allows mosquitoes to 

remain infectious for their lifetime, compared to vertebrates that typically clear the infection from their 

systems or succumb to infection. Recent evidence suggests that this long-term vector infection is the 

result of suppression of the virus via siRNA responses. When the alphavirus O’nyong-nyong (ONNV) 

is used to experimentally infect A. gambiae, the virus reaches the salivary glands in 9 days. If the virus 

is co-infected with double-stranded ONNV RNA that stimulates the siRNA response, this leads to a 

slower infection with the virus increasing the time required to disseminate and reach the salivary 

glands. However, when ONNV is co-infected with siRNAs that inhibit the RNAi response, the virus 

spreads more rapidly and achieves higher mosquito titers, even leading to increased mosquito mortality 

when A. gambiae is infected with ONNV [35,36]. This shows that virus infection of the mosquito is 

not inherently benign as was traditionally thought, but is kept in check by the mosquito immune 

response, allowing the mosquito and virus to survive long enough for the virus to be transmitted. The 

importance of the siRNA response in suppressing viral replication has been shown by the 

incorporation of the Flock house virus (FHV) protein B2 into the alphavirus Sindbis virus (SINV). The 

B2 protein of FHV is a suppressor of the insect immune response [37]. Upon infection with SINV 

containing the B2 protein of A. aegypti cell cultures or in vivo mosquitoes results in increased 

infection, dissemination and high viral titers and increased mortality [38]. Thus this experiment 

confirms that alphaviruses are virulent to mosquitoes in the absence of a competent innate immune system. 

Given that arboviruses are subject to antiviral pressures from the mosquito as well, the presence of 

viral diversity appears to be more important in the mosquito vector than was previously recognized. 

Recent work examining the effect of the RNAi response on the production of siRNAs from the virus 

has shown that there are areas of the viral genome that disproportionately produce the viral RNAs 
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(viRNAs) that trigger the immune response. Studies with SINV show that these viRNAs are generated 

from both the positive and negative-strand of the genome, though mainly from the positive strand 

[39,40]. These areas of diversity were mapped to different regions in the positive strand compared to 

the negative strand. Studies with WNV showed that the hotspot genomic regions exhibited higher levels of 

diversity [41], suggesting that the presence of the immune response affects arboviral diversity. 

Arboviral genetic diversity is therefore an essential strategy for the virus to ensure survival and 

represents a new and exciting avenue of virus evolution research. More work is needed to examine the 

interactions between the RNAi response and viral diversity. Additionally, the impact of the repeated 

bottlenecks described above needs to be investigated to give a complete picture of the complex 

interplay between the mosquito and the virus that facilitates viral transmission without adverse effects 

to the mosquito. 

3. Evolutionary Pressures on Arboviruses and Fitness Potentials 

Arboviruses are unique in that they obligately cycle between vertebrates and invertebrates, unlike 

most RNA viruses that use just one or several closely related host species. The need to replicate in two 

different host types imposes special selective constraints on arboviruses and shapes their evolution. 

Invertebrate and vertebrate hosts are believed to present conflicting challenges that together limit 

adaptation to either host alone by imposing fitness costs where adaptations are antagonistic [42]. As 

evidence of these challenges, arboviruses isolated from nature show less genetic variation than 

predicted by their intrinsic mutation rates [43–45]. Many experimental evolution studies with CHIKV, 

EEEV, Rift Valley Fever virus, SINV, VEEV, Vesicular stomatitis virus, and WNV, (reviewed 

elsewhere [4,46]) where one host is artificially removed from alternating transmission via serial 

passage, illustrate the trade-offs inherent to dual-host cycling. These studies reveal three general 

patterns of arbovirus evolution (with some exceptions): (i) fitness gains after serial passage and fitness 

losses in bypassed hosts (with some exceptions); (ii) reduced fitness in new hosts not previously 

involved in the transmission cycle, and (iii) fitness increases in passaged hosts after alternating 

(invertebrate-vertebrate) passage. Together these studies show that constraints on fitness differ in 

invertebrate versus vertebrate hosts and can be virus-specific, but that arbovirus fitness is not severely 

limited by alternating between vertebrate and invertebrate hosts. 

Although recent work has focused on defining the viral genetic determinants of emergence and host 

range changes (reviewed elsewhere [4,47]), knowledge of the composition and role of arbovirus  

heterogeneity in cycling and vector infection is scant. RNA viruses, including nearly all arboviruses, 

exist as heterogeneous populations of highly similar genomes, together called mutant swarms. 

Heterogeneity arises from error-prone replication due to the inability of the viral polymerase to correct 

mistakes, in concert with rapid and exponential population growth. However, arboviruses have 

historically been treated as clones of the same genomic RNA; this view is simplistic in that it ignores 

the mutant swarm and its possible phenotypic roles. Characterizing the mutant spectrum in large and 

heterogeneous populations requires extensive sequencing that was labor intensive until the recent 

development of next generation sequencing, which allows full genome coverage at high depth with 

relatively little work [48]. An increasing number of studies are employing this technology to 

characterize mutant spectra. 
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4. Case Studies 

The three viruses studied below are the most well studied arboviruses in terms of their evolution 

and transmission. West Nile virus has been studied in detail since its first identification in the U.S. in 

1999. Since then, there have been numerous studies on its evolution in both avian and mosquito hosts 

and it remains the best understood flavivirus in terms of how the virus and the hosts interact. CHIKV 

and VEEV both belong to the genus Alphavirus. Of these VEEV has been of historic interest since the 

1930s due to its periodic reemergence as an epidemic virus and the ability of the virus to spread 

rapidly throughout Central and South America, and even to the U.S., during epidemic outbreaks [49]. 

Chikungunya recently emerged from an enzootic cycle in Africa to become nearly pandemic, causing  

 millions of cases of human disease in the past few years. Partly because of the historic interest in 

VEEV and the recent epidemics of CHIKV, the transmission cycles of these two viruses are well 

understood and, as a result, it is possible to study their evolution in detail, where other less-well 

understood systems would be more challenging. 

4.1. West Nile Transmission and Bottlenecks 

West Nile virus, has been well studied since its arrival in New York in 1999 [50], and the evolution 

of the virus has been the subject of many papers [51–54] showing numerous genetic changes. Both the 

vector and host influence the evolution of the virus and therefore understanding the diversity of the 

virus and the effect of the diversity on the host will increase the insight into this important pathogen. 

Studies of WNV have shown that it, like all RNA viruses, exhibits diversity within infected hosts. 

Evidence for the presence of diversity has been identified in both the mosquito vector and the avian 

host. However, experimental quantification of the amount of variation suggests that there is more 

diversity in vectors compared to avian hosts [55]. Experimental evolution studies have shown that 

when the virus is artificially released from the need to infect both hosts, there is a lesser diversity in 

mosquitoes compared to chickens when passaged in chickens, whereas when both were passaged in 

mosquitoes the amount of diversity increased [56] (opposite to the pattern observed for VEEV [57]). 

Increased diversity in mosquitoes may stem from the need to avoid the RNAi response, described above. 

For WNV two experiments were conducted, the first showed that upon infection of a mixture  

of five variants in roughly equal quantities (much like the VEEV work described below) the C. pipiens 

mosquitoes do not appear to improve viral bottlenecks, showing no reductions in the number of viral 

variants between the midgut, the hemocoel and the salivary glands. Instead, the amount of diversity 

decreases over time in all vector tissues and organs over a 21-day extrinsic incubation period. This 

decrease appears to be stochastic, with no one variant consistently being selected [58]. However, when 

a second experiment was performed with eight variants with differing proportions, there was a 

significant decrease in the variants isolated from the midgut compared to the original bloodmeal and a 

decrease in the number of variants in the salivary secretions compared to the midgut. In addition, a 

temporal decrease was observed in addition to the bottlenecks. This temporal decrease was not 

observed in the VEEV experiments (see below) and may be a result of the vector-virus relationship in 

this particular transmission cycle. It is also possible that the presence of RNAi reduces diversity from 

day seven to day 21 post-infection in C. pipiens mosquitoes and WNV. Further study of other systems 
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is needed to assess the relative changes in temporal versus anatomical reduction in variants in different 

systems. 

 

4.2. Venezuelan Equine Encephalitis Virus 

The presence of bottlenecks in VEEV during mosquito infection has been studied using subtype IE 

strains and the natural enzootic vector C. taeniopus [9] (illustrated in Figure 2). 

 

 

Figure 2. Changes in Venezuelan equine encephalitis virus populations after anatomical 

bottlenecks in Culex taeniopus mosquitoes fed mixtures of eight barcoded virus variants 

colored circles). Variant diversity decreased at dissemination and in saliva and the number 

of variants transmitted in saliva was lower in mosquitoes that ingested lower viral doses. 

A series of eight viruses marked in the nsP2 gene with synonymous mutations was created, all with 

equal mosquito fitness in vitro and in vivo. When all eight marked viruses were provided at high 

bloodmeal titers (10
6
 pfu/mL) to cohorts of mosquitoes, all eight variants were present in the infected 

mosquito midguts. However, when the hemocoel was tested for the presence of the marked viruses 

there was a significant reduction in the number of marked clones, suggesting the presence of a 

bottleneck upon virus escape from the midgut into the hemocoel. Effective population size measures 

estimated that ≈50 infectious virus particles escaped from the midgut into the hemocoel. However, 

when mosquitoes were fed with lower VEEV titers (10
5
 pfu/mL) the number of marked viruses 

detected in the midgut decreased, indicating the presence of a bottleneck upon midgut entry. Midgut 

infection is therefore dependent on the initial concentration of ingested virus, and in natural 

transmission cycles probably represents a significant bottleneck as most rodents have viremia titers 

lower than 10
4
 pfu/mL during infection with VEEV IE [59]. At the lower (10

5
 pfu/mL) titer there was 
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still a bottleneck associated with escape from the midgut, and the number of particles calculated to 

escape was approximately two. Following injection of the virus via the intrathoracic route to 

artificially bypass midgut infection, evidence of a third bottleneck was detected when VEEV infects 

the salivary glands from the hemocoel. Although transmission experiments were conducted, only three 

transmission events were documented, so it was not possible to determine a consistent bottleneck 

associated with vertebrate infection. Therefore at present we can conclude that for VEEV, the 

mosquito is the major source of bottlenecks, and these are associated with the anatomical barriers in 

mosquitoes, unlike WNV where the reduction in viral genetic diversity is associated with time. 

4.3. Chikungunya Virus 

Chikungunya virus is a re-emerging alphavirus that causes febrile disease with arthritis and has 

recently expanded from Africa to Indian Ocean Islands, Asia, Europe and the Americas [60]. 

The precedent for CHIKV studies came from an in vivo study with VEEV that detected significant 

fitness increases after serial single-host passages but no genome-wide consensus changes [57], 

suggesting a phenotypic role for minority genomes in the mutant spectrum. Subsequent studies with 

CHIKV therefore focused on characterizing the mutant spectrum after passage to understand how 

obligate host cycling shapes the viral population. CHIKV serially passaged in cell cultures showed 

higher fitness in novel cell types and enhanced neutralization and antiviral compound resistance, 

changes that were associated with increased genetic diversity [61]. By comparison, alternating 

passages between cell types restricted CHIKV fitness and diversity increases, where mutations 

beneficial or neutral in both hosts were preserved to retain fitness in alternating cycling [61]. In 

parallel with earlier studies that did not involve sequencing, these results suggest an evolutionary 

trade-off between maintaining fitness for alternating host cycling and adaptability, where maximum 

adaptability is possible via augmented population diversity. Diversity probably helps virus populations 

by making them more likely to contain advantageous mutations when novel selective pressures are 

applied. 

Recent studies with CHIKV [62] employing next generation sequencing technologies reveal that 

intra- and inter-host population infection and transmission dynamics in vectors are complex.  

Even though they can overcome anatomical bottlenecks at the midgut and salivary glands, probably by 

regenerating diversity via replication, the mutant spectra ingested by bloodfeeding vectors are not the 

same as the spectra they transmit. Moreover, certain transmitted minor variants with E1 glycoprotein 

gene mutations augment infectivity and transmissibility by vectors as well as pathogenesis in mice. 

This study also demonstrated that mutations with epidemiological relevance, including the E1 residue 

226 alanine-to-valine substitution that promoted expansive epidemics in Indian Ocean Islands and Asia 

[63,64], can be detected in vector saliva during standard experimental transmission studies only using 

deep sequencing, highlighting the potential for detection of epidemic variants in laboratory studies 

before they explode in outbreaks. 

5. Conclusions 

Since the pioneering work of Muller [11] the potential effects of population bottlenecks on 

population fitness have gained more and more experimental support, especially using viruses as model 
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systems due to their large population sizes, high mutation frequencies, and experimental tractability. 

Recently, arboviruses have played a central role in these studies because most undergo recombination 

infrequently (and recombination was hypothesized by Muller to compensate for mutational load 

following repeated population bottlenecks). In vitro studies have generally showed that arboviruses are 

subject to fitness declines following repeated bottlenecks (typically created with either limiting dilutions 

or plaque-to-plaque transfers). Population bottlenecks in vivo during vector infection have been shown 

using experimentally barcoded arboviral populations and deep sequencing of wt viral populations 

analysed in different compartments at several stages of vector infection and transmission. However, 

somewhat surprisingly, although these bottlenecks are apparent in several arbovirus-vector systems, 

there is little or no evidence that they affect fitness or even genetic stability in experimental settings or 

in nature. Key questions requiring further study include: (1) How do arboviruses recover their genetic 

diversity, which has been shown experimentally with high fidelity mutants to be critical for fitness and 

transmission [28], after population bottlenecks?; (2) Why do rates of nucleotide substitution for 

arboviruses in nature remain low, even for synonymous mutations that typically should not be 

constrained by purifying selection? (3) Do population bottlenecks constrain adaptive evolution and 

therefore modulate host range changes and arboviral disease emergence? Novel methods and tools 

including high throughput, deep sequencing and fidelity mutants generated recently for some 

arboviruses should facilitate future studies to address these fundamental questions. 

Author Contributions 

N.L.F. and L.C. contributed equally to this article. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References and Notes  

1. Calisher, C.H. Antigenic classification and taxonomy of flaviviruses (family Flaviviridae) 

emphasizing a universal system for the taxonomy of viruses causing tick-borne encephalitis. Acta 

Virol. 1988, 32, 469–478. 

2. Karabatsos, N. International Catalogue of Arboviruses, 3rd ed.; American Society of Tropical 

Medicine and Hygiene: San Antonio, TX, USA, 1985. 

3. Calisher, C.H.; Karabatsos, N. Arbovirus serogroups: Definition and geographic distribution.  

In The Arboviruses: Epidemiology and Ecology, Vol. I; Monath, T.P., Ed.; CRC Press: Boca 

Raton, FL, USA, 1988; pp. 19–57. 

4. Coffey, L.L.; Forrester, N.; Tsetsarkin, K.; Vasilakis, N.; Weaver, S.C. Factors shaping the 

adaptive landscape for arboviruses: Implications for the emergence of disease. Future Microbiol. 

2013, 8, 155–176. 

5. Weaver, S.C.; Winegar, R.; Manger, I.D.; Forrester, N.L. Alphaviruses: Population genetics and 

determinants of emergence. Antivir. Res. 2012, 94, 242–257. 



Viruses 2014, 6 4001 

 

 

6. Li, H.Y.; Roossinck, M.J. Genetic bottlenecks reduce population variation in an experimental 

RNA virus population. J. Virol. 2004, 78, 10582–10587. 

7. Hawks, J.; Hunley, K.; Lee, S.-H.; Wolpoff, M. Population bottlenecks and pleistocene human 

evolution. Mol. Biol. Evol. 1999, 17, 2–22. 

8. Surridge, A.; Bell, D.J.; Ibrahim, K.M.; Hewitt, G.M. Population structure and genetic variation of 

European wild rabbits (Oryctolagus cuniculus) in East Anglia. Heredity 1999, 82, 479–487. 

9. Forrester, N.L.; Guerbois, M.; Seymour, R.; Spatt, H.; Weaver, S.C. Vector-borne transmissions 

imposes a severe bottleneck on an RNA virus population. PLoS Pathog. 2012, 8, e1002897. 

10. Sacristan, S.; Malpica, J.M.; Fraile, A.; Garcia-Arenal, F. Estimation of population bottlenecks during 

systemic movement of Tobacco Mosaic virus in Tobacco plants. J. Virol. 2003, 77, 9906–9911. 

11. Muller, H.J. The relation of recombination to mutational advance. Mutat. Res. 1964, 1, 2–9. 

12. Maynard-Smith, J. The Evolution of Sex; Cambridge University Press: Cambridge, UK, 1976. 

13. Duate, E.; Clarke, D.; Moya, A.; Domingo, E.; Holland, J. Rapid fitness losses in mammalian 

RNA clones due to Muller's Ratchet. Proc. Natl. Acad. Sci. 1992, 89, 6015–6019. 

14. Elena, S.F.; Gonzalez-Candelas, F.; Novella, I.S.; Duate, E.A.; Clarke, D.K.; Domingo, E.;  

Holland, J.J.; Moya, A. Evolution of fitness in experimental populations of vesicular stomatitis 

virus. Genetics 1996, 142, 673–679. 

15. Escarmis, C.; Davila, M.; Charpentier, N.; Bracho, A.; Moya, A.; Domingo, E. Genetic lesions 

associated with Muller’s ratchet in an RNA virus. J. Mol. Biol. 1996, 264, 255–267. 

16. Escarmis, C.; Davila, M.; Domingo, E. Multiple molecular pathways for fitness recovery of an 

RNA virus debilitated by operation of Muller’s ratchet. J. Mol. Biol. 1999, 285, 495–505. 

17. Yuste, E.; Lopez-Galindez, C.; Domingo, E. Unusual distribution of mutations associated with serial 

bottleneck passages of human immunodeficiency virus type 1. J. Virol. 2000, 74, 9546–9552. 

18. Yuste, E.; Sanchez-Palomino, S.; Casado, C.; Domingo, E.; Lopez-Galindez, C. Drastic fitness loss in 

human immunodeficiency virus type 1 upon serial bottleneck events. J. Virol. 1999, 73, 2745–2751. 

19. Escarmis, C.; Lazaro, E.; Arias, A.; Domingo, E. Repeated bottleneck transfers can lead to  

non-cytocidal forms of a cytopathic virus: Implication for viral extinction. J. Mol. Biol. 2008, 376, 

367–379. 

20. Weaver, S.C.; Brault, A.C.; Kang, W.; Holland, J.J. Genetic and fitness changes accompanying 

adaptation of an arbovirus to Vertebrate and Invertebrate cells. J. Virol. 1999, 73, 4316–4326. 

21. Domingo, E.; Escarmis, C.; Lazaro, E.; Manrubia, S.C. Quasispecies dynamics and RNA virus 

extinction. Virus Res. 2005, 107, 129–139. 

22. Foy, B.D.; Myles, K.M.; Pierro, D.J.; Sanchez-Vargas, I.; Uhlirova, M.; Jindra, M.; Beaty, B.J.; 

Olson, K.E. Develoment of a new Sindbis virus transducing system and its characterization in 

three Culicine mosquitoes and two Lepidopteran species. Insect Mol. Biol. 2004, 13, 89–100. 

23. Olson, K.F.; Myles, K.M.; Seabaugh, R.C.; Higgs, S.; Carlson, J.O.; Beaty, B.J. Development of  

a Sindbis virus expression system that efficiently expresses green fluorescent protein in midguts  

of Aedes aegypti following per os infection. Insect Mol. Biol. 2000, 9, 57–65. 

24. Scholle, F.; Girard, Y.A.; Zhao, Q.; Higgs, S.; Mason, P.W. Trans-packaged West Nile virus-like 

particles: Infectious properties in vitro and in infected mosquito vectors. J. Virol. 2004, 78,  

11605–11614. 



Viruses 2014, 6 4002 

 

 

25. Smith, D.; Adams, A.P.; Kenney, J.L.; Wang, E.; Weaver, S.C. Venezuelan equine encephalitis 

virus in the mosquito vector Aedes taeniorhynchus: Infection initiated by a small number of 

susceptible epithelial cells and a population bottleneck. Virology 2008, 372, 176–186. 

26. Kenney, J.L.; Adams, A.P.; Gorchakov, R.; Leal, G.; Weaver, S.C. Genetic and anatomic 

determinants of enzootic Venezuelan equine encephalitis virus infection of Culex (Melanoconion) 

taeniopus. PLoS Negl. Trop. Dis. 2012, 6, e1606. 

27. Brackney, D.E.; Brown, I.K.; Nofchissey, R.A.; Fitzpatrick, K.A.; Ebel, G.D. Homogeneity of 

Powassan virus populations in naturally infected Ixodes scapularis. Virology 2010, 402, 366–371. 

28. Coffey, L.L.; Beeharry, Y.; Borderia, A.V.; Blanc, H.; Vignuzzi, M. Arbovirus high fidelity 

variant loses fitness in mosquitoes and mice. Proc. Natl. Acad. Sci. 2011, 108, 16038–16043. 

29. Vignuzzi, M.; Stone, J.K.; Arnold, J.J.; Cameron, C.E.; Andino, R. Quasispecies diversity 

determines pathogenesis through co-operative interactions in a viral population. Nature 2006, 439, 

344–348. 

30. Pfeiffer, J.K.; Kirkegaard, K. Increased fidelity reduces Poliovirus fitness and virulence under 

selective pressure in mice. PLoS Pathog. 2005, 1, e11. 

31. Rosen-Gagnon, K.; Stapleford, K.A.; Mongelli, V.; Blanc, H.; Failloux, A.-B.; Saleh, M.-C.; 

Vignuzzi, M. Alphavirus mutator variants present host-specific defects and attenuation in 

mammalian and insect models. PLoS Pathog. 2014, 10, e1003877. 

32. Bronkhorst, A.W.; van Rij, R.P. The long and short of antiviral defense: Small RNA-based 

immunity in insects. Curr. Opin. Virol. 2014, 7, 19–28. 

33. Lucas, K.J.; Myles, K.M.; Raikhel, A.S. Small RNAs: A new frontier in mosquito biology.  

Trends Parasitol. 2013, 29, 295–303. 

34. Fragkoudis, R.; Attarzadeh-Yazdi, G.; Nash, A.A.; Fazakerley, J.K.; Kohl, A. Advances in 

dissecting mosquito innate immune responses to arbovirus infection. J. Gen. Virol. 2009, 90,  

2061–2072. 

35. Blair, C.D.; Sanchez-Vargas, I.; Franz, A.W.E.; Olson, K.E. Rendering mosquitoes resistant to 

Arboviruses through RNA interference. Microbe 2006, 1, 466–470. 

36. Keene, K.M.; Foy, B.D.; Sanchez-Vargas, I.; Beaty, B.J.; Blair, C.D.; Olson, K.E. RNA 

interference acts as a natural antiviral response to O’nyong-nyong virus (Alphavirus; Togaviridae) 

infection of Anopheles gambiae. Proc. Natl. Acad. Sci. 2004, 101, 17240–17245. 

37. Singh, G.; Popli, S.; Hari, Y.; Malhotra, P.; Mukherjee, S.; Bhatnagar, R.K. Suppression of RNA 

silencing by Flock house virus B2 protein is mediated through its interaction with the PAZ 

domain of Dicer. FASEB J. 2009, 23, 1845–1857. 

38. Cirimotich, C.M.; Scott, J.C.; Phillips, A.T.; Geiss, B.J.; Olson, K.E. Suppression of RNA 

interference increases alphavirus replication and virus-associated mortality in Aedes aegypti 

mosquitoes. BMC Microbiol. 2009, 9, 49. 

39. Myles, K.M.; Morazzani, E.M.; Adelman, Z.N. Origins of alphavirus-derived small RNA’s in 

mosquitoes. RNA Biol. 2009, 6, 387–391. 

40. Myles, K.M.; Wiley, M.R.; Morazzani, E.M.; Adelman, Z.N. Alphavirus-derived small RNAs 

modulate pathogenesis in disease vector mosquitoes. Proc. Natl. Acad. Sci. 2008, 105, 19938–19943. 



Viruses 2014, 6 4003 

 

 

41. Brackney, D.E.; Pesko, K.N.; Brown, I.K.; Deardorff, E.R.; Kawatachi, J.; Ebel, G.D. West Nile 

virus genetic diversity is maintained during transmission by Culex pipiens quinquefasciatus 

mosquitoes. PLoS One 2011, 6, e24466. 

42. Turner, P.E.; Morales, N.M.; Alto, B.W.; Remold, S.K. Role of evolved host breadth in the initial 

emergence of an RNA virus. Evolution 2010, 64, 3273–3286. 

43. Davis, C.T.; Ebel, G.D.; Lanciotti, R.S.; Brault, A.C.; Guzman, H.; Siirin, M.; Lambert, A.;  

Parsons, R.E.; Beasley, D.W.; Novak, R.J.; et al. Phylogenetic analysis of North American West 

Nile virus isolates, 2001–2004: Evidence for the emergence of a dominant genotype. Virology  

2005, 342, 252–265. 

44. Ebel, G.D.; Carricaburu, J.; Young, D.; Bernard, K.A.; Kramer, L.D. Genetic and phenotypic 

variation of West Nile virus in New York, 2000–2003. Am. J. Trop. Med. Hyg. 2004, 71, 493–500. 

45. Parameswaran, P.; Charlebois, P.; Tellez, Y.; Nunez, A.; Ryan, E.M.; Malboeuf, C.M.; Levin, 

J.Z.; Lennon, N.J.; Balmaseda, A.; Harris, E.; et al. Genome-wide patterns of intrahuman dengue 

virus diversity reveal associations with viral phylogenetic clade and interhost diversity. J. Virol.  

2012, 86, 8546–8558. 

46. Ciota, A.T.; Ehrbar, D.J.; Matacchiero, A.C.; van Slyke, G.A.; Kramer, L.D. The evolution of 

virulence of West Nile virus in a mosquito vector: Implications for arbovirus adaptation and 

evolution. BMC Evol. Biol. 2013, 13, 71. 

47. Tsetsarkin, K.A.; Chen, R.; Sherman, M.B.; Weaver, S.C. Chikungunya virus: Evolution and 

genetic determinants of emergence. Curr. Opin. Virol. 2011, 1, 310–317. 

48. Hall-Mendelin, S.; Allcock, R.; Kresoje, N.; van den Hurk, A.F.; Warrilow, D. Detection of 

arboviruses and other micro-organisms in experimentally infected mosquitoes using massively 

parallel sequencing. PLoS One 2013, 8, e58026. 

49. Weaver, S.C.; Ferro, C.; Barrera, R.; Boshell, J.; Navarro, J.C. Venezuelan equine encephalitis.  

Ann. Rev. Entomol. 2004, 49, 141–174. 

50. May, F.J.; Davis, C.T.; Tesh, R.B.; Barrett, A.D. Phylogeography of West Nile virus: From the 

cradle of evolution in Africa to Eurasia, Australia and the Americas. J. Virol. 2011, 85, 2964–2974. 

51. Davis, C.T.; Beasley, D.W.; Guzman, H.; Raj, R.; D’Anton, M.; Novak, R.J.; Unnasch, T.R.;  

Tesh, R.B.; Barrett, A.D. Genetic variation among temporally and geographically distinct West 

Nile virus isolates, United States, 2001, 2002. Emerg. Infect. Dis. 2003, 9, 1423–1429. 

52. Mann, B.R.; McMullen, A.R.; Swetnam, D.M.; Barrett, A.D. Molecular epidemiology and evolution 

of West Nile virus in North America. Int. J. Environ. Res. Public Health 2013, 10, 5111–5129. 

53. Mann, B.R.; McMullen, A.R.; Swetnam, D.M.; Salvato, V.; Reyna, M.; Guzman, H.; Bueno, R., Jr.; 

Dennett, J.A.; Tesh, R.B.; Barrett, A.D. Continued evolution of West Nile virus, Houston, Texas, 

USA, 2002–2012. Emerg. Infect. Dis. 2013, 19, 1418–1427. 

54. McMullen, A.R.; Albayrak, H.; May, F.J.; Davis, C.T.; Beasley, D.W.; Barrett, A.D.  

Molecular evolution of lineage 2 West Nile virus. J. Gen. Virol. 2013, 94, 318–325. 

55. Jerzak, G.; Bernard, K.; Kramer, L.; Shi, P.-Y.; Ebel, G. The West Nile virus mutant spectrum is 

host-dependent and a determinant of mortality in mice. Virology 2007, 360, 469–476. 

56. Deardorff, E.R.; FItzpartrick, K.A.; Jerzak, G.; Shi, P.Y.; Kramer, L.D.; Ebel, G.D. West Nile 

virus experimental evolution in vivo and the trade-off hypothesis. PLoS Pathog. 2011, 7, 

e1002335. 



Viruses 2014, 6 4004 

 

 

57.  Coffey, L.L.; Vasilakis, N.; Brault, A.C.; Powers, A.M.; Tripet, F.; Weaver, S.C. Arbovirus 

evolution in vivo is constrained by host alternation. Proc. Natl. Acad. Sci. 2008, 105, 6970–6975. 

58. Ciota, A.; Ehrbar, D.J.; Van Slyke, G.A.; Payne, A.F.; Willsey, G.G.; Viscio, R.E.; Kramer, L.D. 

Quantification of intrahost bottlenecks of West Nile virus in Culex pipiens mosquitoes using  

an artificial mutant swarm. Infect. Genet. Evol. 2012, 12, 557–564. 

59. Deardorff, E.R.; Forrester, N.L.; Travassos-da-Rosa, A.P.; Estrada-Franco, J.G.; Navarro-Lopez, R.; 

Tesh, R.B.; Weaver, S.C. Experimental infection of potential reservoir hosts with Venezuelan 

equine encephalitis virus, Mexico. Emerg. Infect. Dis. 2009, 15, 519–525. 

60. Coffey, L. L.;  Failloux, A-B.; Weaver, S.C. Chikungunya Virus-vector Interactions. Viruses 

2014, 6, in press. 

61. Coffey, L.L.; Vignuzzi, M. Host alternation of chikungunya virus increases fitness while 

restricting population diversity and adaptability to novel selective pressures. J. Virol. 2011, 85, 

1025–1035. 

62. Stapleford, K.A.; Coffey, L.L.; Lay, S.; Borderia, A.V.; Duong, V.; Isakov, O.; Rozen-Gagnon, 

K.; Arias-Goeta, C.; Blanc, H.; Beaucourt, S.; et al. Emergence and transmission of arbovirus 

evolutionary intermediates with epidemic potential. Cell Host Microbe 2014, 15, 706–716. 

63. Tsetsarkin, K.A.; Vanlandingham, D.L.; McGee, C.E.; Higgs, S. A single mutation in 

chikungunya virus affects vector specificity and epidemic control. PLoS Pathog. 2007, 3, e201. 

64. Vazeille, M.; Moutailler, S.; Coudrier, D.; Rousseaux, C.; Khun, H.; Huerre, M.; Thiria, J.;  

Dehecq, J.S.; Fontenille, D.; Schuffenecker, I.; et al. Two Chikungunya isolates from the outbreak 

of La Reunion (Indian Ocean) exhibit different patterns of infection in the mosquito, Aedes 

albopictus. PLoS One 2007, 2, e1168. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


