

[image: image1]
Arbovirus-Mosquito Vector-Host Interactions and the Impact on Transmission and Disease Pathogenesis of Arboviruses









	 
	REVIEW
published: 23 January 2019
doi: 10.3389/fmicb.2019.00022





[image: image]

Arbovirus-Mosquito Vector-Host Interactions and the Impact on Transmission and Disease Pathogenesis of Arboviruses

Yan-Jang S. Huang1,2, Stephen Higgs1,2 and Dana L. Vanlandingham1,2*

1Department of Diagnostic Medicine/Pathobiology, College of Veterinary Medicine, Kansas State University, Manhattan, KS, United States

2Biosecurity Research Institute, Kansas State University, Manhattan, KS, United States

Edited by:
Tonya Michelle Colpitts, Boston University, United States

Reviewed by:
Saravanan Thangamani, The University of Texas Medical Branch at Galveston, United States
Stephen Wikel, Quinnipiac University, United States

*Correspondence: Dana L. Vanlandingham, dlvanlan@vet.ksu.edu

Specialty section: This article was submitted to Virology, a section of the journal Frontiers in Microbiology

Received: 31 October 2018
Accepted: 09 January 2019
Published: 23 January 2019

Citation: Huang Y-JS, Higgs S and Vanlandingham DL (2019) Arbovirus-Mosquito Vector-Host Interactions and the Impact on Transmission and Disease Pathogenesis of Arboviruses. Front. Microbiol. 10:22. doi: 10.3389/fmicb.2019.00022

Hundreds of viruses, designated as arboviruses, are transmitted by arthropod vectors in complex transmission cycles between the virus, vertebrate host, and the vector. With millions of human and animal infections per year, it is critical to improve our understanding of the interactions between the biological and environmental factors that play a critical role in pathogenesis, disease outcomes, and transmission of arboviruses. This review focuses on mosquito-borne arboviruses and discusses current knowledge of the factors and underlying mechanisms that influence infection and transmission of arboviruses and discusses critical factors and pathways that can potentially become targets for intervention and therapeutics.
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ARBOVIRUSES, TRANSMISSION, AND HUMAN DISEASES

The first revelation that mosquitoes can vector human pathogens was the discovery of mosquito transmission of filarial worms by Sir Patrick Manson (Manson, 1878). In 1881, Carlos Finlay hypothesized that the etiologic agent responsible for yellow fever might be carried by mosquitoes, and this theory was proven to be true by Major Walter Reed who, in 1900 made the first observation that a human virus, yellow fever virus (YFV), can be transmitted by mosquitoes. The concept and term of “arthropod-borne” virus transmission was first introduced to the field of virology in 1942 (Hammon and Reeves, 1945), and as pioneering discoveries are published, the term arthropod-borne virus, or arbovirus, continues to evolve. In the publication, “Arthropod-borne and rodent-borne viral diseases”, by the World Health Organization, members of its scientific group defined arboviruses as “viruses that share the characteristic of being naturally maintained through biological transmission between susceptible vertebrate hosts by hematophagous arthropods or transovarial transmission from infected female arthropods to her progeny” (WHO, 1985). Whilst mosquitoes are responsible for the transmission of many medically important arboviruses, other arthropod taxa play an important role in vectoring human viruses as well. For example, ticks, especially hard ticks under the Ixodidate family, are vectors for several tick-borne flaviviruses such as tick-borne encephalitis virus (TBEV), Powassan virus (POWV), and Omsk hemorrhagic fever virus, and bunyaviruses such as Crimean-Congo hemorrhagic fever virus.

Although human-to-human transmission through the exchange of infectious body fluids has been reported for several arboviruses, the majority of arthropod-borne transmission associated with human diseases is achieved by infected arthropods feeding on people. Often, as for example in the case of West Nile virus (WNV), the virus is transmitted by mosquitoes to reservoir and amplifying hosts that develop a viremia that is sufficient to infect mosquitoes, and humans, as dead-end hosts, become infected with potentially severe and potentially fatal disease. Under certain circumstances, for example when vectors and naive hosts are abundant, an enzootic cycle limited to a specific region or period may become epizootic with large numbers of cases. Because of the requirement for the virus to replicate in both the arthropod and vertebrate host, it is immediately apparent that the process of biological transmission creates multiple opportunities for interactions among vertebrate hosts, vectors, and viruses. These interactions can occur on multiple levels that can ultimately impact transmission patterns and disease pathogenesis. At the ecological level, transmission patterns of arboviruses can be influenced by the specific species of vector or vertebrate hosts involved in the transmission cycle. This is particularly true as the geographic distribution of vector species and arboviruses is often expanded through the movements of humans and cargo. This dispersal can lead to a change in the transmission patterns of arboviruses as they are introduced into new regions. A particularly good example is the spread of Aedes aegypti from Africa to the New World several hundred years ago. Ae. aegypti subsequently became responsible for the urban transmission of YFV in the Americas and continues to be a medically important species following the emergence of dengue virus (DENV), chikungunya virus (CHIKV), and Zika virus in the New World (Tabachnick, 1991; Gould et al., 2003). Culex quinquefasciatus was also introduced to the New World, presumably near the same time as Ae. aegypti, and has become an important vector species for WNV. The ongoing invasion of Ae. albopictus into various locations since the late 20th century has further created significant ecological and health threats because of its competence for various arboviruses (Vanlandingham et al., 2016). Although the introduction of competent vector species and pathogenic arboviruses into new geographic regions, where immunologically naïve hosts are present, can profoundly change the epidemiology of arboviruses, the change in epidemiology and overall disease burden often has little impact on disease pathogenesis in humans. In this review, we focus on the discoveries of interactions between arboviruses, vectors, and vertebrate hosts at the cellular and molecular levels, which ultimately changed transmission patterns and disease pathogenesis. Such discoveries have potential applications as targets for antiviral therapies, vaccines, or preventive interventions for arboviral diseases.

Of obvious relevance to geographic distribution is the effect of the environment on both the biology of the vectors but also the relationships between the vectors and the viruses. Climate, and particularly temperature and rainfall, have a significant effect on the distribution and abundance of different mosquito species. At higher temperatures, the mosquito life cycle is shorter than at lower temperatures, and typically there is a species-specific lower temperature threshold at which the species cannot survive. This in essence determines the geographic distribution of the species. For instance, Ae. aegypti, one of major vectors for arboviruses, is more sensitive to low temperature in nature than Ae. albopictus, limiting its geographic distribution to tropical and subtropical areas (Chang et al., 2007). Temperature also influences the kinetics of replication and dissemination of viruses in the mosquito and becomes a determinant for vector competence. Under laboratory conditions, extrinsic incubation period of arboviruses at higher temperatures is often shorter than at lower temperatures (Liu et al., 2017). In nature, the fluctuation of temperature has also been found to alter vector competence of disease vectors (Carrington et al., 2013a,b). As a consequence of environmental influence on the vector, outbreaks of arboviruses, for example dengue viruses, can be correlated with season, specifically those that promote high mosquito population densities (Campbell et al., 2013). As with the vector, the environment can influence distribution, abundance, and even susceptibility of vertebrate hosts. Effects could include migration patterns and reproductive status, and availability of young naïve hosts. One of the most aggressive dispersal of CHIKV in human history was attributed to an abrupt increase of Ae. aegypti population followed by emergence of the East-Central-South-African genotype of CHIKV in the coastal region of Kenya (Chretien et al., 2007). As a consequence of the outbreaks, millions of individuals were infected in the archipelago along the Indian Ocean between 2005 and 2006. Numerous attempts have been made to produce predictive models that relate environment/climate to disease outbreaks, perhaps the most successful being for Rift Valley fever virus (Linthicum et al., 1999). Environmental influences on arboviral infections and vectors has been reviewed by Mellor (Mellor, 2004). Although it is logical to suggest that if temperatures increase in specific areas, then one could anticipate some redistribution of, for example, tropical mosquitoes into traditionally temperate zones, and as a consequence, perhaps a geographic change in the distribution of associated arboviruses, but to date there seems to be no compulsive proof that this has happened (Gould and Higgs, 2009).

Regardless of the arbovirus or the vector species, a significant number of arboviral infections in humans are asymptomatic or cause only a mild transient fever. Arboviruses can also cause other non-specific symptoms which are observed in most viral infections, such as rash and myalgia. Specific clinical manifestations can be generally classified into distinct categories of clinical outcomes: hemorrhagic fever, encephalitis or central nervous system involvement, or arthritis (Barrett and Higgs, 2007; Higgs, 2008; Higgs and Vanlandingham, 2016). The possibility of further development of severe disease is dependent on the arbovirus and the physiological and immunological condition of the patient. Several groups of arboviruses can cause viral hemorrhagic fever including mosquito-borne flaviviruses under the YFV and DENV serocomplexes, tick-borne flaviviruses such as Omsk hemorrhagic fever virus and Kyasanur Forest disease virus, mosquito-borne bunyaviruses in the genus Phlebovirus such as Rift Valley fever virus, and tick-borne bunyaviruses in the genus Nairovirus such as Crimean-Congo hemorrhagic fever virus. The hemorrhagic form of the disease is likely to have the highest public health significance based on the case numbers. This is largely due to the increased disease burden created by DENV, which is the etiological agent for dengue hemorrhagic fever (Gubler, 1998).

Another important re-emerging mosquito transmitted pathogen is YFV, which has caused significant mortality in Africa since 2015 due to a shortage of the global stockpile of the 17D vaccine (The Lancet, 2016). The movement of viremic YF-infected people from Africa to China has caused concern that a yellow fever outbreak could occur in the immunologically naïve populations in Asia where the urban vector, Ae. aegypti, is present in large numbers (Calisher and Woodall, 2016). The other important form of severe disease in humans is encephalitis and related central nervous system diseases caused by several arboviruses from different virus families (Higgs and Vanlandingham, 2016). For example, members of flaviviruses within the Japanese encephalitis virus and TBEV complexes are known to cause encephalitic diseases in humans (Higgs and Vanlandingham, 2016). Similarly, infection of New World alphaviruses such as Venezuelan equine encephalitis virus and Eastern equine encephalitis virus also cause encephalitis in humans. Orthobunyaviruses, in the California serogroup, such as La Crosse virus, are etiological agents for pediatric encephalitis, especially in North America (Vasconcelos and Calisher, 2016). Distinct from the viral hemorrhagic fever diseases caused by systematic infection, lethal encephalitis is normally the consequence of infection taking place in an incidental host, which normally does not develop viremia high enough to sustain the transmission cycle but which often succumbs to disease (Weaver and Barrett, 2004). The third form of human disease caused by arbovirus infection is arthritis, which is mainly associated with the Old World alphaviruses, for example CHIKV (Suhrbier et al., 2012; Higgs et al., 2018). Although the disease is rarely lethal, it often leads to a significant disease burden in the population and substantial economic loss in endemic regions (Higgs et al., 2018).

VIRUS-VECTOR INTERACTIONS

Infection of an arthropod vector is typically required to sustain the transmission cycle of arboviruses. This process can have a direct impact on the pathological outcome of arboviruses in humans or other vertebrate hosts and virus-vector interactions can often determine the epidemic potential of arboviruses (Schneider and Higgs, 2008). Approaches used to better understand virus-vector interactions can be multidisciplinary examining vector biology, molecular genetics, and arbovirology. Infection with a virus, for example WNV, can influence transcription of mosquito genes and subsequent protein abundance, for example in salivary glands, and can potentially influence virus infection and disease development in the vertebrate host (Girard et al., 2010). Effects of saliva on the vertebrate and its influence on virus infection of the vertebrate is discussed in more detail below. Recently, it has also become evident that the presence of the vector microbiome (symbiotic bacteria) persistently infecting mosquitoes can also alter virus-vector interactions and affect the infection process of arboviruses (van den Hurk et al., 2012; Dennison et al., 2014). Knowledge of virus-vector interactions is often helpful in identifying critical factors that assist in the development of new life-saving technologies, including vaccine candidates and novel control strategies.

Cellular Factors Controlling Arbovirus Infections in Arthropods

Identification of intrinsic factors, for example immune-related genes that control the infection process of arboviruses in arthropods, has long been an important topic for arbovirus research (Sim et al., 2014). As demonstrated with vectors collected from different geographic regions, genetic variations in vector species and populations can often lead to differences in the functionality of protein products that can subsequently determine susceptibility and vector competence (Gubler et al., 1979; Tabachnick et al., 1985). Without access to genome sequences of all medically important species, studies in the past have relied on various genetic tools such as electrophoretic methods and quantitative trait loci mapping to determine the link between vector genetics and vector competence (Gomez-Machorro et al., 2004; Bennett et al., 2005). These pioneering studies and the information obtained from model organisms generated fundamental knowledge needed to discover genes and pathways that control the process and outcomes of arbovirus infections. The development of different molecular biological techniques in the late 20th century provided tools, for example RNA interference (RNAi), to examine individual factors as determinants of the outcome of arbovirus infection in vivo. Despite these advances and the availability of sequence data for several important species of mosquito, we still do not understand the basis of species specific susceptibility to virus infection and vector competence.

Genetic Approach to Study Vector Competence and Vector-Virus Interactions

The effort to determine the role of vector genetics on arbovirus susceptibility originally focused on the study of vector competence of various mosquito populations for arboviruses and the impact of selection during mosquito colonization on vector competence. By targeting the variable genetic loci encoding several metabolic enzymes, the impact on Ae. aegypti genetics during the process of colonization was first shown to be linked with their susceptibility to YFV (Lorenz et al., 1984). This observation was subsequently examined using comparative studies on the susceptibility of two subspecies of Ae. aegypti, Ae. aegypti aegypti, and Ae. aegypti formosus, to other flaviviruses, dengue virus, and yellow fever virus (Tabachnick et al., 1985; Vazeille-Falcoz et al., 1999). Using a quantitative genetics approach Ae. aegypti formosus, which is restricted to sylvan and rural areas of West Africa, was shown to have significantly lower susceptibility to human arboviruses due to genetic differences from its related competent vector species, Ae. aegypti aegypti (Bosio et al., 1998). Although this topic continues to be actively investigated in other studies involving vector competence of different vector populations for urban and sylvatic strains of DENV and YFV (Dickson et al., 2014), a substantial challenge has emerged as some Ae. aegypti formosus have become domesticated (Brown et al., 2011). For example, in an outbreak caused by DENV-3 in Cape Verde, an archipelago of 10 islands off the Atlantic coast of West Africa, Ae. aegypti formosus was reported to be a competent vector that is highly susceptible to YFV and CHIKV, which are both regarded as re-emerging arboviruses with high public health significance (Vazeille et al., 2013). Despite much effort, and availability of some mosquito genomes, the genetic basis of species and population-specific mosquito susceptibility/refractoriness to infection, genetic determinants of dissemination and of transmission are still poorly understood.

Innate Immunity of Arthropod Vectors and Arbovirus Infection

With evidence indicating that mosquito genetics can influence susceptibility and competence for arboviruses, the next critical step was to identify pathways and specific genes that act as determinants for the infection process. The early search for determinants of vector competence focused on factors acting as immune components in mosquitoes and largely benefitted from the pioneering studies conducted on Drosophila melanogaster, a model organism used for studies on innate immunity and pattern recognition receptors (Hoffmann, 2003). One of the well-characterized pathways discovered was the antiviral RNAi response that was originally discovered and characterized in fruit flies (Galiana-Arnoux et al., 2006). Both fruit flies and mosquitoes share this conserved mechanism which detects the presence of RNA viruses by detecting double-stranded RNA which triggers the RNAi response. The presence of double-stranded RNA indicates viral replication in infected cells (Westaway et al., 1997; Li et al., 2002). The development of an in vivo RNAi mediated knockdown system utilizing the Sindbis virus expression system, in Ae. aegypti mosquitoes, was initially used to knockdown a variety of endogenous mosquito genes and viral genes in vivo. This system effectively reduced DENV-2 and YFV transmission in Ae. aegypti (Olson et al., 1996; Higgs et al., 1998), reduced luciferase expression in transgenic Ae. aegypti (Johnson et al., 1999), and knockdown of a GATA factor which functions as a repressor gene in blood feeding Ae. aegypti mosquitoes (Attardo et al., 2003). Utilizing a similar alphavirus based o’nyong-nyong virus expression system, the importance of RNAi in limiting the replication of a medically important arbovirus in mosquitoes was demonstrated in Anopheles gambiae infected with o’nyong-nyong virus (Keene et al., 2004). Additional supportive evidence for the importance of RNAi in limiting arbovirus infections was obtained through additional experiments using DENV and Sindbis virus in Ae. aegypti (Campbell et al., 2008; Sanchez-Vargas et al., 2009; Khoo et al., 2010). Interestingly, the antiviral RNAi response in mosquitoes is also modulated by environmental conditions, especially extrinsic temperature. Cooler temperatures may increase the susceptibility of mosquitoes to arboviruses by impairing the RNAi response (Adelman et al., 2013).

As more data suggests that RNAi can mediate potent antiviral responses in mosquitoes, strategies utilized by arboviruses to escape the immune response have also been discovered. Through the expression of subgenomic RNA molecules, several arboviruses have developed an efficient strategy to ensure the ability to replicate by sequestering the antiviral RNAi machinery (Moon et al., 2015). In contrast to the significant advancements made in mosquitoes, the importance of RNAi-mediated antiviral responses is less well understood in ticks. Evidence from in vitro studies have shown that replication of Langat virus also triggers the RNAi response in Ixodes scapularis ticks, most likely through similar mechanisms as are found in mosquitoes (Schnettler et al., 2014). Despite observations that indicate RNAi plays an important role in arthropod antiviral immunity and the initial success in using RNAi to develop control strategies for arboviruses (Franz et al., 2014), the use of RNAi as a control measure remains limited. For example, a genetically engineered RNAi response targeting DENV failed to consistently maintain resistance in transgenic mosquitoes (Franz et al., 2009, 2014). The future of exploiting the RNAi response to produce pathogen-resistant arthropods remains unclear. However, the results thus far with RNAi are similar to other findings that mosquitoes rely on multiple mechanisms to defend against infection by arboviruses. For example, o’nyong-nyong virus replication is impeded by the heat shock protein 70B in Anopheles gambiae (Sim et al., 2007). The Toll, IMD, and Jak-STAT pathways have been shown to be activated in response to Sindbis virus and DENV in Ae. aegypti and WNV in Culex pipiens (Xi et al., 2008; Luplertlop et al., 2011; Zink et al., 2015). Interestingly, while arthropod vectors develop immune responses to limit viral infection, arboviruses have also developed what may be regarded as immune-escape strategies. This becomes evident by further characterization performed with CHIKV and Semliki Forest virus that showed infection of alphaviruses results in the suppression of signaling pathways (Fragkoudis et al., 2008; McFarlane et al., 2014).

Genomic and Transcriptomic Tools to Characterize the Vector-Virus Interactions

In addition to studies focused on immune responses, the broader picture of how arthropod vectors interact with arboviruses was further clarified once tools became available to study genomes and transcriptomes. Progress was particularly evident for studies on medically important mosquito species with available genomic sequences. Through the characterization of transcriptome responses, it became clear that the infection process of arboviruses involves complex responses related to detoxification, metabolism, immunity, DNA replication, protein translation, and apoptosis (Sanders et al., 2005; Girard et al., 2010; Tchankouo-Nguetcheu et al., 2010; Colpitts et al., 2011). Several genes identified in these transcriptome studies have been further characterized to determine the importance of arbovirus infections in arthropod vectors. Because of its importance in limiting virus infections in vertebrate hosts, apoptosis signaling pathways were evaluated in a number of studies; however, the role of apoptosis in arbovirus infection in arthropod vectors remains contradictory (Wang et al., 2008, 2012; O’Neill et al., 2015; Eng et al., 2016). This may be due to the fact that approaches used to knockdown individual caspases and inhibitors failed to consider the hierarchical organization and complexity of apoptotic pathways.

In addition to the concern that the experimental approach of manipulating individual genes may not produce conclusive and biologically relevant results, there is evidence indicating that different components of a physiological response such as digestion, nutritional status, and reproductive status may be involved in both the defense mechanisms of arthropod vectors and also play a critical role in the arboviral life cycle (Wikel et al., 2017). Such complexity is well exemplified by studies showing the ubiquitin proteasome pathway is involved in the arthropod immune response and release of infectious viruses. By monitoring and manipulating the expression of a mosquito ubiquitin protein, Ub3881 in various tissues, its antiviral function was demonstrated by labeling the DENV envelope protein for degradation as an immune response to limit viral infection (Troupin et al., 2016). In addition to its role in innate immunity, the ubiquitin proteasome pathway is also critical for the release of DENV particles from an infected midgut of Ae. aegypti (Choy et al., 2015). Although these studies have identified several cellular factors contributing to the susceptibility and refractoriness of specific arthropod vectors to arboviruses, it has become clear that vector competence is likely to be determined by multiple pathways in arthropods. While manipulation of individual genetic products remains the only feasible approach to characterizing vector-virus interactions, the broad view on how different pathways and their interactions can influence vector competence for arboviruses is still needed for improved mechanistic understanding of the infection, dissemination, and transmission processes of arboviruses in arthropod vectors.

Viral Genetics and Arbovirus Infections in Arthropod Vectors

Whilst the manipulation of individual genes in arthropod vectors is helpful for identifying genes and pathways that are involved in the arboviral infection process, the other aspect of vector-virus interactions is the virus. Virus mutants with distinct phenotypes have been used to infect arthropods in order to identify the relationship between viral sequence and phenotype (McElroy et al., 2005; Anderson and Rico-Hesse, 2006; Kenney et al., 2012). This approach has led to substantial advancements in the field of arbovirology due to the low fidelity during the replication of the RNA genome among medically important arboviruses in the families of Flaviviridae, Togaviridae, and Bunyaviridae leading to rapid viral genetic changes (Xia et al., 2016). In nature, the evolution of arboviruses has repeatedly resulted in changes in epidemic potential and transmission patterns (Davis et al., 2005; Schuffenecker et al., 2006; Schuh et al., 2014). Several of these examples were found to be associated with increased infectivity or transmission efficiency in arthropods which becomes the mechanism for the emergence and re-emergence of arboviruses (Moudy et al., 2007; Dubrulle et al., 2009). Characterization of viral mutants, either isolated from nature or derived from laboratory experiments, can aid in the characterization of arboviral genotypes that can alter the phenotype of arboviruses in arthropod vectors.

Yellow Fever Virus as a Model to Study Viral Genetics and Its Impact on Vector-Flavivirus Interactions

Although the techniques of determining genetic sequences of arboviruses did not become available until the 1980s, observations indicating that mutations result in different phenotypes and consequences of infection were reported prior to the genomic era. The earliest example in the literature may be the effects caused by the serial passage of YFV in chicken embryos originally used to generate the attenuated 17D strain. Although the genetic composition was unknown, the attenuated 17D strain was shown to be deficient in disseminating from the midgut of infected mosquitoes (Whitman, 1939; Miller and Adkins, 1988; McElroy et al., 2008). This phenotype was later demonstrated to be caused by differences in the genetic composition between the attenuated and virulent strains (McElroy et al., 2005, 2006a,b). The distinct phenotypes between virulent and attenuated strains of YFV in mosquitoes provide a unique model to characterize vector-virus interactions. The identification of individual determinants in the viral genome which control the outcome of infection in mosquitoes has not yet been achieved. However, knowledge derived from these earlier studies has led to several discoveries indicating that domain III of the flavivirus envelope protein of YFV, and of other flaviviruses, is a critical region for the determination of infectivity in arthropod vectors (Erb et al., 2010; Huang et al., 2014).

Emergence of West Nile Virus Genotypes and Its Public Health Significance in North America

Since the introduction of WNV into the United States in 1999, the study of viral genetics and its influence on virus-vector interaction in nature has been extensively carried out by genotypic and phenotypic analyses (Mann et al., 2013). The first significant increase in its clinical incidence and public health significance was attributed to the emergence of the North America/WN 2002 genotype. This genotype efficiently displaced the New York 1999 genotype with two major surges in the numbers of human infections with neurological diseases in 2002–2003 and 2012. Its selective advantage was later determined to be the reduced extrinsic incubation period in C. pipiens and C. tarsalis but not the dosage required for the establishment of infection in mosquitoes (Ebel et al., 2004; Moudy et al., 2007; Vanlandingham et al., 2008). While phylogenetic analyses suggest the change of phenotype is linked to the single V159A substitution in the envelope protein (Davis et al., 2005), direct experimental evidence, using a reverse genetics approach to characterize the substitution, is still missing to test the hypothesis that the gain of selective advantage in mosquitoes is due to the single mutation. In the last 20 years, primarily because of the availability and use of molecular methods, especially those based on Polymerase Chain Reactions (PCR), it has become possible to detect viruses in mosquitoes that were not revealed using traditional methods because they killed neither cell cultures nor suckling mice. A comprehensive review of these arthropod-specific viruses that do not infect vertebrates and are maintained by transovarial transmission was recently published (Calisher and Higgs, 2018). A question that has been asked is whether or not these viruses may influence vector infection with other closely related viruses. Potential interference with WNV was evaluated by Goenaga et al. (2015) and Hall-Mendelin et al. (2016).

The Relationship Between Chikungunya Virus Mutation and Vector Competence

Another example that viral genetics contributes to the epidemic potential of an arbovirus was reported in the re-emergence of CHIKV in the Indian Ocean in 2005 (Huang et al., 2018). Historically, CHIKV is known to be transmitted by Ae. aegypti in its endemic regions, especially Africa and Southeast Asia. The change of its primary vector species to Ae. albopictus was reported in an outbreak on several islands in the Indian Ocean (Reiter et al., 2006). With its rapid dispersal in the late 20th century, the species was also subsequently shown to trigger local transmission of CHIKV in Italy and France (Angelini et al., 2007; Gould et al., 2010). Although mutations subsequently detected in other regions of its genome may contribute to this process, the adaptation of CHIKV to Ae. albopictus was primarily driven by the acquisition of the A226V mutation in its E1 protein (Tsetsarkin et al., 2007; Tsetsarkin and Weaver, 2011). Surprisingly, despite the fact that the selective advantage in transmission created by the E1-A226V mutation in the East-Central-South-African genotype is maintained in several epidemics recorded in different geographic regions (de Lamballerie et al., 2008), the introduction of CHIKV into the New World in 2014 was caused by the dispersal of its Asian genotype, which lacks the A226V mutation. As the introduction and autochthonous transmission of the East-Central-South-African genotype was detected in Brazil in 2015 (Nunes et al., 2015), it is unclear if the A226V mutation will be selected through the transmission by Ae. albopictus in the New World.

Genetic Reassortment of Bunyaviruses and Vector-Virus Interactions

In contrast to genetic drift created by accumulation of individual mutations in viruses containing single-stranded RNA genomes, genetic shift is attributed to the reassortment of segmented genomes (Briese et al., 2013). Segment reassortment can potentially cause a large number of genetic changes in an arbovirus. Among the medically important arboviruses, the process of genetic reassortment is unique to viruses in the family Bunyaviridae (Briese et al., 2013). Segment reassortment can occur if either the vertebrate host or the arthropod vector is simultaneously infected with two or more related viruses. In nature, reassortant bunyaviruses have been previously isolated from both vertebrate hosts and arthropod vectors (Klimas et al., 1981; Reese et al., 2008). This process has been reported to contribute to the emergence of new and more virulent viruses. A reassortment event in 1997 and 1998, between Bunyamwera virus and Batai virus (BATV) resulted in the emergence of Ngari virus (NRIV), a reassortant orthobunyavirus, which caused a large viral hemorrhagic fever outbreak in several East African countries, including Kenya and Somalia (Gerrard et al., 2004; Briese et al., 2006). NRIV contains the S and L segments of Bunyamwera virus and the M segment of BATV. Because the M segment encodes the structural genes of BATV, the virion of NRIV is likely to share similar structure and biochemical properties of BATV. NRIV was found to infect Anopheles species mosquitoes which are also the likely vector species for BATV (Huhtamo et al., 2013; Ochieng et al., 2013; Liu et al., 2014; Odhiambo et al., 2014). The finding demonstrates that the structure genes encoded in the M segment are likely to contain the determinants for vector range, infectivity, and efficiency of developing the disseminated form of infection in arthropods, as previously reported over 30 years ago (Beaty et al., 1981, 1982; Sundin et al., 1987).

The mechanisms controlling virus genetic reassortment are not completely understood. Characterization of the dynamics of reassortment has been investigated using mosquitoes fed two La Crosse virus strains in order to induce homotypic reassortment (Beaty et al., 1985). Interestingly, the incidence of dual infection and presumably the subsequent genetic reassortment significantly increases if two viruses are ingested simultaneously or separately with an interval less than 48 h (Beaty et al., 1985). Although the conclusion from the La Crosse virus dual infection studies are different from another superinfection model based on dual infections of the alphavirus, CHIKV, and the flavivirus, DENV (Nuckols et al., 2015), these studies demonstrate that superinfection of multiple arboviruses is likely to occur through the ingestion of viremic blood meals. Although the dynamics of superinfection has been previously studied, another important question that remains unaddressed is the packaging mechanisms of the three genomic segments to generate reassortant viruses. It is generally believed that the packaging of the three genomic segments is not a random process and requires complex interactions between viral RNA and nucleoproteins in order to generate a reassortant bunyavirus (Pringle et al., 1984; Hornak et al., 2016).

Infection With Symbiotic Bacteria and Vector-Virus Interactions

The role of symbiotic bacteria in persistently infected mosquitoes has become increasingly studied and understood in vector-virus interactions (Wikel, 1996; Higgs, 2004). There have been several species of symbiotic bacteria that have been found to interfere with the infection of arboviruses in arthropod vectors. A particularly good example is the infection of Wolbachia in mosquitoes that can lead to a decrease in vector competence for arboviruses (van den Hurk et al., 2012). Persistent infection of Wolbachia has been reported in all arthropod species except for Ae. aegypti. Species of Wolbachia have been evaluated for their potential to suppress the vector population due to the discovery that artificially infected Ae. aegypti can lead to cytoplasmic incompatibility and embryonic lethality when mated with uninfected Ae. aegypti in nature (Hoffmann et al., 2011). Wolbachia-based vector control strategies have been shown to suppress the replication of WNV in its vector, C. quinquefasciatus (Glaser and Meola, 2010). Other studies have also demonstrated its interference in the replication and transmission of DENV, CHIKV, and Zika virus in Ae. aegypti (Walker et al., 2011; van den Hurk et al., 2012; Aliota et al., 2016); however, the bacteria did not show any significant reduction of vector competence of Ae. aegypti for YFV and C. tarsalis for WNV (van den Hurk et al., 2012; Dodson et al., 2014).

Several mechanisms have been proposed to explain the resistance to arboviruses induced by Wolbachia infection. The majority of available evidence suggests Wolbachia infection leads to the activation of immune responses and limits viral replication (Terradas and McGraw, 2017). However, mechanistic evidence regarding the pathways and effector genes is still needed (Bian et al., 2010; Pan et al., 2012; Rances et al., 2012, 2013). With its success in limiting arbovirus replication in Ae. aegypti, it is no surprise that this approach was further evaluated as a control strategy for Ae. albopictus (Moretti et al., 2018), a highly invasive vector species competent for various arboviruses. Although initial evidence suggested that Ae. albopictus, artificially infected by an Wolbachia strain derived from Drosophila under laboratory conditions, can interfere with infection of CHIKV and DENV (Blagrove et al., 2012, 2013), infection of Wolbachia among Ae. albopictus in nature did not lead to any significant impairment of infection and dissemination of CHIKV (Ahmad et al., 2017). As Wolbachia infection triggers a different set of physiological responses in Ae. albopictus, particularly immune responses, further evaluation is needed before a comprehensive understanding of what impact Wolbachia infection has on infection of arboviruses in Ae. albopictus (Molloy and Sinkins, 2015).

In contrast to the impact of the artificial introduction of Wolbachia into medically important mosquito species, another approach focuses on characterizing the interactions among arthropod vectors, arboviruses, and symbiotic bacteria. This type of interaction has been shown to be particularly important to the susceptibility of mosquitoes to arboviruses. For example, the colonization of microbiota in the midgut of Ae. aegypti triggers basal immune responses that suppress the infection of DENV (Ramirez et al., 2012). Although the majority of the bacterial population in a mosquito midgut and their interactions remains to be investigated, it has already become clear that specific species may have an inhibitory effect, not only to arboviruses, but also to other pathogenic microorganisms (Ramirez et al., 2014).

VECTOR-HOST INTERACTIONS AND THEIR IMPACT ON TRANSMISSION AND DISEASE PATHOGENESIS OF ARBOVIRUSES

Arbovirus infections are established through the feeding of arthropod vectors on vertebrate hosts, a much more complex process than the simple inoculation of arboviruses using, for example, needle inoculation. This natural feeding process creates complicated interactions between arthropod vectors and vertebrate hosts as arboviruses are injected through the saliva, which quickly elicits responses to the feeding process from the vertebrate hosts. Depending on the duration of feeding and quantities of arboviruses delivered, non-viremic transmission of arboviruses among co-feeding arthropod vectors can also be created in at least two types of medically important arthropods, namely ticks and mosquitoes. Therefore, such interactions have become important factors in determining the transmission patterns and disease pathogenesis of arboviruses. This is discussed in more detail below.

Roles of Arthropod Saliva in Disease Pathogenesis

A recent review by Higgs et al. (2017), describes mosquito modulation of arbovirus-host interaction, whilst Higgs and Vanlandingham (2016) compare and contrast ticks and mosquitoes with an emphasis on tick-borne transmission. Although many of the proteins present in mosquito saliva have unknown functions, there are others that are known to alter normal physiological functions of the host which facilitates the acquisition of blood meals. The experimental transmission of arboviruses in animal models has shown that saliva leads to more severe disease than virus inoculation without saliva (Schneider and Higgs, 2008). Functional characterization has demonstrated multiple roles of saliva in vasodilation, pain suppression, anti-inflammation, anti-coagulation, and anti-hemostasis. Pathogen transmission with saliva has also been found to alter host immune responses. These functions often are associated with the increase of viral replication and dissemination in vertebrate hosts and the augmentation of pathological outcomes mainly by compromising the host immune mechanisms.

In several in vitro experimental systems, the growth of arboviruses can be promoted by the addition of salivary components or their extracts, which suppress the production of antiviral cytokines (Fuchsberger et al., 1995; Hajnicka et al., 1998; Limesand et al., 2003). Although the cell lines chosen in these studies may not necessarily reflect the tissue tropisms of arboviruses, it has become evident that the immunomodulation caused by arthropod saliva is critical for disease pathogenesis of different arboviruses. In spite of the differences in the feeding processes between ticks and mosquitoes, the presence of salivary gland components from both species has been shown to cause enhancement in disease severity of several arboviruses belonging to different virus families in different animal models (Dessens and Nuttall, 1998; Edwards et al., 1998; Limesand et al., 2000; Schneider et al., 2006; Hermance and Thangamani, 2015). While the species of vertebrate hosts are different in various studies, the immunomodulation properties of saliva from mosquitoes generally promote the TH2 immune response and prevents the clearance of arboviruses and other intracellular pathogens transmitted by arthropods, which is mainly driven by the TH1 immune response (Kovar et al., 2002; Schneider et al., 2004; Skallova et al., 2008; Thangamani et al., 2010; Cox et al., 2012). However, the induction of the TH2 response is less apparent in the feeding of I. scapularis ticks infected by POWV, indicating the fundamental difference in the saliva-mediated immunomodulation between mosquitoes and ticks (Hermance and Thangamani, 2014). Using WNV as a model, the immunomodulation by mosquito saliva can also be shown by the change in the recruitment process of T lymphocytes to the site of infection and ultimately modulate the antigen presentation cell signaling critical for the dissemination of arboviruses (Schneider et al., 2010). The increased recruitment of neutrophils and monocytes and antigen presentation cell migration to draining lymph nodes can also be induced when mosquito salivary gland extracts and DENV were delivered through needle inoculation (Schmid et al., 2016). In addition to the change in the local tissues and lymph nodes, the effect induced by the salivary gland components was also demonstrated to be systemic. When challenge with Rift Valley fever virus was performed in the presence of salivary gland extract, significant increase in viral load of blood, liver, and brain was observed (Le Coupanec et al., 2013). Whilst the feeding process of mosquitoes and ticks are remarkably different, there has been a significant level of similarity reported in the immunomodulation caused by tick and mosquito saliva. The stimulation in the cell recruitment process by tick saliva has also been found to be important for disease pathogenesis of tick-borne arboviruses. During the prolonged feeding period of ticks, phagocytes and neutrophils were reported to be the primary cell types recruited to the feeding sites in the very early stage of feeding from POWV-infected ticks. Interestingly, the same study also indicated that macrophages and fibroblasts are likely to be the primary cell types infected by POWV during the early stage, although the establishment of infection coincided with the activation of pro-inflammatory cytokines (Hermance et al., 2016). Interestingly, in spite of the similarity in the stimulation of cell recruitment process by mosquito and tick saliva, changes in the cytokine expression profile induced by tick saliva did not reveal the preferential change toward the TH2 response. The production of pro-inflammatory cytokines was triggered in mice exposed to ticks infected by POWV (Hermance and Thangamani, 2014). The observation may be a reflection of the fundamental difference in the cellular and molecular interactions triggered by saliva between mosquito and tick feeding. Such knowledge may be critical for our understanding of the establishment of infection and disease pathogenesis of mosquito-borne and tick-borne arboviruses in vertebrate hosts.

With the increased understanding of the dynamics of immunomodulation caused by arthropod saliva, several studies have been designed to determine the specific functions of individual salivary components. Targeting the innate and adaptive immune responses, there have been several known mechanisms that cause the enhancement of arbovirus infection in the presence of arthropod saliva. Type-I interferon (IFN) and its downstream signaling pathways, one of the most important mechanisms in innate antiviral immunity, can be impaired at different levels by salivary proteins. Several molecules in the saliva of Ae. aegypti have been shown to suppress the type-I IFN signaling pathway in vitro by suppressing the mRNA expression of type-I IFN, IFN-responsive element, and effector genes (Surasombatpattana et al., 2014). Similar suppression of type-I IFN was also observed with the treatment of tick salivary gland extract with detailed mechanisms to be determined (Hajnicka et al., 1998). In contrast to the shutdown of innate immune signaling that mediates broad-spectrum antimicrobial immunity, adaptive immune responses can also be compromised by salivary protein components of arthropods. For example, the significant increase of DENV viremic titers is associated with the reduced level of cytokines related to adaptive immune responses caused by aegyptin, an Ae. aegypti salivary protein (McCracken et al., 2014). In addition to the impairment of immune responses, other novel pathways have also been suggested. Through the secretion of a serine protease molecule, mosquito saliva has been shown to promote the infection of DENV by increasing binding affinity to cellular receptors such as proteoglycan molecules and the induction of cell migration, which can potentially facilitate the dissemination of virus (Conway et al., 2014).

With our increased understanding of the importance of salivary proteins in the enhancement of arbovirus infection, it has become apparent that the salivary components of arthropods are critical for the pathogenesis of arboviruses. Such knowledge may later become helpful in the development of animal models for disease research and strategies for intervention and prevention of severe diseases. However, our readers must keep in mind that the results must be interpreted with caution as the modulation of immune responses and enhancement of infection are often observed in laboratory animals that are not natural hosts for most arboviruses.

Vector-Host Interactions and Arbovirus Transmission

In addition to the enhancement of arbovirus infection, interactions between arthropod vectors and vertebrate hosts can also be deciding factors for transmission (Higgs and Vanlandingham, 2016; Higgs et al., 2017). As the vectors inject infectious viruses into vertebrate hosts, the process transiently creates a unique environment that contains high concentrations of arboviruses and can promote an alternative but important mode of transmission called non-viremic transmission. Such a process occurs when feeding of infected and susceptible arthropod vectors takes place simultaneously in close proximity to each other on a vertebrate host. The term non-viremic transmission was initially used to describe this mode of transmission because of the lack of detectable viremia in a vertebrate host, and can also be referred to as non-replicative transmission. The process promotes the transmission of some arboviruses as it may not necessarily require a viremic vertebrate host. Through the creation of a local environment that contains a high viral load, this mode of transmission can happen in vertebrate hosts that are resistant or not permissive for viral replication to develop a viremia of a magnitude that exceeds the threshold titer that is generally assumed necessary to facilitate transmission.

Non-viremic transmission was described in Thogoto virus, an orthomyxovirus transmitted by the African brown ear tick Rhipicephalus appendiculatus in a guinea pig model (Jones et al., 1987). Whilst guinea pigs normally do not develop high viremic titers to sustain Thogoto virus transmission, transmission was found to occur through co-feeding of infected adults with uninfected adults or nymphs on the same guinea pig without detectable viremic titers. As ticks often feed for a prolonged period on vertebrate hosts, it is no surprise that this type of transmission can significantly increase during a longer co-feeding process which enables longer exposure to infectious viruses (Jones and Nuttall, 1989). R. appendiculatus has been shown to be more efficient than Amblyomma variegatum as donor ticks in mediating non-viremic transmission. This finding indicates that non-viremic transmission may take place during co-feeding of certain tick species at higher incidence (Jones et al., 1990). The characterization of non-viremic transmission was quickly expanded to the characterization of transmission and maintenance mechanisms for TBEV, a zoonotic flavivirus that is maintained in wild animals, especially rodent species (Labuda et al., 1993a,b). Interestingly, in addition to non-viremic transmission taking place in vertebrate hosts resistant to TBEV infection, non-viremic transmission can also have significant influence on the dynamics of TBEV transmission and evolution in susceptible vertebrate hosts. Non-viremic transmission through co-feeding I. ricinus has a significantly higher incidence in vertebrate hosts that are susceptible to TBEV (Labuda et al., 1993c). More importantly, this mode of transmission can also occur in vertebrate hosts which have immunity against TBEV (Labuda et al., 1997). The finding suggests non-viremic transmission can take place for a longer period of time and be independent of viremia. It has several important impacts on the evolution and spread of tick-borne arboviruses. This process can result in the selection of avirulent strains with delayed onset of viremic phase and low mortality in vertebrate hosts. Non-viremic transmission is also advantageous for viral transmission because it allows ticks to complete the engorgement process. This hypothesis is also supported by the finding that genetic elements of the European subtype of TBEV promote non-viremic transmission by showing a higher incidence of non-viremic transmission in I. ricinus than the Siberian subtype (Khasnatinov et al., 2016). However, a significant gap of knowledge is the undetermined virulence of both subtypes in vertebrate hosts as natural reservoirs. An overview of non-viremic and salivary-activated transmission of tick-borne viruses is provided by Higgs and Vanlandingham (2016).

Whilst non-replicative or non-viremic transmission was mainly observed through the prolonged co-feeding of ticks, it was later demonstrated that non-viremic transmission can also take place in mosquito-borne arboviruses (Huang et al., 2017). Secretion of WNV at sufficiently high concentration by infected donor mosquitoes was shown to result in non-viremic transmission to uninfected recipient mosquitoes (Higgs et al., 2005). This process relies on a transient non-propagative environment with high viral load at the sites where co-feeding of multiple arthropods takes place (Reisen et al., 2007). Because the increased temporal and spatial separation in the feeding of donor and recipient arthropods is likely to reduce the availability of infectious viruses, the efficiency of non-viremic transmission is likely to be higher when arthropod vectors are co-feeding simultaneously in close proximity. However, transmission of WNV can also be achieved with temporal and spatial segregation (McGee et al., 2007). The finding further confirms the importance of this mode of transmission for the transmission of mosquito-borne viruses as it allows the transmission to occur in the sequential feeding of donor and recipient mosquitoes.

CONCLUSION

Although our understanding of the interactions among arboviruses, arthropod vectors, and vertebrate hosts continues to improve, it is apparent that arthropod vectors do not merely serve as “mobile syringes” to deliver arboviruses to susceptible vertebrate hosts. Arthropods vectors, which actively mount immune and anti-viral responses to limit arbovirus infections, can provide a unique intracellular environment to select and promote the transmission of specific viral populations which can ultimately change the transmission patterns of arboviruses. Genetic engineering to enhance vector immune or anti-viral responses, or manipulation of the vector microbiome to reduce vector competence or suppress vector populations are all being considered as options to reduce the incidence of vector-borne viruses. Genetic approaches to modulate viral determinants of infection, dissemination, and transmission may help in the rationale design of safe and efficacious vaccine candidates that cannot be transmitted by arthropods. When feeding on vertebrate hosts, vector-host interactions have been proven to play a critical role in disease pathogenesis and further create alternative routes of transmission. Understanding these interactions have been shown to provide unique strategies for the development of animal models for disease pathogenesis. We can certainly expect that as our understanding continues to grow, new technologies will be developed. Combined with other findings in the field, a better understanding of these unique interactions will likely contribute to the formulation of more novel control strategies in the future. Applications of the relatively recently developed CRISPR technology, for example, not only offers a new method for genetic manipulation, but furthermore may be used as a gene drive to establish desirable traits such as resistance to infection in vector populations (National Academies of Sciences, 2016).

AUTHOR CONTRIBUTIONS

Y-JH, SH, and DV drafted and edited the article together.

FUNDING

This research received funding from the State of Kansas National Bio and Agro-defense Facility Transition Fund.

REFERENCES

Adelman, Z. N., Anderson, M. A., Wiley, M. R., Murreddu, M. G., Samuel, G. H., Morazzani, E. M., et al. (2013). Cooler temperatures destabilize RNA interference and increase susceptibility of disease vector mosquitoes to viral infection. PLoS Negl. Trop. Dis. 7:e2239. doi: 10.1371/journal.pntd.0002239

Ahmad, N. A., Vythilingam, I., Lim, Y. A., Zabari, N. Z., and Lee, H. L. (2017). Detection of Wolbachia in Aedes albopictus and their effects on Chikungunya virus. Am. J. Trop. Med. Hyg. 96, 148–156. doi: 10.4269/ajtmh.16-0516

Aliota, M. T., Peinado, S. A., Velez, I. D., and Osorio, J. E. (2016). The wMel strain of Wolbachia reduces transmission of zika virus by Aedes aegypti. Sci. Rep. 6:28792. doi: 10.1038/srep28792

Anderson, J. R., and Rico-Hesse, R. (2006). Aedes aegypti vectorial capacity is determined by the infecting genotype of dengue virus. Am. J. Trop. Med. Hyg. 75, 886–892. doi: 10.4269/ajtmh.2006.75.886

Angelini, R., Finarelli, A. C., Angelini, P., Po, C., Petropulacos, K., Macini, P., et al. (2007). An outbreak of chikungunya fever in the province of Ravenna, Italy. Euro Surveill. 12:E070906070901. doi: 10.2807/esw.12.36.03260-en

Attardo, G. M., Higgs, S., Klingler, K. A., Vanlandingham, D. L., and Raikhel, A. S. (2003). RNA interference-mediated knockdown of a GATA factor reveals a link to anautogeny in the mosquito Aedes aegypti. Proc. Natl. Acad. Sci. U.S.A. 100, 13374–13379. doi: 10.1073/pnas.2235649100

Barrett, A. D., and Higgs, S. (2007). Yellow fever: a disease that has yet to be conquered. Annu. Rev. Entomol. 52, 209–229. doi: 10.1146/annurev.ento.52.110405.091454

Beaty, B. J., Holterman, M., Tabachnick, W., Shope, R. E., Rozhon, E. J., and Bishop, D. H. (1981). Molecular basis of bunyavirus transmission by mosquitoes: role of the middle-sized RNA segment. Science 211, 1433–1435. doi: 10.1126/science.6781068

Beaty, B. J., Miller, B. R., Shope, R. E., Rozhon, E. J., and Bishop, D. H. (1982). Molecular basis of bunyavirus per os infection of mosquitoes: role of the middle-sized RNA segment. Proc. Natl. Acad. Sci. U.S.A. 79, 1295–1297. doi: 10.1073/pnas.79.4.1295

Beaty, B. J., Sundin, D. R., Chandler, L. J., and Bishop, D. H. (1985). Evolution of bunyaviruses by genome reassortment in dually infected mosquitoes (Aedes triseriatus). Science 230, 548–550. doi: 10.1126/science.4048949

Bennett, K. E., Flick, D., Fleming, K. H., Jochim, R., Beaty, B. J., and Black, W. C. T. (2005). Quantitative trait loci that control dengue-2 virus dissemination in the mosquito Aedes aegypti. Genetics 170, 185–194. doi: 10.1534/genetics.104.035634

Bian, G., Xu, Y., Lu, P., Xie, Y., and Xi, Z. (2010). The endosymbiotic bacterium Wolbachia induces resistance to dengue virus in Aedes aegypti. PLoS Pathog. 6:e1000833. doi: 10.1371/journal.ppat.1000833

Blagrove, M. S., Arias-Goeta, C., Di Genua, C., Failloux, A. B., and Sinkins, S. P. (2013). A Wolbachia wMel transinfection in Aedes albopictus is not detrimental to host fitness and inhibits Chikungunya virus. PLoS Negl. Trop. Dis. 7:e2152. doi: 10.1371/journal.pntd.0002152

Blagrove, M. S., Arias-Goeta, C., Failloux, A. B., and Sinkins, S. P. (2012). Wolbachia strain wMel induces cytoplasmic incompatibility and blocks dengue transmission in Aedes albopictus. Proc. Natl. Acad. Sci. U.S.A. 109, 255–260. doi: 10.1073/pnas.1112021108

Bosio, C. F., Beaty, B. J., and Black, W. C. T. (1998). Quantitative genetics of vector competence for dengue-2 virus in Aedes aegypti. Am. J. Trop. Med. Hyg. 59, 965–970. doi: 10.4269/ajtmh.1998.59.965

Briese, T., Bird, B., Kapoor, V., Nichol, S. T., and Lipkin, W. I. (2006). Batai and Ngari viruses: M segment reassortment and association with severe febrile disease outbreaks in East Africa. J. Virol. 80, 5627–5630. doi: 10.1128/JVI.02448-05

Briese, T., Calisher, C. H., and Higgs, S. (2013). Viruses of the family Bunyaviridae: are all available isolates reassortants? Virology 446, 207–216. doi: 10.1016/j.virol.2013.07.030

Brown, J. E., Mcbride, C. S., Johnson, P., Ritchie, S., Paupy, C., Bossin, H., et al. (2011). Worldwide patterns of genetic differentiation imply multiple ‘domestications’ of Aedes aegypti, a major vector of human diseases. Proc. Biol. Sci. 278, 2446–2454. doi: 10.1098/rspb.2010.2469

Calisher, C. H., and Higgs, S. (2018). The discovery of arthropod-specific viruses in hematophagous arthropods: an open door to understanding the mechanisms of arbovirus and arthropod evolution? Annu. Rev. Entomol. 63, 87–103. doi: 10.1146/annurev-ento-020117-043033

Calisher, C. H., and Woodall, J. P. (2016). Yellow fever-more a policy and planning problem than a biological one. Emerg. Infect. Dis. 22, 1859–1860. doi: 10.3201/eid2210.160875

Campbell, C. L., Keene, K. M., Brackney, D. E., Olson, K. E., Blair, C. D., Wilusz, J., et al. (2008). Aedes aegypti uses RNA interference in defense against Sindbis virus infection. BMC Microbiol. 8:47. doi: 10.1186/1471-2180-8-47

Campbell, K. M., Lin, C. D., Iamsirithaworn, S., and Scott, T. W. (2013). The complex relationship between weather and dengue virus transmission in Thailand. Am. J. Trop. Med. Hyg. 89, 1066–1080. doi: 10.4269/ajtmh.13-0321

Carrington, L. B., Armijos, M. V., Lambrechts, L., and Scott, T. W. (2013a). Fluctuations at a low mean temperature accelerate dengue virus transmission by Aedes aegypti. PLoS Negl. Trop. Dis. 7:e2190. doi: 10.1371/journal.pntd.0002190

Carrington, L. B., Seifert, S. N., Armijos, M. V., Lambrechts, L., and Scott, T. W. (2013b). Reduction of Aedes aegypti vector competence for dengue virus under large temperature fluctuations. Am. J. Trop. Med. Hyg. 88, 689–697. doi: 10.4269/ajtmh.12-0488

Chang, L. H., Hsu, E. L., Teng, H. J., and Ho, C. M. (2007). Differential survival of Aedes aegypti and Aedes albopictus (Diptera: Culicidae) larvae exposed to low temperatures in Taiwan. J. Med. Entomol. 44, 205–210. doi: 10.1093/jmedent/44.2.205

Choy, M. M., Sessions, O. M., Gubler, D. J., and Ooi, E. E. (2015). Production of infectious dengue virus in Aedes aegypti is dependent on the ubiquitin proteasome pathway. PLoS Negl. Trop. Dis. 9:e0004227. doi: 10.1371/journal.pntd.0004227

Chretien, J. P., Anyamba, A., Bedno, S. A., Breiman, R. F., Sang, R., Sergon, K., et al. (2007). Drought-associated chikungunya emergence along coastal East Africa. Am. J. Trop. Med. Hyg. 76, 405–407. doi: 10.4269/ajtmh.2007.76.405

Colpitts, T. M., Cox, J., Vanlandingham, D. L., Feitosa, F. M., Cheng, G., Kurscheid, S., et al. (2011). Alterations in the Aedes aegypti transcriptome during infection with West Nile, dengue and yellow fever viruses. PLoS Pathog. 7:e1002189. doi: 10.1371/journal.ppat.1002189

Conway, M. J., Watson, A. M., Colpitts, T. M., Dragovic, S. M., Li, Z., Wang, P., et al. (2014). Mosquito saliva serine protease enhances dissemination of dengue virus into the mammalian host. J. Virol. 88, 164–175. doi: 10.1128/JVI.02235-13

Cox, J., Mota, J., Sukupolvi-Petty, S., Diamond, M. S., and Rico-Hesse, R. (2012). Mosquito bite delivery of dengue virus enhances immunogenicity and pathogenesis in humanized mice. J. Virol. 86, 7637–7649. doi: 10.1128/JVI.00534-12

Davis, C. T., Ebel, G. D., Lanciotti, R. S., Brault, A. C., Guzman, H., Siirin, M., et al. (2005). Phylogenetic analysis of North American West Nile virus isolates, 2001-2004: evidence for the emergence of a dominant genotype. Virology 342, 252–265. doi: 10.1016/j.virol.2005.07.022

de Lamballerie, X., Leroy, E., Charrel, R. N., Ttsetsarkin, K., Higgs, S., and Gould, E. A. (2008). Chikungunya virus adapts to tiger mosquito via evolutionary convergence: a sign of things to come? Virol. J. 5:33. doi: 10.1186/1743-422X-5-33

Dennison, N. J., Jupatanakul, N., and Dimopoulos, G. (2014). The mosquito microbiota influences vector competence for human pathogens. Curr. Opin. Insect Sci. 3, 6–13. doi: 10.1016/j.cois.2014.07.004

Dessens, J. T., and Nuttall, P. A. (1998). Mx1-based resistance to Thogoto virus in A2G mice is bypassed in tick-mediated virus delivery. J. Virol. 72, 8362–8364.

Dickson, L. B., Sanchez-Vargas, I., Sylla, M., Fleming, K., and Black, W. C. T. (2014). Vector competence in West African Aedes aegypti Is Flavivirus species and genotype dependent. PLoS Negl. Trop. Dis. 8:e3153. doi: 10.1371/journal.pntd.0003153

Dodson, B. L., Hughes, G. L., Paul, O., Matacchiero, A. C., Kramer, L. D., and Rasgon, J. L. (2014). Wolbachia enhances West Nile virus (WNV) infection in the mosquito Culex tarsalis. PLoS Negl. Trop. Dis. 8:e2965. doi: 10.1371/journal.pntd.0002965

Dubrulle, M., Mousson, L., Moutailler, S., Vazeille, M., and Failloux, A. B. (2009). Chikungunya virus and Aedes mosquitoes: saliva is infectious as soon as two days after oral infection. PLoS One 4:e5895. doi: 10.1371/journal.pone.0005895

Ebel, G. D., Carricaburu, J., Young, D., Bernard, K. A., and Kramer, L. D. (2004). Genetic and phenotypic variation of West Nile virus in New York, 2000-2003. Am. J. Trop. Med. Hyg. 71, 493–500. doi: 10.4269/ajtmh.2004.71.493

Edwards, J. F., Higgs, S., and Beaty, B. J. (1998). Mosquito feeding-induced enhancement of Cache Valley Virus (Bunyaviridae) infection in mice. J. Med. Entomol. 35, 261–265. doi: 10.1093/jmedent/35.3.261

Eng, M. W., Van Zuylen, M. N., and Severson, D. W. (2016). Apoptosis-related genes control autophagy and influence DENV-2 infection in the mosquito vector, Aedes aegypti. Insect Biochem. Mol. Biol. 76, 70–83. doi: 10.1016/j.ibmb.2016.07.004

Erb, S. M., Butrapet, S., Moss, K. J., Luy, B. E., Childers, T., Calvert, A. E., et al. (2010). Domain-III FG loop of the dengue virus type 2 envelope protein is important for infection of mammalian cells and Aedes aegypti mosquitoes. Virology 406, 328–335. doi: 10.1016/j.virol.2010.07.024

Fragkoudis, R., Chi, Y., Siu, R. W., Barry, G., Attarzadeh-Yazdi, G., Merits, A., et al. (2008). Semliki Forest virus strongly reduces mosquito host defence signaling. Insect Mol. Biol. 17, 647–656. doi: 10.1111/j.1365-2583.2008.00834.x

Franz, A. W., Sanchez-Vargas, I., Piper, J., Smith, M. R., Khoo, C. C., James, A. A., et al. (2009). Stability and loss of a virus resistance phenotype over time in transgenic mosquitoes harbouring an antiviral effector gene. Insect Mol. Biol. 18, 661–672. doi: 10.1111/j.1365-2583.2009.00908.x

Franz, A. W., Sanchez-Vargas, I., Raban, R. R., Black, W. C. T., James, A. A., and Olson, K. E. (2014). Fitness impact and stability of a transgene conferring resistance to dengue-2 virus following introgression into a genetically diverse Aedes aegypti strain. PLoS Negl. Trop. Dis. 8:e2833. doi: 10.1371/journal.pntd.0002833

Fuchsberger, N., Kita, M., Hajnicka, V., Imanishi, J., Labuda, M., and Nuttall, P. A. (1995). Ixodid tick salivary gland extracts inhibit production of lipopolysaccharide-induced mRNA of several different human cytokines. Exp. Appl. Acarol. 19, 671–676. doi: 10.1007/BF00145255

Galiana-Arnoux, D., Dostert, C., Schneemann, A., Hoffmann, J. A., and Imler, J. L. (2006). Essential function in vivo for Dicer-2 in host defense against RNA viruses in drosophila. Nat. Immunol. 7, 590–597. doi: 10.1038/ni1335

Gerrard, S. R., Li, L., Barrett, A. D., and Nichol, S. T. (2004). Ngari virus is a Bunyamwera virus reassortant that can be associated with large outbreaks of hemorrhagic fever in Africa. J. Virol. 78, 8922–8926. doi: 10.1128/JVI.78.16.8922-8926.2004

Girard, Y. A., Mayhew, G. F., Fuchs, J. F., Li, H., Schneider, B. S., Mcgee, C. E., et al. (2010). Transcriptome changes in Culex quinquefasciatus (Diptera: Culicidae) salivary glands during West Nile virus infection. J. Med. Entomol. 47, 421–435. doi: 10.1093/jmedent/47.3.421

Glaser, R. L., and Meola, M. A. (2010). The native Wolbachia endosymbionts of Drosophila melanogaster and Culex quinquefasciatus increase host resistance to West Nile virus infection. PLoS One 5:e11977. doi: 10.1371/journal.pone.0011977

Goenaga, S., Kenney, J. L., Duggal, N. K., Delorey, M., Ebel, G. D., Zhang, B., et al. (2015). Potential for co-infection of a mosquito-specific Flavivirus, Nhumirim virus, to block west Nile virus transmission in mosquitoes. Viruses 7, 5801–5812. doi: 10.3390/v7112911

Gomez-Machorro, C., Bennett, K. E., Del Lourdes Munoz, M., and Black, W. C. T. (2004). Quantitative trait loci affecting dengue midgut infection barriers in an advanced intercross line of Aedes aegypti. Insect Mol. Biol. 13, 637–648. doi: 10.1111/j.0962-1075.2004.00522.x

Gould, E. A., De Lamballerie, X., Zanotto, P. M., and Holmes, E. C. (2003). Origins, evolution, and vector/host coadaptations within the genus Flavivirus. Adv. Virus Res. 59, 277–314. doi: 10.1016/S0065-3527(03)59008-X

Gould, E. A., Gallian, P., De Lamballerie, X., and Charrel, R. N. (2010). First cases of autochthonous dengue fever and chikungunya fever in France: from bad dream to reality! Clin. Microbiol. Infect. 16, 1702–1704. doi: 10.1111/j.1469-0691.2010.03386.x

Gould, E. A., and Higgs, S. (2009). Impact of climate change and other factors on emerging arbovirus diseases. Trans. R. Soc. Trop. Med. Hyg. 103, 109–121. doi: 10.1016/j.trstmh.2008.07.025

Gubler, D. J. (1998). Dengue and dengue hemorrhagic fever. Clin. Microbiol. Rev. 11, 480–496. doi: 10.1128/CMR.11.3.480

Gubler, D. J., Nalim, S., Tan, R., Saipan, H., and Sulianti Saroso, J. (1979). Variation in susceptibility to oral infection with dengue viruses among geographic strains of Aedes aegypti. Am. J. Trop. Med. Hyg. 28, 1045–1052. doi: 10.4269/ajtmh.1979.28.1045

Hajnicka, V., Fuchsberger, N., Slovak, M., Kocakova, P., Labuda, M., and Nuttall, P. A. (1998). Tick salivary gland extracts promote virus growth in vitro. Parasitology 116(Pt 6), 533–538. doi: 10.1017/S0031182098002686

Hall-Mendelin, S., Mclean, B. J., Bielefeldt-Ohmann, H., Hobson-Peters, J., Hall, R. A., and Van Den Hurk, A. F. (2016). The insect-specific Palm Creek virus modulates West Nile virus infection in and transmission by Australian mosquitoes. Parasit. Vectors 9:414. doi: 10.1186/s13071-016-1683-2

Hammon, W. M., and Reeves, W. C. (1945). Recent advances in the epidemiology of the arthropod-borne virus encephalitides: including certain exotic types. Am. J. Public Health Nations Health 35, 994–1004. doi: 10.2105/AJPH.35.10.994

Hermance, M. E., Santos, R. I., Kelly, B. C., Valbuena, G., and Thangamani, S. (2016). Immune cell targets of infection at the tick-skin interface during Powassan virus transmission. PLoS One 11:e0155889. doi: 10.1371/journal.pone.0155889

Hermance, M. E., and Thangamani, S. (2014). Proinflammatory cytokines and chemokines at the skin interface during Powassan virus transmission. J. Invest. Dermatol. 134, 2280–2283. doi: 10.1038/jid.2014.150

Hermance, M. E., and Thangamani, S. (2015). Tick saliva enhances Powassan Virus transmission to the host, influencing its dissemination and the course of disease. J. Virol. 89, 7852–7860. doi: 10.1128/JVI.01056-15

Higgs, S. (2004). “How do mosquito vectors live with their viruses?,” in Microbe-Vector Interactions in Vector-Borne Diseases, eds S. H. Gillespie, G. L. Smith, and A. Osbourn (Cambridge: Cambridge University Press), 103–137. doi: 10.1017/CBO9780511754845.008

Higgs, S. (2008). “Yellow fever,” in Diseases and Disorders, eds A. Hildyard and J. Goddard (New York, NY: Marshall Cavendish).

Higgs, S., Huang, Y.-J. S., and Vanlandingham, D. L. (2017). “Mosquito modulation of arbovirus-host interactions,” in Arthropod Vector: Controller of Disease Transmission, eds S. K. Wikel, S. Aksoy, and G. Dimopoulos (Cambridge, MA: Academic Press).

Higgs, S., Rayner, J. O., Olson, K. E., Davis, B. S., Beaty, B. J., and Blair, C. D. (1998). Engineered resistance in Aedes aegypti to a West African and a South American strain of yellow fever virus. Am. J. Trop. Med. Hyg. 58, 663–670. doi: 10.4269/ajtmh.1998.58.663

Higgs, S., Schneider, B. S., Vanlandingham, D. L., Klingler, K. A., and Gould, E. A. (2005). Nonviremic transmission of West Nile virus. Proc. Natl. Acad. Sci. U.S.A. 102, 8871–8874. doi: 10.1073/pnas.0503835102

Higgs, S., and Vanlandingham, D. L. (2016). “Influences of arthropod vectors on encephalitic arboviruses,” in Neurotropic Viral Infections: Neurotropic Retroviruses, DNA Viruses, Immunity and Transmission, Vol. 2, ed. S. C. Reiss (Cham: Springer International Publishing), 371–401. doi: 10.1007/978-3-319-33189-8_11

Higgs, S., Vanlandingham, D. L., and Powers, A. M. (2018). Chikungunya and Zika Viruses: Global Emerging Health Threats. Cambridge, MA: Academic Press.

Hoffmann, A. A., Montgomery, B. L., Popovici, J., Iturbe-Ormaetxe, I., Johnson, P. H., Muzzi, F., et al. (2011). Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission. Nature 476, 454–457. doi: 10.1038/nature10356

Hoffmann, J. A. (2003). The immune response of Drosophila. Nature 426, 33–38. doi: 10.1038/nature02021

Hornak, K. E., Lanchy, J. M., and Lodmell, J. S. (2016). RNA encapsidation and packaging in the phleboviruses. Viruses 8:194. doi: 10.3390/v8070194

Huang, Y. J., Nuckols, J. T., Horne, K. M., Vanlandingham, D., Lobigs, M., and Higgs, S. (2014). Mutagenesis analysis of T380R mutation in the envelope protein of yellow fever virus. Virol. J. 11:60. doi: 10.1186/1743-422X-11-60

Huang, Y.-J. S., Vanlandingham, D. L., and Higgs, S. (2018). “Viral genetics of chikungunya virus and zika virus and its influence in their emergence and application for public health control strategies,” in Chikungunya and Zika Viruses: Global Emerging Health Threats, 1 Edn, eds S. Higgs, D. L. Vanlandingham, and A. M. Powers (Cambridge, MA: Academic Press), 237–291. doi: 10.1016/B978-0-12-811865-8.00008-8

Huang, Y. S., Higgs, S., and Vanlandingham, D. L. (2017). Biological control strategies for mosquito vectors of arboviruses. Insects 8:E21. doi: 10.3390/insects8010021

Huhtamo, E., Lambert, A. J., Costantino, S., Servino, L., Krizmancic, L., Boldorini, R., et al. (2013). Isolation and full genomic characterization of Batai virus from mosquitoes, Italy 2009. J. Gen. Virol. 94, 1242–1248. doi: 10.1099/vir.0.051359-0

Johnson, B. W., Olson, K. E., Allen-Miura, T., Rayms-Keller, A., Carlson, J. O., Coates, C. J., et al. (1999). Inhibition of luciferase expression in transgenic Aedes aegypti mosquitoes by Sindbis virus expression of antisense luciferase RNA. Proc. Natl. Acad. Sci. U.S.A. 96, 13399–13403. doi: 10.1073/pnas.96.23.13399

Jones, L. D., Davies, C. R., Steele, G. M., and Nuttall, P. A. (1987). A novel mode of arbovirus transmission involving a nonviremic host. Science 237, 775–777. doi: 10.1126/science.3616608

Jones, L. D., Davies, C. R., Williams, T., Cory, J., and Nuttall, P. A. (1990). Non-viraemic transmission of Thogoto virus: vector efficiency of Rhipicephalus appendiculatus and Amblyomma variegatum. Trans. R. Soc. Trop. Med. Hyg. 84, 846–848. doi: 10.1016/0035-9203(90)90104-M

Jones, L. D., and Nuttall, P. A. (1989). Non-viraemic transmission of Thogoto virus: influence of time and distance. Trans. R. Soc. Trop. Med. Hyg. 83, 712–714. doi: 10.1016/0035-9203(89)90405-7

Keene, K. M., Foy, B. D., Sanchez-Vargas, I., Beaty, B. J., Blair, C. D., and Olson, K. E. (2004). RNA interference acts as a natural antiviral response to O’nyong-nyong virus (Alphavirus; Togaviridae) infection of Anopheles gambiae. Proc. Natl. Acad. Sci. U.S.A. 101, 17240–17245. doi: 10.1073/pnas.0406983101

Kenney, J. L., Adams, A. P., Gorchakov, R., Leal, G., and Weaver, S. C. (2012). Genetic and anatomic determinants of enzootic Venezuelan equine encephalitis virus infection of Culex (Melanoconion) taeniopus. PLoS Negl. Trop. Dis. 6:e1606. doi: 10.1371/journal.pntd.0001606

Khasnatinov, M. A., Tuplin, A., Gritsun, D. J., Slovak, M., Kazimirova, M., Lickova, M., et al. (2016). Tick-borne encephalitis virus structural proteins are the primary viral determinants of non-viraemic transmission between ticks whereas non-structural proteins affect cytotoxicity. PLoS One 11:e0158105. doi: 10.1371/journal.pone.0158105

Khoo, C. C., Piper, J., Sanchez-Vargas, I., Olson, K. E., and Franz, A. W. (2010). The RNA interference pathway affects midgut infection- and escape barriers for Sindbis virus in Aedes aegypti. BMC Microbiol. 10:130. doi: 10.1186/1471-2180-10-130

Klimas, R. A., Thompson, W. H., Calisher, C. H., Clark, G. G., Grimstad, P. R., and Bishop, D. H. (1981). Genotypic varieties of La Crosse virus isolated from different geographic regions of the continental United States and evidence for a naturally occurring intertypic recombinant La Crosse virus. Am. J. Epidemiol. 114, 112–131. doi: 10.1093/oxfordjournals.aje.a113158

Kovar, L., Kopecky, J., and Rihova, B. (2002). Salivary gland extract from Ixodes ricinus tick modulates the host immune response towards the Th2 cytokine profile. Parasitol. Res. 88, 1066–1072. doi: 10.1007/s00436-002-0714-4

Labuda, M., Danielova, V., Jones, L. D., and Nuttall, P. A. (1993a). Amplification of tick-borne encephalitis virus infection during co-feeding of ticks. Med. Vet. Entomol. 7, 339–342.

Labuda, M., Jones, L. D., Williams, T., Danielova, V., and Nuttall, P. A. (1993b). Efficient transmission of tick-borne encephalitis virus between cofeeding ticks. J. Med. Entomol. 30, 295–299. doi: 10.1093/jmedent/30.1.295

Labuda, M., Nuttall, P. A., Kozuch, O., Eleckova, E., Williams, T., Zuffova, E., et al. (1993c). Non-viraemic transmission of tick-borne encephalitis virus: a mechanism for arbovirus survival in nature. Experientia 49, 802–805.

Labuda, M., Kozuch, O., Zuffova, E., Eleckova, E., Hails, R. S., and Nuttall, P. A. (1997). Tick-borne encephalitis virus transmission between ticks cofeeding on specific immune natural rodent hosts. Virology 235, 138–143. doi: 10.1006/viro.1997.8622

Le Coupanec, A., Babin, D., Fiette, L., Jouvion, G., Ave, P., Misse, D., et al. (2013). Aedes mosquito saliva modulates Rift Valley fever virus pathogenicity. PLoS Negl. Trop. Dis. 7:e2237. doi: 10.1371/journal.pntd.0002237

Li, H., Li, W. X., and Ding, S. W. (2002). Induction and suppression of RNA silencing by an animal virus. Science 296, 1319–1321. doi: 10.1126/science.1070948

Limesand, K. H., Higgs, S., Pearson, L. D., and Beaty, B. J. (2000). Potentiation of vesicular stomatitis New Jersey virus infection in mice by mosquito saliva. Parasite Immunol. 22, 461–467. doi: 10.1046/j.1365-3024.2000.00326.x

Limesand, K. H., Higgs, S., Pearson, L. D., and Beaty, B. J. (2003). Effect of mosquito salivary gland treatment on vesicular stomatitis New Jersey virus replication and interferon alpha/beta expression in vitro. J. Med. Entomol. 40, 199–205. doi: 10.1603/0022-2585-40.2.199

Linthicum, K. J., Anyamba, A., Tucker, C. J., Kelley, P. W., Myers, M. F., and Peters, C. J. (1999). Climate and satellite indicators to forecast Rift Valley fever epidemics in Kenya. Science 285, 397–400. doi: 10.1126/science.285.5426.397

Liu, H., Shao, X. Q., Hu, B., Zhao, J. J., Zhang, L., Zhang, H. L., et al. (2014). Isolation and complete nucleotide sequence of a Batai virus strain in Inner Mongolia, China. Virol. J. 11:138. doi: 10.1186/1743-422X-11-138

Liu, Z., Zhang, Z., Lai, Z., Zhou, T., Jia, Z., Gu, J., et al. (2017). Temperature increase enhances Aedes albopictus competence to transmit dengue virus. Front. Microbiol. 8:2337. doi: 10.3389/fmicb.2017.02337

Lorenz, L., Beaty, B. J., Aitken, T. H., Wallis, G. P., and Tabachnick, W. J. (1984). The effect of colonization upon Aedes aegypti susceptibility to oral infection with yellow fever virus. Am. J. Trop. Med. Hyg. 33, 690–694. doi: 10.4269/ajtmh.1984.33.690

Luplertlop, N., Surasombatpattana, P., Patramool, S., Dumas, E., Wasinpiyamongkol, L., Saune, L., et al. (2011). Induction of a peptide with activity against a broad spectrum of pathogens in the Aedes aegypti salivary gland, following Infection with Dengue Virus. PLoS Pathog. 7:e1001252. doi: 10.1371/journal.ppat.1001252

Mann, B. R., Mcmullen, A. R., Swetnam, D. M., and Barrett, A. D. (2013). Molecular epidemiology and evolution of West Nile virus in North America. Int. J. Environ. Res. Public Health 10, 5111–5129. doi: 10.3390/ijerph10105111

Manson, P. (1878). On the development of Filaria sanguinis hominis, and on the Mosquito considered as a Nurse. Zool. J. Linn. Soc. 14, 304–311. doi: 10.1111/j.1096-3642.1878.tb01837.x

McCracken, M. K., Christofferson, R. C., Grasperge, B. J., Calvo, E., Chisenhall, D. M., and Mores, C. N. (2014). Aedes aegypti salivary protein “Aegyptin” co-inoculation modulates dengue virus infection in the vertebrate host. Virology 468–470, 133–139. doi: 10.1016/j.virol.2014.07.019

McElroy, K. L., Girard, Y. A., Mcgee, C. E., Tsetsarkin, K. A., Vanlandingham, D. L., and Higgs, S. (2008). Characterization of the antigen distribution and tissue tropisms of three phenotypically distinct yellow fever virus variants in orally infected Aedes aegypti mosquitoes. Vector Borne Zoonotic Dis. 8, 675–687. doi: 10.1089/vbz.2007.0269

McElroy, K. L., Tsetsarkin, K. A., Vanlandingham, D. L., and Higgs, S. (2005). Characterization of an infectious clone of the wild-type yellow fever virus Asibi strain that is able to infect and disseminate in mosquitoes. J. Gen. Virol. 86, 1747–1751. doi: 10.1099/vir.0.80746-0

McElroy, K. L., Tsetsarkin, K. A., Vanlandingham, D. L., and Higgs, S. (2006a). Manipulation of the yellow fever virus non-structural genes 2A and 4B and the 3’non-coding region to evaluate genetic determinants of viral dissemination from the Aedes aegypti midgut. Am. J. Trop. Med. Hyg. 75, 1158–1164.

McElroy, K. L., Tsetsarkin, K. A., Vanlandingham, D. L., and Higgs, S. (2006b). Role of the yellow fever virus structural protein genes in viral dissemination from the Aedes aegypti mosquito midgut. J. Gen. Virol. 87, 2993–3001. doi: 10.1099/vir.0.82023-0

McFarlane, M., Arias-Goeta, C., Martin, E., O’hara, Z., Lulla, A., Mousson, L., et al. (2014). Characterization of Aedes aegypti innate-immune pathways that limit Chikungunya virus replication. PLoS Negl. Trop. Dis. 8:e2994. doi: 10.1371/journal.pntd.0002994

McGee, C. E., Schneider, B. S., Girard, Y. A., Vanlandingham, D. L., and Higgs, S. (2007). Nonviremic transmission of West Nile virus: evaluation of the effects of space, time, and mosquito species. Am. J. Trop. Med. Hyg. 76, 424–430. doi: 10.4269/ajtmh.2007.76.424

Mellor, P. S. (2004). Infection of the vectors and bluetongue epidemiology in Europe. Vet. Ital. 40, 167–174.

Miller, B. R., and Adkins, D. (1988). Biological characterization of plaque-size variants of yellow fever virus in mosquitoes and mice. Acta Virol. 32, 227–234.

Molloy, J. C., and Sinkins, S. P. (2015). Wolbachia do not induce reactive oxygen species-dependent immune pathway activation in Aedes albopictus. Viruses 7, 4624–4639. doi: 10.3390/v7082836

Moon, S. L., Dodd, B. J., Brackney, D. E., Wilusz, C. J., Ebel, G. D., and Wilusz, J. (2015). Flavivirus sfRNA suppresses antiviral RNA interference in cultured cells and mosquitoes and directly interacts with the RNAi machinery. Virology 485, 322–329. doi: 10.1016/j.virol.2015.08.009

Moretti, R., Yen, P. S., Houe, V., Lampazzi, E., Desiderio, A., Failloux, A. B., et al. (2018). Combining Wolbachia-induced sterility and virus protection to fight Aedes albopictus-borne viruses. PLoS Negl. Trop. Dis. 12:e0006626. doi: 10.1371/journal.pntd.0006626

Moudy, R. M., Meola, M. A., Morin, L. L., Ebel, G. D., and Kramer, L. D. (2007). A newly emergent genotype of West Nile virus is transmitted earlier and more efficiently by Culex mosquitoes. Am. J. Trop. Med. Hyg. 77, 365–370. doi: 10.4269/ajtmh.2007.77.365

National Academies of Sciences (2016). Gene Drives on the Horizon: Advancing Science, Navigating Uncertainty, and Aligning Research with Public Values. Washington, DC: The National Academies Press.

Nuckols, J. T., Huang, Y. J., Higgs, S., Miller, A. L., Pyles, R. B., Spratt, H. M., et al. (2015). Evaluation of simultaneous transmission of Chikungunya virus and dengue virus type 2 in infected Aedes aegypti and Aedes albopictus (Diptera: Culicidae). J. Med. Entomol. 52, 447–451. doi: 10.1093/jme/tjv017

Nunes, M. R., Faria, N. R., De Vasconcelos, J. M., Golding, N., Kraemer, M. U., De Oliveira, L. F., et al. (2015). Emergence and potential for spread of Chikungunya virus in Brazil. BMC Med. 13:102. doi: 10.1186/s12916-015-0348-x

Ochieng, C., Lutomiah, J., Makio, A., Koka, H., Chepkorir, E., Yalwala, S., et al. (2013). Mosquito-borne arbovirus surveillance at selected sites in diverse ecological zones of Kenya; 2007 - 2012. Virol. J. 10:140. doi: 10.1186/1743-422X-10-140

Odhiambo, C., Venter, M., Chepkorir, E., Mbaika, S., Lutomiah, J., Swanepoel, R., et al. (2014). Vector competence of selected mosquito species in Kenya for Ngari and Bunyamwera viruses. J. Med. Entomol. 51, 1248–1253. doi: 10.1603/ME14063

Olson, K. E., Higgs, S., Gaines, P. J., Powers, A. M., Davis, B. S., Kamrud, K. I., et al. (1996). Genetically engineered resistance to dengue-2 virus transmission in mosquitoes. Science 272, 884–886. doi: 10.1126/science.272.5263.884

O’Neill, K., Olson, B. J., Huang, N., Unis, D., and Clem, R. J. (2015). Rapid selection against arbovirus-induced apoptosis during infection of a mosquito vector. Proc. Natl. Acad. Sci. U.S.A. 112, E1152–E1161. doi: 10.1073/pnas.1424469112

Pan, X., Zhou, G., Wu, J., Bian, G., Lu, P., Raikhel, A. S., et al. (2012). Wolbachia induces reactive oxygen species (ROS)-dependent activation of the Toll pathway to control dengue virus in the mosquito Aedes aegypti. Proc. Natl. Acad. Sci. U.S.A. 109, E23–E31. doi: 10.1073/pnas.1116932108

Pringle, C. R., Lees, J. F., Clark, W., and Elliott, R. M. (1984). Genome subunit reassortment among bunyaviruses analysed by dot hybridization using molecularly cloned complementary DNA probes. Virology 135, 244–256. doi: 10.1016/0042-6822(84)90134-X

Ramirez, J. L., Short, S. M., Bahia, A. C., Saraiva, R. G., Dong, Y., Kang, S., et al. (2014). Chromobacterium Csp_P reduces malaria and dengue infection in vector mosquitoes and has entomopathogenic and in vitro anti-pathogen activities. PLoS Pathog. 10:e1004398. doi: 10.1371/journal.ppat.1004398

Ramirez, J. L., Souza-Neto, J., Torres Cosme, R., Rovira, J., Ortiz, A., Pascale, J. M., et al. (2012). Reciprocal tripartite interactions between the Aedes aegypti midgut microbiota, innate immune system and dengue virus influences vector competence. PLoS Negl. Trop. Dis. 6:e1561. doi: 10.1371/journal.pntd.0001561

Rances, E., Johnson, T. K., Popovici, J., Iturbe-Ormaetxe, I., Zakir, T., Warr, C. G., et al. (2013). The toll and Imd pathways are not required for Wolbachia-mediated dengue virus interference. J. Virol. 87, 11945–11949. doi: 10.1128/JVI.01522-13

Rances, E., Ye, Y. H., Woolfit, M., Mcgraw, E. A., and O’neill, S. L. (2012). The relative importance of innate immune priming in Wolbachia-mediated dengue interference. PLoS Pathog. 8:e1002548. doi: 10.1371/journal.ppat.1002548

Reese, S. M., Blitvich, B. J., Blair, C. D., Geske, D., Beaty, B. J., and Black, W. C. T. (2008). Potential for La Crosse virus segment reassortment in nature. Virol. J. 5:164. doi: 10.1186/1743-422X-5-164

Reisen, W. K., Fang, Y., and Martinez, V. (2007). Is nonviremic transmission of West Nile virus by Culex mosquitoes (Diptera: Culicidae) nonviremic? J. Med. Entomol. 44, 299–302. doi: 10.1093/jmedent/44.2.299

Reiter, P., Fontenille, D., and Paupy, C. (2006). Aedes albopictus as an epidemic vector of chikungunya virus: another emerging problem? Lancet Infect. Dis. 6, 463–464. doi: 10.1016/S1473-3099(06)70531-X

Sanchez-Vargas, I., Scott, J. C., Poole-Smith, B. K., Franz, A. W., Barbosa-Solomieu, V., Wilusz, J., et al. (2009). Dengue virus type 2 infections of Aedes aegypti are modulated by the mosquito’s RNA interference pathway. PLoS Pathog. 5:e1000299. doi: 10.1371/journal.ppat.1000299

Sanders, H. R., Foy, B. D., Evans, A. M., Ross, L. S., Beaty, B. J., Olson, K. E., et al. (2005). Sindbis virus induces transport processes and alters expression of innate immunity pathway genes in the midgut of the disease vector, Aedes aegypti. Insect Biochem. Mol. Biol. 35, 1293–1307. doi: 10.1016/j.ibmb.2005.07.006

Schmid, M. A., Glasner, D. R., Shah, S., Michlmayr, D., Kramer, L. D., and Harris, E. (2016). Mosquito saliva increases endothelial permeability in the skin, immune cell migration, and dengue pathogenesis during antibody-dependent enhancement. PLoS Pathog. 12:e1005676. doi: 10.1371/journal.ppat.1005676

Schneider, B. S., and Higgs, S. (2008). The enhancement of arbovirus transmission and disease by mosquito saliva is associated with modulation of the host immune response. Trans. R. Soc. Trop. Med. Hyg. 102, 400–408. doi: 10.1016/j.trstmh.2008.01.024

Schneider, B. S., Soong, L., Coffey, L. L., Stevenson, H. L., Mcgee, C. E., and Higgs, S. (2010). Aedes aegypti saliva alters leukocyte recruitment and cytokine signaling by antigen-presenting cells during West Nile virus infection. PLoS One 5:e11704. doi: 10.1371/journal.pone.0011704

Schneider, B. S., Soong, L., Girard, Y. A., Campbell, G., Mason, P., and Higgs, S. (2006). Potentiation of West Nile encephalitis by mosquito feeding. Viral Immunol. 19, 74–82. doi: 10.1089/vim.2006.19.74

Schneider, B. S., Soong, L., Zeidner, N. S., and Higgs, S. (2004). Aedes aegypti salivary gland extracts modulate anti-viral and TH1/TH2 cytokine responses to Sindbis virus infection. Viral Immunol. 17, 565–573. doi: 10.1089/vim.2004.17.565

Schnettler, E., Tykalova, H., Watson, M., Sharma, M., Sterken, M. G., Obbard, D. J., et al. (2014). Induction and suppression of tick cell antiviral RNAi responses by tick-borne flaviviruses. Nucleic Acids Res. 42, 9436–9446. doi: 10.1093/nar/gku657

Schuffenecker, I., Iteman, I., Michault, A., Murri, S., Frangeul, L., Vaney, M. C., et al. (2006). Genome microevolution of chikungunya viruses causing the Indian Ocean outbreak. PLoS Med. 3:e263. doi: 10.1371/journal.pmed.0030263

Schuh, A. J., Ward, M. J., Leigh Brown, A. J., and Barrett, A. D. (2014). Dynamics of the emergence and establishment of a newly dominant genotype of Japanese encephalitis virus throughout Asia. J. Virol. 88, 4522–4532. doi: 10.1128/JVI.02686-13

Sim, C., Hong, Y. S., Tsetsarkin, K. A., Vanlandingham, D. L., Higgs, S., and Collins, F. H. (2007). Anopheles gambiae heat shock protein cognate 70B impedes O’nyong-nyong virus replication. BMC Genomics 8:231. doi: 10.1186/1471-2164-8-231

Sim, S., Jupatanakul, N., and Dimopoulos, G. (2014). Mosquito immunity against arboviruses. Viruses 6, 4479–4504. doi: 10.3390/v6114479

Skallova, A., Iezzi, G., Ampenberger, F., Kopf, M., and Kopecky, J. (2008). Tick saliva inhibits dendritic cell migration, maturation, and function while promoting development of Th2 responses. J. Immunol. 180, 6186–6192. doi: 10.4049/jimmunol.180.9.6186

Suhrbier, A., Jaffar-Bandjee, M. C., and Gasque, P. (2012). Arthritogenic alphaviruses–an overview. Nat. Rev. Rheumatol. 8, 420–429. doi: 10.1038/nrrheum.2012.64

Sundin, D. R., Beaty, B. J., Nathanson, N., and Gonzalez-Scarano, F. (1987). A G1 glycoprotein epitope of La Crosse virus: a determinant of infection of Aedes triseriatus. Science 235, 591–593. doi: 10.1126/science.3810159

Surasombatpattana, P., Ekchariyawat, P., Hamel, R., Patramool, S., Thongrungkiat, S., Denizot, M., et al. (2014). Aedes aegypti saliva contains a prominent 34-kDa protein that strongly enhances dengue virus replication in human keratinocytes. J. Invest. Dermatol. 134, 281–284. doi: 10.1038/jid.2013.251

Tabachnick, W. J. (1991). Evolutionary genetics and arthropod-borne disease: the yellow fever mosquito. Am. Entomol. 37, 14–26. doi: 10.1093/ae/37.1.14

Tabachnick, W. J., Wallis, G. P., Aitken, T. H., Miller, B. R., Amato, G. D., Lorenz, L., et al. (1985). Oral infection of Aedes aegypti with yellow fever virus: geographic variation and genetic considerations. Am. J. Trop. Med. Hyg. 34, 1219–1224. doi: 10.4269/ajtmh.1985.34.1219

Tchankouo-Nguetcheu, S., Khun, H., Pincet, L., Roux, P., Bahut, M., Huerre, M., et al. (2010). Differential protein modulation in midguts of Aedes aegypti infected with chikungunya and dengue 2 viruses. PLoS One 5:e13149. doi: 10.1371/journal.pone.0013149

Terradas, G., and McGraw, E. A. (2017). Wolbachia-mediated virus blocking in the mosquito vector Aedes aegypti. Curr. Opin. Insect Sci. 22, 37–44. doi: 10.1016/j.cois.2017.05.005

Thangamani, S., Higgs, S., Ziegler, S., Vanlandingham, D., Tesh, R., and Wikel, S. (2010). Host immune response to mosquito-transmitted chikungunya virus differs from that elicited by needle inoculated virus. PLoS One 5:e12137. doi: 10.1371/journal.pone.0012137

The Lancet (2016). Yellow fever: a global reckoning. Lancet 387:1348. doi: 10.1016/S0140-6736(16)30116-7

Troupin, A., Londono-Renteria, B., Conway, M. J., Cloherty, E., Jameson, S., Higgs, S., et al. (2016). A novel mosquito ubiquitin targets viral envelope protein for degradation and reduces virion production during dengue virus infection. Biochim. Biophys. Acta 1860, 1898–1909. doi: 10.1016/j.bbagen.2016.05.033

Tsetsarkin, K. A., Vanlandingham, D. L., Mcgee, C. E., and Higgs, S. (2007). A single mutation in chikungunya virus affects vector specificity and epidemic potential. PLoS Pathog. 3:e201. doi: 10.1371/journal.ppat.0030201

Tsetsarkin, K. A., and Weaver, S. C. (2011). Sequential adaptive mutations enhance efficient vector switching by Chikungunya virus and its epidemic emergence. PLoS Pathog. 7:e1002412. doi: 10.1371/journal.ppat.1002412

van den Hurk, A. F., Hall-Mendelin, S., Pyke, A. T., Frentiu, F. D., Mcelroy, K., Day, A., et al. (2012). Impact of Wolbachia on infection with chikungunya and yellow fever viruses in the mosquito vector Aedes aegypti. PLoS Negl. Trop. Dis. 6:e1892. doi: 10.1371/journal.pntd.0001892

Vanlandingham, D. L., Higgs, S., and Huang, Y. J. (2016). Aedes albopictus (Diptera: Culicidae) and mosquito-borne viruses in the United States. J. Med. Entomol. 53, 1024–1028. doi: 10.1093/jme/tjw025

Vanlandingham, D. L., Mcgee, C. E., Klingler, K. A., Galbraith, S. E., Barrett, A. D., and Higgs, S. (2008). Short report: comparison of oral infectious dose of West Nile virus isolates representing three distinct genotypes in Culex quinquefasciatus. Am. J. Trop. Med. Hyg. 79, 951–954. doi: 10.4269/ajtmh.2008.79.951

Vasconcelos, P. F., and Calisher, C. H. (2016). Emergence of human arboviral diseases in the Americas, 2000-2016. Vector Borne Zoonotic Dis. 16, 295–301. doi: 10.1089/vbz.2016.1952

Vazeille, M., Yebakima, A., Lourenco-De-Oliveira, R., Andriamahefazafy, B., Correira, A., Rodrigues, J. M., et al. (2013). Oral receptivity of Aedes aegypti from Cape Verde for yellow fever, dengue, and chikungunya viruses. Vector Borne Zoonotic Dis. 13, 37–40. doi: 10.1089/vbz.2012.0982

Vazeille-Falcoz, M., Failloux, A. B., Mousson, L., Elissa, N., and Rodhain, F. (1999). [Oral receptivity of Aedes aegypti formosus from Franceville (Gabon, central Africa) for type 2 dengue virus]. Bull. Soc. Pathol. Exot. 92, 341–342.

Walker, T., Johnson, P. H., Moreira, L. A., Iturbe-Ormaetxe, I., Frentiu, F. D., Mcmeniman, C. J., et al. (2011). The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti populations. Nature 476, 450–453. doi: 10.1038/nature10355

Wang, H., Blair, C. D., Olson, K. E., and Clem, R. J. (2008). Effects of inducing or inhibiting apoptosis on Sindbis virus replication in mosquito cells. J. Gen. Virol. 89, 2651–2661. doi: 10.1099/vir.0.2008/005314-0

Wang, H., Gort, T., Boyle, D. L., and Clem, R. J. (2012). Effects of manipulating apoptosis on Sindbis virus infection of Aedes aegypti mosquitoes. J. Virol. 86, 6546–6554. doi: 10.1128/JVI.00125-12

Weaver, S. C., and Barrett, A. D. (2004). Transmission cycles, host range, evolution and emergence of arboviral disease. Nat. Rev. Microbiol. 2, 789–801. doi: 10.1038/nrmicro1006

Westaway, E. G., Mackenzie, J. M., Kenney, M. T., Jones, M. K., and Khromykh, A. A. (1997). Ultrastructure of Kunjin virus-infected cells: colocalization of NS1 and NS3 with double-stranded RNA, and of NS2B with NS3, in virus-induced membrane structures. J. Virol. 71, 6650–6661.

Whitman, L. (1939). Failure of Aedes aegypti to transmit yellow fever cultured virus (17D). Am. J. Trop. Med. Hyg. 19, 19–26. doi: 10.4269/ajtmh.1939.s1-19.19

WHO (1985). Arthropod-Borne and Rodent-Borne Viral Diseases. Geneva: World Health Organization.

Wikel, S. K. (1996). The Immunology of Host-Ectoparasitic Arthropod Relationships. Wallingford: CAB International.

Wikel, S. K., Aksoy, S., and Dimopoulos, G. (2017). Arthropod Vector Controller of Disease Transmission. Vector Microbiome and Innate Immunity of Arthropods, Vol. 1. Amsterdam: Elsevier.

Xi, Z., Ramirez, J. L., and Dimopoulos, G. (2008). The Aedes aegypti toll pathway controls dengue virus infection. PLoS Pathog. 4:e1000098. doi: 10.1371/journal.ppat.1000098

Xia, H., Beck, A. S., Gargili, A., Forrester, N., Barrett, A. D., and Bente, D. A. (2016). Transstadial transmission and long-term association of Crimean-Congo hemorrhagic fever virus in ticks shapes genome plasticity. Sci. Rep. 6:35819. doi: 10.1038/srep35819

Zink, S. D., Van Slyke, G. A., Palumbo, M. J., Kramer, L. D., and Ciota, A. T. (2015). Exposure to West Nile virus increases bacterial diversity and immune gene expression in Culex pipiens. Viruses 7, 5619–5631. doi: 10.3390/v7102886

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Huang, Higgs and Vanlandingham. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg






OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
, frontiers
in Microbiology





