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Most alphaviruses are mosquito-borne and exhibit a broad host range, infecting 

many different vertebrates including birds, rodents, equids, humans, and nonhuman 

primates as well as mosquito species encompassing at least eight genera. The ability of 

alphaviruses to infect both arthropods and vertebrates is essential for their maintenance in 

nature. Herein I describe a unique alphavirus, Eilat virus (EILV), isolated from a pool of 

Anopheles coustani mosquitoes from the Negev desert, Israel. Genetic analysis showed 

considerable sequence divergence at the both nucleotide and amino acid levels. 

Phylogenetic analyses placed EILV basal to the western equine encephalitis antigenic 

complex within the main clade of mosquito-borne alphaviruses. Electron microscopy 

revealed that, like other alphaviruses, EILV virions are spherical, 70 nm in diameter, and 

they bud from the plasma membrane of infected mosquito cells. EILV readily infects a 

variety of insect cells with little overt cytopathic effect. However, in contrast to all other 

mosquito-borne alphaviruses, EILV was not able to infect mammalian or avian cell lines. 

EILV host range restriction was present at attachment and entry, as well as at the RNA 

replication level, suggesting the involvement of multiple viral genes. Susceptibility 



vi 

studies showed that Aedes albopictus, A. aegypti, Anopheles gambiae, Culex 

quinquefasciatus were susceptible to EILV infection via the intrathoracic route, but only 

A. aegypti was susceptible via the oral route suggesting a narrow vector range. Lastly, 

superinfection experiments in an A. albopictus cell line, C7/10, demonstrated that a prior 

infection with EILV reduced virus replication of Sindbis, chikungunya, eastern, western 

and Venezuelan equine encephalitis virus by 100- to 10,000-fold indicating that EILV 

virus may alter host susceptibility to superinfection and therefore the ability to transmit 

pathogenic alphaviruses. Taken together, these data identify the first host restricted 

mosquito-borne alphavirus and suggest that, evolutionarily, EILV has lost the ability to 

infect vertebrate cells. Thus, EILV may represent a previously undescribed complex 

within the genus Alphavirus. Reverse genetic studies of EILV may facilitate the 

discovery of determinants of alphavirus host range that mediate disease emergence as 

well as potential vector control and transmission disruption measures.  
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1 

INTRODUCTION 

Chapter 1: Alpavirus Background  

GENOMIC ORGANIZATION  

The genus Alphavirus in the family Togaviridae is comprised of small, spherical, 

enveloped viruses with genomes consisting of single strand, positive-sense, RNA 

approximately 11-12 kb in length (1). The 5′ terminus contains a terminal 7-

methylguanosine cap and the 3′ terminus is polyadenylated (Fig. 1).  The alphavirus 

genome contains two open reading frames (ORFs): the 5’ two-thirds of the genome 

encodes four nonstructural proteins (nsP1-4); and the 3’ one-third of the genome encodes 

for structural proteins (Capsid, E3, E2, 6k, TF, E1) (1).  

 

ALPHAVIRUS CLASSIFICATION  

 Current classification of the genus Alphavirus includes 30 species that can be 

classified into ten complexes based on antigenic and/or genetic similarities (Fig. 3) (2-4). 

Barmah Forest (BF) , Ndumu (NDU), Middelburg (MID) and Semliki Forest (SF) 

complexes consist of almost exclusively Old World viruses whereas Trocara (TRO), 

Venezuelan (VEE) and eastern equine encephalitis (EEE) complexes comprise of New 

World viruses (2-4). The western equine encephalitis (WEE) complex contains both Old 

World [Whataroa (WHAT) and Sindbis (SINV)] and New World [Aura (AURAV)] 

viruses as well as recombinant viruses [WEEV, Highlands J (HJV), Fort Morgan (FMV) 

and Buggy Creek (BCV)]  (2-4). The latter viruses are descendents of a recombinant 

virus that obtained non-structural and capsid genes from an EEE-like virus and remaining 

genes from a Sindbis-like virus (5, 6). Lastly, the aquatic alphaviruses comprise two 



 

 
 

2 

groups, southern elephant seal virus (SESV) and salmon pancreas disease virus (SPDV) 

(2-4, 7, 8). SPDV and its subtype sleeping disease virus (SDV) are distantly related to all 

other alphaviruses (8, 9). 

 

VIRION STRUCTURE 

Alphaviruses form spherical particles ~65-70 nm in diameter (Fig. 2) (10, 11). 

Virions are composed of E1 and E2 glycoproteins, the capsid (C), a host-derived lipid 

bilayer rich in cholesterol and sphinoglipids, and a single molecule of genomic RNA (10, 

11). The envelope contains 240 copies of E1 and E2, where E1/E2 heterodimers assemble 

to form 80 trimeric spikes arranged in T = 4 icosahedral symmetry (11, 12). On the virion 

surface, the leaf-like ecto-domain of E2 covers most of E1, which together form an 

icosahedral protein shell covering most of lipid bilayer (13). The E2 cytoplasmic tail 

extends through the lipid bilayer and interacts with a pocket in the capsid protein thereby 

linking surface spikes with nucleocapsid core (13). The genomic RNA is encapsidated by 

240 copies of capsid proteins forming an icosahedral nucleocapsid (NC) with T = 4 

symmetry (11, 12). Both the envelope and NC shell effectively protect and deliver the 

genomic RNA into susceptible host cells. 

 

ALPHAVIRUS PROTEINS AND THEIR FUNCTIONS 

Alphavirus genome is translated into 4 nsPs (nsP1, nsP2, nsP3, and nsP4) and 6 

structural proteins (capsid, E3, E2, 6k, TF, and E1) (Fig. 1, Table 1).  

nsP1.  

The N-terminus nsP1 (~250 aa) possesses guanyltransferase and guanine-7-

methyltransferase activities that are required for capping and cap methylation of newly 
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synthesized viral genomic and subgenomic RNAs (13-15). Critical amino acids for 

guanine-7-methyltransferase function have been mapped between amino acids (64-249 of 

Semliki Forest virus) however the exact location of guanyltransferase within the N-

terminus has not been identified (16). The nsP1 also is a membrane-associated protein, an 

activity that is mediated by an amphipathic peptide located immediately after the 

methyltransferase domain and palmitoylation of cysteine residues in the C-terminus (17-

18). This enables nsP1 to anchor viral replication complexes within the cytopathic 

vacuoles associated with viral RNA synthesis (19). The C-terminus also likely interacts 

with nsP4 in the replication complex to facilitate the synthesis of the negative strand 

antigenome (20, 21). Mutants defective in negative strand synthesis as well as 

compensatory mutations to restore nsP4 mutants defective in negative strand synthesis 

have mapped to the nsP1 C-terminus (20, 21).   

nsP2 

nsP2 is a large multi-functional protein consisting of four domains; 1) the first 

domain, comprising the N-terminal ~185 aa, has no known function/s. However it has 

been suggested that it may be a structural cofactor for the protease domain (22); 2) the 

second domain (~234 aa) contains the helicase and nucleoside triphosphatase (NTPase) 

activities required for RNA duplex unwinding during replication (23, 24); 3) the third 

domain (~210 aa) possesses papain-like serine protease activity that is responsible of cis-

cleavage of nsP4 from P1234 polyprotein and subsequent trans-cleavage of P123 into 

individual proteins (25, 26); 4) the fourth domain (~160 aa) located at the C-terminus is 

an inactive methyltransferase domain (27, 28). In addition to their respective functions, 

the helicase and methyltransferase domains also contain multiple nuclear localization 

signals and approximately 50% of nsP2 in the infected cell reaches the nucleus where it 

interacts with multiple host proteins (29-31). In all Old World alphaviruses studied, the 

helicase, protease and C-terminal domains of nsP2 are responsible for shutting off host 
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transcription and translation as well as the induction of cytopathic effects (32-34). In 

addition, the nsP2 plays a role in evasion of host immune responses by inhibiting type I/II 

interferon-stimulated JAK-STAT signaling and by inducing rapid degradation of catalytic 

subunit, Rpb1, of host RNA polymerase II (35, 36). 

nsP3 

The role of nsP3 is poorly understood. nsP3 in the context of polyprotein P123 or 

individually in P1+2+3+4 is required for positive and negative strand synthesis, 

respectively (1, 21). The N-terminus contains a macro-domain (~160 aa), which 

possesses ADP-ribose 1’-phosphate phosphatase activity and can bind to ADP-ribose, 

polyADP-ribose (PAR), and RNA (37, 38). ADP-ribose and PAR are involved in cell 

signaling and apoptosis, and binding to such substrates may alter host response to 

infection (37). The central Zinc-binding domain (~165 aa) was recently identified by 

structural studies of nsP2 and nsP3 polyproteins (38). This domain likely binds viral 

RNA as mutations that restored the function of structurally altered nsP1 conserved 

sequence element were mapped within this domain (38). The hypervariable domain 

(HVD) located at the C-terminus is highly divergent within the genus and contains 

numerous virus-specific deletions and insertions (21). The HVD has been shown to 

interact with host proteins to form virus-specific protein complexes within vertebrate 

cells (39). The HVD is also heavily phosphorylated and may be required for replication 

in mosquito cells (40, 41). Lastly, recent evidence suggests that nsP3 may play a role in 

mosquito vector specificity (42). 

nsP4 

The nsP4 protein is the RNA-dependent RNA polymerase (RdRp). It is produced 

via a translation readthough that occurs with a 5%-20% frequency at an opal codon 

located between nsP3 and nsP4 (21). Although the opal codon is present in many 
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alphaviruses, there are exceptions within the genus, notably Semliki Forest virus (SFV), 

O'nyong'nyong virus (ONNV), SPDV and SDV (21, 43). The N-terminal (~150 aa) of the 

protein likely binds other nsPs in negative and positive strand replicase complexes (21, 

44). The C-terminus contains RdRp domains found in other RNA polymerases and in the 

context of the polyprotein P123+4 or P1+2+3+4 is responsible for the synthesis of three 

species of RNAs; genomic plus strand, complementary genomic negative strand, and 

subgenomic plus strand mRNA (21). In addition, C-terminus also possesses terminal 

adenylyltransferase (TATase) activity that is responsible for template independent 

polyadenylation of genomic and subgenomic RNAs (45). 

Capsid 

The alphavirus capsid protein consists of three regions with distinct functions. 

Region I, consisting of the first ~80 aa in the N-terminus, is rich in basic amino acids that 

have been implicated in nonspecific binding to genomic RNA (21). In addition, it 

contains an alpha helix (helix I) that serves as an important “checkpoint” during 

nucleocapsid core assembly by stabilizing capsid-capsid interactions during capsid 

dimerization (46, 47). Region II (~32 aa) binds encapsidation signals in genomic RNA 

thereby promoting the dimerization of capsid proteins during encapsidation (48-52). 

Region III (~150 aa) in the C-terminus contains a serine-like protease domain, which 

facilitates the auto-cleavage of capsid from the structural polyprotein (53, 54). Following 

auto-cleavage, the folding of capsid results in the substrate site being occupied by the C-

terminal amino acid rendering the protease inactive and preventing further cleavage (53, 

54). In contrast to Old World alphaviruses, the capsid protein of New World viruses is 

responsible for host transcription shutoff, cytotoxicity and inhibition of host interferon 

response (55-58).   

E3 
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The E3 is a small protein (~64 aa) with two known functions. The N-terminus 

serves as a signal sequence for the translocation of the polyprotein E3-E2-6K-E1 into the 

endoplasmic reticulum (ER) (59, 60). The C-terminus interacts with E2 both as part of 

p62 polyprotein (E3-E2) and post-cleavage to prevent premature E1 fusion during 

transport through the acid environment of the Golgi apparatus (61-65). In addition, a 

small amount of E3 protein has been detected in alphavirus virions, however its role in 

this context remains uncertain (10). 

E2 

E2 is one of two alphavirus glycoproteins and is responsible for attachment and 

subsequent receptor-mediated endocytosis (1, 21). The N-terminal two-thirds of E2 form 

the ectodomain (~ 341 aa), which comprises three domains; domain A, extending in from 

the N terminus is located in the center of the ectodomain, domain B is located at the tip of 

the E2 spike, and domain C lies near the viral membrane (64). Domains A and B contain 

neutralizing antibody epitopes and sites likely responsible for virus/host receptor 

interactions (10, 64). In addition, all three domains in the virion arrange to cover most of 

E1 glycoprotein to prevent premature fusion (10, 64). The E1 fusion loop is located 

between E2 domains A and B (64). The ectodomain of E2 also contains N-linked 

glycosylation sites that play a role in host virulence, however the number and position of 

attached chains is not conserved amongst alphaviruses (1, 21, 66). Lastly, the E2 

cytoplasmic tail (~30 aa) interacts with the capsid protein to promote budding, during 

virion formation as well as within the virion itself (10, 21, 67).   

6k 

The 6k protein (~55 aa) is predicted to contain two transmembrane domains; one 

acting as the leader peptide for insertion of E1 into the ER while the other forms cation-

selective ion channels and may represent a viroporin (64, 68-71). The ion channel activity 
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may aid in glycoprotein trafficking and particle release (71). The 6k protein also interacts 

with E2 during virion maturation and budding, however, these functions are host-

dependent as mutants of 6k protein result in reduced virus production in mammalian cells 

but not insect cells (72-74).   

TF 

Transframe protein (TF) (~70 aa) was recently discovered in several alphaviruses 

(SFV, SINV and CHIKV) (75, 76). TF is a product of ribosomal frameshifting at a 

conserved UUUUUUA motif within the coding sequence of 6K that occurs with an 

estimated frequency of approximately 10-18% (75, 76). TF is not required for genomic 

replication, particle infectivity, or glycoprotein transit to the cell surface. However 

disrupting TF production decreases virus particle release in both mammalian and insect 

cells suggesting a role in alphavirus assembly (76). In addition, TF mutants display 

reduced lethality in mouse neuropathogenesis model (76).  

E1 

The E1 protein is the second alphavirus glycoprotein and is responsible for fusion 

of the virus envelope with host endosomal vesicles (1, 21). The ectodomain (~ 393 aa) of 

E1 contains three domains; domain II located at the distal most end of E1, central domain 

I, and domain III located near the C-terminus (65, 77). The low pH of endocytic vesicles 

leads to dissociation from E2 and facilitates formation of E1 homotrimers (65, 77). The 

formation of homotrimers exposes the fusion loop located in domain II, facilitating fusion 

with the membrane of endosomal vesicle and subsequent release of the nucleocapsid into 

the cytoplasm (1, 21, 65, 77). Additionally, E1 forms ion-permeable pores that can 

potentially lower pH in a localized manner to facilitate E1 fusion and core disassembly 

(78).  
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CONSERVED SEQUENCE ELEMENTS (CSES) 

The alphavirus genome contains four CSEs that act as promoters to facilitate 

replication (21). The first CSE, located at the 5’ untranslated region (UTR), forms stem 

loop structures that act as promoters for both negative and positive strand synthesis (79). 

The 5’ CSE is not conserved at the nucleotide level but rather at the RNA structural level 

(21, 79, 80). The second CSE is a 51 nucleotide (nt) sequence located near the 5’ end of 

the nsP1 gene which also forms stem loop structures and is an enhancer element for both 

positive and negative strand genome synthesis (80-82). In contrast to the 5’ UTR CSE, 

this element is conserved at both structural and nucleotide levels (80, 81). The third CSE 

is a 25 nt element located between the end of nsP4 and intergenic region, and represents 

the subgenomic promoter for the expression of the subgenomic mRNA encoding the 

structural proteins (21, 83). The last CSE is a 19 nt sequence located immediately before 

the genomic 3’ poly A tail and is the promoter for negative strand genome synthesis (21, 

84).  In addition, the 3’ CSE has been shown to interact with mosquito and vertebrate 

proteins that likely facilitate virus replication (85-89). These sequence elements are 

essential for replication, as mutation(s) in the CSEs can be lethal or may greatly alter host 

range, a topic discussed later in this chapter.  

 

ALPHAVIRUS LIFE CYCLE 

Cellular Receptors 

Alphaviruses have a broad host range infecting a diverse range of both vertebrates 

and insects (2). To date, no single receptor has been indentified that facilitates virus entry 

into both insect and vertebrate cells. The search for putative alphavirus receptors has 

identified at least nine including HLA-A, HLA-B, laminin, and heparan sulfate (1). The 

use of multiple receptors raises several intriguing possibilities for the alphaviruses; first, 
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E2 contains multiple binding sites that enable binding to several cellular receptors, or 

second, the ubiquitous receptor is highly conserved across the vertebrate and insect 

species (2). It is likely that a combination of both hypotheses represents the true 

alphavirus receptor strategy (2). 

Attachment, Entry, and Uncoating 

Attachment to host cell receptor/s is mediated by glycoprotein E2. Following 

virion attachment to host cell receptor/s, the virus is endocytosed in clathrin-coated 

vesicles (2). A low pH in the endocytic vesicles results in the dissociation of E1/E2 

heterotrimers and formation of E1 homotrimers (2, 13). The process of dissociation 

exposes the fusion peptide in domain II of E1, which inserts into the host vesicle 

membrane facilitating fusion and subsequent release of the nucleocapsid into the 

cytoplasm (13). Once in the cytoplasm, the nucleocapsid binds to the ribosomes 

facilitating uncoating and delivers viral genome to the ribosome for subsequent 

translation (13, 90-92).     

Although the process of attachment and entry stated above remains widely 

accepted, an alternative pathway of alphavirus entry has been demonstrated in both insect 

and vertebrate cell lines (93-94). In this entry model, alphaviruses attach to receptor/s at 

cell surface and directly penetrate the plasma membrane via pore formation releasing 

their genome into the host cell (93-94). However, additional studies are required to 

further investigate this mode of entry.  

Replication and Transcription of Viral RNAs 

The alphavirus genome contains two open reading frames (ORFs): the 5’ two-

thirds of the genome encodes four nonstructural proteins (nsP1-4); and the 3’ one-third of 

the genome encodes six structural proteins (Capsid, E3, E2, 6k, TF, E1) (1, 75, 76). The 

genome has a 5’ cap and a 3’ poly A tail, consequently the viral genome serves as mRNA 
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for translation of non-structural proteins (21). In most alphaviruses, the first two-thirds of 

the genome is translated into two polyproteins; P123 and P1234. The later is due to read-

through at an opal stop codon at the end of nsP3 and occurs with a frequency of ~10%-

20% (13). The cis-cleavage by nsP2 of nsP4 in the P1234 polyprotein generating the 

P123+4 complex, which is the negative strand replicase (13, 21). Negative strand RNA 

synthesis is asymmetric and is produced at a small fraction (~2-5%) of the level of 

positive strand RNA (13, 21). As negative strand accumulates, the first trans-cleavage of 

the P123+4 complex by nsP2 results in the formation of P1+23+4 complex, which 

synthesizes both positive strand and subgenomic mRNA (21). However, the P1+23+4 

complex has a higher preference for the positive strand promoter than the subgenomic 

promoter resulting in accumulation of positive strand and some subgenomic mRNA (21). 

The P1+23+4 complex can also synthesize negative strands; however the efficiency is 

poor (21). The last trans-cleavage results in the formation of P1+2+3+4 complex, which 

is incapable of synthesizing negative strand and functions as the replicase complex for 

both positive strand and subgenomic mRNA synthesis (21). However, in contrast to 

P1+23+4 complex, the P1+2+3+4 complex has higher preference for subgenomic mRNA 

promoter resulting in roughly 3-fold higher production of subgenomic mRNA than 

genomic RNA (21). The current proposed model of replication suggests that initiation of 

negative strand synthesis requires the 5’ and 3’ ends of the genome to be brought together 

by viral nsPs and host translational machinery (cap- and poly A- binding proteins etc.) 

(80); this model places the 5’ and 3’ CSEs in close proximity to act as promoters for 

negative strand synthesis (1, 80). P123+4 complexes are anchored at the plasma 

membrane via the activity of nsP1 (17-19, 95). As the negative strand synthesis proceeds, 

double stranded RNA intermediates are produced, and the combination of these 

intermediates and nsPs lead to the formation of cytopathic vacuoles that serve as factories 

for the production of viral RNAs (21, 96, 97). The continuous endocytosis of host cell 

membrane results in relocalization of cytopathic vacuoles through out the cytoplasm (96, 
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97). Genomic RNA and subgenomic mRNA are capped and polyadenylated by activities 

of nsP1 and nsP4, respectively (13-15, 45).   

Glycoprotein Synthesis, Assembly of Nucleocapsid Core, and Budding 

Subgenomic mRNA is translated into six proteins (C-E3-E2-6k-TF-E1) (1, 21, 75, 

76). Hairpin structures down stream of the AUG start codon enhance the translation of 

the structural polyprotein (98, 99). During translation, as the ribosome clears the junction 

between capsid and E3, the serine protease activity contained with the region III of capsid 

auto-cleaves itself from the polyprotein (53, 54). Once released from the polyprotein, the 

substrate site of the serine protease is occupied by capsid C-terminal amino acid, 

rendering it inactive (53, 54). The newly liberated capsid binds encapsidation signals in 

the genomic RNA located in nsP1 or nsP2 (SF complex) to initiate the formation of the 

nucleocapsid, where 240 copies of capsid protein and a single genomic RNA copy form 

the complete nucleocapsid structure with a symmetry of T = 4 (1, 49-52, 100).    

Concomitant with the nucleocapsid formation, the signal sequences located in E3, 

E2 C-terminus and 6k facilitate insertion of the remaining polyprotein (E3-E2-6k-TF-E1) 

into the ER (1, 13). Host signalase cleaves the polyprotein at the E2-6k-E1 junctions, 

generating the E3-E2 (p62), 6k and E1 proteins (1, 13, 101). The E3 protein and host 

chaperone proteins calnexin and calreticulin help folding of p62 in the ER (102-104). The 

p62 and host chaperone BiP subsequently associate with and facilitate E1 folding, 

resulting in formation of heterodimers (101, 105-107). The p62/E1 heterodimers are 

transported to the Golgi apparatus for post-translational modifications, where either 

mannose chains in vertebrate or complex glycans in insect cells are added at N-linked 

glycosylation sites (13, 108-109). In addition to N-linked glycosylation, p62 is further 

modified by palmitoylation at conserved cystine residues in vertebrate cells (110). During 

the transport from the Golgi apparatus to cell membrane, the host furin protease cleaves 

p62, releasing E3 (111, 112). Although E3 is cleaved, it still remains associated with E2, 
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preventing premature fusion activity of E1 (61-65). E2/E1 heterodimers are transported to 

the cell membrane where they self assemble into 80 trimeric spikes (13, 65). Once at the 

cell surface the cytoplasmic tail of E2 interacts with a pocket in capsid protein to promote 

virion formation and budding from the cell surface to initiate another infectious cycle (54, 

67, 113).   

 

GEOGRAPHIC DISTRIBUTION 

Alphaviruses are distributed throughout the Old and New World (2). SINV and its 

subtypes have the broadest geographic range and are found from northern Europe to 

South Africa, Asia and Australia (114-120). CHIKV strains are endemic in Asia and 

Africa, whereas Ndumu virus (NDUV), Middelburg virus (MIDV), ONNV and SFV 

limited to Africa (2). GETV and BEBV are found in Asia, and WHATV, BFV, and RRV 

are endemic in the South Pacific, Australia and New Zealand (2, 121-122).  

WEEV (NA strain) and EEEV (lineage I) are endemic in the western and eastern 

portions of the United States and Canada, respectively (2). FMV, BCRV and HJV 

circulate across North America, whereas EVEV (VEEV subtype II) is endemic in Florida 

(2, 114-123). EEEV (lineage II-IV), WEEV (SA), VEEV (subtype I, III-VI), AURAV, 

TROV, UNAV and MAYV are endemic in many parts of Central and South America (2).  

The fish alphaviruses, SPDV and its subtype SDV, are found in waters of the 

North Atlantic and have been detected in many fisheries in western Europe (2, 124). 

Lastly, SESV was isolated from lice feeding on elephant seals from Macquarie Island, a 

subarctic island located between New Zealand and Antarctica (9). Southern elephant 

seals tagged in the Antarctic have been found at Macquarie Island, thus alphaviruses may 

potentially inhabit all continents (9).  
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INSECT AND VERTEBRATE HOST RANGE 

Almost all terrestrial alphaviruses utilize mosquitoes as insect vectors and infect 

species encompassing at least eight genera; Aedes spp., Culex spp., Anopheles spp. 

Culiseta spp., Haemagogus spp., Mansonia spp., Verrallina spp., and Psorophora spp. 

(2, 125). FMV and its variant BCRV utilize swallow bug, Oeciacus vicarious, for 

transmission and represent a rare exception to utilization of mosquitoes as vectors for 

transmission (126, 127). The aquatic alphaviruses, SESV and SPDV, may utilize lice 

Lepidohthirus macrorhini and Lepeophtheirus salmonus as vectors, respectively; 

however their roles in transmission have not been established (7-9). Lastly, laboratory 

transmission of VEEV via ticks has been demonstrated, however their role in 

transmission remains unknown (128, 129).  

Similar to insect host range, alphaviruses can also infect a diverse array of 

vertebrate hosts including fish, equids, birds (pheasants, emus, chickens, turkeys, 

penguins, cranes, ducks), amphibians, reptiles, bats, marsupials, sheep, deer, dogs, 

rodents, pigs, human and non-human primates (2, 7-9, 130-137). Due to this broad host 

range of alphaviruses, viruses can be readily cultured in vitro in many cell lines from 

representative hosts (2).  

 

EFFECTS ON INSECT AND VERTEBRATE CELLS 

Alphaviruses can readily infect many vertebrate and mosquito cell lines; however, 

infection produces vastly different outcomes (2). Infection in many vertebrate cell lines 

results in shut-off of host transcription and translation within 4-8 hours post-infection 

(hpi) (2). This is followed by the appearance of extensive cytopathic effects, highlighted 

by cytoplasmic blebbing, cell rounding and shrinking by 24-48 hpi ultimately killing the 

cell by both apoptotic and non-apoptotic mechanisms (2). Apoptosis in vertebrate cells is 
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triggered by both intrinsic and extrinsic pathways (138). The intrinsic pathway is 

activated by loss of mitochondrial membrane integrity and signaling through the Bcl-2 

family of proteins (Bak, Mcl-1, and Bax), ultimately activating caspase-8 (139-143). The 

entry of SINV or expression of transmembrane domains of glycoproteins in vertebrate 

cells activates caspase-9 and triggers the extrinsic pathway (145-146). The induction of 

apoptosis may be help the spread of virus during alphavirus infection. A recent study 

showed CHIKV is present in the apoptotic bodies and upon their uptake by uninfected 

bystander cells results in productive infection (143). Thus induction of apoptosis may 

provide a “Trojan Horse” scenario, which contributes to alphavirus pathogenesis (143).   

In contrast to vertebrates, the infection in insect cells is generally noncytopathic 

and can produce a persistent infection (2). Cell lines derived from the larvae of A. 

albopictus are the most commonly utilized for in vitro mosquito infection studies (147-

150). The original Singh’s cell line derived from the larvae of A. albopictus contained a 

mixture of cell types that supported virus replication with minimal cytopathic effects 

(147-149). Subsequently, multiple subclones were derived that supported higher levels of 

virus replication but also display a greater level of virus-induced cytopathic effects (148-

149). Of the three most commonly utilized subclones (C7/10, C6/36 and U4.4) for study 

of alphavirus infection, C7/10 cells display severe cytopathic effects, whereas minimal 

pathologic change is observed in U4.4 cells (150). Regardless of cytopathic effects, these 

clones can become persistently infected and have been maintained in laboratories for 

periods greater than one year (2, 151, 152). Virus is continuously produced; however the 

titers are reduced ~1,000-fold relative to peak titers during acute infection (2, 151, 152). 

Lastly, persistent virus infection in all three subclones reduces growth rate by ~30% 

compared to uninfected cells (152).     

Limited data are available on the persistence of alphavirus infection in mosquito 

cells at a molecular level. In contrast to vertebrate cells, infection of mosquito cells does 

not abolish but rather reduces cellular mRNA and gene expression (150, 153, 154). 
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Investigation into persistence has focused on orthologues of cell signaling pathways 

(JAK/STAT etc.), pattern recognition receptors (Toll-like receptors), and RNA 

interference (RNAi) (Dcr-2, R2D2, and Ago-2) mediators present in genomes of 

mosquitoes (153-155). SFV infection of U4.4 cells reduces JAK/STAT and Toll-

mediated signaling, as well as processing of double-stranded replication RNA (dsRNA) 

intermediates to mediate RNAi responses (155-157). SFV also counteracts host RNAi by 

creating hot and cold spots in its dsRNA intermediates, where high levels of virus-

derived small interfering RNAs (viRNA) are produced from hot spots and little or none 

from cold spots (157). Hot spot viRNA produce poor antiviral activity relative to cold 

spot viRNAs, suggesting alphaviruses may counteract RNAi by encoding RNAi decoys 

within their genomes (157). The latter suggests that RNAi is likely the main antiviral 

defense against alphavirus infection that has a long evolutionary history of interplay 

between virus/host interactions.  

 

MOSQUITO INFECTION, HOST RESPONSE, AND PATHOLOGY 

Most alphaviruses utilize mosquitoes as insect vectors. The transmission cycle 

begins with female mosquitoes obtaining a viremic blood meal from an infected 

vertebrate host (2, 158). The ingested virus is directed towards the posterior midgut, 

where it infects and replicates within the midgut epithelial cells (2, 158). This is followed 

by an extrinsic incubation period (4 to 7 days) where virus replicates in the epithelial 

cells, crosses the basal lamina and gains access to the hemocoel (2, 158). Once in the 

hemocoel, virus in transported by the hemolymph and gains access to organs and tissues 

important for secondary amplification such as fat body and neural ganglia (2, 158). 

Ultimately, virus infects salivary glands producing infectious virus in the saliva, where it 

can be transmitted to another vertebrate host (2, 158). Similar to mosquito cell lines, the 

infection in mosquitoes is also persistent, wherein the virus replicates to high titers during 
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the acute phase of infection followed by a decline to low levels (74). Secondary 

amplification sites such as the fat bodies and salivary glands are persistently infected (2, 

158). Consequently the infected mosquito can remain infected and infectious for the 

remainder of its life span (2, 158).   

During mosquito infection, the virus must overcome several barriers for 

successful transmission into a new vertebrate host. These include: 1) midgut infection 

barrier, virus fails to infect and replicate within the midgut epithelial cells; 2) midgut 

escape barrier, virus replicates in epithelial cells but fails to disseminate to hemocoel; 3) 

salivary gland infection barrier, virus fails to infect salivary glands (158-163). These 

barriers represent complex virus/host interactions and are governed many factors 

including virus dose, glycoprotein composition, siRNA responses and gonotrophic cycle 

(164-168).  

The mosquito antiviral response to alphavirus infection is not well studied and 

almost all of the published literature has focused on RNAi (168-173). Disruption of the 

RNAi pathway by either the sequestering of viral dsRNA intermediates or reduction in 

expression of critical components of RNA-induced-Silencing-Complex (RISC), Dcr-2, 

Ago-2 or TSN, increase virus replication, infection and dissemination rates, and greatly 

reduce mosquito survival (168-173). Immune components analogous to the vertebrate 

innate immune system such as defesins, complement system, and phagocytic cells are 

present in mosquitoes, and have been shown to be important components of host defense 

against pathogens (174). Complement-like components, TEP1, LRIM1, and ALP-1 and 

phagocytic activity of hemocytes has been shown to provide protective responses against 

species of Plasmodium (174-178). Lastly, SINV has been shown to infect and replicate in 

circulating hemocytes in the hemolymph in vivo (179). This may enable the 

dissemination of virus to secondary organs (179).      

Alphavirus infection in mosquitoes is generally benign; however several studies 

have demonstrated detrimental effects in mosquitoes. Infection of enzootic vectors of 
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EEEV and WEEV, Culiseta melanura and Culex tarsalis, respectively, was shown to 

cause sloughing of midgut epithelial cells, degeneration of cells within the epithelium, 

loss of brush border and basal lamina integrity (180, 181). Sindbis virus infection of A. 

albopictus induces gross morphological changes as well as apoptosis in lateral lobes of 

the salivary glands (182, 183). C. tarsalis infection with WEEV reduces average life 

expectancy by 41%, generation time by 25%, and net reproduction per generation by 

38% (184). Similar results were demonstrated in infection of C. melanura with North 

American EEEV strains, with 20-40% reduction in survival and 20% reduction in 

fecundity (185). Lastly, C. tarsalis infection with high doses of WEEV reduce flight 

activity and spontaneous flight by 27.5% and 26.1%, respectively (186).  

 

VERTEBRATE INFECTION AND PATHOGENESIS 

The majority of available information on vertebrate infection comes from murine 

studies (2). Vertebrate infection begins with a bite of an infected female mosquito, where 

virus infects and replicates in skeletal muscle and/or Langerhan cells (2). Langerhan and 

dendritic cells transport virus to the lymph nodes that also become infected. Virus 

induces high levels of viremia in susceptible hosts, facilitating dissemination to distal 

organs and tissues (2). Virus replicates at secondary sites such as cardiac myocytes, 

osteoblasts, brown fat cells, as well as brain and spinal cord neurons (2). Alphavirus 

infection induces both type I (α/β) and II (γ) interferon (IFN) responses that are an 

important part of the host antiviral response (2). Induction of IFN before or soon after 

infection can protect animals from fatal disease (2). In addition, deletion of IFN receptors 

or interruption of IFN signaling can produce fatal disease with avirulent virus strains (2). 

The primary role of the IFN response is to reduce viral replication and provide time for 

induction of both humoral and cell-mediated responses  (2). Antibody responses play a 

critical role in protection. Passive transfer of neutralizing antibody before or after 
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infection can provide protection against lethal disease (2). IgM is detected early in 

infection followed by the appearance of IgG 7-14 dpi (2). High levels of IgG antibody are 

maintained for years and can provide subsequent protection (2). Cellular responses are 

also elicited; CD4+ and CD8+ T-cells appear 7-14 dpi and are responsible for clearance of 

virus (2).  

In terms of human disease, infection with Old World viruses such as CHIKV, 

ONNV, SINV, and RRV, are rarely fatal and cause disease highlighted by rash and 

debilitating arthralgia that can last for several months or years (2). In contrast, New 

World viruses such as WEEV, VEEV, and EEEV can cause fatal encephalitis (2). EEEV 

causes the most severe disease with case fatality rates ranging from 50%-70% (2). In 

addition, neurological sequelae, including paralysis and mental retardation can be as high 

as 80% in survivors. Case fatality rates for WEEV and VEEV infection range from 1%-

5% (2). Currently, there are no approved therapeutics or vaccines available to reduce 

and/or prevent human disease caused by any alphavirus.     

In addition to human infection, alphaviruses cause severe disease in other 

vertebrate hosts. EEEV and WEEV cause severe encephalitis in equids with mortality 

rates of 40% and 90%, respectively (2). Equine fatality rates with VEEV infection can 

range from 19%-83% (185). EEEV, WEEV and Highlands J virus are able to cause 

disease in domesticated birds such as chickens, pigeons, pheasants, turkeys and emus 

with fatality rates ranging from 7%-80% (2). GETV can potentially induce abortion or 

stillbirth in pregnant sows as well as arthralgia and rash in horses (2). Lastly, aquatic 

alphavirus, SAV, infects Atlantic salmon and trout and produces extensive damage in the 

pancreas, skeletal, and cardiac muscles with a mortality rate of ~50% (188).  

 

TRANSMISSION CYCLES AND OTHER MECHANISMS OF MAINTENANCE 
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The ability to infect both vertebrates and insects allows alphaviruses to be 

maintained in enzootic and/or endemic cycles (2). However, these cycles can spill-over 

into humans and animals via several mechanisms. First, the enzootic cycles can spill-over 

when animals and humans enter enzootic foci and are bitten by enzootic vectors resulting 

in severe disease (187). WEEV is maintained between C. tarsalis and passerine birds 

(particularly, finches and sparrows) (2, 187). C. tarsalis is a species well adapted to 

irrigated agricultural areas and can feed on both humans and equids, consequently 

resulting in virus transmission (187). Second, some alphaviruses utilize bridge vectors to 

spread disease into humans and animals. EEEV in North America is maintained in an 

enzootic cycle between ornithophilic mosquitoes, C. melanura, and migratory birds 

(187). However, during spill-over, mosquito species with broad host feeding behavior 

such as Aedes spp., Ochlerotatus spp., and Coquillettidia spp. can act as bridge vectors to 

spread EEEV (187). Third, in addition to the mechanisms above, other alphaviruses 

require secondary host amplification to gain fitness in a new vector and/or host. The 

enzootic cycle of VEEV involves Culex (Melanoconion) spp. and rodents (187). Enzootic 

VEEV strains can undergo secondary host amplification in equids and gain fitness in 

vertebrate and/or insect hosts via mutations in the E2 protein resulting in intense animal 

and human epidemics (187, 189). Lastly, CHIKV has established two cycles: an enzootic 

cycle between mosquito species, including A. africanus and A. furcifer, and non-human 

primates in Africa, and an urban cycle involving two vectors, A. aegypti and A. 

albopictus, and humans (187, 190). All of these mechanisms can result in transmission of 

alphaviruses into the human population.  

These insect/vertebrate cycles ensure the maintenance of alphaviruses in nature 

and serve as a potential reservoir for spillover and/or epidemics. In addition to these 

cycles, viruses may be maintained in nature by several other mechanisms. First, 

alphaviruses may be maintained in mosquito populations via transovarial transmission. 

SINV, RRV, and WEEV have been isolated from mosquitoes reared from field-collected 
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eggs and/or field-collected male mosquitoes demonstrating transovarial transmission 

(191-194). Second, virus may be maintained via venereal transmission. Venereal 

transmission studies with SINV and CHIKV demonstrated transmission rates ranging 

from 6%-18% in A. aegypti and A. australis (195, 196). Third, virus may overwinter by 

persisting in vertebrate host for prolonged periods. Garter snakes experimentally infected 

with WEEV developed high viremia that lasted for 139 days during winter hibernation 

(197). Similarly, the infection of garter snakes with EEEV resulted in viremia and snakes 

remained viremic even after existing hibernation (198). These studies highlight how 

vertebrate hosts can be persistently infected and may serve as potential reservoirs during 

winter when mosquitoes are inactive. 

 

HOST RANGE DETERMINANTS 

The viral factors that facilitate the broad host range of alphaviruses are ill-defined. 

Available data shows that gain or loss of fitness in different hosts in vitro and in vivo can 

be achieved by mutations in conserved sequence elements (CSE), amino acid changes in 

the nsPs and glycoproteins.   

The disruption of the CSEs can greatly alter viral fitness in mosquito cells while 

little or no effects are observed in vertebrate cells. SINV 5’ UTR CSE deletion mutants 

(nucleotide positions 1, 10-14, 15-25, 26-32, and 41-44), an altered hairpin structure of 

nsP1 CSE (position 158, 161 and 185), deletions in the 3’ CSE (position 11-14), and 

double mutants containing 5’ and 3’ UTR CSE deletions (5’∆10-14/3’∆9-14) all exhibit 

reduced peak titers in C6/36 by 10- to 1,000-fold (79, 81, 82). Also, deletion of the SINV 

3’ UTR from position 26 to 318 results in a 100-fold reduction in peak titer in C6/36 cells 

(199).   

nsP mutants have yielded similar loss or gain of fitness both in vitro and in vivo.  

Mutations in nsP4 residues 48 (Leu to Val), 142 (Apn to Gly), and 187 (Pro to Arg) 
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reduced peak titer in C6/36 cells by 1,000-fold (200). A single point mutation in nsP1 at 

position 538 (Ile to Thr) of SINV S.A.AR86 was shown to be responsible for the 

neurovirulent phenotype in adult mice (201). SINV XJ-160 strain with a substitution in 

nsP2 position at 726 (Pro to Ser) reduced virulence in mice (202).   

Mutations in glycoproteins can also alter fitness in hosts. A single point mutation 

in SFV E1 at residue 226 (Pro to Ser) increased fitness by gaining cholesterol 

independence for fusion and viral exist (203). This mutant virus replicated 1,000-fold 

higher in cholesterol-depleted C6/36 cells relative to the wild-type virus and almost a 10- 

to 100-fold higher in A. albopictus mosquitoes (203, 203). Remarkably, a similar 

mutation in the CHIKV E1 protein at position 226 (Ala to Val) led to a similar gain of 

cholesterol independence (205). The mutant was 100-fold more infectious in A. 

albopictus via the oral route than the parental virus (205). RRV mutants containing amino 

acid substitutions in the E2 protein at position 218 (Asn to Lys, or Asn to Arg) resulted in 

increased fitness in chick embryo fibroblasts (CEFs) by increasing peak titer by 100-fold 

(206). Mutations in SINV E2 at position 191 (Pro to Thr) or at 216 (Glu to Gly) resulted 

in delayed replication kinetics in C6/36 by 30 hrs (207). Additional mutants at position 

55 (Glu to His), 172 (Arg to Gly), 416 (Cys to Ala) increased virulence of the nonlethal 

parental strain in weanling mice by increasing mortality to almost 100% (208-210). A 

deletion of 10 amino acids in the transmembrane domain of E2 reduced titers of SINV in 

BHK-21 cells by 1,000-fold (211).   

The most significant of these studies involve CHIKV and VEEV (205, 212, 213). 

Point mutations in the E1 and E2 proteins of CHIKV dramatically increase fitness for 

infection of a new epidemic vector, A. albopictus, contributing to an epidemic affecting 

millions of people in Asia (214, 215). Similarly, a single point E2 mutation in VEEV IE 

subtype was able to dramatically increase oral susceptibility and disseminated infection 

in the epizootic bridge vector A. (Ochlerotatus) taeniorhynchus (212). Lastly, a single 

point mutation in the E2 protein of a VEEV subtype ID strain increased fitness for equine 
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amplification as well as produced severe neurological disease (213). These studies 

highlight the effects of a few point mutations on gain or loss of host range by 

alphaviruses; however no point mutation/s have been identified that completely abolish 

alphavirus replication in a host-dependent manner.  

Additionally, alphavirus host range restriction can be at least in part due to 

temperature restriction. The aquatic SAV appears to have a very narrow temperature 

range. Little or no virus is produced in vitro at 4, 10 or 20 °C, but SAV can replicate to 

108 TCID50/mL at 15 °C (2136). In contrast, SINV can be cultured to high titers (>109 

PFU/mL) from 15-40 °C, suggesting a large temperature range for virus replication (79, 

81, 217). The factors that underlie the temperature restriction are also not understood.  

 

OTHER ARBOVIRUSES WITH HOST RESTRICTION 

To date, no host-restricted, mosquito-borne alphaviruses have been described. 

However, host-restricted viruses have been described for other arbovirus families; Cell-

fusing agent, Kamiti River, Aedes flavivirus, Culex flavivirus, Quang Binh, Calbertado, 

Nounané, Lammi, and Marisma Mosquito virus in the family Flaviviridae, Sigma and 

Moussa viruses in the family Rhabdoviridae, and Gouleako virus in the family 

Bunyaviridae (218-231). Phylogenetic analyses suggest that Sigma, Moussa and 

Gouleako viruses are distantly related to human and animal pathogens in their respective 

virus families (228-231). In contrast, insect-only flaviviruses are phylogenetically 

classified into two distinct groups: 1) Cell-fusing agent, Kamiti River, Aedes flavivirus, 

Culex flavivirus, Quang Binh, and Calbertado viruses representing a basal flavivirus 

lineage that is distantly related to the main branch of mosquito- and tick-borne 

pathogenic vertebrate viruses (218-224), and; 2) Nounané, Lammi, and Marisma 

Mosquito viruses, which group within the Aedes-borne viruses that are human pathogens 

(e.g. dengue and yellow fever) (225-227). These viruses are able to replicate in insect cell 
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lines but do not replicate in mammalian cell lines (218-231). However, the determinants 

of host range restriction of these viruses remain to be elucidated.  

SUPERINFECTION EXCLUSION 

The superinfection exclusion phenomenon is where cells infected with one virus 

cannot be productively infected with the same or a closely related virus (2). This is a 

phenomenon was first reported in plants, where those infected with the common-mosaic 

virus could not be productively infected with the related yellow-mosaic tobacco virus 

(232). Subsequent experiments with animal viruses demonstrated that chick embryo cells 

infected with West Nile or yellow fever virus were resistant to VEEV infection and 

reduced VEEV titers by 25- and 10,000-fold, respectively (233). A. albopictus cells 

persistently infected with SINV could not be subsequently infected with homologous 

virus and the observed interference occurred before RNA synthesis (234).  Utilizing 

temperature sensitive mutants, it was demonstrated that homologous interference could 

be achieved within 1.5 hours post infection in both BHK-21 and A. albopictus cells, and 

the observed interference was due to the inhibition of replication of challenge virus post 

attachment and entry, and translation of nonstructural genes (235, 236). A. albopictus 

cells persistently infected with CHIKV and SINV demonstrated heterologous interference 

with subsequent infection with UNAV, SFV, SINV, and CHIKV, and reduced virus titers 

by 10- and 1,000-fold (237). Additional studies demonstrated that comparable levels of 

heterologous interference could be achieved in persistently infected C6/36, C7/10, and 

U4.4 cells when superinfected with AURAV, SFV, and RRV (238). Lastly, a similar 

level of interference could be achieved in chick embryo cells infected with VEEV 

followed by superinfection with EEEV (239). Currently, no data are available on 

alphavirus interference in vivo.  

Superinfection studies with other arboviruses have yielded similar results. Culex 

flavivirus infection of C6/36 cells reduced virus titers of challenged viruses, West Nile 
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virus (WNV) and Murray Valley encephalitis virus (MVEV), by 5-to 40-fold (240). 

However, in vivo studies with persistently infected Culex spp. yielded contradictory 

results. C. pipiens naturally infected with Culex flavivirus had reduced WNV viral loads 

and dissemination rates 7 dpi after oral superinfection with WNV (241). Meanwhile, 

uninfected or intrathoracically infected C. quinquefasciatus with Culex flavivirus 

displayed no difference in vector competence for WNV (242). Lastly, utilizing 

temperature sensitive La Crosse mutants, homologous interference could be detected in 

Aedes triseriatus mosquitoes when superinfected with other California serogroup viruses 

(Snow Shoe Hare, Tahyna, and Trivittatus) (243). The replication of the superinfecting 

virus was reduced 10-500 fold 7 dpi (243).  

 

ISOLATION OF EILAT VIRUS 

Eilat virus (EILV) was one of 91 viruses that were isolated during a survey of the 

Negev desert in Israel between 1982-84 (244). Mosquitoes were collected from many 

parts of the desert including in the city of Eilat and subsequently the virus was named 

after this collection site. EILV was originally isolated in mosquito cells by Joseph Peleg 

(Hebrew University, Jerusalem) from a pool of Anopheles coustani mosquitoes (244). 

Preliminary characterization showed that the virus was unable to replicate in mammalian 

cells but could replicate to high titers in insect cells. The isolate was subsequently sent to 

Dr. Tesh at Yale University, and was recently submitted for deep sequencing. The results 

showed the presence of two new viruses, Eilat and Negev, in the initial mosquito pool. 

The analysis of EILV is described in the following chapters.  
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Figure 1: Schematic of alphavirus genome. 
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Figure 2:  Phylogeny of the genus Alphavirus based on E1 gene sequence. Adapted from reference 3 with permission.
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Figure 3:  Cryo-EM reconstruction of VEEV at 4.4 Å resolution. Adapted from 

reference 261 with permission.  

 

 

 

 

 

Table 1:  Translation products of a prototypical alphavirus, SINV. 

 

 

 

Protein Size (aa)
nsP1 540
nsP2 807
nsP3 556
nsP4 610
capsid 264
E3 64
E2 423
6K 55
TF 70
E1 439
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Aims of Dissertation 

 

Aim #1: in vitro characterization of Eilat Virus. Hypothesis: EILV similar of 

other mosquito-borne alphaviruses. Rationale:  The generation of a full-length infectious 

clone will ensure examination of a pure virus species utilizing standard analyses and 

provide basic information on biological properties of EILV. 

 

Aim #2: Investigate potential blocks in the infectious virus life cycle and viral 

genes that underlie the host range restriction of EILV. Hypothesis: EILV virus likely has 

multiple blocks in the infectious virus life cycle in vertebrate cells. Rationale: The 

adaptation to mosquito host may reduce or eliminate fitness in vertebrate host. 

 

Aim #3: Investigate mosquito vector range of EILV. Hypothesis: EILV will have 

a narrow vector range. Rationale:  Adaptation to single species for its maintenance may 

reduce fitness in other mosquito species. 

 

Aim #4: Investigation of Superinfection Exclusion of Pathogenic Alphaviruses by 

Eilat virus in vitro and in vivo. Hypothesis: Prior infection with EILV will 

prevent/reduce subsequent infection with pathogenic alphaviruses. Rationale: EILV 

infection may produce/induce defense mechanisms thereby reducing/preventing infection. 
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EILAT VIRUS CHARACTERIZATION 

Chapter 2: in vitro Characterization of Eilat Virus  

BACKGROUND  

Most alphaviruses infect terrestrial vertebrates via mosquito-borne transmission 

and thereby exhibit a broad host range (2, 21). Occasionally, these cycles spill over into 

humans and domesticated animals to cause disease. Human infections with Old World 

viruses such as RRV, CHIKV, and SINV are typically characterized by fever, rash, and 

polyarthritis, whereas infections with the New World viruses VEEV, EEEV, and WEEV 

can cause fatal encephalitis (2, 21). 

Alphaviruses infect a wide range of vertebrate and insect hosts, including 

mosquito species encompassing at least eight genera as well as ticks and lice (2, 125). 

Vertebrate hosts include fish, equids, birds, amphibians, reptiles, rodents, pigs, humans, 

and nonhuman primates (2). Consequently, alphaviruses can be cultured in many 

vertebrate and insect cell lines (148, 149, 246). In contrast, the distantly related fish 

alphaviruses, which are not known to have arthropod vectors, exhibit a narrow host range 

(fish cells only) that is at least partially a result of temperature sensitivity (10-12). 

However, the viral factor(s) that underlie the varying host range of alphaviruses are 

poorly understood. Host-restricted alphaviruses that group within the mosquito-borne 

clade may provide insights into these factor(s); however, to date, none has been 

identified. Here we describe the first host-restricted mosquito-borne alphavirus, Eilat 

virus (EILV).   

 

 __________________________       

1Content of the chapter have been previously published. Nasar F et al. Eilat virus, a unique alphavirus with 
host range restricted to insects by RNA replication. PNAS. 2012 Sep 4;109(36):14622-7. 
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MATERIALS AND METHODS 

Genomic Sequencing 

The full length EILV genome was sequenced by 454 sequencing as described 

previously (4). EILV RNA was obtained by infecting C7/10 cells and viral RNA was 

isolated from cell culture supernatant using the QIAamp Viral RNA Mini kit (Qiagen, 

Alameda, CA). Purified RNA was treated with DNase I (Ambion, Carlsbad, CA) and 

cDNA was generated by reverse transcription (RT) utilizing the Superscript III system 

(Invitrogen, Carlsbad, CA) using random hexamers linked to an arbitrary 17-mer primer 

sequence. Products were purified via the QIAquick Gel Extraction Kit (Qiagen) and 

ligated to specific adapters for sequencing on the 454 Genome Sequencer FLX (454 Life 

Sciences, Branford, CT) without fragmentation. The removal of primer sequences, 

redundancy filtering, and sequence assembly was performed by utilizing software 

programs at the GreenePortal website (http://tako.cpmc.columbia.edu/Tools/). Sequence 

gaps were filled by using primers based on pyrosequencing in both directions with ABI 

PRISM Big Dye Terminator 1.1 Cycle Sequencing kits on ABI PRISM 3700 DNA 

Analyzers (Perkin-Elmer Applied Biosystems, Waltham, MA). The terminal sequences 

were amplified using the Clontech Smarter RACE kit (Clontech, Mountain View, CA). 

The full-length genome sequence was verified by classical dideoxy sequencing using 

primers designed from the draft sequence to create products of 1,000 basepairs (bp) with 

500 bp overlaps.  

cDNA cloning and rescue of full-length infectious EILV 

 EILV RNA isolated utilizing methods described above. cDNA was produced via 

RT by using random hexamers and Superscript III (Invitrogen). cDNA fragments were 

amplified via PCR with Phusion DNA polymerase (New England BioLabs, Ipswich, 

MA) and EILV-specific primers. Amplified PCR products were purified using QIAquick 
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Gel Extraction Kit (Qiagen) and fragments were cloned into pRS2 plasmid utilizing Sac I 

and Not I restriction sites (Fig. 4). An additional clone expressing the enhanced cherry 

red fluorescent protein (eRFP) was also constructed utilizing fusion PCR, and cloned into 

Sna BI and Nhe I restriction sites in pRS2-EILV (Fig. 5). Both full-length cDNA clones 

were confirmed by ABI PRISM Big Dye sequencing (Applied Biosystems). cDNAs were 

linearized with Not I and in vitro transcribed using SP6 RNA polymerase transcription kit 

(Ambion). Approximately 10 µg of RNA was electroporated into C7/10 cells, then 

supernatants were harvested at 48 hrs post-electroporation and stored at -80° C. 

Phylogenetic Analysis 

Alphavirus sequences were downloaded from GenBank (Table 2), aligned in 

SeaView utilizing MUSCLE algorithm (246, 247). The sequences were aligned using 

deduced amino acid sequence from open reading frames (ORFs) and then returned to 

nucleotide sequences for subsequent analyses. The C-terminus of nsP3 and N-terminus of 

capsid genes were removed from the analysis as these sequences display considerable 

divergence and could not be reliably aligned. Three alignment files were constructed; nsP 

ORF (minus the C-terminus of nsP3), sP ORF (minus the capsid and E3 genes) and 

concatenated nsP and sP ORFs (minus the C-terminus of nsP3 and N-terminus capsid 

genes). Three analyses were performed: neighbor joining (NJ), maximum-likelihood 

(ML), and Bayesian. NJ analysis was performed utilizing PAUP* version 4.0 (248). 

Trees were generated using p-distance algorithm and the robustness of the NJ phylogeny 

was evaluated by bootstrap resampling of 1,000 replicates (248). ML and Bayesian 

analyses were performed utilizing the PHYLIP package and Metropolis-coupled Markov 

Chain Monte Carlo (MCMCMC) in MrBayes v3.1.2, respectively (249, 250). Modeltest 

in PAUP was used to identify the best-fit nucleotide substitution model, GTR+I+G model 

(251). The robustness of ML and Bayesian phylogenies were evaluated by bootstrap 

resampling of 100 and five million generations, respectively.  
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Serologic assays 

 Complement fixation (CF) and hemagglutination-inhibition (HI) tests were 

performed using microtechniques described previously (252). CF was performed using 

two full units of guinea pig complement and titers were recorded as the highest dilutions 

giving 3 or 4 fixation of complement on a scale of 0 to 4. HI tests were performed using 

immune sera and acetone-extracted ascitic fluids. EILV was purified on sucrose gradients 

(see below), and the remaining alphavirus antigens and antisera were obtained from the 

Arbovirus Reference Center at the University of Texas Medical Branch. 

Transmission electron microscopy 

Thin section and cryo-electron microscopy (cryo-EM) were performed as 

described previously (253-255). For thin section EM, monolayers of C7/10 cells infected 

at a MOI of 10 PFU/cell, 24 hours-post-infection, were fixed in 1.25% formaldehyde, 

2.5% glutaraldehyde, 0.03% trinitrophenol and 0.03% CaCl2 in 0.05 M cacodylate buffer 

pH 7.3, and washed in washed in 0.1 M cacodylate buffer. Cells were scraped, pelleted in 

1% OsO4 in 0.1 M cacodylate buffer, en bloc stained with 1% uranyl acetate in 0.1 M 

maleate buffer pH 5.2, dehydrated in ethanol and embedded in Poly/Bed 812 

(Polysciences, Warrington, PA). Ultrathin sections were cut on Reichert Ultracut S 

ultramicrotome (Reichert, Inc., Depew, NY) stained with 2% aqueous uranyl acetate and 

0.4% lead citrate, and examined in a Philips 201 electron microscope (Philips Electron 

Optics, Eindhoven, The Netherlands) at 60 kV.  

For cryo-EM, virus was amplified on C7/10 cells at a MOI of 0.5. At 48 hpi 

supernatants were harvested and clarified by centrifugation at 4,000 x g for 10 min. Virus 

was precipitated overnight at 4 °C by adding polyethylene glycol and NaCl to 7% and 

2.3% (wt/vol) concentrations, respectively. Virus was pelleted by centrifugation at 4,000 

x g for 30 min at 4 °C and precipitate was resuspended in TEN buffer (0.05 M Tris-HCl 

[pH 7.4], 0.1 M NaCl, 0.001 M EDTA). Virus was loaded onto a 30%-70% continuous 
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sucrose (wt/vol) gradient in TEN buffer and centrifuged at 270,000 x g for 1.5 hrs.  

Following centrifugation, the visible virus band was harvested using a Pasteur pipette and 

centrifuged 7 times through an Amicon Ultra-4 100-kDa-cutoff filter (Millipore, 

Billerica, MA) and resuspended in 1 mL of TEN buffer. The purified virus was applied to 

holey films [R2x2 Quantifoil (Jena, Germany) or C-flat (Hatfield, PA)], blotted with 

filter paper, and plunged into liquid ethane cooled in a liquid nitrogen bath. Frozen grids 

were stored under liquid nitrogen and transferred to a cryo-specimen 626 holder (Gatan 

Inc., Warrendale, PA) under liquid nitrogen before being loaded into a JEOL 2200FS 

electron microscope (JEOL USA, Inc., Peabody, MA) equipped with an in-column 

energy filter (omega type) and a field emission gun (FEG) operating at 200 keV.  

RNA analysis 

C7/10 monolayers were infected with SINV or EILV at a MOI of 10; 4 hpi cells 

were be labeled with [3H]uridine (20 µCi/ml) in the presence of dactinomycin (ActD) (1 

µg/ml) for 3 hrs. Following labeling total cellular RNA was isolated by TRIzol 

(Invitrogen), denatured with glyoxal in dimethyl sulfoxide and analyzed by agarose gel 

electrophoresis using previously described conditions (256). 

Viruses and Cells 

 EILV and SINV (strain Eg 339) as well as C. tarsalis and P. papatasi cells were 

obtained from the World Reference Center for Emerging Viruses and Arboviruses at the 

University of Texas Medical Branch. Both viruses were amplified on C7/10 cells and 

stored at −80 °C. BHK-21, HEK-293, duck embryo fibroblast (DEF), NIH 3T3, A6, 

C6/36, and C7/10 cell lines were obtained from the American Type Culture Collection. 

Cell lines were propagated at 37 °C or 28 °C with 5% CO2 in DMEM containing 10% 

(vol/vol) FBS or fetal calf serum (FCS) (NIH-3T3 only), sodium pyruvate (1 mM), and 

penicillin (100 U/mL) and streptomycin (100 μg/mL). C6/36, C7/10, and C. tarsalis 
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media were additionally supplemented with 1% (v/v) tryptose phosphate broth (Sigma). 

P. papatasi cells were maintained in Schneider media (Sigma) supplemented with 10% 

(v/v) FBS and penicillin (100 U/mL) and streptomycin (100 μg/mL). 

Plaque Assay 

Virus titration was performed on ~80% confluent C7/10 cell monolayers seeded 

overnight in six-well plates. Duplicate wells were infected with 0.1-ml aliquots from 

serial 10-fold dilutions in growth medium, then 0.4 mL of growth media was added to 

each well to prevent cell desiccation, and virus was adsorbed for 2 hrs. Following 

incubation, the virus inoculum was removed, and cell monolayers were overlaid with 3 

mL of a 1:1 mixture of 2% tragacanth and 2X MEM with 5% FBS, 2% tryptose 

phosphate broth solution, and 2% Penicillin/Streptomycin. Cells were incubated at 28 °C 

with 5% CO2 for 3 days for plaque development, the overlay was removed, and 

monolayers were fixed with 3 mL of 10% formaldehyde in PBS for 30 mins. Cells were 

stained with 2% crystal violet in 30% methanol for 5 min at RT; excess stain was 

removed under running water and plaques were counted.  

One-step replication kinetics 

Replication kinetics were assessed on representative vertebrate and insect cell 

lines in triplicate on 70% confluent monolayers in T-25 cm2 tissue culture flasks. Three 

mechanical replicates of EILV were performed to achieve an MOI of 10 PFU/cell and 

virus was absorbed for 2 hrs at 28 (insect cells) or 37 °C (vertebrate cells). Following 

incubation, the inoculum was removed, monolayers were rinsed five times with room 

temperature DMEM to remove unbound virus, and 5 mL of growth medium was added to 

each flask. Aliquots of 0.5 mL were taken immediately afterward as a “time 0” sample 

and replaced with 0.5 mL of fresh medium. Flasks were incubated at 28 °C, and further 
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samples were taken at 12, 24, 48, 72, and 96 hrs-post-infection (hpi), flash frozen in dry 

ice/ethanol bath and stored at -80 °C.   

 

RESULTS 

Genomic Analysis 

 The complete genomic EILV sequence, determined by 454 pyrosequencing, was 

translated and compared with that of SINV to determine the length of each gene product; 

a schematic illustration is shown below (Fig. 6). The lengths of the UTRs and intergenic 

regions, as well as of each gene, were similar to those of other alphaviruses.  

Nucleotide and amino acid sequence identity of EILV with other alphaviruses 

ranged from 57% to 43% and 58% to 28%, respectively (Table 3). In both analyses, 

EILV had the greatest similarity to WHATV, AURAV, SINV, and TROV, and had the 

lowest sequence identity to SPDV. The EILV nsPs displayed higher amino acid identity 

to those of other alphavirus than did the sPs, with nsP4 exhibiting the highest amino acid 

identity and nsP3 the least (Table 4). The putative EILV nonstructural and structural 

polyprotein cleavage sites had greatest sequence identity with TROV, AURAV, 

WHATV, and SINV (Table 5), whereas the E1 fusion peptide was identical to that of 

WHATV and shared greater sequence identity with SINV, WEEV, EEEV, VEEV, and 

CHIKV (Table 6). The ribosomal binding site showed greater sequence divergence 

(Table 6), but was most similar to that of AURAV and SINV. Analyses of putative EILV 

conserved sequence elements (CSEs) based on mFold estimates indicated that the EILV 

5′ UTR formed hairpin structures similar to those of SINV, and the nsP1 CSE had >70% 

nt sequence identity with AURAV, WHATV, and SINV (Fig. 7 A and B). Similar to the 

5′ CSE, the EILV nsP1 CSE formed hairpin structures similar to those of SINV. The 

EILV subgenomic promoter shared 88% nt sequence identity with those of WEEV and 
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EEEV (Fig. 7C), and the 3′ CSE was almost identical to that of AURAV, EEEV, VEEV, 

and SFV (Fig. 7D). 

in vitro Characterization 

EILV and EILV-eRFP genomic cDNA clones were constructed and rescued by 

electroporation of transcribed genomic RNAs. EILV infection did not cause any overt 

cytopathic effects on C7/10 or C6/36 cells, although the cells grew at a slower rate than 

uninfected cells (Fig. 8). EILV formed 3- to 4-mm plaques 3 dpi on C7/10 cell 

monolayers (Fig. 9A). RNA analysis of EILV-infected C7/10 cells revealed the synthesis 

of genomic as well as subgenomic RNA, a characteristic of all alphaviruses (Fig. 9B). 

Electron Microscopy (EM) 

Transmission EM and cryoEM imaging of EILV virions showed that they were 

spherical, 70 nm in diameter, and budded from the plasma membrane of mosquito cells 

(Fig. 10A and B). A 20-Å-resolution cryoEM reconstruction (Fig. 10A) revealed an 

unusual protrusion on the glycoprotein spikes that is absent in SINV. The observed 

volume of this protrusion was consistent with the expected volume of the E3 protein. 

Phylogenetic and Serological Analysis 

 Neighbor-joining, maximum- likelihood, and Bayesian methods were used to 

determine the relationship of EILV within the genus Alphavirus. Trees were generated 

using full-length as well as nonstructural and structural ORF nucleotide alignments. All 

three methods placed EILV within the clade of mosquito-borne alphaviruses (Figs. 11-

13). The genomic and structural nucleotide analyses placed EILV as a sister to the WEE 

complex with high posterior probability support (Figs. 11 and 12). Analyses of the non-

structural ORF alignment showed some inconsistency. Neighbor joining placed EILV as 
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a sister to WEE complex, whereas Bayesian and maximum-likelihood analyses placed it 

within the WEE complex basal to WHATV (Fig. 13). 

Complement fixation (CF) and hemagglutination inhibition (HI) assays were also 

performed to determine the antigenic relationship of EILV within the genus Alphavirus. 

By CF, EILV did not cross react with sera against most alphaviruses and had only 

minimal cross-reactivity with TROV, AURAV, SINV, EEEV, and VEEV antisera (Table 

7). By HI, EILV antiserum cross-reacted minimally with TROV, SINV, WEEV, and 

EEEV (Table 7). In contrast to other alphaviruses, purified EILV did not hemagglutinate,  

and EILV antiserum reacted non-specifically with mosquito cell antigens, confounding 

HI results. 

in vitro Host Range 

 Representative vertebrate and insect cell lines [Vero (African green monkey), 

BHK-21 (baby hamster kidney), HEK-293 (human embryonic kidney), NIH 3T3 (mouse 

fibroblast), duck embryo fibroblast (DEF), A6 (Xenopus laevis), A. albopictus (C6/36 and 

C7/10), C. tarsalis, and P. papatasi (PP-9)] were used to determine the in vitro host range 

of EILV. SINV, which has a broad in vitro host range, was used as a positive control (2, 

21). EILV- and SINV-infected C. tarsalis, P. papatasi, C6/36, and C7/10 cells (Figs. 14A 

and 15A), and replicated to high titers (>107 PFU/mL) 12 hours post-infection (hpi) with 

peak titers of 5 × 107 to 5 × 108 PFU/mL at 48 hpi; however, the infections did not 

produce overt cytopathic effects (Fig. 7). All vertebrate cell lines were readily infected by 

SINV and showed extensive cytopathic effects at 12 hpi (Fig. 15B and 16), whereas 

EILV was unable to infect any of the vertebrate cell lines and no cytopathic effects were 

observed (Fig. 14B). The EILV inocula decayed significantly by 72 hpi and were barely 

greater than the limit of detection at 96 hpi. 

The inability of EILV to infect vertebrate cells was confirmed by infection with 

the EILV-eRFP from a second subgenomic promoter located between the nsP and sP 
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ORFs. The red fluorescent protein was readily observed in mosquito but not vertebrate 

cells (Fig. 17). In contrast, the SINV-eGFP control expressed efficiently in mosquito and 

vertebrate cells. 

 

DISCUSSION 

 Here we describe the first host-restricted alphavirus that groups phylogenetically 

within the mosquito-borne clade. Similar insect-only viruses have been isolated from 

other arbovirus families: Sigma and Moussa viruses in Rhabdoviridae, and Gouleako 

virus in Bunyaviridae (228-231). However, these viruses represent new genera that are 

distantly related to major human and animal pathogens. Mosquito-only viruses have also 

been described for the family Flaviviridae: Cell-fusing agent, Kamiti River, Aedes 

flavivirus, Culex flavivirus, Aedes flavivirus, Quang Binh, Calbertado, Nounané, Lammi, 

and Marisma Mosquito virus (218-227). These mosquito-specific flaviviruses can be 

divided into two distinct groups. The first group includes cell fusing agent, Kamati River 

virus, Aedes flavivirus, Culex flavivirus, Quang Binh, and Calbertado, which are 

distantly related phylogenetically to the main branch of mosquito and tick-borne 

pathogenic vertebrate viruses (218-224). These viruses likely represent an ancestral 

lineage that could only infect insects and subsequently gained the ability to infect 

vertebrates. It is probable that the genus Alphavirus also contains additional, as yet 

undiscovered, host-restricted alphaviruses comprising a similarly outlying lineage. The 

second flavivirus group includes the newly identified Nounane ́ (NOUV), Lammi 

(LAMV), and Marisma Mosquito (MMV) viruses, which are closely related to the 

mosquito-borne pathogens such as dengue, yellow fever and West Nile viruses (225-

227). NOUV, LAMV and MMV, like EILV, replicate in insect cells but not in 

mammalian or avian cells (225-227).  The phylogenetic placement of these flaviviruses 

as well as EILV within the mosquito-borne clades of their respective genera suggests 
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either they have lost the ability to infect vertebrate cells or that the mosquito-only viruses 

independently and convergently gained the ability to infect vertebrates on multiple 

occasions. The most parsimonious explanation, requiring the least number of host range 

changes, is that EILV and the ancestral parent of NOUV, LAMV, and MMV lost their 

ability to infect vertebrate cells.  

Our in vitro characterization EILV showed no overt cytopathic effects in insect 

cells. However a reduction in the growth of infected cells was observed, which facilitated 

the development of a plaque assay. EILV virions, similar to other alphaviruses, were 

spherical in shape, 70 nm in diameter, and budded from the plasma membrane. A 

protrusion was observed in the glycoprotein spikes of EILV that appeared to correspond 

to the E3 protein. Semliki Forest virus and VEEV are also reported to incorporate E3 into 

virions (10, 257). We are attempting to produce higher resolution EILV cryoEM maps to 

confirm this interpretation.   

EILV expressed both genomic and subgenomic RNA species similar in sizes to 

those of SINV. However, the EILV subgenomic RNA expression level in mosquito cells 

was lower than that of SINV. One possible explanation is that the EILV labeling was not 

performed at the appropriate time to visualize greater subgenomic RNA levels. Another 

possible explanation is that EILV packages subgenomic RNA like another alphavirus, 

AURAV (258). Also, EILV may have evolved to produce less subgenomic RNA. Finally, 

EILV may possess a more efficient mechanism of virion assembly. The latter possibility 

has been suggested for other alphaviruses (259).  

The phylogenetic analyses placed EILV within the clade of mosquito-borne 

alphaviruses. Analyses based on concatenated nsP/sP ORFs, as well as the sP ORF, 

consistently placed EILV at the base of WEE complex with strong support. However, the 

nsP ORF alone placed EILV within the WEE complex basal to WHATV. We believe that 

the concatenated, full-length genome analysis provides the most accurate placement of 

EILV within the genus as it is based on both ORFs containing more informative 
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characters. Our analysis also suggests that EILV is not the descendent of a major 

recombination event like WEEV and others, as its placement did not change significantly 

with either nsP or sP ORF analyses. Additionally, the placement of EILV within the 

genus did not alter previously determined relationships within the genus (3, 4). Our 

serological analysis showed minimal cross-reactions with other alphaviruses (mainly 

TROV, AURAV and SINV). These data suggest a distant relationship between EILV and 

these viruses, consistent with the phylogenetic placements. The latter were also supported 

by the genetic analysis of EILV that revealed considerable divergence relative to other 

alphaviruses, both at the nucleotide (43%-57%) and amino acid (32%-78%) levels. The 

results of these analyses indicate that EILV represents a new complex with the genus 

Alphavirus.   

 The discovery of EILV was fortuitous, as it does not produce overt cytopathic 

effects in vertebrate or insect cells and does not kill infant mice. In the initial isolation, 

extensive cytopathic effects were observed in insect cells. However, deep sequencing 

revealed the presence of two novel viruses. The second virus, designated Negev virus 

(NEGV) was responsible for the observed cytopathic effects and replicated to higher 

titers in mosquito cells than EILV; only after generation of a cDNA clone could EILV be 

isolated (260). This serendipitous discovery of EILV thus highlights the value of large-

scale molecular screening techniques to identify new viruses. It also underscores our 

limited knowledge of the mosquito virome and the likelihood that other viruses like EILV 

are present in other families or genera of arthropod-borne viruses.   

Finally, EILV provides a unique opportunity to study the evolution and molecular 

determinants of alphavirus host range and more importantly the fundamental factors that 

underlie their pathogenesis in animals and humans. Additionally, EILV may also be 

useful to genetically engineer alphavirus chimeras as a vaccine platform or to express 

foreign genes in mosquitoes with the potential to render them refractory to pathogen 

transmission.  
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Figure 4. Cloning strategy for generation of EILV cDNA clone. 

  

 

 

 

 

 

Figure 5. Schematic diagram of EILV encoding eRFP.    

 

!

!



 

 
 

43 

Table 2. Genus Alphavirus, the nomenclature and reference sequences. 
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Figure 6. Schematic diagram of the EILV genome. Amino acid size of each protein is 
denoted in black. The intergenic region, 5′ and 3′ UTR nucleotide lengths are above in 
gray.  

 

 
 
Table 3. Comparison of nucleotide and amino acid identity of EILV structural and 
nonstructural ORFs with other alphaviruses. Upper diagonal displays percent amino acid 
identity; lower diagonal contains percent nucleotide identity. 

 

 
Table 4. Comparison of individual EILV proteins with other alphaviruses.  Percent 
amino acid identities are shown. 
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Table 5. Comparison of putative EILV protease cleavage sites. Amino acids identical to 
EILV are indicated with dots.  
 
 

 
Table 6. Comparison of EILV E1 fusion peptide and ribosomal binding sites with other 
alphaviruses.  Amino acids identical to EILV are indicated with dots. 

 

Virus nsP1/nsp2 nsP2/nsP3 nsP3/nsP4 Capsid/E3 E3/E2
EILV DIGG/ALVE GVGA/APSY GAGG/YIFS TVEW/SAIV RARR/AVAP
TROV ...A/...D .I.C/.... .V../.... ..K./..AT .PK./STEL
AURAV .A.A/.... .S../.... .V../.... ..../.RAI .HV./STPT
WHATV ...A/.... ..../.... .V../.... .E../..AA .HK./SITD
SINV ...A/.... ..../.... .V../.... .E../..AP .SK./S.ID
WEEV EA.A/GS.. EA.R/..A. E..A/.... SES./.LVT .QK./SITD
EEEV EA.A/GS.. EA.R/..A. E..A/.... SEP./.LAT .T../DLDT
VEEV EA.A/GS.. EA.C/.... D..A/.... CEQ./.LVT .K../STEE
CHIKV RA.A/GII. RA.C/.... R.../.... AE../.LAI .Q../SIKD
RRV RA.A/GV.. TA.C/.... R..A/.... .E../..AL .H../S.TE
UNAV RA.A/GV.. TA.C/..A. R.../.... ..../..PL .H../S.TQ
SFV HA.A/GV.. TA.C/.... R..A/.... SE../..PL .H../S.SQ
MIDV RA.A/GV.N TA.C/.... R..A/.... .E../T.L. .R../GLTE
BFV RA.E/GV.. PA.S/..A. R.../.... S.../..AA .PK./S..H
NDUV RA.A/GV.. RA../..A. R..A/.... S.../..AA .H../.AQH
SESV RA.A/GV.. PA.T/..N. R..A/.... ..../..LT .GK./S..S
SPDV GA.A/TIID M.../..G. .L../.... AIP./TRAP .RK./..ST
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Figure 7. Comparison of putative EILV cis-acting sequence elements (CSEs) with those 
of other alphaviruses. nsP1 CSE (A) subgenomic promoter CSE (C) and 3’ CSE (D). 
Nucleotides identical to EILV CSE sequence are indicated with dots. Schematic 
representation of computer-predicted secondary structures in the 5’ end of EILV utilizing 
mFold (B). The sequence include 56 nt of 5’ UTR and 150 nt of nsP1. 
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Figure 8. EILV infection of Aedes albopictus cell lines.  

 

 

 
 
Figure 9. EILV plaques 3 days post infection of C7/10 cells (A). Synthesis of virus-
specific RNAs in C7/10 cells infected with EILV or SINV 7 hpi, analyzed by agarose gel 
electrophoresis (B). G – genomic RNA and SG – subgenomic RNA. 

 

A)                    B) 
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Figure 10. Eilat virion morphology determined by cryo-electron microscopy and 
transmission electron microscopy. 20 Å cryo-EM reconstruction of EILV glycoprotein 
spikes on the virion surface (A). The protrusion possibly representing the E3 protein is 
highlighted in purple. SINV glycoprotein spikes are shown as a comparison (147). EILV 
virions are shown budding from the surface of C7/10 cells (B).  
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Figure 11. Bayesian phylogenetic tree based on nucleotide sequences of the alphavirus structural ORF. A midpoint-rooted tree is 
shown with all posterior probabilities <1 shown on major branches. Alphavirus complexes are denoted in bold. 
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Figure 12. Bayesian phylogeny based on concatenated nucleotide sequences of structural and nonstructural ORFs. A midpoint-rooted 
tree is shown with posterior probabilities (<1) on major branches. Alphavirus complexes are denoted in bold. 
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Figure 13. Bayesian phylogeny based on nucleotide sequences of nonstructural polyprotein ORF. A midpoint-rooted tree is shown 
with posterior probabilities (<1) on major branches. Alphavirus complexes are denoted in bold.  
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Table 7. Complement fixation (A) and hemagglutination-inhibition (B) tests with Eilat 
virus and other alphavirus antigens and hyperimmune mouse ascitic fluids (HMAF). 
*Reciprocal of heterologous titer/reciprocal of homologous titer. 
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Figure 14. Replication kinetics of EILV on representative insect (grey, 28 °C) (A) and 
vertebrate (black, 37 °C) (B) cell lines. Monolayers were infected at MOI of 10. 
Supernatants were collected at indicated intervals post-infection and titrated on C7/10 
cell monolayers. Each data point represents the mean titer of samples taken from 
triplicate infections +/-SD. A6 cells were incubated at 28 °C. 
 

 

 
Figure 15. Replication kinetics of SINV on representative insect (grey, 28 °C) (A) and 
vertebrate (black, 37 °C) (B) cell lines. Monolayers were infected at MOI of 10. 
Supernatants were collected at indicated intervals post-infection and titrated on C7/10 
cell monolayers. A6 cells were incubated at 28 °C. 
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Figure 16. SINV infection of vertebrate cell lines.   
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Figure 17. Infection of representative vertebrate (37 °C) and insect (28 °C) cell lines with EILV-eRFP.  50% confluent monolayers 
were infected at MOI of 10, phase contrast and fluorescent field photographs were taken at various points post-infection. A6 cells 
were incubated at 28 °C. 
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EILAT VIRUS HOST RANGE RESTRICTION 

Chapter 3: Investigating Host-range Restriction of Eilat Virus1  

BACKGROUND  

Arthropod-borne viruses (arboviruses) such as dengue, West Nile, and Rift Valley 

fever, are important causes of human and animal disease worldwide (261). Arboviruses 

encompass diverse virus families, including Togaviridae, Bunyaviridae, Flaviviridae, 

Rhabdoviridae, Orthomyxoviridae, Reoviridae, and Asfarviridae, and are maintained in 

nature through biological transmission between susceptible vertebrate hosts by 

hematophagous arthropods such as ticks, mosquitoes and other biting flies (261). This 

ability to infect diverse vertebrate and arthropod hosts enables arboviruses to persist in 

nature; however the viral factors that facilitate a broad host range are poorly understood.  

Mostly during the past decade, a number of insect-only viruses have been 

discovered in several arbovirus families: Sigma and Moussa viruses in Rhabdoviridae; 

Gouleako virus in Bunyaviridae; Cell-fusing agent, Kamiti River, Aedes flavivirus, Culex 

flavivirus, Quang Binh, Calbertado, Nounane ́, Lammi, and Marisma Mosquito viruses in 

Flaviviridae (217-231). Based on phylogenetics, these viruses can be classified into two 

groups: the first group consists of viruses distantly related to human and animal 

pathogens (Sigma, Moussa, Gouleako, Cell-fusing agent, Kamiti River, Aedes flavivirus, 

Culex flavivirus, Quang Binh, and Calbertado viruses), while the second group consists 

of Nounané, Lammi, and Marisma Mosquito viruses group within the mosquito-borne 

flaviviruses that are human pathogens (e.g. dengue and yellow fever) (217-231). The  

 __________________________       

1Content of the chapter have been previously published. Nasar F et al. Eilat virus, a unique alphavirus with 
host range restricted to insects by RNA replication. PNAS. 2012 Sep 4;109(36):14622-7. 
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phylogenetic placement of the later insect-only group suggests that these viruses have lost 

the ability to infect vertebrates; these viruses could therefore yield significant insights 

into viral factors that facilitate the broad host range of pathogenic flaviviruses. However, 

the determinants of host range restriction of these viruses remain to be elucidated.     

 Another major taxon of arboviruses is the genus Alphavirus in the family 

Togaviridae, which also encompasses a very broad host range. Recently, a new host-

restricted alphavirus, Eilat virus (EILV), was described that is serologically distinct and 

phylogenetically groups within the mosquito-borne clade as a sister to the western equine 

encephalitis (WEE complex) (262). However, in contrast to all other mosquito-borne 

alphaviruses, EILV is unable to infect and replicate in six representative vertebrate cell 

lines but can readily replicate to high titers (>108 PFU/mL) in mosquito cells (262). 

However, it is unknown at what level of the EILV life cycle the host range restriction 

manifests itself: attachment and entry or genomic RNA replication. Here we investigate 

the nature of and viral factors responsible for host restriction of EILV in vertebrate cells.   

 

MATERIALS AND METHODS 

Cells and cell culture 

Vero, BHK-21, HEK-293, DEF, NIH 3T3, and C7/10 cell lines were utilized. The 

origin of the cell lines and culture conditions were described previously (Chapter 2, page 

32).   

Generation of cDNA clones and rescue of infectious EILV and SINV clones 

EILV-eRFP cDNA clone was utilized in studies. The generation of EILV-eRFP 

cDNA clone was described previously (Chapter 2, pages 29-30). SINV-eGFP (strain Tr-

339) was obtained from Dr. Weaver’s collection. EILV and SINV chimeras containing 
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the 3’ genome untranslated region (UTR) or structural polyprotein open reading frame 

(ORF) were generated using standard molecular techniques (263). The 3’ UTR and 

structural ORF fragments were generated via fusion PCR with Phusion DNA polymerase 

(New England) and amplified PCR products were purified using QIAquick Gel 

Extraction Kit (Qiagen) (264). The SINV and EILV 3’ UTR and structural ORF chimeras 

were cloned via insertion of fusion PCR fragments into the following restriction sites: 

Xba I and Xho I (SINV), and Avr II and Not I (EILV). SINV/EILV nonstructural protein 

(nsP) chimeras were generated by insertion of EILV/SINV nsP fusion PCR fragments 

into SINV plasmid DNA via the following restriction sites: Pvu I and Cla I (SINV 

w/EILV nsP1), Cla I and Hpa I (SINV w/EILV nsP3), Cla I and Xba I (SINV w/EILV 

nsP1 + 3), Mfe I and Dra III (SINV w/EILV nsP2 + 4). All SINV and EILV constructs 

contained enhanced green fluorescent protein (eGFP) or enhanced cherry red fluorescent 

protein (eRFP), respectively, under the control of an additional subgenomic promoter 

down stream of nsP4. Full-length cDNA clones were confirmed by ABI PRISM Big Dye 

sequencing (Applied Biosystems).  

Transcription and electroporation conditions for virus rescue 

 10 µg of SINV and EILV cDNAs were linearized immediately after the polyA tail 

by restriction enzymes; Xho I (SINV-eGFP and SINV/EILV chimeras) or Not I (EILV-

eRFP and EILV/SINV chimeras). Linearized cDNAs were purified via phenol-

chloroform extraction and ~1 µg was utilized for each transcription reaction: 0.5 mM 

rNTP, 0.5 mM m7G(5')ppp(5')G RNA cap (NEB), 0.5 µL RNase inhibitor, and 1.25 µL 

of SP6 polymerase (Ambion, Carlsbad, CA) in 25 µL total volume. Transcriptions were 

performed for 2 hrs at 42 ºC, then placed on ice. 

 Cells were seeded to achieve ~70% confluence overnight. Monolayers were either 

trypsinized (vertebrate cells) or gently scraped (C7/10 cells) into single cell suspensions, 

then washed 5 times with PBS and resuspended in 450 or 700 (Vero cells only) µL of 
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PBS. Cells were mixed with each transcription mixture (~10 µg of RNA), placed in 2 mm 

or 4mm (Vero cells only) electroporation cuvettes, and immediately electroporated 

[(BTX, ECM-830 Electro Square Porator, (Harvard Apparatus Inc., Holliston, MA)] 

using the following conditions:  680 volts, pulse length = 99 μs, interval between pulses = 

200 ms, and number of pulses = 5. Electroporation conditions (Vero cells only):  250 

volts, pulse length = 10 ms, interval between pulses = 1 s, and number of pulses = 3. 

Expression of eGFP or eRFP was observed with fluorescent microscopy, and 

supernatants containing virus were harvested at 48 hrs post-electroporation and stored at -

80° C. 

Co-electroporation of genomic viral RNAs 

SINV/EILV nsP chimeras w/eGFP, SINV, and EILV-eRFP were linearized and in 

vitro transcribed as above. After transcription RNAs were mixed via pipetting and ~60 µg 

(~30 µg each) of RNA was electroporated into BHK-21, Vero, HEK-293, and C7/10 

cells. Rescue of phenotype was monitored via fluorescent microscopy and/or RT-PCR. 

Fluorescent micrographs were taken 12 (BHK-21) or 20 hpe (C7/10). 

RT-PCR to detect EILV negative strand RNA 

Duplicate wells of cells co-electroporated with genomic RNAs were harvested 6 

hrs post-electroporation and RNA was isolated. Reverse transcription was performed 

with primer targeting E1 gene in EILV negative strand followed by PCR with primers 

targeting EILV nsP3 hypervariable domain. PCR products were analyzed via gel 

electrophoresis. Limit of detection of the assay was 103 genome copies.  

Plaque Assay 

A detailed protocol was described previously (Chapter 2, page 33). 

One-step replication kinetics 
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Three independent replicates were performed at a MOI of 10 PFU/cell. A detailed 

protocol was described previously (Chapter 2, page 33-34). 

Imaging viral infections 

For infection experiments, 30% confluent monolayers were infected with EILV or 

SINV chimeras at a MOI of 20 PFU/cell. For electroporation experiments ~20-60 µg of 

RNA were electroporated into ~107 cells via the conditions stated above. Following 

infection or electroporation eGFP or eRFP expression was monitored 24 to 96 hpi. Phase-

contrast and fluorescent field photographs were taken at various time points post-

infection. 

Intrathoracic mosquito infections and sample processing 

Mosquito eggs from colonies at UTMB were hatched and reared using standard 

methods (265). Cohorts of 30-50 adult females collected 5–6 days after emergence from 

the pupal state were cold-anesthetized and inoculated with ~1 µL of 107-104 PFU/mL of 

SINV-eGFP, SINV/EILV 3’ UTR or SINV/EILV structural ORF via the intrathoracic 

route. Mosquitoes were given 10% sucrose and held for an extrinsic incubation period of 

7 days at 28° C. Whole mosquitoes were placed in 1 mL of DMEM, 20% FBS, 1% 

penicillin-streptomycin, and 2.5 µg/mL amphotericin B, and stored at -80 °C. Samples 

were triturated using a Mixer Mill 300 (Retsch, Newtown, PA), centrifuged at 18,000 x g 

for 5 minutes and supernatants from each sample were analyzed. Mosquito samples were 

screened for SINV-eGFP and SINV/EILV 3’ UTR for CPE and eGFP expression on 

Vero cells. SINV/EILV structural ORF samples were screen for CPE and eGFP 

expression on C7/10 cells. 

Mouse infections 
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These studies were carried out in strict accordance with the recommendations in 

the Guide for the Care and Use of Laboratory Animals of the National Institutes of 

Health, and were approved by the Institutional Animal Care and Use Committee at 

UTMB. One-day-old newborn CD1 outbred mice were obtained from pregnant females 

purchased from Charles River (Wilmington, MA). Animals were injected with 10 μL of 

SINV-eGFP and SINV/EILV chimeras via the intracranial route at 105, 104, and 103 

PFU/animal. Animals were observed daily for illness and were euthanized with the onset 

of neurological disease. 

 

RESULTS 

Host range restriction at attachment and entry level: plaque size and in vitro growth 
kinetics in C7/10 cells 

To investigate whether EILV host range restriction is manifested at the 

attachment/entry level, a SINV-eGFP clone containing the structural ORF of EILV 

(SINV/EILV) was generated (Fig. 18). In addition, to investigate any incompatibilities in 

generating structural ORF chimeras, the reciprocal EILV-eRFP containing the SINV 

structural ORF (EILV/SINV) was also generated (Fig. 18). Similar to the parental viruses 

(SINV-eGFP and EILV-eRFP), both chimeras were readily rescued in C7/10 cells and 

produced plaques similar to parental viruses ∼3 mm in size, 2 (SINV/EILV) or 3 dpi 

(EILV/SINV) (Fig. 19A and C). To compare one-step replication kinetics, infections 

were performed at an MOI of 10 in C7/10 cells. Both chimeras displayed similar 

replication kinetics relative to parental viruses with peak virus titers of ~5 x 107 PFU/mL 

(Fig. 19B and D). However, the EILV/SINV chimera titer declined significantly (~50-

fold) by 72 hpi, suggesting a decreased half-life of infectious virus particles (Fig. 19D). 

Infection in C7/10 cells with SINV/EILV produced cytopathic effects in C7/10 cells by 
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36 hpi; in contrast, no overt cytopathic effects were observed following EILV/SINV 

infection (Fig. 20A and B). 

Host range restriction at attachment/entry level in vertebrates cell lines 

To determine whether EILV host range restriction was manifested at the 

attachment/entry level, cell lines representing various alphavirus vertebrate hosts were 

infected with SINV/EILV. Mosquito and vertebrate cell lines were infected at an MOI of 

20 PFU/cell and the efficiency of entry and RNA replication was visualized via eGFP 

expression. Most C7/10 cells expressed eGFP by one dpi, indicating that virus was able 

to efficiently enter and replicate (Fig. 21). In contrast, minimal eGFP expression was 

detected in vertebrate cells lines one dpi, and was completely undetectable in Vero, NIH-

3T3, and DEF cells 4 dpi. However, some eGFP expression was detected in BHK-21 and 

HEK-293 cells 4 dpi. The lack of observed infection was due to inefficient attachment 

and entry, as cells could be readily infected post-electroporation (Fig. 22). These data 

were further corroborated by one-step replication curves at an MOI of 10 (Fig. 23A). 

Inocula decayed by 24 hpi and virus titers were slightly above or below the limit of 

detection (101 PFU/mL) by 48 hpi. These results suggest that the EILV structural proteins 

do not mediate efficient binding and/or entry into vertebrate cells. 

Host range restriction at attachment and entry level in vivo 

To further investigate the observed host range restriction of SINV/EILV, 

infections of mosquitoes and newborn-mice were performed. C. quinquefasciatus were 

injected via the intrathoracic route with SINV-eGFP and SINV/EILV at doses ranging 

from ~104-101 PFU/mosquito to determine mosquito infectious dose 50% (ID50) and at 7 

dpi whole mosquitoes were analyzed for the presence of virus. C. quinquefasciatus 

infections with both viruses yielded similar results at all doses with infection rates 

ranging from 73%-100%; consequently an ID50 could not be determined (Table 8).  
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Infection of newborn mice was determined by performing lethal dose 50% (LD50) 

studies. Newborn mice were injected intracranially (IC) with SINV-eGFP and 

SINV/EILV at doses ranging from ~105-103 PFU/animal. All animals injected with 

SINV-eGFP showed signs of illness within 24 hpi. Animals that received 105 PFU 

became moribund within 72-96 hpi and had to be euthanized. At lower doses some of the 

animals recovered; however majority of the animals, 67% and 56% at 104 and 103 

PFU/animal dose groups, respectively, met euthanization criteria (Table 9). The LD50 for 

SINV-eGFP was estimated to be <103 PFU. In contrast, animals injected with 

SINV/EILV showed no signs of illness and were indistinguishable from the PBS control 

group (Table 9). 

Analysis of EILV genomic RNA replication in vertebrate cells 

 To ascertain whether the EILV host range was limited at the level of RNA 

replication, the EILV-eRFP cDNA clone was transcribed in vitro and ~10 µg RNA 

aliquots were electroporated into vertebrate and insect cells. EILV-eRFP produced no 

detectable RFP expression in vertebrate cells incubated at 37 or 28 °C up to 4 days post-

electroporation (dpe), whereas it readily replicated in insect cells 24 hours post-

electroporation (hpe) (Fig. 24). This lack of replication and resultant absence of eRFP 

expression was not due to inefficient electroporation of EILV RNA into the vertebrate 

cells, as the electroporation efficiency was ~35%-95% with the equivalent SINV-eGFP 

replicon (Fig. 25).  

 Similar results were achieved with EILV/SINV structural chimera, which was 

also unable to infect and replicate in vertebrate cell lines (Figs. 23B, 26). No eRFP 

expression was observed in vertebrate cells after infection at a MOI of 10 or after 

electroporation of viral RNA up to 4 dpi or dpe, respectively (Fig. 26). One-step 

replication curves confirmed these results; EILV/SINV was unable to replicate and the 



 

 
 

64 

inoculum decayed to undetectable levels at 96 hpi (Fig. 23B). These data further support 

the findings that EILV genomic RNA is incapable of replication in vertebrate cells. 

Viral factors responsible for host range restriction at the genomic RNA replication 
level: plaque size and in vitro replication kinetics in C7/10 cells 

The alphavirus 3’ UTR contains a 19 nt conserved sequence element (CSE) just 

upstream of the polyA tract that serves as a promoter for initiation of negative strand 

synthesis, and binding sites for mosquito and vertebrate proteins that likely facilitate 

virus replication (85-89). A previous study showed that the EILV 3’ CSE displayed 

considerable sequence identity to other mosquito-borne viruses (262). In contrast, the 

overall EILV 3’ UTR showed little sequence or structural identity to SINV (Figs. 27, 28). 

To further extend our previous findings, which demonstrated that the EILV host range 

restriction was manifested at the genomic RNA replication level, we next investigated the 

role of the 3’ UTR. EILV and SINV chimeras (SINV/EILV 3’ UTR and EILV/SINV 3’ 

UTR) were engineered to contain reciprocal 3’ UTRs (Fig. 18). Similar to the structural 

chimeras, both viruses were readily rescued in C7/10 cells and produced plaques similar 

to parental viruses ∼3 mm in diameter 2 (SINV/EILV 3’ UTR) or 3 dpi (EILV/SINV 3’ 

UTR) (Fig. 19A and C). One-step replication curves showed similar kinetics and peak 

virus titers of ~108 PFU/mL relative to parental viruses (Fig. 19B and D). SINV/EILV 3’ 

UTR produced cytopathic effects in C7/10 cells at 36 hpi comparable to that produced by 

SINV (Fig. 20A). In contrast, no overt cytopathic effects were observed in C7/10 cells 

with EILV/SINV 3’ UTR infection (Fig. 20B). 

Host range restriction at genomic RNA replication level in vertebrate cell lines 

Mosquito and vertebrate cell lines were infected with SINV/EILV 3’ UTR at a 

MOI of 10 and virus replication was detected via eGFP expression and one-step 

replication curves utilizing infectious assays. SINV/EILV 3’ UTR infection in vertebrate 
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cells produced cytopathic effects at 24 hpi, similar to SINV-eGFP (Fig. 16, 29A). Virus 

displayed replication kinetics similar to SINV-eGFP; however the peak titers were 

reduced by ~10-fold (Fig. 23A). In contrast, EILV/SINV 3’ UTR was unable to infect 

vertebrate cell lines as indicated by a lack of eRFP expression even after electroporation 

of RNA into vertebrate cells (Fig. 29B). One-step replication kinetics confirmed this 

finding as no productive infection could be detected and the initial virus inoculum 

decayed below the limit of detection by 96 hpi (Fig. 23B). These results suggest that the 

3’ UTR is not a major determinant of EILV RNA replication 

Host range restriction at genomic RNA replication level in vivo 

To further investigate the host range of SINV/EILV 3’ UTR, infections of 

mosquitoes and newborn mice were performed. Similar to infection of C. 

quinquefasciatus with SINV-eGFP and SINV/EILV structural chimera, the majority of 

mosquitoes were infected at all doses with SINV/EILV 3’ UTR. Infection rates ranged 

from 80%-100% and an ID50 could not be determined (Table 8). The infection of 

newborn mice surprisingly produced minimal clinical disease and lethality. Only one 

animal at the 105 PFU dose produced neurological signs and was euthanized (Table 9). 

These data demonstrated that SINV/EILV 3’ UTR was at least 100-fold less virulent than 

the parental SINV-eGFP virus, indicating that the 3’ UTR is a major virulence 

determinent in the infant mouse model.  

Role of nonstructural proteins (nsPs) in EILV host range restriction 

To investigate the role of individual nsP gene in host range restriction, SINV 

chimeras containing all 4 individual EILV nsPs were generated (Fig. 29). However, none 

of the chimeras could be rescued in C7/10, HEK-293, Vero or BHK-21 cell lines, 

suggesting incompatibilities among EILV and SINV nsPs proteins. The lack of 

replication could be overcome by trans-complementation with SINV genomic RNA. 
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eGFP could be observed in BHK-21 and C7/10 cells co-elctroporated with SINV/EILV 

chimeras and SINV RNAs (Fig. 30, data not shown).  

Next, to investigate whether similar trans-complementation could be observed by 

co-electroporating vertebrate cells with SINV and EILV-eRFP genomic RNAs. EILV 

negative strand RNA could be detected by RT-PCR 6-hrs post-electroporation in BHK-

21, HEK-293, and Vero cells (Fig. 31A). In addition, some eRFP expression could be 

detected in BHK-21, HEK-293, and Vero cells 12-18 hrs post-electroporation (Fig. 31 B). 

These data demonstrate that SINV nsPs aided and/or initiated EILV replication and 

further support the hypothesis that the EILV nsPs are likely unable to form functional 

replicative complexes in vertebrate cells. 

 

DISCUSSION 

 Viruses are small self-replicating organisms that, in order to propagate, must enter 

susceptible cells to deliver their genome, hijack cellular machinery to facilitate 

replication, and package new genomes to produce new infectious progeny (266). Thus, 

these steps constitute fundamental challenges that viruses must overcome to replicate and 

be transmitted in nature. Arboviruses must overcome these obstacles in vastly diverse 

arthropod and vertebrate hosts in order to be maintained in natural cycles; failure in either 

host would result in host restriction or extinction. Insect-only viruses that group with the 

pathogenic vertebrate viruses in some arbovirus taxa represent powerful tools that can be 

utilized to study viral factors responsible for the broad host range of arboviruses.  

 We investigated the nature of EILV host range restriction at both attachment and 

entry as well as RNA replication levels. The host range of SINV chimera containing 

EILV structural polyprotein ORF was unaltered in mosquitoes, both in vitro and in vivo. 

In contrast, the SINV/EILV chimera displayed a considerable reduction of host range in 

vertebrates. The altered host range was not due to the inability of SINV/EILV to replicate 
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in vertebrate cell lines, as eGFP expression could be detected in all cell lines after 

electroporation, but rather was presumably a consequence of poor attachment and/or 

entry efficiency. The poor efficiency was readily evident by detection of very few cells 

expressing eGFP, an absence of virus spread, and a decay of the initial inoculum. 

Similarly, the investigation into host range restriction at the RNA replication level 

showed that the EILV genomic RNA was incapable of replication in vertebrate cells even 

when the RNAs of EILV-eRFP, EILV-eRFP w/SINV structural ORF or 3’ UTR clones 

were electroporated into cells. This lack of observed replication was not due to 

temperature sensitivity or poor efficiency of RNA entering cells as identical results were 

obtained in vertebrate cell lines at 28 ºC and 37 ºC and the electroporation efficiency in 

most vertebrate cell lines was 90% or higher. In contrast to vertebrate infection, EILV-

eRFP, and EILV-eRFP w/SINV chimeras readily replicated to high titers in C7/10 cells 

(>5 x 106 PFU/mL). Taken together, these data demonstrate that EILV host range 

restriction is present at both attachment/entry as well as at genomic RNA replication.  

 The investigation of viral factors responsible for EILV host range restriction at the 

genomic RNA replication level demonstrated that heterologous 5’ and 3’ UTRs are able 

to function as promoters for negative and positive strand synthesis. Consequently, the 

restriction is independent of the 3’ UTR, as SINV and EILV chimeras of this genome 

region did not alter the vertebrate host range. These data strongly suggest that the host 

restriction is present within one or more nsPs. However, our investigation into the role of 

EILV nsPs in host restriction was confounded by the lack of replication of SINV/EILV 

nsP chimeras in both mosquito and vertebrate cell lines. It is likely that lineage- or 

complex-specific mutations in one or more nsP/s select for compensatory mutation/s in 

other nsPs, and the combination of these nsP mutations is required for the formation of 

functional replicative complexes. Consequently, the SINV nsP chimeras containing one 

or more EILV nsP/s were unable to form functional complexes. Viable nsP chimeras 

have been generated for two members of Semliki Forest complex, Chikungunya and 
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O'nyong-nyong; however chimeras between alphavirus complexes have not been reported 

in the literature, presumably due to nsP incompatibilities (42). Lastly, SINV replicative 

machinery either facilitated and/or directly initiated EILV replication. Taken together, 

these data suggest that the electropration of capped genomic RNA of EILV-eRFP, EILV-

eRFP w/SINV structural or 3’ UTR chimeras can initiate the virus replication cycle by 

the translation of the nsP ORF. However, improper interactions between EILV nsPs 

and/or RNA with vertebrate cell cofactors may produce non-functional replicative 

complexes that are incapable of proceeding to negative strand synthesis and express the 

subgenomic RNA.    

 The ability to infect both vertebrates and mosquitoes exerts evolutionary pressure 

on arboviruses to constrain the adaption to a single host, presumably due fitness tradeoffs 

in either or both hosts (267-272). Once one of the host is eliminated, the evolutionary 

constrains are greatly reduced as the virus can adapt to the retained host and this niche 

adaptation over time presumably results in the loss of ability to infect the abandoned host 

(267-272). EILV appears to be an example of this adaptation. The phylogenetic 

placement suggests that an ancestor of EILV was capable of replication in vertebrate and 

insect, and it subsequently lost its ability to infect vertebrate cells. Our results are in 

support of this hypothesis as host range restriction is present at both attachment and 

entry, and genomic RNA replication level.     

  The previous studies investigating host range alteration of alphaviruses 

demonstrated that deletions or mutations in CSEs, nsPs, and glycoproteins (E1 and E2) 

resulted in loss or gain of fitness in either vertebrate or insect host; however none of these 

mutations resulted in complete loss of fitness in either host (79, 81, 82, 199-213). The 

most significant of these studies involve CHIKV and VEEV (205, 212, 213). Single point 

mutations in the E1 and E2 proteins of CHIKV dramatically increase fitness for infection 

of a new epidemic vector, A. albopictus, subsequently triggering an epidemic affecting 

millions of people in Asia (207, 216). Similarly, a single point E2 mutation in VEEV IE 



 

 
 

69 

subtype was able to dramatically increase oral susceptibility and disseminated infection 

in the epizootic bridge vector A. (Ochlerotatus) taeniorhynchus (214). Lastly, a single 

point mutation in the E2 protein of a VEEV subtype ID strain increased fitness for equine 

amplification as well as produced severe neurological disease (215). Our results suggest 

that the host range of EILV is multigenically determined, involving mutations in at least 

several nsP and sP genes. In addition, the phylogenetic placement and close relationship 

of EILV to other alphaviruses suggests that the host range restriction is likely due to 

divergence of one or more protein domains required for the completion of the alphavirus 

transmission cycle in vertebrate hosts. Identifying these mutations will yield insights into 

viral factors involved in vertebrate host range as well as viral pathogenesis.  

Lastly, SINV-EILV chimeras produced cytopathic effects in C7/10 cells as 

demonstrated previously. The induction of cytopathic effects by SINV/EILV suggests the 

role of nsPs, likely nsP2. The later is supported by previous studies demonstrating that 

the induction of cytopathic effects in vertebrate cells by Old World alphaviruses such as 

SINV is due expression of nsP2. However, this hypothesis requires further investigation. 

 

 

 

 

 

 

 

 

 



 

 
 

70 

 

 
 

 
 
 
Figure 18. Schematic diagrams of SINV and EILV chimeras.   
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Figure 19. Plaque phenotype and replication kinetics of SINV and EILV chimeras in 
C7/10 cells. C7/10 cells were infected with chimeras, 2 dpi (SINV-eGFP and SINV/EILV 
chimeras) (A) or 3 dpi (EILV-eRFP and EILV/SINV chimeras) (C), cells were fixed and 
stained. Replication kinetics of SINV-eGFP and SINV/EILV chimeras (B), and EILV-
eRFP and EILV/SINV chimeras (D) were performed at MOI of 10. Each infection was 
performed in triplicate. Average titer +/-S.D. is shown. 
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Figure 20. Infection of C7/10 cells with SINV (A) and EILV (B) chimeras. C7/10 cells were infected at MOI of 10. Phase-contrast 
(top row) and fluorescent micrographs (bottom row) were taken at 36 hpi.
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Figure 21. Infection of vertebrate and mosquito cell lines with SINV-eGFP w/EILV 
struc. ORF. Each cell line was infected at MOI of 20 and phase-contrast (left) and 
fluorescent  micrographs (right) were taken at 1 and 4 dpi. 
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Figure 22. Infection of vertebrate cell lines with SINV-eGFP w/EILV struc. ORF. RNA 
was transcribed in vitro and each cell line was electroporated with ~10 µg  of RNA and 
phase-contrast (left) and fluorescent  micrographs (right) were taken at 1 dpi. 
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Figure 23. Replication kinetics of SINV (A) and EILV (B) chimeras in vertebrates cell lines. Infections were performed in triplicate at 
MOI of 10. Average titer +/-S.D. is shown. 
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Table 8. Intrathoracic infection of C. quinquefasciatus with SINV-eGFP and SINV/EILV 
chimeras. Mosquitoes were injected with ~104-101 PFU/mosquito and 7 dpi the presence 
of infectious virus was detected by cytopathology and eGFP expression.  
 
 

 
 
 
Table 9. Intracranial infection of 1 day-old new-born mice with SINV-eGFP and 
SINV/EILV chimeras. Mice were injected with ~105-103 PFU/animal and were observed 
for clinical disease.   
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Figure 24. Replication of EILV genomic RNA in vertebrate (37 °C) and insect (28 °C) cell lines. RNA was transcribed in vitro from 
the cDNA clone and ~10 μg aliquots of RNA were electroporated into vertebrate and insect cells. Phase contrast (left) and fluorescent 
(right) micrographs were taken at day 4-post-electroporation. 
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Figure 25. Replication of SINV-eGFP replicon genomic RNA in vertebrate (37 °C) and insect (28 °C) cell lines.  SINV-eGFP 
replicon genomic RNA was transcribed in vitro and ~10 µg aliquots of RNA were electroporated into vertebrate and insect cells.  
Phase contrast (left) and fluorescent (right) micrographs were taken at 4 dpe. 
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Figure 26. Infection of vertebrate and mosquito cell lines with EILV-eRFP w/SINV 
struc. ORF. Each cell line was infected at MOI of 10 or electroprated with 10 µg of 
genomic RNA. Phase contrast (left) and fluorescent (right) micrographs were taken at 1 
(C7/10 cells) or 4 dpi (vertebrate cells).  
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Figure 27. Alignment of EILV and SINV 3’ UTRs. * = nucleic acid identity. - = gap. 
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Figure 28. Predicted secondary structure of EILV (A) and SINV (B) 3’ UTRs. Minimal 
free energy structures were generated using M-fold at 37 °C. 
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Figure 29. Infection of vertebrate and mosquito cell lines with SINV-eGFP w/EILV 3’ 
UTR (A) and EILV-eRFP w/SINV 3’ UTR (B). Each cell line was infected at MOI of 10 
with SINV-eGFP w/EILV 3’ UTR or electroprated with 10 µg of genomic EILV-eRFP 
w/SINV 3’ UTR RNA. Phase contrast (left) and fluorescent (right) micrographs were 
taken at 1 or 4 dpi. 
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Figure 30. Schematic diagrams of SINV-eGFP w/EILV nsP/s chimeras (A). 
Electroporation or co-electroporation of SINV and/or SINV/EILV nsP chimera genomic 
RNAs (B). Fluorescent micrographs were taken at 12 (BHK-21) or 20 (C7/10) hpe 
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Figure 31. Detection of EILV negative strand RNA in vertebrate cell lines. Co-
electroporation of SINV and/or EILV-eRFP genomic RNAs into BHK-21, Vero, HEK-
293, C7/10 cells and 6 hpe EILV negative strand RNA was detected via RT-PCR (A). 
Phase contrast (left) and fluorescent (right) micrographs of BHK-21 cells were taken at 
12 hpe. 
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IN VIVO EILAT VIRUS HOST RANGE  

Chapter 4: Vector Host Range of Eilat Virus   

BACKGROUND  

The genus Alphavirus in the family Togaviridae is comprised mostly of 

arthropod-borne viruses that utilize mosquitoes as insect vectors for transmission to 

diverse vertebrates hosts including equids, birds, amphibians, reptiles, rodents, pigs, 

humans, and nonhuman primates (2). Alphaviruses also have a broad mosquito host range 

and can infect many species of mosquitoes encompassing at least eight genera (Aedes 

spp., Culex spp., Anopheles spp. Culiseta spp., Haemagogus spp., Mansonia spp., 

Verrallina spp., and Psorophora spp.) (125, 273-275). Recently, a new alphavirus, Eilat 

virus (EILV), isolated from a pool of Anopheles coustani mosquitoes was described 

(262). EILV was unable to infect and replicate in vertebrate cell lines but could readily 

replicate in insect cells (262). The vertebrate host restriction was present at both 

attachment and/or entry as well as genomic RNA replication levels (262, Chapter 3). 

EILV is the first insect-only alphavirus discovered and represents a new complex within 

the genus (262). Here, we investigated the in vivo vector host range of EILV by 

performing susceptibility studies in mosquitoes encompassing three genera that are 

responsible for maintenance of other alphaviruses in natural transmission cycles: Aedes 

albopictus, Aedes aegypti, Anopheles gambiae, and Culex quinquefasciatus 

 

MATERIALS AND METHODS 

Cells and cell culture 
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C7/10 cell line was utilized. Please see Chapter 2, page 32 for origin of cell line 

and cell culture conditions.  

cDNA clones and rescue of infectious EILV 

EILV and EILV-eRFP cDNA clones were utilized for studies. The generation of 

EILV and EILV-eRFP cDNA clones was described previously (Chapter 2, pages 29-30).  

Plaque Assay 

A detailed protocol was described previously (Chapter 2, page 33). 

Growth kinetics 

Three independent replicates were performed to achieve a multiplicity of infection 

(MOI) of 1 PFU/cell. A detailed protocol was described previously (Chapter 2, page 33). 

Stability of EILV-eRFP in C7/10 cells 

EILV-eRFP was serially passaged in C7/10 cells at MOI of 0.1 PFU/cell in 

triplicate. After the first passage, virus was titrated and the MOI was adjusted to 0.1 for 

subsequent passages. Five serial passages were performed and following 5th passage both 

passages one and 5 were titrated. An additional replicate of each passage was fixed with 2 

mL of 2% paraformaldehyde and plaques expressing eRFP were counted via fluorescent 

microscopy followed by staining with crystal violet. The percentage of plaques 

expressing eRFP was calculated (number of plaques expressing eRFP/total number of 

plaques). Lastly, phase-contrast and fluorescent micrographs were taken of passage one 

and 5 virus infection of C7/10 cells. 

Intrathoracic Mosquito Infections 

Cohorts of 15-25 adult females, 5–6 days after emergence from the pupal state, 

were cold-anesthetized and inoculated with ~1 µL of EILV-eRFP at 107-104 PFU/mL via 
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the intrathoracic route. A detailed protocol was described previously (Chapter 3, page 

59). 

Oral Mosquito Infections 

Cohorts of 100 adult females 5–6 days after emergence from the pupal state were 

sugar-starved for 24 hrs (276). They were fed an artificial blood meal consisting of 

defibrinated sheep blood (Colorado Serum Company, Denver, CO) and EILV-eRFP at 

109, 107, and 105 PFU/mL (276). Mosquitoes were allowed to feed for 1 hr, and following 

feeding mosquitoes were cold-anesthetized and sorted. Engorged mosquitoes at or higher 

than stage 3 were retained for the study (277). Mosquitoes were given 10% sucrose in 

cotton balls and held for an extrinsic incubation period of 14 days at 28 °C. 

Mosquito Processing 

Following extrinsic incubation period, mosquitoes were cold-anesthetized and 

legs and wings were removed (273). Mosquito bodies and legs/wings were triturated 

separately in 500 μL of 1X DMEM containing 20% FBS (v/v), 1% penicillin-

streptomycin (v/v), and 5 µg/mL amphotericin B using a Mixer Mill 300 (Retsch) (276). 

Samples were centrifuged at 18,000 x g for 5 minutes and supernatants from each sample 

were analyzed by RT-PCR, eRFP expression and plaque assays. RT-PCR primers were 

designed in nsP4 and capsid to flank the eRFP cassette. 

Imaging mosquito infection 

A. albopictus, A. aegypti, A. gambiae, and C. quinquefasciatus mosquitoes were 

injected via intrathoracic route with ~1 µL of EILV-eRFP at 107 PFU/mL, or injected 

with PBS were dissected 7 days post-injection. Mosquito organs including anterior 

midgut, posterior midgut, hindgut, salivary glands, malpighian tubules, and ovaries were 

imaged. Mock-injected mosquitoes were imaged in the fluorescent field to obtain an 
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exposure time to eliminated background fluorescence. Phase-contrast and fluorescent 

field photographs were taken of mosquito organs. 

 

RESULTS 

Plaque size, in vitro growth kinetics, and stability of eRFP cassette 

EILV and EILV-eRFP assayed on C7/10 cells produce plaques similar in size 

(∼3- to 4-mm) 3 dpi (Fig. 32A). Both EILV and EILV-eRFP displayed similar replication 

kinetics at an MOI of one; however, viral titers of EILV eRFP were ∼2-8 fold lower than 

EILV (Fig. 32B). To investigate the stability of the eRFP insert, EILV-eRFP was serially 

passaged 5 times in C7/10 cells at MOI of 0.1. Viral titers at passage one and 5 were 

similar (6.1 vs. 6.5 log10 PFU/mL), and 99% of plaques expressed eRFP at passage 1 vs. 

95% at passage 5 (Fig. 33 and Table 10). 

Intrathoracic infection of mosquitoes 

To determine the susceptibility of 4 mosquito species (A. albopictus, A. aegypti, 

A. gambiae, and C. quinquefasciatus), mosquitoes were injected via intrathoracic route 

with ~1 µL of EILV-eRFP at 107 PFU/mL. Virus replication was detected by visualizing 

eRFP expression 7 dpi in various organs including anterior midgut, posterior midgut, 

hindgut, salivary glands, malpighian tubules, and ovaries. Organ susceptibility to EILV-

eRFP infection varied by species. The posterior midgut was consistently infected in all 

species at rates of 70-100% (Figs. 34, 35, Table 11). eRFP expression was more 

pronounced in the midgut-associated muscle tissue suggesting that it may be more 

susceptible to EILV infection (Figs. 34 and 35). Salivary glands were the next most 

susceptible organ, with eRFP expression readily observed in all three Aedes and Culex 

species at rates of 70-90% (Fig. 36, Table 11). Other organs, including the anterior 

midgut and malpighian tubules supported limited infection in Aedes and Culex species; 
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these were the highest in A. aegypti ranging from 30-50% (Fig. 37, Table 11). In contrast, 

virus replication was not detected in any other organs except the posterior midgut of A. 

gambiae indicating that this species supports limited EILV infection (Table 11). Lastly, 

virus replication could not be detected in the ovaries of any mosquito species (Table 11). 

In order to determine the mosquito infectious dose 50% (ID50) via the IT route, all 

four species were injected with ~1 µL of EILV-eRFP at 107-103 PFU/mL. All species 

were susceptible at all doses with infection rates of 100% at day 7 post-infection (Table 

12). EILV readily replicated in all four species with a ~1,000-fold increase in virus titer 

by day 7 post-infection (Table 12). Thus, similar to other alphaviruses the intrathoracic 

ID50 for all species is <103 PFU/mL, indicating a low threshold of EILV is required to 

establish infection. 

Oral Infection of mosquitoes 

To determine the oral ID50, mosquitoes were fed artificial bloodmeals containing 

EILV-eRFP at 109, 107, and 105
 PFU/mL doses. Infection rates in the bodies of A. 

albopictus at 14 dpi ranged from 0%-8% at all 3 doses, with average virus titers of 1.5 

log10 PFU at both 109 and 107 PFU/mL doses (Table 13). Disseminated infection in the 

legs and wings was not detectable at any dose (Table 13). A. gambiae and C. 

quinquefasciatus were susceptible to infection only at the 109 PFU/mL dose, with body 

infection rates of 29% and 30%, respectively. Disseminated infection could also be 

detected in the legs and wings with rates of 21% and 30%, respectively (Table 13). Viral 

titers were similar in the bodies (1.6 vs. 1.6 log10 PFU) as well as legs/wings (1.4 vs. 1.5 

log10 PFU) in both species (Table 13). At the 107 PFU/mL dose, virus was detected in 

only 1/23 A. gambiae and in none at the 105 PFU/mL dose. Virus infection could not be 

detected in the bodies or legs/wings of C. quinquefasciatus at 107 and 105 PFU/mL doses 

(Table 13). In contrast to the other species, A. aegypti were susceptible at both 109 and 

107 PFU/mL doses, with body infection rates of 78% and 63%, and dissemination rates of 
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26% and 8%, respectively. Similar titers were detected at both doses in the bodies (2.3 vs. 

2.0 log10 PFU) and legs/wings (2.2 vs. 1.5 log10 PFU) (Table 13). Virus was not detected 

in either the bodies or legs/wings at the 105 PFU/mL dose (Table 13).  

To ensure the accuracy of infection rates as determined by eRFP expression, 

mosquito bodies from 109 PFU/mL group were also screened by plaque assay and RT-

PCR. Infection rates determined by eRFP expression and plaque assay were identical, 

whereas the utilization RT-PCR resulted in an increase of 8%-28% for all species except 

C. quinquefasciatus (Table 14). Although the infection rates did not change, smaller RT-

PCR products could be visualized in some samples indicating lose of eRFP cassette.   

 

DISCUSSION 

 Alphaviruses expressing fluorescent proteins have been shown to be powerful 

tools for the study of mosquito infection (163, 278-284). The fluorescent protein cassettes 

expressed by engineered viruses [Sindbis (SINV) and chikungunya (CHIKV)] are stable, 

both in vitro and in vivo (278, 279).  These viruses display similar replication kinetics, 

infection and dissemination rates in mosquitoes as wild-type (wt) viruses without 

expression cassettes (163, 278-280, 284). Consequently, they have been utilized to study 

infection dynamics, susceptibility of various mosquito organs and potential bottlenecks in 

vivo (163, 278-284). In order to perform similar studies, a EILV clone was engineered to 

express eRFP via an additional subgenomic promoter downstream of nsP4, a genetic 

placement that has been shown to be stable both in vitro and in vivo for SINV and 

CHIKV (278, 279). EILV-eRFP displayed similar plaque size and replication kinetics 

relative to wt EILV in C7/10 cells. eRFP cassette was shown to be stable in vitro over 5 

serial passages, where 90% of the plaque population retained eRFP expression, stability 

comparable to previous results with CHIKV and SINV expressing eGFP (278, 279). 

Virus infection could be visualized in the anterior and posterior midgut, hindgut, salivary 
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glands, and malpighian tubules. EILV-eRFP could also be recovered from bodies and 

legs/wings 14 days after oral infection, and infection rates determined by eRFP 

expression and plaque assay were identical indicating that the eRFP expression cassette 

was stable in vivo. However, the proportion of virus population expressing eRFP in vivo 

at 14 dpi was not determined. The detection of smaller RT-PCR products suggest that a 

portion of the virus population lost eRFP expression as observed in other studies (279, 

280).  

 Most mosquito species are susceptible to mosquito-borne alphavirus infection via 

the IT route; however, their oral susceptibility can vary greatly even within a species 

collected from different geographical locations (125, 159, 285-294). Principle vectors 

utilized for transmission can often be orally infected with only a few infectious particles, 

whereas susceptibility of other species may be similar to principal vectors, require 100-

1,000-fold higher amounts of virus to establish infection, or completely refractory to 

infection (159, 291-294). Our study is in agreement with these findings as all 4 species 

were susceptible to infection via the IT route but A. aegypti, A. gambiae, and C. 

quinquefasciatus required high oral infectious dose (109 PFU/mL) and A. albopictus were 

refractory to infection. EILV infected several mosquito organs, with the posterior midgut 

and salivary glands consistently infected via the IT route in most species. Infection in the 

posterior midgut was mainly associated with associated muscles, where the eRFP signal 

was more pronounced. The anterior midgut, hindgut, malpighian tubules and ovaries 

were either refractory to infection or supported minimal replication. Lastly, EILV was 

able to disseminate from the midgut, albeit only at a high oral infectious dose (109 

PFU/mL). 

 Mosquito-borne alphaviruses are maintained in nature in enzootic or endemic 

cycles between susceptible mosquito vectors and vertebrate hosts. In this two-host cycle, 

virus evolution is constrained and virus populations with the ability to infect both hosts 

are maintained (267-272). However, EILV is restricted at both the attachment and/or 
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entry, as well as at RNA replication levels in vertebrate cells and is therefore unlikely to 

be maintained in two-host cycle (272, Chapter 3). The lack of vertebrates in its 

maintenance cycle likely removed the evolutionary pressures that typically constrain two-

host cycle alphaviruses from adaptation to a single host. As a consequence of its one-host 

transmission, EILV probably adapted to a single mosquito host, resulting in a narrow 

vector range. This hypothesis is supported by the high ID50 values for oral route of 

exposure in mosquito species encompassing four genera. However, this hypothesis needs 

to be investigated further, as this is the first study investigating the in vivo vector range of 

an insect-only arbovirus. 

 The maintenance of EILV in nature presumably relies on vertical and possibly 

venereal transmission. These mechanisms have been shown for other alphaviruses; 

however the transmission rates are low and consequently it is thought that they play a 

minor role in maintenance in nature (191-197). Similarly, vertical and venereal 

transmission has been demonstrated for insect-only flaviviruses (222, 295, 296). 

However, in contrast to alphaviruses, vertical transmission of insect-only flavivirus 

produces infection rates ranging from 75%-100% in various mosquito life stages and 

consequently is thought to play a major role in natural maintenance (296). These 

mechanisms require investigation for EILV. 

EILV was isolated by from a pool of A. coustani in a survey of the Negev desert 

in Israel during 1982-1984 (244). Its apparently lack of a vertebrate host suggests that A. 

coustani likely is the mosquito species responsible for natural maintenance of EILV. If 

true, EILV would be only the second alphavirus described that utilizes Anopheles spp. as 

a natural vector. The other is ONNV, an African alphavirus that is transmitted to humans 

by A. gambiae and A. funestus, and has caused large epidemics of severe arthralgia (297-

300). A. coustani is found in Africa and parts of the Middle East; however, it is not a 

well-studied species (301). Limited data on A. coustani indicate that it can exhibit both 

zoophilic and anthropophilic feeding behavior (302-304). It is a secondary vector for 
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malaria parasite transmission in Africa but its role in human and/or animal disease 

transmission remains unknown (305-307). Lastly, whether A. coustani is the principle 

species responsible for the maintenance of EILV in nature remains to be determined. 
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Figure 32. Comparison of plaque size (A) and replication kinetics (B) of EILV and EILV-eRFP in C7/10 cells (+/-S.D.). 
 

 
Figure 33. Stability of eRFP cassette in C7/10 cells after five serial passages. Phase-contrast and fluorescent photographs of passage 1 
and 5 infection in C7/10 cells.  
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Table 10. Stability of eRFP cassette in C7/10 cells after five serial passages. Virus titers for passage one and 5 were generated with 
standard plaque assay. For eRFP expression plaques expressing eRFP were counted using fluorescent microscope.  
 
 
 
 



 

 
 

96 

 
Figure 34. EILV-eRFP infection of posterior midgut 7 dpi in mosquitoes infected via intrathoracic route at 107 PFU/mL. Phase-
contrast and fluorescent photographs were taken at 10X magnification.  
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Figure 35. EILV-eRFP infection of the posterior midgut 7 dpi in mosquitoes infected via 
intrathoracic route at 107 PFU/mL. Phase-contrast and fluorescent photographs were 
taken at 40X magnification.  
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Figure 36. EILV-eRFP infection of the salivary glands 7 dpi in mosquitoes infected via intrathoracic route at 107 PFU/mL. Phase-
contrast and fluorescent photographs were taken at 10X magnification.  
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Figure 37. EILV-eRFP infection of the anterior midgut (A) and malpighian tubules (B) 7 dpi in A. aegypti mosquitoes infected via 
intrathoracic route at 107 PFU/mL. Phase-contrast and fluorescent photographs were taken at 10X magnification.  
 
 
 

 
Table 11. EILV-eRFP infection of various mosquito organs 7 dpi. 10 mosquitoes/species were visualized with fluorescent 
microscopy.  
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Table 12. Mosquito infection dose 50 (ID50) via IT route. Mosquitoes were injected at 
doses ranging from 107-104 PFU/mL of EILV. Whole mosquitoes were analyzed post-
injection and 7 dpi at each dose via plaques assays. N = 5.
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Table 13. Oral infection of mosquitoes with EILV-eRFP.  Mosquito bodies and legs/wings were analyzed with plaques assays and for 
expression of eRFP in C7/10 cells. *Samples were below the limit of detection (101 PFU/mL) in plaques assays.  
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Table 14. Comparison of percent of mosquito bodies positive 14 dpi via eRFP expression, plaque assay and RT-PCR.  



 

103 
 

EILAT VIRUS AND SUPERINEFCTION EXCLUSION   

Chapter 5: Investigation of Superinfection Exclusion of Pathogenic 

Alphaviruses by Eilat virus in vitro and in vivo    

BACKGROUND  

Superinfection exclusion or homologous interference is a phenomenon where 

prior infection with a virus reduces or prevents a subsequent infection with a closely 

related virus. This phenomenon was first described in plants with two closely related 

genotypes of Tobacco mosaic virus (TMV), where plants previously infected with 

common-mosaic virus could not be subsequently infected with the yellow-mosaic 

tobacco virus (232, 308). This phenomenon has been successfully developed as a tool to 

prevent or reduce the loss of plants and is termed “cross protection” (309). Subsequently, 

this phenomenon was demonstrated with animal viruses including alphaviruses (233-241, 

243, 312-315). The available in vitro data demonstrate that a prior alphavirus infection 

can reduce or prevent replication of a superinfecting heterologous or homologous virus 

(233-239). These studies raise the intriguing possibility of utilizing alphavirus vectors as 

transmission control measures to limit or eliminate arbovirus circulation. However, this 

application has been hindered by lack of host-restricted, mosquito-borne alphaviruses, as 

all of the viruses within the mosquito-borne clade can replicate in both vertebrates and 

insects, and in addition many can cause severe disease in animals and humans (2). Here, 

we investigate the ability of the first mosquito-only alphavirus, Eilat virus, to exhibit 

homologous and heterologous exclusion. 

 

MATERIALS AND METHODS 
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Viruses and cells 

SINV (Eg339), EEEV-FL93, VEEV-IC (3908), WEEV-McM, CHIKV-JKT, and 

CHIKV-SL07 were obtained from World Reference Center for Emerging Viruses and 

Arboviruses at the University of Texas Medical Branch. SINV-eGFP (strain Tr-339), 

VEEV-TC83, and VEEV-TC83-eGFP were obtained from Dr. Weaver’s collection. The 

origin of the cell lines and culture conditions were described previously (Chapter 2, page 

32). 

Superinfection exclusion in C7/10 cells 

~20%-30% confluent C7/10 monolayers were infected with EILV or EILV-eRFP 

at a MOI of 10 PFU/cell or mock-infected; 24 hrs post-EILV infection monolayers were 

superinfected with homologous or heterologous viruses at an MOI of 1 or 0.1 PFU/cell 

(Fig. 38). Superinfection was monitored via replication kinetics and fluorescent 

microscopy (Fig. 38). For replication kinetics, three replicates of superinfection virus 

were performed to achieve the desired MOI followed by absorption for 1 hr at 28 °C. 

Following incubation, the inoculum was removed, monolayers were rinsed five times 

with room temperature DMEM to remove unbound virus, and 5 mL of growth medium 

were added to each flask. Aliquots of 0.5 mL were taken immediately afterward as a 

“time 0” sample and replaced with 0.5 mL of fresh medium. Flasks were incubated at 28 

°C, and further samples were taken at 6, 12, 24, 48, and 72 hrs post-superinfection, flash 

frozen in a dry ice/ethanol bath and stored at -80 °C. Imaging of viral infection via 

fluorescent microscopy was described previously (Chapter 3, page 59).  

Plaque Assay 

Virus titration was performed on 80% confluent BHK-s (in vitro experiments) or 

Vero (in vivo experiment) cell monolayers seeded overnight in six-well plates. Duplicate 

wells were infected with 0.1-ml aliquots from serial 10-fold dilutions in growth medium, 
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then 0.4 mL of growth media was added to each well to prevent cell desiccation, and 

virus was adsorbed for 1 hr. Following incubation, the virus inoculum was removed, and 

cell monolayers were overlaid with 3 mL of 1X DMEM with 1% FBS (v/v), 2% 

Penicillin-Streptomycin (v/v) and 0.2% agarose (v/v) (Lonza Inc., Allendale, NJ). Cells 

were incubated at 37 °C with 5% CO2 for 2 days for plaque development, the overlay was 

removed, and monolayers were fixed with 3 mL of 10% formaldehyde in PBS for 30 

mins. Cells were stained with 2% crystal violet in 30% methanol for 5 min at RT; excess 

stain was removed under running water and plaques were counted. 

Superinfection exclusion in mosquitoes 

Cohorts of 200 adult females Aedes aegypti, 5–6 days after emergence from the 

pupal state, were cold-anesthetized and were mock injected with PBS or with ~1 µL of 

EILV at 5 x 107 PFU/mL via the IT route (Fig. 45A). IT injection and mosquito 

processing protocol was described previously (Chapter 3, page 59; Chapter 4, page 89). 

Five mosquitoes were obtained from the EILV group 7 days post-injection, whole 

mosquitoes were titurated and infection was confirmed via plaque assay on C7/10 cells 

(Fig. 45A). At 7 dpi mosquitoes were orally fed CHIKV at 5 x 105 PFU/mL and 20 

mosquitoes per group were obtained 3, 5, 7, days post-CHIKV infection. For further oral 

infection protocol details see (Chapter 4, pages 87). Mosquito bodies and legs/wings were 

triturated separately in 500 μL of 1X DMEM containing 20% FBS (v/v), 1% penicillin-

streptomycin (v/v), and 5 µg/mL amphotericin B using a Mixer Mill 300 (Retsch) (273). 

Samples were centrifuged at 18,000 x g for 5 minutes and supernatants from each sample 

were analyzed for cytopathic effects (CPE) on Vero cells. All positive samples from days 

3, 5, and 7 post-CHIKV infection were titrated via plaque assay in Vero cells. Number of 

samples tittered: all positive samples at 3 day post-CHIKV infection, N =10 5 day post-

CHIKV infection and N = 5 7 day post-CHIKV infection.  

Statistics 
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RStudio (Version 0.97, RStudio, Boston, MA) running R (Version 3.0.1, R 

Development Core Team, Vienna, Austria) software was used for statistical analysis. 

Significant differences in mean titers during superinfection were determined using two-

way ANOVA for all viruses followed by Tukey Test. Two-tailed Fisher exact test was 

perform to determine significant differences in dissemination rates. 

 

RESULTS 

Exclusion of homologous virus in C7/10 cells 

In order to perform superinfection experiments with homologous and 

heterologous viruses in vitro in C7/10 cells, an optimal MOI to establish EILV infection 

in C7/10 cells was investigated. Infection of C7/10 cells at a MOI of 10 with EILV-eRFP 

was able to establish infection in >90% of cells within 24 hours and was subsequently 

utilized for superinfection experiments (Fig. 38). To investigate exclusion of homologous 

virus, C7/10 cells were infected with EILV at a MOI of 10, followed by infection with 

EILV-eRFP at an identical MOI (Fig. 39). Almost all of the mock-infected cells 

expressed eRFP 24 hpi, whereas little or no expression was observed in EILV-infected 

cells up to 72 hrs post-superinfection, indicating exclusion of homologous virus (Fig. 40).        

Exclusion of heterologous viruses in C7/10 cells 

 To investigate exclusion of heterologous viruses, C7/10 cells were infected with 

EILV at a MOI of 10 to establish infection and 24 hrs post-EILV infection, cells were 

superinfected with SINV-eGFP or VEEV-TC83-eGFP at MOI of 1 or 0.1 (Fig. 38). 

Exclusion of heterologous virus was monitored by eGFP expression via fluorescent 

microscopy (Fig. 41). Most of the mock-infected cells expressed eGFP 24 hrs post-

infection with SINV-eGFP or VEEV-TC83-eGFP, whereas minimal eGFP expression 

was detected in EILV infected cells at both MOIs (Fig. 41). At 72 hrs post-
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superinfection, the lower eGFP expression was maintained in cells superinfected with 

SINV; in contrast, eGFP expression was similar in both mock or EILV infected cells 

(Fig. 41).       

 To further explore heterologous exclusion, virus replication was also monitored 

via replication kinetics. Following mock or EILV infection, C7/10 cells were 

superinfected with SINV or VEEV-TC83 at MOI of 1 or 0.1 (Fig. 38). EILV infected 

cells displayed significant reduction in virus titers at early time points (6, 12, and 24 hpi) 

after SINV or VEEV-TC83 infection at both MOIs (Fig. 42). SINV and VEEV-TC83 

titers were reduced by ~100- to 10,000-fold between 6 and 24 hpi (Fig. 42). In addition to 

the reduction in virus titers, the replication kinetics of superinfecting virus were delayed 

by 12-48 hrs regardless of heterologous virus or MOI (Fig. 42). These data corroborated 

results obtained via fluorescent microscopy and suggest that prior EILV infection was 

able to induce heterologous interference that significantly reduced virus production and 

delayed replication kinetics.      

Next, we investigated the heterologous exclusion of pathogenic alphaviruses 

associated with severe human disease: EEEV-FL93, VEEV-IC (3908), WEEV-McM, and 

CHIKV (JKT). C7/10 cells were infected with EILV at MOI of 10 followed by 

superinfection with heterologous viruses at a MOI of 0.1 (Fig. 38). Similar to the effect of 

superinfection on SINV and VEEV-TC83, all heterologous viruses displayed significant 

reductions in virus production and delayed replication kinetics at early time points in 

EILV-infected cells (Fig. 43). Virus titers of superinfecting virus were reduced by ~10- to 

1,000-fold at time points 6, 12, 24 and 48 hrs post-superinfection, with WEEV-McM and 

VEEV-IC displaying the greatest reduction of ~1,000-fold (Fig. 43). Replication kinetics 

of superinfecting viruses were also delayed by at least 12-48 hrs (Fig. 43). WEEV-McM 

was the only virus that was able to achieve peak virus titers similar to those in mock-

infected cells, whereas the peak titer of other three viruses was ~10- to 52-fold less than 

there respective mock counterparts (Fig. 43). 
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Exclusion of heterologous virus in A. aegypti mosquitoes 

To investigate superinfection exclusion in mosquitoes, cohorts of A. aegypti were 

injected via the IT route with ~1 µL of EILV at 107 PFU/mL to establish infection (Fig. 

44A). Five mosquitoes were obtained 7 days post-injection to confirm EILV infection via 

plaque assays. The mosquito infection rate was 100% 7 days post-injection with an 

average titer of 2.9 log10 PFU/mosquito (Fig. 44B). At 7 days post-EILV injection, 

mosquitoes were orally fed CHIKV-SL07 at 5 x 105 PFU/mL and CHIKV infection was 

monitored via CPE and plaque assays on Vero cells. Mosquito body infection rates were 

lower in the EILV-infected group than in the mock cohort at 3 and 5 days post-

superinfection: 70% vs. 95% and 75% vs. 85% (Fig. 44C). However, by day 7 post-

superinfection the body infection rate was identical in both groups (75%) (Fig. 44C). 

EILV infection was able to prevent CHIKV dissemination to legs and wings at 3 days 

post-superinfection, whereas the dissemination rate was higher or identical at 5 and 7 

days post-superinfection, respectively, than in the mock-infected group (Fig. 44C). 

Lastly, CHIKV titers in both bodies and legs/wings were similar at all time points in both 

EILV- and mock-infected groups (Fig. 44C).      

 

DISCUSSION   

 Superinfection exclusion has been investigated previously with alphaviruses in 

mosquito and vertebrate cell lines. A. albopictus cells persistently infected with SINV are 

resistant to subsequent infection with homologous virus (234-236). Similarly, 

superinfection of A. albopictus cells persistently infected with CHIKV or SINV reduce 

virus titers of heterologous superinfecting viruses (UNAV, SFV, SINV, CHIKV, 

AURAV, and RRV) by ~10- to 1,000-fold (237, 238). In addition, studies with chick 

embryo cells infected with West Nile, yellow fever or VEEV viruses demonstrate ~25- to 
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10,000-fold reduction in virus titers when superinfected with VEEV or EEEV (233, 239). 

In the current study, we investigated whether superinfection exclusion can be induced 

with the mosquito-only alphavirus, EILV. EILV infection almost completely prevented 

subsequent infection with EILV-eRFP, where only ~2-5 cells expressing eRFP could be 

observed per 105 cells. In addition, EILV infection reduced virus production by ~10- to 

10,000-fold and delayed the replication kinetics of heterologous superinfecting viruses by 

at least 12-48 hrs (SINV, VEEV, EEEV-FL93, CHIKV, WEEV-McM). These results 

demonstrate that EILV infection in vitro is capable of inducing homologous and 

heterologous interference at levels comparable to previous studies with other 

alphaviruses.  

 Limited studies have investigated homologous and heterologous interference in 

vivo with arboviruses. An elegant study utilizing temperature sensitive La Crosse mutants 

was able to demonstrate homologous interference in Aedes triseriatus mosquitoes by 

reducing superinfecting virus production by ~10- to 500-fold (243). The available 

literature investigating heterologous interference with mosquito-only viruses is from 

studies with the flavivirus, Culex flavivirus (CxFV). However, these studies have yielded 

contradictory results; C. pipiens naturally infected with CxFV had reduced WNV viral 

loads and dissemination rates 7 dpi after oral superinfection with WNV (241). 

Meanwhile, C. quinquefasciatus intrathoracically infected with CxFV displayed no 

difference in vector competence for WNV than their mock-infected counterparts (242). 

Currently, there are no published studies exploring homologous interference in 

vivo with alphaviruses. Limited data from studies investigating the ability of genetically 

engineered alphaviruses to reduce/prevent arbovirus infection via RNAi were unable to 

demonstrate any effect in mosquitoes (314, 315). Here, we report the first evidence of 

heterologous interference in vivo with mosquito-only EILV virus. Prior EILV infection in 

A. aegypti was able to reduce body infection rates and prevented CHIKV dissemination 

from the midgut at early time points. These results are similar to those obtained in CxFV 
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studies and further studies are required to investigate this effect with other pathogenic 

alphaviruses (241).  

 EILV-mediated heterologous interference was not observed at later time points in 

mosquitoes. There are several possible explanations for the lack of heterologous 

interference; 1) decreased EILV replication leads to reduced interference, enabling 

CHIKV replication; 2) EILV and CHIKV may have different cell tropisms in vivo and 

consequently there limited coinfection of cells after dissemination from the midgut; 3) the 

intrinsic ability of EILV to induce interference mechanism/s may be lower in vivo than in 

vitro; and 4) CHIKV may be able to overcome EILV-mediated interference mechanism/s. 

EILV titers at 7 days-post injection were ~100-fold lower than those reported for CHIKV 

in A. aegypti, suggesting that a decrease in EILV replication may play a role in reduced 

heterologous interference (278). However, these hypotheses require further investigation.    

 Interference mechanisms that prevent or reduce infection of superinfecting virus 

have been shown to act on various stages of the virus replication cycle: down regulation 

of virus receptor expression, reducing/preventing entry; reduced endocytic vesicle 

formation; decreased internalization of bound ligands/receptors; competition for coated 

pits; prevention of disassembly by encapsidation of incoming viral genomes; poor 

acidification of early endosomes, preventing fusion with the host membrane; inhibition of 

nucleocapsid Uncoating; inhibition of viral replication; competition for host factors; and 

RNA silencing by the primary virus, resulting in sequence-specific degradation of 

superinfecting virus (310-324). Limited studies have examined interference mechanisms 

induced by alphaviruses including induced reduced binding, inefficient penetration, and 

inhibition of nucleocapsid uncoating of homologous superinfecting virus (319). 

Additional studies utilizing temperature sensitive mutants demonstrated that homologous 

interference can be achieved within 1.5 hours post infection in both BHK-21 and A. 

albopictus cells, and the observed interference is due to the inhibition of replication of 

challenge virus post attachment and entry, and of the translation of nonstructural proteins 
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(235, 236). This interference was attributed to cleavage of P123 polyprotein, an essential 

component of the negative strand replicase, by nsP2 of the primary virus, thus preventing 

negative strand synthesis. Several studies have produced indirect evidence supporting this 

hypothesis; however formal proof is lacking (326, 327). The in vitro results of our study 

do not support this hypothesis. SINV nsP2/3 cleavage site is identical to that of EILV and 

its nsP1/2 site differs only by one amino acid; consequently there should be greater 

exclusion of SINV than of WEEV, whose nsP cleavage sites display greater sequence 

divergence (Table 5). Superinfection with SINV and WEEV resulted in almost identical 

levels of reduction in virus production and delays in replication kinetics (Figs. 42, 43). In 

fact, much greater difference was present at 48 hrs post-superinfection with WEEV 

(~1,000-fold) than SINV (~10-fold) (Figs. 42, 43). These data indicate premature 

cleavage of the superinfecting virus negative strand replicase may play only a minimal 

role in preventing replication. The observed interference is likely due, in part, to RNAi, 

which has been shown to be an important antiviral defense in mosquitoes in response to 

alphavirus infection (168-173, 328). However, this and other mechanisms require further 

investigation. 

 Heterologous interference can be utilized to control transmission of pathogenic 

arboviruses. However, many arboviruses have broad host ranges and infect many insects 

and vertebrates species, enabling persistence in nature as well as the ability to cause 

severe disease in animals and humans (261). Many mosquito-borne alphaviruses such as 

CHIKV, SINV, GETV, RRV, HJV, FMV, VEEV, WEEV, and EEEV cause disease 

characterized by debilitating arthralgia or fatal encephalitis (2). Consequently, none of 

the mosquito-borne alphaviruses can be readily utilized as a potential biological control 

measure. However, host restricted viruses, such as EILV and CxFV, which do not 

replicate in vertebrate cells, can in theory be developed to control arbovirus transmission. 

The available data demonstrate that the intrinsic ability of both EILV and CxFV to 

interfere with pathogenic arboviruses in vivo is modest and requires improvement. One 
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promising strategy is to genetically engineer EILV and other viruses to deliver siRNA 

targeting pathogenic viruses (329-331). Infection of C6/36 with a SINV clone encoding 

anti-sense sequences of dengue virus rendered cells resistant to infection with dengue-2 

(DENV-2) (329). A. aegypti mosquitoes infected with the same SINV clone were unable 

to support DENV-2 replication in salivary glands and consequently were unable to 

transmit virus (330). Similarly, SINV clones engineered to target the S segment of La 

Crosse virus reduced virus replication both in vitro and in vivo (331). Taken together, 

these data suggest that either the intrinsic properties and/or genetically engineered clones 

of EILV could potentially be utilized as vector control measures.  
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Figure 38. Experimental design to investigate homologous and heterologous 
superinfection exclusion.  
 
 
 
 
 
 

 
 
Figure 39. EILV-eRFP infection of C7/10 cells at MOI of 10. Phase contrast and 
fluorescent field micrographs were taken at 24 hpi.   
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Figure 40. Superinfection exclusion of homologous virus.  Phase contrast and fluorescent photographs were taken at 24 and 72 hrs 
post-superinfection.    
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Figure 41. Superinfection exclusion of heterologous viruses, SINV-eGFP (A) and VEEV-TC83-eGFP (B). Phase contrast and 
fluorescent micrographs were taken at 24 and 72 hrs post-superinfection.   
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Figure 42. Superinfection exclusion of heterologous viruses, SINV (A) and VEEV-TC83 (B). Each time point represents average of 
triplicate infections. Standard deviation is shown for each time point. p-values <0.02 are indicated with *.  
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Figure 43. Superinfection exclusion of heterologous viruses, EEEV-NA (A), VEEV-IC (B), WEEV-McM (C), and CHIKV-JKT (D). 
Each time point represents average of triplicate infections. Standard deviation is shown for each time point. p-values <0.04 are 
indicated with *.  
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Figure 44. CHIKV-SL07 superinfection of EILV infected A. aegypti mosquitoes. Outline of experimental design (A). EILV infection 
in mosquitoes 7 dpi and CHIKV blood meal titer (B), and CHIKV-SL07 superinfection of mosquitoes 3, 5, and 7 dpi (C). Bold 
indicates p-value = 0.003.
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EILAT VIRUS ORIGIN AND POTENTIAL APPLICATION 

Chapter 6: Eilat Virus Origin, Evolutionary Implication, Mutations 

responsible for EILV host restriction, and its applications  

EILAT VIRUS ORIGIN 

The presence of EILV vertebrate host range restriction at attachment and entry as 

well as genomic RNA replication is extraordinary since it phylogenetically groups within 

the mosquito-borne alphaviruses that possess broad vertebrate host range and are 

responsible for severe disease in domesticated animals and humans (Chapter 2). Thus this 

placement implies that alphaviruses can potentially lose or gain the ability to infect either 

host. This raises an intriguing possibility about the evolutionary origin of EILV.   

Lose of host range hypothesis 

EILV may have been a member of the WEE complex that lost the ability to infect 

vertebrates as the virus adapted to its mosquito host. In this hypothesis, the sP sequences 

diverged quickly whereas as nsPs sequences evolved at a slower rate. Several lines of 

evidence support this hypothesis: 1) Available analysis shows that nsPs, which are 

responsible for viral replication, are more conserved within the genus even amongst 

distantly related aquatic alphaviruses, whereas sPs required for attachment and entry 

display greater sequence divergence; 2) antigenic cross reactivity of EILV with members 

of WEE complex (SINV, WEEV, and AURAV) in complement fixation and 

hemagglutination inhibition assays; 3) The phylogenetic placement based on the nsP 

ORF groups EILV within the WEE complex basal to WHATV with high posterior 

probability and bootstrap support, and; 4) EILV nsPs and sPs display greater amino acid 

identity to SINV, WHAT, and AURAV than to other mosquito-borne viruses; nsP1 (71-
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73%), nsP2 (60-65%), nsP4 (74-77%), capsid (50-53%), E1 (49%-50%) and E2 (40%-

42%) (Chapter 2. The proposed hypothesis provides an interesting interpretation of theses 

results, especially the inconsistent phylogenetic placement of EILV based on nsP or sP 

ORFs.   

PLAUSIBLE SCENARIO OF LOSE OF EILV HOST RANGE 

EILV may have been a SINV-like virus that was transported via migrating birds 

to the Negev desert. There likely due to limited availability of the vertebrate host/s, the 

virus under evolutionary pressure to either go extinction or adapt to a single host for 

survival. EILV is an example of the later adaptation. A critical step for this adaptation is 

the ability to infect germ line cells to ensure maintenance of virus via transovarial and/or 

venereal transmission. This adaptation was likely followed by temperature sensitive 

mutations and other host-specific adaptation in both nsP and sP ORFs. Over time as 

mutations accumulated, the ability to infect vertebrate hosts was completely lost. 

Gain of host range hypothesis 

EILV and other undiscovered mosquito-only alphaviruses may represent ancestral 

lineages that gained the ability to infect vertebrates and thereby give rise to dual host 

alphaviruses. Currently, no data are available to support this hypothesis for alphaviruses. 

However, in the family Flaviviridae, genus Flavivirus most of the mosquito-only 

flaviviruses are basal to the main branch of mosquito- and tick-borne pathogenic 

vertebrate viruses, suggesting that the pathogenic Flaviviruses evolved from mosquito-

only viruses (332). Additionally, insect species far outnumber vertebrate species, ~16:1, 

and consequently will have larger viromes (333). It may be that insect-only viruses may 

vastly outnumber the dual host arboviruses. However, these viruses have not been 

sampled as frequently as vertebrate viruses and require studies into insect virome 
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diversity. The identification, phylogenetic placement and phenotypic studies are required 

to investigate this hypothesis.   

CHALLENGES IN INESTIGATION OF HOST RANGE HYPOTHESISES  

The basic assumption in both hypotheses is that both dual host and mosquito-only 

alphaviruses have been sampled equally. However, this is not the case as it took almost 

80 years and a serendipitous accident to discover the first mosquito-only alphavirus, 

EILV. There are several factors that represent major obstacles in discovering new 

mosquito-only viruses. First, many alphaviruses have been isolated due to their ability to 

induce human and animal disease (2). Second, historically, virological techniques used to 

screen potential virus isolates are typically dependent upon the ability of virus to induce 

cytopathic effects in vertebrate and/or insect cell lines (266). Third, lack of widespread 

molecular techniques in screening of vertebrate and/or insect samples. Currently, the use 

of RT-PCR is limited as most protocols screen for only pathogenic alphaviruses targeting 

highly conserved sequences and may not suitable for detection of new alphaviruses (334-

338). Fourth, mosquito-only arboviruses have simply been ignored by research 

community. The first mosquito-only arbovirus, Cell fusing agent, was isolated in 1975 

(218). Subsequently multiple mosquito-only arboviruses have been identified in the last 

decade, however little or no data has been published investigating the biology, evolution, 

and the nature of host range restriction of these viruses (218-231, 262). Fifth, until 

recently new sequencing technology was not available for large-scale use in arbovirus 

discovery (339). Sixth, during the recent decades there has been a decline in financial 

support for arbovirus discovery (340). The later probably is the most important factor 

hindering the discovery of mosquito-only arboviruses. The support of Rockefeller 

Foundation in the early part of the 20th century enabled the establishment of the many 

preeminent arbovirus research groups (340). The funding led to development of 

infrastructure (i.e. collection stations and laboratories) around the world, new techniques, 
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and training of next generation of arbovirologists. All of these led to the discovery of 

many arboviruses in multiple virus families (340). Unfortunately, the Rockefeller 

Foundation support ended almost 40 years ago and other funding sources have not filled 

the void. All of these factors have played a role in hindering the discovery of new single 

host and dual host arboviruses including mosquito-only viruses. 

 

EVOLUTIONARY IMPLICATION OF PROPOSED HYPOTHESES  

Regardless of either hypothesis, there are several important evolutionary 

implications. First, the gain or loss of host range may be common amongst alphaviruses 

as well as other arboviruses. This hypothesis is supported by the utilization of swallow 

bugs, Oeciacus vicarious, as insect vectors by two WEE complex members, Fort Morgan 

virus (FMV) and its variant Buggy Creek (BCV) (126, 127). These viruses represent the 

only exception to the utilization of mosquitoes as insect vectors within the genus. 

Experimental infection of Culex and Culiseta mosquitoes with FMV showed that both 

species were refractory to infection via the oral route and could only support minimal 

replication following intrathoracic injection (125, 341). Phylogenetic placement of FMV 

and BCV within the mosquito-borne clade suggests that an ancestral WEE complex 

alphavirus adapted from mosquitoes (order Diptera) to another insect order (Hemiptera), 

which subsequently reduced its fitness in the donor mosquito host (262). Second, it 

implies the presence of two yet undiscovered, single-host groups within the genus: 1) 

viruses similar to EILV that will group in the mosquito-borne clade, and; 2) a group 

outside the main clade such as SESV. This would be consistent with the presence and 

phylogenetic placement of insect-only and no-known-vector viruses within the genus 

Flavivirus. The insect-only flaviviruses are present within both the mosquito-borne clade 

as well as in a separate, basal group within the genus Flavivirus, whereas no-known-

vector flaviviruses group basal to the main branch of mosquito- and tick-borne 
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pathogenic vertebrate viruses (332). Third, adaptation to one host over time leads to host 

specialization or niche adaptation. EILV has host range restriction present at multiple 

levels and may not be able to readily gain the ability to infect vertebrates. Such 

adaptation can facilitate significant sequence divergence over time resulting in 

phylogenetic placement of such viruses outside the main mosquito-borne clade. Thus, 

insect-only viruses such cell-fusing agent and others in genus Flavivirus not only 

represent an ancestral lineage from which viruses gained the ability to infect vertebrates 

but also may serve as a repository for viruses that have undergone single-host adaptation. 

Consequently, EILV likely represents an evolutionary “snap shot” of a virus with such 

adaptation. Further investigation into EILV and other insect-only viruses across the 

arbovirus families is required to determine the evolutionary relationships of such viruses. 

 

MUTATIONS RESPOSNSIBLE FOR EILV HOST RESTRICTION AT THE RNA REPLICATION 
LEVEL  

The presence of EILV vertebrate host range restriction at the attachment and entry 

levels, as well as genomic RNA replication implies that only a few mutations in the nsPs 

and/or divergence of protein domains may be responsible for its host restriction. In order 

to identify these mutations, the nsP ORF, minus the nsP3 hypervariable domain, of all 

known members of genus Alphavirus were aligned and EILV-specific mutations in each 

individual protein were identified. The analysis yielded a total of 153 EILV specific 

mutations in the nsP ORF [nsP1 (20), nsP2 (43), nsP3 (74), and nsP4 (16)] and of 153 

mutations 57 were in conserved sites relative to the mosquito-borne clade in EILV [nsP1 

(10), nsP2 (15), nsP3 (28), and nsP4 (4)]. (Tables 15-18). 

nsP3 protein contained a considerable number of overall mutations than all three 

large nsPs combined. The 325 aa of nsP3 (macro and Zn binding domains) contained 

almost the same number of mutations as the combined length of all other nsPs, totaling 
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1,959 aa (Tables 15-18). In addition, it accounted for the almost half of the specific  

mutations in EILV. The macro- and Zn-binding domains that comprise the 325 aa were 

further analyzed; 50 of the 74 EILV specific were located in the macro-domain (Table 

17). Additionally, amino acid comparison showed that the EILV nsP3 macro-domain was 

the most divergent within the genus (Table 19, Fig. 45-48). Phylogenetic analysis showed 

EILV nsP3 branch length was the longest in the mosquito-borne clade further 

demonstrating the divergence of nsP3 (Fig. 45-48). To ascertain whether the divergence 

of macro domain was also observed at the structural level, a homology model of EILV 

nsP3 was generated utilizing published structure of nsP3. An alpha helix located at the 

top of the macro domain found in all alphavirus including aquatic viruses (SPDV, SESV) 

was disrupted in EILV along with nearby beta sheets (Fig. 49). This location of the alpha 

helix suggests that it likely interacts with vertebrate host proteins as the helix is intact 

even in aquatic viruses (Fig. 49). Taken together these data suggest that the adaptation to 

a single host released the evolutionary pressure to conserve the macro domain as required 

for the dual host cycle and once released from this requirement the macro domain 

diverged at both primary sequence and structural levels. Consequently, the macro domain 

of EILV nsP3 may play a role in the host restriction.  

Nearly two-thirds of EILV-specific aa mutations were in positions where 

alphaviruses tolerate many types of amino acid substitutions (Tables 15-18). In order to 

understand the nature of these mutations, a homology model of EILV nsP2 and nsP3 

polyprotein structure was also constructed. Many of the EILV-specific point mutations 

were on the surface of the nsP2 and nsP3 polyprotein and further analysis at the interface 

of nsP2 and nsP3 showed that these appeared to be compensatory mutations (Fig. 50). 

Although no structural data is available on nsP1 and/or nsP4, the later model implies that 

the nsP1 and nsP4 are also likely to be on the surface and may be compensatory as well 

(Fig. 50). Taken together these data suggests that many of the EILV nsPs mutations are 

probably involved in formation of functional replicative complexes. This hypothesis is 
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supported by the failure to recover infectious SINV/EILV nsP chimeras as the EILV 

nsP/s would be incompatible to form functional replicative complexes with SINV nsPs 

(see chapter 3). However, these hypotheses require further investigation.  

 

APPLICATIONS OF EILAT VIRUS 

Utilization as a vaccine vector 

Due to the presence of host range restriction at the RNA replication level EILV 

virus can be utilized for vaccine purposes. As a proof of concept, an EILV clone was 

generated containing the EEEV-FL93 structural proteins.  

IN VITRO CHARACTERIZATION OF EILV/EEEV CHIMERA 

The EILV/EEEV chimera could be readily rescued in C7/10 cells; however the 

titer of the rescue virus was low, 105 PFU/mL. The chimera was subsequently passaged 

in C7/10 cells to increase virus yield. Virus production increased by ~100-fold at passage 

five and ~500-fold by passage ten (Table 20). To ensure that the EILV/EEEV chimera 

retained its host-restricted phenotype in vertebrates, a cDNA clone was engineered to 

express eRFP under an additional subgenomic promoter control down stream of nsP4. 

The lack of eRFP expression indicated that the chimera unable to replicate in three 

vertebrate cell lines (HEK-293, BHK-21 and Vero) even when the viral genomic RNA 

was electroporated into the cells (Fig. 51). These data demonstrated that the EILV/EEEV 

chimera was able to retained its host-restricted phenotype in vertebrate cell lines.  

NEUROVIRULENCE STUDY IN MURINE MODEL 

To demonstrate the safety of EILV-based chimeras, an intracranial neurovirulence 

study in 7 day-old CD-1 mice was performed. A live-attenuated vaccine, VEEV-TC-83, 

was utilized a positive control at a sub-lethal dose. EILV/EEEV and C7/10 cell proteins 
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were purified via rate-zonal centrifugation on sucrose gradients. The later was utilized as 

a negative control. Both VEEV-TC83 and EILV/EEEV were injected via the intracranial 

route at 107 PFU/animal. Signs of clinical disease, virus replication, and injury to brain 

tissues were assessed. The EILV/EEEV-injected mice did not display any signs of 

clinical disease, similar to the negative controls (Fig. 52 A and B). The decay of the 

initial inoculum was observed via plaque assay and real-time PCR and virus could not be 

detected with either method past day 3 post-injection (Fig 52 C and D). The extent of 

brain injury was measured by histopathologic examination at various time points post-

injection, and no discernible difference in tissue pathology could be observed in animals 

injected with EILV/EEEV or C7/10 cell proteins (Fig. 53). In contrast, animals receiving 

VEEV-TC83 displayed signs of clinical disease, considerable virus replication and brain 

injury. Weight loss began by day 3 post-infection with a peak loss of 12% at day 6 post-

injection (Fig. 52A). Virus replication could be readily detected in the brain tissue with 

peak titers of 108 PFU/g (Fig 52 C). At day 5 post-infection, five animals displayed 

neurological signs and were subsequently sacrificed (Fig. 52 B). Brian injury could be 

detected via histopathlogic examination during acute infection highlighted by neuronal 

necrosis including the destruction of neurons, glial cells, and oligodendrocytes (Fig. 53). 

Inflammatory lesions were also distributed throughout the brain highlighted by 

inflammatory infiltrate and perivascular cuffing (Fig. 53). These data demonstrate that 

EILV-based vaccine chimeras are considerably safer than a currently used live-attenuated 

vaccine in a stringent murine model.   

 EILV/EEEV IMMUNOGENITY  

Next, to determine whether the EILV/EEEV chimera could elicit immune 

responses, an immunogenicity study was performed in 4-5 week-old CD1 mice. Mice 

were immunized via the intramuscular route with EILV/EEEV at 108 and 107 

PFU/animal, a commercially available EEEV veterinary vaccine, or inactivated EEEV-
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FL93 at 108 PFU/animal. All vaccinated animals were able to generate neutralizing 

antibody response 28 days post-vaccination (Fig. 54). The animals receiving EILV/EEEV 

at 108 PFU/animal dose gave the highest neutralizing titers, ~2 fold higher than other 

groups (Fig. 55). Four weeks post-vaccination animals were challenged with a lethal dose 

of EEEV-FL93 at 105 PFU/animal via the intraperitoneal route. All animals regardless of 

vaccine group were protected against lethal EEEV-FL93 challenge (Fig. 55). One 

possible explanation for higher immune responses induced by EILV/EEEV chimera is the 

carbohydrate composition of mosquito-derived virus may inhibit host immune response  

thus mimicking natural infection (342). These data demonstrate that EILV/EEEV 

chimera is immunogenic as the currently available veterinary vaccine and can provide 

protection against lethal EEEV-FL93 infection.     

Study of alphavirus virion surface spike structure  

Many alphaviruses are bio-safety level 3 (BSL-3) pathogens and accordingly 

cannot be readily utilized outside high containment laboratories. And to date many of the 

published studies have utilized vaccine strains, BSL-2 viruses, or secreted forms of 

glycoproteins to study virus spike structure. Due to the nature of EILV host range 

restriction, EILV chimeras can be engineered to encode structural proteins of pathogenic 

alphaviruses. As a proof of concept, the virion structure of EILV/EEEV was determined 

via cryo-EM. Single particle reconstruction at 20-Å-resolution of EILV/EEEV showed 

that virions were spherical in shape, ~70 nm in diameter, and surface spike structure was 

similar to other alphaviruses (Fig. 56). To date this is the first study to examine the 

EEEV-FL93 spike structure. These data demonstrate that EILV chimeras can be utilized 

as a tool to safely study the surface spike structure of pathogenic alphaviruses.   

Utilization of EILV chimeras as antigen for diagnostic assays 
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The studies above demonstrate that EILV chimeras can be successfully 

engineered, form virion structure similar to other alphaviruses, elicit protective immune 

responses in vivo, and are safe. Consequently, these chimeras can be utilized as antigens 

in EILSA based diagnostic assays. These chimeras can be further developed via 

immunochromatography on test strips for diagnostic and/or large-scale serosurveys in the 

field. This application of EILV chimeras is currently under investigation. 



 

129 
 

129 

 
 
Table 15. Identification of EILV specific mutations in nsP1. Substitutions unique to 
EILV nsP1 are in bold. 

Protein Domain Position EILV MBC AC
nsP1 23 H S, C, A C, A

32 N Q, R, K, T, L, E, V R, S
47 C L, V L
55 A L, H, S, G, T, Q, M N, R
62 P T, V, L, I V

235 L K, Q, R, T, N K, V
296 N G G
334 S Y Y
383 H Y Y
445 E P, A, Q, N, V P
451 S F, L F, S
455 I - -
457 R W, T, A, S, N, G W, S
467 L Q, R, N, D, T, H K, Q
496 F A, M, L, R A
507 V E E, R
510 N R, A, L, H H, Q
511 N K, E,A, V, I A
522 D - -
523 P - -

N-terminus

C-terminus
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Table 16. Identification of EILV specific mutations in nsP2. Substitutions unique to 
EILV nsP2 are in bold. 
 

Protein Domain Position EILV MBC AC
nsP2 61 E A, S, K, Q, P A, P

63 A E, D E
66 S D, H, T D, N
69 M V V
72 P T, V, L, I V
83 C L, A, Q Q
86 A S A
97 M F F

100 D N N, C
104 A Y, H, W, K Y, D
105 Y H Y, Q
139 M G, K, R K, R
143 P R, K P, K
144 T R, K L, K
145 K E, N, S, A, G, T, D, A, E
167 Q E E
170 Y K, R K, R
177 P K, H, N, Q D
250 H Y, F Y
277 C Y C
301 V R, K, N -
339 A C, S, R, K, Y, N V, C
392 R G, S G, K
422 H D, K, G, N, E, D
423 T K, R R, E
436 H Q, Y, T, V, I L, I
519 F Y, M, I, V, A V, A

550** V A, R -
551** S E, D, A -
552** R I, V, G, S -
553** Y D, G, S, A -
554** H R -
563 N P, E, V A, N
565 E Q, T, N, G, A, K, I, P, R G
616 I N, S, R C, I
622 K V, T, I T, V
639 A Q, K, T E
641 Q K, P, R, T, I, S, N, V P, S
643 F N, H, K, S, R, Y S, N
650 S E, K, A, G, D, P C, A
687 H Y, F Y, F
801 P - -

N-terminus

Helicase

C9-peptidase 

C-terminus
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Table 17. Identification of EILV specific mutations in nsP3. Substitutions unique to 
EILV nsP3 are in bold. 

Protein Domain Position EILV MBC AC
nsP3 5 S R, H, A R

16 S E, D, A T, E
17 H E, Q, G, T, S, A E
21 V N N
22 P A, Q A
26 R G, N G
29** Deletion P, V, K, I P
30** Deletion G, C G
32 Y C C
35 C V, I, L I, L
43 P F, L F
46 E T, A, S, Q, R, V, L G
47 W P, A, K, T, A, S, K, A
50** Deletion V, T V, A
52 T A, S C, A
53 L K, R, H, V K, V
54 F L, M, T ,S A, L
55 S V, I, R, K, T V
61** Deletion L, H, G, A, N, D, E, S, D, L
61 T I, V, L I
63 Q H H
65 C V, Y V
66 V G, C G
68 S N, D D
69 L F, Y F
70 Q S, N, R, G, K, H R
73 D S, T, A, P, Q G, D
74 T E, D, L E
76 S E, D, V E, T
77 T G, A G
78 Q D, N, T, L, E D, A
84** Deletion L, K, Q, E, D L, Q
85** Deletion L L
86** Deletion Q, A, S, R R, A
87** Deletion N, R, A, E, S M, A
92 Q N, G, R, H, S, T, K G
94 P K, S, T, N, R, Q, E H, T

103 M T T
104 K G G, H
105 K I, V, A, T I

114** Deletion Y, F Y, F
106 T S, A, G S
108 T G, N, S G
111 T R R
113 S R, D, E, M, A, T, L, Y, H, Q D, E
120 V L, F, T F
129 N D, R E, D
138 S K, Q, T, E, D, A, N T, N
139 R W W, M
140 L E, Q, K, E, A
157 I E, K, L, A, D, V, T, C V
177 R A, K, V E, A
201 M A, T, C, V T, A
205 F I, M V, M
210 S A, V, T A
216 M Q, I, T, S, A, E P, K
225 L Y Y
233 G S, C, A, I, N, Q Q, D
241 T E, D, A, N E, D
245 P A, S T, V
266 L Q, C, H, Y, F, T, A Y, T
283 V P, L, H, Q, A, S, E Q, K
285 K P P
306* T T (BF), - R (SPDV)
307* P - P (SPDV)
308* L - V (SPDV)
309* T - R (SPDV)
310* S - H (SPDV)
311* R - L (SPDV)
312* T - Q (SPDV)
313* V - E (SPDV)
314 R N, D, Q, H, V, I, T, K, A, G R (SPDV)
318 Q Y, F, A, H, R, L, S F, Q
323 A K, R, V, E, T, Q S, Q
324 A Y, F S, L

Macro

Zinc-binding
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Table 18. Identification of EILV specific mutations in nsP4. Substitutions unique to 
EILV nsP4 are in bold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Protein Domain Position EILV MBC AC
nsP4 65 R Q, L Q, L

66 S A A
76 C T, I, V I
90 G P, E, A, S, T, C D, E
99 E V, Y, I, T, S, H Q, N
116 A R, S, E, D, N, C D, S
174 V H, K, R, T, Q V, K
176 K S, E, D, A, T S, E
199 T A, S, I A, M
269 S A A
276 A P, M R, P
355 T I I
358 H E,A, T, S P, H
419 A T T
597 L Q, P, I, V, S, I V, Y
607 N K, G G, V

N-terminus

RdRp
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 Table 19. Comparison of nsP3 macro- and Zn-binding domains with other alphaviruses. Upper diagonal displays percent 
 amino acid identity of macro-domain; lower diagonal displays percent amino acid identity of Zn-binding domain. 
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Figure 45. Maximum-likelihood tree based on nucleotide sequences nsP1 gene. A midpoint rooted tree is shown with all bootstrap 
values >75%.  
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Figure 46. Maximum-likelihood tree based on nucleotide sequences nsP2 gene. A midpoint rooted tree is shown with all bootstrap 
values >75%.
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Figure 47. Maximum-likelihood tree based on nucleotide sequences nsP3 geneA midpoint rooted tree is shown with all bootstrap 
values >75%.
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Figure 48. Maximum-likelihood tree based on nucleotide sequences nsP4 gene. A midpoint rooted tree is shown with all bootstrap 
values >75%.
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Figure 49. The predicted structure of the EILV nsP3 macro-domain. EILV-specific 
structural changes in structure are in highlighted in red.  
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Figure 50. The predicted partial structure of EILV nsP2 (grey) and nsP3 (teal) 
polyprotein. EILV specific substitutions are highlighted in red (nsP2) (red) and magenta 
(nsP3).   

 
 
 
 
 

 
 
Table 20. Virus titer of EILV w/EEEV FL-93 structural ORF chimera 48 hpi.    
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Figure 51. Infection of vertebrate and mosquito cell lines with EILV-eRFP w/EEEV FL-93 struc. ORF. Each cell line was infected at 
MOI of 10 or electroprated with 10 µg of genomic RNA. Phase contrast (left) and fluorescent (right) micrographs were taken at 1 
(C7/10 cells) or 4 dpi (vertebrate cells). dpe = days post-electroporation. dpi = days post-infection. * = day 1. 
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Figure 52. EILV w/EEEV FL-93 struc. ORF neurovirulence study in 7 day old CD-1 mice via IC route. Weight loss (A) and survival 
(B) were monitored for 28 days. Virus replication was measured via plaque assay (C) and real-time PCR (D).  
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Figure 53. Histopathologic examination of brain tissues. Animals were injected via the 
intracranial route with C7/10 cell proteins, EILV w/EEEV struc. ORF, and VEEV 
(TC83). At various times post-infection animals were sacrificed and brains tissues were 
collected. Inflammatory and necrotic lesions are indicated by black and red arrows, 
respectively.   
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Figure 54. Neutralizing antibody response at 28 days post-vaccination measured via 50% 
plaque reduction neutralizing test (PRNT50).  
 

 
Figure 55. Survival following vaccination and lethal EEEVFL-93 challenge.
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Figure 56. EILV w/EEEV struc. ORF. Virion morphology determined by cryo-electron 
microscopy and single particle reconstruction. 20 Å cryo-EM reconstruction of EILV 
w/EEEV FL-93 struc. EEEV-derived glycoprotein spikes are seen on the virion surface 
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