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Background on each virus
CCHFV: Crimean-Congo hemorrhagic fever (genus Orthonairovirus, family Nairoviridae) is a highly contagious zoonosis with the largest geographic distribution of all tick-borne viruses, affecting people in parts of Africa, Asia, Eastern Europe, and the Middle East (Bente et al. 2013). Although the virus is known to infect a wide range of both wild and domestic animals, it causes severe disease only in humans and new-born mice (Whitehouse 2004). Smaller wildlife species, such as hares and hedgehogs, are suspected to act as reservoir hosts (Appannanavar and Mishra 2011). Patients become infected through tick bites or direct contact with blood, bodily fluids, or tissue from infected animals while human-to-human transmission seems limited to nosocomial infection (Bente et al. 2013, Papa et al. 2015). The combination of the extensive area over which CCHFV occurs, its high case fatality rate (ranging from 2-80%; (Whitehouse 2004, Leblebicioglu 2010), and recurring nosocomial outbreaks make the virus an important human pathogen (Ergönül 2006, Mardani and Keshtkar-Jahromi 2007). Moreover, both the incidence and geographic distribution of clinical cases of CCHFV have increased over the past 15 years (Estrada-Peña and de la Fuente 2014), with the first two autochthonous human cases reported in Spain in 2016 (García Rada 2016). 
CCHFV has been isolated from over 30 species of ticks, and vector competence has been demonstrated for various species of the genera Amblyomma, Dermacentor, and Rhipicephalus (Turell 2007). However, the most efficient and common vectors are considered to be Hyalomma spp. ticks, whose global distribution coincides with the occurrence of CCHFV (Ergönül 2006, Turell 2007). Transmission occurs both transstadially (i.e. from larva to nymph to adult) and transovarially (i.e. from infected adult females to their eggs) across seasons, suggesting that Hyalomma spp. ticks act as both vector and reservoir of CCHFV (Turell 2007). A recent modelling study concluded that transovarial transmission is essential for the maintenance of CCHFV circulation (Estrada‐Peña et al. 2013). In addition, ticks can become infected by feeding from viraemic hosts or through co-feeding with an infected tick on a non-viraemic host (Gordon et al. 1993). The principal vector, Hyalomma marginatum s.l., is a two-host tick, with larvae and nymphs feeding from the same host individual and adults feeding from different hosts and species (Knight et al. 1978). Immature stages typically parasitize a large variety of birds and small- to medium-sized mammals, whereas adult ticks mainly feed from large ungulates (Estrada-Peña and de la Fuente 2014). 

TBEV: With 10,00-12,000 new cases each year, tick-borne encephalitis (genus Flavivirus, family Flaviviridae) is considered to be among the most significant tick-borne diseases in Europe and Eurasia (Randolph and Rogers 2000, WHO 2011). There are three viral subtypes; Western European subtype, Siberian subtype and Far Eastern subtype. It affects the human central nervous system, causing acute and severe meningitis, encephalitis, and/or myelitis (Ytrehus et al. 2013). Depending on the subtype, 10% to 30% of infected persons develop clinical symptoms, and the fatality rate for symptomatic cases is typically around 1-2% but up to 40% for the Far Eastern subtype (Randolph and Rogers 2000, Mansfield et al. 2009). Humans may become infected after being bitten by an infected tick or, less commonly, by drinking raw milk from infected goats or sheep (Randolph and Rogers 2000). TBE incidence in Europe has increased over the past two decades, with endemic areas expanding northwards, westwards and to higher latitudes (Uzcátegui et al. 2012). Recently, TBEV was detected in ticks and roe deer in the Netherlands and shortly after the first two clinical cases were reported (de Graaf et al. 2016, Jahfari et al. 2017, Weststrate et al. 2017).
Enzootic cycles of TBEV are maintained in rodent-tick cycles, with Ixodes ricinus and I. persulcatus as main vectors in the western and eastern Palearctic respectively (Labuda and Randolph 1999). These generalist tick species feed on a wide range of vertebrates, but the principal hosts for larvae are small rodents, particularly Apodemus spp., Microtus spp., and Myodes spp., whereas nymphs mainly feed on small rodents and thrushes, and adult stages feeding on deer and other ungulates (Randolph et al. 1999, Hofmeester et al. 2016). Small rodents develop short viremia of only 2-3 days and acquire immunity against TBEV after infection, so that the probability of rodent-tick transmission is quite low (Labuda et al. 1997). The key to maintenance of TBEV transmission cycles is the synchronous seasonal activity of immature tick stages that allows for co-feeding between infected nymphs and uninfected larvae on non-viraemic rodent hosts (Labuda et al. 1993, Labuda et al. 1996, Randolph et al. 1996, Labuda et al. 1997, Randolph et al. 1999, Randolph et al. 2000, Perkins et al. 2003). The ability of these small rodents, particularly Apodemus spp. to successfully feed large quantities of ticks makes them the most important amplifying hosts for tick abundances and, indirectly, TBEV transmission (Labuda and Randolph 1999). In addition, TBEV infection may also be transmitted transovarially in ticks and vertically in rodent hosts, albeit at low efficiency (Labuda and Randolph 1999, Uzcátegui et al. 2012). 

LIV: Louping-ill virus (genus Flavivirus, family Flaviviridae) causes a tick-borne disease that is transmitted by the sheep tick I. ricinus. The virus causes encephalomyelitis in unvaccinated livestock, particularly sheep but occasionally also cattle, and is a major cause of mortality in red grouse (Lagopus scoticus) in endemic areas (Ytrehus et al. 2013, Jeffries et al. 2014). Although mainly restricted to the upland areas of the British Isles, members of the LIV-group have also been reported in Spain, Norway, Turkey and Bulgaria (Beck et al. 2013, Ytrehus et al. 2013, Jeffries et al. 2014). Livestock fatality rates in endemic areas range from 5% to 10%, but can reach 60% in newly introduced individuals such as weaned lambs that were moved to hill pastures (Watts et al. 2009, Jeffries et al. 2014). Human cases of LIV almost exclusively occur in people with occupational exposure, such as veterinarians, butchers, sheep farmers, but also laboratory scientists working with LIV (Ytrehus et al. 2013, Jeffries et al. 2014). While most human infections are asymptomatic or result in flu-like symptoms, more severe neurological effects can arise that are similar to those of TBEV. Fatal cases are rare. No cases of LIV infection in humans have been reported in Great Britain over the past 20 years, despite numerous cases of encephalitis of unknown origin (Davison et al. 2003). Lack of awareness among clinicians and/or lack of specific testing may contribute to potential underreporting of human LIV cases (Jeffries et al. 2014). 
LIV is part of the TBEV complex and is most closely related to the European subtype (Ytrehus et al. 2013). Despite their genetic similarity, the ecology of LIV transmission is rather different from TBEV. Small mammals such as rodents do not play an important role in the LIV transmission cycle (Gilbert et al. 2000). The main tick hosts in the LIV system are sheep, red deer (Cervus elaphus), red grouse (Lagopus scoticus) and mountain hares (Lepus timidus), which differ in their susceptibility to disease, their ability to transmit infection to uninfected ticks, and their role in maintaining high tick population densities (Jones et al. 1997, Watts et al. 2009). Only sheep and red grouse develop sufficiently high levels of viremia to support the systemic route of virus transmission (Hudson et al. 1995). Mountain hares allow efficient transmission of LIV from infected to uninfected ticks via co-feeding, despite the absence of viremia (Jones et al. 1997). Red deer do not produce viremia nor allow co-feeding transmission, but they are the main host for the reproductive stages of the tick and therefore greatly amplify the tick population (Jones et al. 1997, Gilbert et al. 2000). While LIV is transmitted transstadially, no evidence of transovarial transmission has been found to date (Jeffries et al. 2014).

JEV: Japanese encephalitis virus (genus Flavivirus, family Flaviviridae) is a mosquito-borne virus that is endemic throughout Southeast Asia and the Asian Pacific Rim (Misra and Kalita 2010). Despite the existence of vaccines, JEV continues to be the leading cause of viral encephalitis in Asia, with over 3 billion people at risk (Erlanger et al. 2009, Ghosh and Basu 2009). In symptomatic patients, case fatality rates can reach up to 30%, with 50% of the patients suffering permanent neurological damage (Ghosh and Basu 2009). Five different genotypes are currently known, which are associated with different geographical regions and climates (Ghosh and Basu 2009, Schuh et al. 2013). While approximately half of all JEV cases occur in China (Campbell et al. 2011), the area affected by JEV has increased substantially over the past decades and the virus continues to expand its geographical range (Johansen et al. 2001, Misra and Kalita 2010). Given the propensity of JEV and related flaviviruses (e.g., Zika virus, West Nile virus) to spread and the vector competence of mosquito species outside endemic areas, JEV could potentially be introduced and establish in the Americas, Europe, and Africa (Van den Hurk et al. 2001, Ghosh and Basu 2009, Nett et al. 2009, De Wispelaere et al. 2017). For example, sequences identical to genomic fragments of the virus have been identified in bird tissue and mosquito samples in Italy (Platonov et al. 2012, Ravanini et al. 2012) while recently the first autochthonous human case has been reported in Angola (Simon-Loriere et al. 2017).
The current distribution of JEV coincides with that of its primary vector, Culex tritaeniorhynchus, although other species of the genera Culex, Aedes, and Anopheles have also been described as competent vectors (Johansen et al. 2001, Van den Hurk et al. 2001, Miller et al. 2012, Su et al. 2014). The virus exists in a transmission cycle in which pigs are the main reservoir host and source of infection for humans via mosquitoes, and with birds being important hosts for the enzootic maintenance and spread of JEV (Ghosh and Basu 2009, Bai et al. 2014, Su et al. 2014). Although the virus has been isolated from over 90 species of wild and domestic birds, ardeid birds (e.g., cattle egrets and pond herons) are considered to be the primary enzootic source of JEV (Bai et al. 2014). In addition, JEV was isolated from bats in China, while flying foxes in Australia were shown to be able to infect recipient mosquitoes, suggesting a potential role for bats in JEV maintenance (van den Hurk et al. 2009, Liu et al. 2013). Other domestic animals and humans are considered dead-end hosts due to low and short viremia (Ghosh and Basu 2009, Misra and Kalita 2010). Most animal species remain asymptomatic after JEV infection, but horses may suffer from fatal encephalitis, while fetal wastage may occur in pigs. The virus can be transmitted vertically in mosquitoes, albeit inefficiently, which is a possible explanation for the overwintering capacity of the virus between epidemics (Ghosh and Basu 2009, Misra and Kalita 2010).

WNV: West Nile Virus (genus Flavivirus, family Flaviviridae) is the most widespread arthropod-borne virus in the world, and is currently expanding its native range in Europe, Asia and Africa, as well as its introduced range in the Americas (Kramer et al. 2008, Bakonyi et al. 2013, David and Abraham 2016). Although the majority (~80%) of infections in humans remain asymptomatic, about 20% of patients develop febrile illness and approximately 1% suffer from a severe, potentially fatal, neuro-invasive disease (Artsob et al. 2009, Bakonyi et al. 2013). WNV is also of considerable veterinary concern, with about 10% of symptomatic horses developing acute encephalitis or meningitis (Beck et al. 2013). 
Patterns of emergence differ markedly between continents. In North America, tens of thousands of humans and horses have been infected since the introduction of WNV in 1999 (Beck et al. 2013). WNV also inflicts considerable morbidity and mortality in birds and other wildlife in the USA (Bowen and Nemeth 2007), even leading to dramatic declines in some bird species (e.g., American crows, Corvus brachyrhynchos (LaDeau et al. 2007). In contrast, mass mortality among birds has not been recorded in Europe, even though carrion crows, jackdaws, and house sparrows have experimentally been shown to be highly susceptible to WNV infection (Del Amo et al. 2014, Lim et al. 2014, Lim et al. 2015). Moreover, European outbreaks tend to be restricted to southeastern and eastern countries, despite seemingly favorable environmental conditions and widespread circulation of the virus in wildlife and sentinel animals in other parts of Europe (Kramer et al. 2008, Bakonyi et al. 2013, Sambri et al. 2013, Marcantonio et al. 2015). Variation in WNV strain virulence, host susceptibility, herd immunity, vector competence, and/or past exposure to other Flaviviruses have been suggested to explain these continental differences, but the definite role of these drivers in the epidemiological pattern of WNV in Europe needs further elucidation (Fros et al. 2015, Koraka et al. 2016). Low temperature has been suggested as the key limiting factor to further northwards spread of WNV in Europe (Vogels et al. 2017).
Natural transmission of WNV occurs in a bird-mosquito-bird cycle, with virus spill-over to humans and horses as dead-end hosts (Chaskopoulou et al. 2016). The virus has been detected in at least 326 species of birds and over 30 species of non-avian hosts in the United States alone (Petersen et al. 2013). Vector competence has been demonstrated in 65 species of mosquitoes, but the principal bridge vectors transmitting virus between birds and humans are Culex spp. mosquitoes, which may also function as overwintering reservoir host (Petersen et al. 2013, David and Abraham 2016). Transovarial transmission of WNV by female Culex spp has also been found (Goddard et al. 2003). In Europe, the most important WNV vectors are mosquitoes belonging to the Cx. pipiens complex, and, to a lesser degree, Cx. modestus and Cx. perixiguus (Hubálek and Halouzka 1999, Muñoz et al. 2012, Mughini-Gras et al. 2014). Both habitat and host preferences vary between mosquito vectors, with major implications for transmission risk to humans (Marcantonio et al. 2015). 
WNV has also been identified in six genera of ticks (Higgs et al. 2004) and one biting midge species (Naugle et al. 2004). However, experimentally infected I. pacificus, I. ricinus, I. scapularis, Amblyomma americanum, D. andersoni, and D. variabilis ticks were shown to be unable to maintain or transmit the virus to uninfected hosts (Anderson et al. 2003, Lawrie et al. 2004, Reisen et al. 2007). So far, laboratory vector competence has only been demonstrated for the tick H. marginatum (Formosinho and Santos-Silva 2005), but as their WNV prevalence in the field appears to be very low (Mumcuoglu et al. 2005, Hagman et al. 2014, Kolodziejek et al. 2014), they are unlikely to play a major role in WNV epidemiology. On the other hand, Ornithodoros moubata ticks have been shown to be able to maintain WNV infection for 132 days in a laboratory setting and to non-systemically transmit the virus to uninfected ticks via co-feeding, so that the potential role of ticks as reservoir hosts merits further investigation (Lawrie et al. 2004).
Although mammals are susceptible to WNV infection, most species (including humans and horses) are considered dead-end hosts (Bowen and Nemeth 2007). However, some mammals (rodents, rabbits) and reptiles (alligators) have been shown to develop sufficient viremia to infect feeding mosquitoes, questioning their status as dead-end hosts in the WNV transmission cycle (Higgs et al. 2005, Root et al. 2006, Bowen and Nemeth 2007, McGee et al. 2007, Kramer et al. 2008). Further, there is strong evidence for non-vector transmission among birds via the fecal-oral route and through predation or consumption of infected carrion (Komar et al. 2003, Bowen and Nemeth 2007). In humans, non-vector transmission can occur via blood transfusion, breast feeding, and organ transplantation (Kramer et al. 2008). Clearly, the transmission ecology of WNV is complex and particularly poorly understood in the Old World. Simultaneous circulation of multiple WNV lineages with varying pathogenicity renders quantification of the ecological parameters involved in the transmission cycle even more challenging (Marcantonio et al. 2015).

RVFV: Rift Valley Fever Virus (genus Phlebovirus, family Phenuiviridae) is a mosquito-borne virus pathogenic to a wide range of wild mammals, domestic livestock, and humans. Periodic epidemics and epizootics occur in most sub-Saharan African countries, with recent outbreaks in the Arabian Peninsula (Balkhy and Memish 2003, Himeidan et al. 2014, Sindato et al. 2014). Although less fatal for humans than other hemorrhagic fevers such as Ebola and Marburg, RVFV outbreaks can destroy local economies due to mass abortion and mortality in livestock, particularly in younger animals, and imposed restrictions on animal movement and trade (Anyamba et al. 2001, Balkhy and Memish 2003). 
Several other features make RVFV an important zoonosis with a high potential to spread to Europe and other parts of Asia (Balkhy and Memish 2003, Clements et al. 2007, Moutailler et al. 2008, Chevalier 2013, Rolin et al. 2013). First, the virus can be transmitted by a wide range of vectors that have global distributions, including mosquitoes, ticks and flies (Pepin et al. 2010, and references therein). The most important of these vectors are Aedes spp. and Culex spp. mosquitoes, which function as reservoir/maintenance vectors and epidemic/amplifying vectors respectively (Pepin et al. 2010). Second, RVFV can spread via blood or other bodily secretions from infected humans and animals (Hightower et al. 2012). This places humans at risk when e.g., nursing sick people, drinking raw milk, treating infected animals, or assisting animals during abortions or birth (Wilson et al. 1994, Chevalier et al. 2010). Third, infected livestock such as sheep and cattle become highly viraemic, facilitating viral transmission (Balkhy and Memish 2003). Finally, the virus is transovarially transmitted, and drought-resistant mosquito species (e.g., Ae. mcintoshi, Ae. circumluteolus) produce infected eggs that are able to survive for years until favorable environmental conditions allow them to hatch (Wilson 1994, Pepin et al. 2010). 
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