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Summary 
 

 Mosquito-borne diseases are responsible for significant human morbidity and mortality 

throughout the world. Current vector control strategies have been impeded by mosquitoes 

acquiring resistance to insecticide. Therefore, development of new vector control strategies is 

urgently needed to complement current strategies. In this thesis, efforts have focused on 

characterizing the glycan-lectin interactions of Ross River virus (RRV; Togaviridae: 

Alphavirus) with their mosquito vectors. RRV is the most common arbovirus in Australia that 

causes clinical manifestations including arthralgia and myalgia. Many studies have shown the 

importance of viral surface glycans in mediating viral entry into host cells. Moreover, the viral 

surface glycans varies depending on the cells that they replicate in and this variation can affect 

the infectivity of virus. However, gaps remain in the role of viral glycans in virus host cell 

recognition. In Chapter 2, the surface glycans of RRV derived from two different cell lines, 

C6/36 (Ae. albopictus) and Vero (African green monkey kidney) were characterized using 

lectin array. Lectin array data revealed that RRV derived from two different cell lines exhibited 

similar glycan profiles. The glycan structures present on the surface of RRV are mannose, 

galactose, N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc). To 

investigate the importance of these viral surface glycans in mediating viral entry into host cells, 

six lectins targeting these glycan structures were assessed for their ability to bind and block 

RRV entry into host cells. Of these lectins, two mannose-binding lectins, GNA and ConA, 

showed inhibition of RRV entry into C6/36 and Vero cells. These results suggest the potential 

use of mannose-binding lectins to block RRV transmission by mosquitoes. It is well known 

that cell surface glycans or lectins play important role in viral entry. Therefore, comprehensive 

surface glycan profiles and carbohydrate-binding characteristics of lectins from five mosquito 
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cell lines were established in Chapter 3. Using lectin and glycan arrays, our results showed 

differences between the glycan structures and carbohydrate-binding characteristics of mosquito 

cell lines. In particular, complex-type glycans were detected on the cell surface of Ae. 

albopictus and An. gambiae. The presence of complex-type glycans as authentic constituents 

of insect glycans is still controversial and this is an important finding as complex-type glycans 

play diverse roles in regulation of biological functions.  

 Zika virus (ZIKV) is primarily transmitted by the Aedes (Ae) mosquito, with Ae. aegypti 

and Ae. albopictus being the primary vectors. However, controversial findings on the potential 

of other mosquito species belonging to the genera of Anopheles (An) and Culex (Cx) have been 

reported. To date, the rationale underlying the specificity of ZIKV in infecting Aedes 

mosquitoes remain to be an unaddressed issue. In Chapter 4, we seek to characterize the 

susceptibility of seven cell lines derived from Ae, An and Cx mosquitoes towards ZIKV 

infection. Indeed, Ae cell lines were permissive to ZIKV infection and supported viral 

replication up to seven days post infection, while cells lines from An and Cx mosquitoes were 

unable to support replication. To specifically address if non-susceptible cell lines were due to 

the incompetence of ZIKV in establishing viral entry, a pseudoZIKV replicon system was 

utilized. Interestingly, while all Ae cell lines were highly susceptible to pseudoZIKV infection, 

the non-susceptible An. gambiae cell line (4a-3B) was also highly permissive to pseudoZIKV 

entry, in contrast to other An and Cx cell lines tested. Therefore, to identify the host factors 

involved in ZIKV replication in mosquito cells, RNA sequencing (RNAseq) analysis was 

performed on ZIKV-susceptible Ae and non-susceptible An cells after infection. Through 

comparative transcriptomics approach, we observed a differential regulation of attacin, an 

antimicrobial peptide (AMP) that may potentially play a critical role in modulating ZIKV 

replication in mosquito cells. Further investigations on the expression profile of different 

classes of AMPs including attacin, cecropin, defensin, diptericin and gambicin in Aedes; and 
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attacin, cecropin, defensin and gambicin in Anopheles cells by qRT-PCR demonstrated that 

these AMPs were differentially regulated in ZIKV-susceptible and -resistant mosquito cells. 

These results suggest that the innate immunity may have a role to influence mosquito vector 

competence.  

Species specificity often relies on a specific interaction between a virus ligand and its 

host cell receptor. Therefore, expression levels of the receptor largely determine the tropisms 

of viruses. In Chapter 5, we constructed a representative cDNA library from the ZIKV-

susceptible Ae. aegypti Aag-2 cell line using the SMART (Switching Mechanism At 5’ end of 

RNA Template) cDNA synthesis technology. This library will be a useful tool to provide 

genetic resources for many applications using the proposed strategy including identification of 

the cellular surface receptors for ZIKV viral entry and host factors required for sustained ZIKV 

replication in Aedes cells. 

Overall, this thesis provides in depth investigations into the glycan-lectin interactions 

between RRV and their mosquito vectors that may affect vector competence. Our study also 

identified the potential antiviral lectins that can block virus transmission. Finally, our study 

shed insights into the host factors involved in modulating ZIKV replication, providing a 

molecular platform for the future development of effective vector control and to evaluate the 

risk of emergence of a new vector for mosquito-transmitted viruses. 
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1.1 Overview 

 
 The term arbovirus (arthropod-borne virus) is used to describe a group of viruses 

transmitted by haematophagous arthropods (mainly mosquitoes and ticks) to vertebrate hosts. The 

families of viruses in this group are Togaviridae, Flaviviridae, Bunyaviridae and Reoviridae 

(Table 1.1) [1]. The common characteristic that these families of viruses shared is that they all 

contain RNA as their genetic material. The intrinsic plasticity of RNA viruses allow them to 

rapidly adapt to a diverse host that lead to the rapid growth in a geographic range of emerging 

viruses. Arboviruses responsible for frequent resurgence of major epidemics and unprecedented 

spread in the last few decades including the chikungunya virus (CHIKV; Togaviridae: 

Alphavirus), Dengue virus (DENV; Flaviviridae: Flavivirus), West Nile virus (WNV; 

Flaviviridae: Flavivirus), Yellow Fever virus (YFV; Flaviviridae: Flavivirus), Japanese 

Encephalitis virus (JEV; Flaviviridae: Flavivirus) and Zika virus (ZIKV; Flaviviridae: 

Flavivirus). The Ross River virus (RRV; Togaviridae: Alphavirus) and ZIKV will be the focus of 

this introduction.  
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Table 1.1. Families of medically important arboviruses and their mosquito vector(s).  

 

  

Family Genus Virus Vector(s) 
Togaviridae Alphavirus Ross River virus 

(RRV) 
Culex and Aedes 
species 

chikungunya virus 
(CHIKV) 

Aedes species 
 

Barmah Forest virus 
(BFV) 

Aedes species 
 

sindbis virus (SINV) Culex species 

o’nyong nyong virus 
(ONNV)  

Anopheles species 

Semliki Forest virus 
(SFV) 

Aedes species 
 

Eastern equine 
encephalitis virus 
(EEEV) 

Culex and Aedes 
species 

Venezuelan equine 
encephalitis virus 
(VEEV) 

Culex and Aedes 
species 

Western equine 
encephalomyelitis virus 
(WEEV) 

Culex species 

Flaviviridae Flavivirus Zika virus (ZIKV) Aedes species 
 

West Nile virus (WNV) 
 

Culex species 

Dengue virus (DENV) Aedes species 
 

Saint Louis encephalitis 
virus (SLE) 

Culex species 

Bunyaviridae Orthobunyavirus La Crosse encephalitis 
virus  (LACV) 
 

Aedes species 
 

Phlebovirus Rift Valley fever virus 
(RVFV) 

Culex and Aedes 
species 
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1.2 Alphavirus: Ross River virus  

1.2.1 Classification, clinical manifestations and distribution 

 Alphaviruses belong to the Togaviridae family of enveloped RNA viruses. Alphaviruses 

can be categorized into New World and Old World alphaviruses, defined by their geographic 

distribution, nucleotide sequence and antigenic relatedness [2]. RRV constitute a species in the 

Old World alphaviruses and causes considerable human morbidity. Acute clinical manifestations 

of RRV include fever, headache, fatigue, skin rashes, polyarthritis and polyarthralgia [3]. Though 

infections caused by alphaviruses are rarely fatal, chronic arthritic symptoms can continue for 

months, or even years after the initial febrile illness [2, 4]. The commonly affected joints are the 

ankles, knees, wrists and small joints in the fingers and toes [5].    

 In 1972, RRV was first isolated from Ae. vigilax mosquitoes trapped beside the Ross River 

in Townsville, North Queensland, Australia [6]. Finally in 1979, RRV spread to the South Pacific 

causing large outbreaks in Fiji [7], the Cook Islands [8] and Samoa [9]. Currently, RRV is endemic 

in Australia and Papua New Guinea [10]. RRV causes the most common arboviral infection in 

Australia with the highest number of reported cases in Queensland [11, 12].  During the five year 

period (1 July 2012 - 30 June 2017), a total of 13,921 cases were reported in Australia [13]. The 

transmission cycle of RRV involves a cycle between their natural reservoirs such as kangaroos 

and wallabies and a number of different mosquito species [14]. Serological studies have 

demonstrated that other animals including dogs, cats, possums and horses also serve as RRV 

reservoirs [15]. A diverse range of  mosquito species across Australia have been identified to play 

a role in transmission, including Ae. camptorhynchus, Ae. notoscriptus, Ae. vigilax, and Cx. 

annulirostris, of which Ae. vigilax and Cx. annulirostris are the most important (Table 1.2) [16].
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Table 1.2. Distribution of common mosquito species in Australia. 
 

Mosquito species Virus transmission Distribution 
Ae. aegypti DENV, CHIKV North Queensland 

Ae. albopictus DENV, CHIKV Torres Strait 
Ae. notoscriptus CHIKV, RRV Widespread 

Ae. procax RRV Eastern coastal, south from central 
Queensland 

Ae. vigilax RRV, BFV Widespread Coastal 

Ae. vecans WNV Northern Territory, Northern & Western 
Australia 

Ae. camptorhynchus RRV, BFV South West of Western Australia 
Coquillettidia 

linealis RRV, BFV Eastern Australia, south from central 
Queensland 

Cx. 
annulirostris RRV Widespread 

Cx. sitiens RRV Widespread coastal 

Verralina funerea RRV, BFV Northern coastal from NT to Northern, 
NSW 

1.2.2 Genomic features of alphaviruses 

 Alphavirus virions are small (65-70 nm in diameter) and icosahedral in shape, with a 

molecular mass of 5.2 x 103 kDa (Figure 1.1) [17]. The virions contain a positive-sense single 

stranded RNA genome (~11.4 kilobases in length). The RNA genome is enclosed in an icosahedral 

shell made up of 240 copies capsid proteins, forming the nucleocapsid. The nucleocapsid is 

enveloped in a lipid bilayer (host-derived) where many copies of viral glycoproteins (E1 and E2) 

are embedded [2, 18]. The genomic RNA of alphaviruses consists of two open reading frames 

(ORFs): non-structural ORF encoding four non-structural proteins (nsP1-4) that are required for 

RNA replication and pathogenesis, and a structural ORF encoding five structural proteins (capsid, 

E3, E2, 6K and E1) that contribute to pathogenesis and involved in viral encapsidation and budding 

[2, 18-20]. 
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Figure 1.1. Graphical representation of the structure and genomic organization of alphaviviruses. 

The alphavirus virion is small (65-70 nm in diameter) and icosahedral in shape. The RNA genome is enclosed in an 
icosahedral shell made up of 240 copies capsid proteins that form a nucleocapsid. The nucleocapsid is enveloped in 
a lipid bilayer where many copies of viral glycoproteins (E1 and E2) are embedded. The alphavirus contains a 
positive-sense single stranded RNA genome (~11.4 kilobases in length) with two ORFs, the non-structural ORF 
encoding four non-structural proteins (nsP1-4) and a structural ORF encoding five structural proteins (capsid, E3, 
E2, 6K and E1). Image adapted from reference [21]. 
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1.2.3 Life cycle of alphaviruses 

 An alphavirus particle enters the host cell through clathrin-mediated endocytosis [21]. The 

glycoproteins found on the virion surface are important for attachment and entry of the virus into 

host cells. Glycoprotein E2 interacts with host cellular receptors at the plasma membrane, while 

glycoprotein E1 contains a fusion peptide which facilitates the fusion of the virus with the host 

cell membrane [2]. After entry, the alphavirus particle undergoes disassembly and releases 

genomic RNA into the cytoplasm of the host cell (Figure 1.2) [2]. The viral genomic RNA is 

translated to form two polyproteins, the P1234 and P123 polyproteins. The cis-cleavage between 

nsP3 and nsP4 yields two intermediates, P123 precursor and nsP4. These two polyprotein-

processing intermediates form an unstable replication complex (RC) to synthesise the negative-

sense RNA template. Further cleavage of polyprotein forms a mature RC to synthesise positive-

sense genomic RNA and subgenomic RNA [21, 22]. The five structural proteins are then translated 

from the newly synthesized subgenomic RNA. Glycoproteins are translocated to the endoplasmic 

reticulum (ER) and undergo post-translational modifications in the Golgi apparatus. Capsid protein 

will bind with nascent genomic RNA to form the nucleocapsid core of new virion. Association of 

glycoproteins with the nucleocapsid allow the newly synthesized virion particle to translocate to 

the host plasma membrane, ready to bud out from the host membrane [20, 22]. 
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Figure 1.2. The life cycle of alphavirus in host cells.  

The alphavirus is endocytosed into host cells in a clathrin-mediated manner. The nucleocapsid is then released into 
the cytoplasm. The viral genomic RNA is translated to form two polyproteins, the P1234 and P123 polyproteins. The 
cis-cleavage between nsP3 and nsP4 yields two intermediates, P123 precursor and nsP4. These two polyprotein-
processing intermediates form an unstable replication complex (RC) to synthesise the negative-sense RNA template. 
Further cleavage of polyprotein forms a mature RC to synthesise positive-sense genomic RNA and subgenomic RNA. 
The five structural proteins are then translated from the newly synthesized subgenomic RNA. Glycoproteins are 
translocated to the endoplasmic reticulum (ER) and undergo post-translational modifications in the Golgi apparatus. 
Capsid protein will bind with nascent genomic RNA to form the nucleocapsid core of new virion. Association of 
glycoproteins with the nucleocapsid allow the newly synthesized virion particle to translocate to the host plasma 
membrane, ready to bud out from the host membrane Image adapted from reference [21]. 
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1.3 Flavivirus: Zika virus 

1.3.1 Classification, clinical manifestations and distribution  

 ZIKV is a member of the genus Flavivirus and was first isolated from the Zika Forest of 

Uganda in 1947. From the 1960s to 1980s, ZIKV was considered an insignificant member of the 

family Flaviviridae as ZIKV infections were reported infrequently and typically cause self-

limiting mild febrile illnesses only. In 2007, the first major ZIKV outbreak was reported on Yap 

Island in Micronesia [23]. During 2012-2014, ZIKV outbreaks in many other Pacific islands, 

including French Polynesia, New Caledonia, the Cook Islands and Easter Island were found to be 

associated with neurological complications including Guillain-Barré syndrome that sparked a 

public health emergency that a more virulent strain of the virus had emerged [24]. In 2015, 

explosive outbreaks were reported in Brazil and subsequently spread rapidly throughout a total of 

86 countries including the Americas and Africa [25]. In February 2016, WHO declared ZIKV 

infection as a Public Health Emergency of International Concern (PHEIC) and indicated the 

association of ZIKV infection with Guillain-Barré syndrome and congenital abnormalities in the 

developing foetus including microcephaly [25].  

 Phylogenetic analyses have identified two distinct lineages of ZIKV, namely the Asian and 

African lineages [26]. The Asian lineage of ZIKV has been linked to the worldwide outbreak in 

2015 [27]. The overall genome similarity between the African lineage and the Asian lineage was 

more than 88.9%, with a total of 75 amino acid variation. The most highly variable region is the 

pr region of the prM protein, which accounted for 10% amino acid variation [28].  

 ZIKV is primarily transmitted by the Aedes species of mosquito, with Ae. aegypti being 

the primary vector and Ae. albopictus as a secondary vector [27]. Many studies have suggested the 
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potential vector competence of other mosquito species in the Culex genera for ZIKV transmission, 

namely the Cx. quinquefasciatus, Cx. tarsalis and Cx. coronator [29-34]. Different from other 

flaviviruses, ZIKV can be transmitted from human to human through different routes, including 

horizontally through sexual transmission and vertically from mother to foetus [25]. It is still 

unclear if sylvatic transmission cycle involving nonhuman primates like other flaviviruses is 

involved in ZIKV transmission and necessary to sustain ZIKV endemicity [35] .  

1.3.2 Genomic features of flaviviruses 

 Flavivirus virions are small spherical viruses (40–55 nm in diameter) consisting of a 

positive-sense single stranded RNA genome. The RNA genome (10.8 kilobases in length) contains 

a single ORF that encodes a single polyprotein, which is later processed into three structural 

proteins: capsid (C), precursor membrane (prM) and envelope protein (E), and seven non-

structural proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Figure 1.3) [35]. Similar to 

alphaviruses, the icosahedral nucleocapsid of flavivirus is made up of a RNA genome complex 

with multiple copies of capsid proteins. The nucleocapsid is enveloped by host-derived lipid 

membrane with embedded transmembrane proteins (E and prM proteins in immature particles and 

E and mature (M) proteins in mature particles) [36]. The M protein is produced during maturation 

of virion, in which the prM protein of immature virion is cleaved by cellular protease furin [37].  
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Figure 1.3. Graphical representation of the (A) flavivirus genomic organization; (B) Surface representation of 
flavivirus and (C) Cross-sectional view of flavivirus. 

Flavivirus virions are small spherical viruses (40–55 nm in diameter) consisting of a positive-sense single stranded 
RNA genome. The RNA genome (10.8 kilobases in length) contains a single ORF that encodes a single polyprotein, 
which is later processed into three structural proteins: capsid (C), precursor membrane (prM) and envelope protein 
(E), and seven non-structural proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5. Image adapted and modified 
from reference [35]. 
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1.3.3 Life cycle of flaviviruses 

 Flavivirus enters the host cell via receptor-mediated endocytosis (Figure 1.4). The low pH 

environment of endosomes induces conformational changes in glycoprotein E that leads to fusion 

of the viral and host cell membranes, and subsequently the release of viral RNA into cell cytoplasm 

[38]. The positive-sense RNA is translated into a polyprotein (3400 amino acids), which is co- and 

post-translationally cleaved by cellular and viral proteases to produce the structural and non-

structural proteins [35, 37]. The non-structural proteins are essential for viral replication, virion 

assembly and modulation of host defense mechanisms [35]. The NS1 is important for viral 

replication and inhibits complement activation of host immune responses [39]. The NS3 contains 

a serine protease domain and NS2B serves as a cofactor for the protease activity of NS3. The 

NS2B/NS3 form an essential viral protease complex that cleaves five sites on the polyprotein to 

release non-structural proteins [40]. The NS5 contains a RNA-dependent RNA polymerase (RdRp) 

domain, which synthesise negative-sense RNA from genomic RNA that serves as a template for 

synthesis of new positive-sense RNA [38]. The assembly of new virion occurs in the ER, leading 

to the formation of immature particles with prM-E heterodimers in their envelope. The immature 

particle is transported to the trans-Golgi network (TGN). The slightly acidic pH in the TGN 

induces conformational changes of the envelope and the cleavage of prM into pr and M proteins 

by the host’s protease furin. The pr peptide remains associated with the virion in the TGN and 

dissociates in the extracellular environment where the pH is neutral, thus forming a mature virion 

that is infectious [35].  
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Figure 1.4. The life cycle of Flavivirus in host cells.  

Flavivirus enters host cell via receptor-mediated endocytosis. The low pH environment of endosomes induces 
conformational changes in glycoprotein E that leads to fusion of the viral and host cell membranes, and subsequently 
the release of viral RNA into cell cytoplasm. The positive-sense RNA is translated into a polyprotein (3400 amino 
acids), which is co- and post-translationally cleaved by cellular and viral proteases to produce the structural and 
non-structural proteins. Assembly of new virion occurs in the ER, leading to the formation of immature particle with 
prM-E heterodimers in their envelope. The immature particle is transported to the trans-Golgi network (TGN). The 
slightly acidic pH in the TGN induces conformational changes of the envelope and the cleavage of prM into pr and M 
proteins by host protease furin. The pr peptide remains associated with the virion in the TGN and dissociates in the 
extracellular environment where the pH is neutral, thus forming a mature virion that is infectious. Image adapted 
from reference [35]. 
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1.4 Mosquitoes as suitable vectors for alphaviruses and flaviviruses 

1.4.1 Mosquito life cycle 

 The mosquito life cycle is a complete metamorphosis that is comprised of four stages: egg, 

larvae, pupae and adult. The entire cycle takes about two weeks, and is highly dependent on 

temperature and availability of water [41]. A female mosquito typically lays three to five batches 

of eggs throughout her lifespan of 2 to 4 weeks [42, 43]. After taking a blood meal, the female 

mosquito lays her eggs on or just above stagnant water surfaces [44]. The female Ae. aegypti lays 

her eggs, just above the water surface on the sides of containers [41]. She may distribute her eggs 

at several different sites to maximise the survival of her progeny [42]. Mosquitoes of the genus 

Culex lay eggs to form raft-like structures (~100 to 400 eggs) which stick together and float on the 

water’s surface [44-46]. Mosquito eggs from most genera hatch into larvae within two to three 

days, depending on the water temperature [43]. However, some eggs have the ability to undergo 

delayed hatching, where the eggs on the sides of the containers or on moist soil remain viable and 

are able to resist desiccation for a long period of time (up to 6 months) before hatching when the 

eggs are flooded again [42, 45]. Mosquito larvae are aquatic, living just below the water surface 

by breathing air through spiracle, which can be attached to a siphon tube in many genera (at rear 

of their bodies) and feed on microorganisms and organic particles in water [47]. The four larval 

stages (or instars) take about one week and as they passage through each stage, they molt and grow 

bigger [45, 48]. After completed the fourth larval stage, they become pupae, which is a non-feeding 

stage, and when development is complete (takes about 2 days), the mosquito emerges from the 

pupal case [43, 47]. 
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1.4.2 Factors of Vector Competence 

 The permissiveness of a vector to acquire an infection, undergo replication and transmit a 

virus is known as vector competence [49, 50]. Not all haematophagous mosquitoes are vectors of 

arboviruses, and there are many factors implicated in determining the competency of a vector. 

Other extrinsic factors are environmental temperature, rainfall and mosquito fitness [51, 52]. 

 In the model for a productive virus infection in mosquitoes, proposed by Hardy et al., the 

virus in the ingested bloodmeal has to infect and replicate in the epithelial cells of the midgut. The 

virus must then successfully escape from the midgut and infect the salivary glands and ovaries, 

followed by release of the virus into the salivary ducts for transmission orally to vertebrates or 

transovarially to the mosquito’s offspring (Figure 1.5) [52]. Salivary gland infection and escape 

barriers determine if the virus can replicate and shed into the mosquito’s saliva for final 

transmission to the vertebrate host during a bloodmeal [53, 54]. Factors affecting the ability of the 

virus to pass through these barriers remain largely unknown, however, some studies have 

suggested that infecting viral dose affects the rate of dissemination of the virus through these 

barriers, e.g., mosquitoes with high virus titer transmit the virus more effectively [53, 54]. 

 The mosquito’s potential to cause disease can be estimated via mathematical models of 

vectorial capacity [55-57]. The classical model, also the most influential, is the Ross-MacDonald 

mathematical model of pathogen transmission via mosquitoes. It measures the number of 

infectious bites that could potentially occur from all the mosquitoes that could bite an infectious 

person in a given day [55, 56]. The populations, compositions and behaviours of both mosquito 

and vertebrate hosts influence the chances of vector contact with susceptible vertebrate hosts [51, 

52]. As such, parameters such as vector population density, longevity, blood-feeding rates and 

vector competence are taken into consideration when assessing vectorial capacity. 
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 Though vectorial capacity and vector competence are both terms used to describe the 

vector’s potential to cause disease, the ability of the mosquito to become infected and successfully 

transmit the virus following ingestion of a bloodmeal is known as vector efficiency or vector 

competence [49, 50, 52]. 
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Figure 1.5. Schematic representation of the locations of virus replication in the mosquito. 

Viruses ingested through bloodmeal has to infect and replicate in the epithelial cells of the midgut. The virus must 
then cross the midgut escape barrier and infect the salivary glands and ovaries, via haemolymph circulation. 
Successful replication and release of the virus into the salivary ducts allow transmission orally to vertebrates or 
transovarially to the mosquito’s offspring (Image adapted from Lim et al., 2018, refer to Appendix 7.2) 
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1.4.3 Tissue Barriers to Infection in the Mosquito Vector 

 After a bloodmeal from an infectious individual, the ingested virus must be able to replicate 

in the mosquito midgut epithelium, and subsequently the salivary glands, in order for successive 

infection to a vertebrate host (Figure 1.6) [49, 58]. The virus from the bloodmeal penetrates into 

the midgut epithelium by crossing the first cellular barrier, the midgut infection barrier (MIB) [59]. 

The midgut and its associated tissue barriers are one of the first obstacles the virus has to overcome 

for successful viral replication and transmission. The midgut comprises of a layer of epithelial 

cells, which contains the bloodmeal post-feeding. Following bloodfeeding, the midgut epithelial 

cells secrete peritrophic matrix into the lumen during the blood digestion process, which envelops 

the bloodmeal and prevents virions from gaining access to the epithelial cells (Figure 1.6). 

Therefore, the virus has to infect the epithelial cells prior to secretion of the peritrophic matrix or 

passing through the peritrophic matrix [60, 61]. 

 Once in the midgut epithelium, the virus replicates and escapes into the haemocoel, by 

crossing the midgut escape barrier (MEB) into the basal lamina [49, 58, 62, 63]. Recently, it has 

been shown that the basal lamina could be a potential tissue barrier to alphavirus infection [60]. 

Dong et al. compared virus dissemination in sugar-fed and bloodmeal-fed Ae. aegypti infected 

with CHIKV intrathoracically. Using immunofluorescence and electron microscopy techniques, 

they observed that the virions were associated with the basal lamina in sugar-fed mosquitoes and 

were unable to infect the midgut epithelium [60]. In mosquitoes fed through bloodmeal, CHIKV 

virions were able to cross the basal lamina and infect the midgut epithelial cells [60]. 

 Once the virus crosses the MEB, it enters the haemocoel, an open body cavity in which 

haemolymph circulates. Haemocytes are the immune cells present in the mosquito’s open 

circulatory system and together with haemolymph circulation, are crucial components for viral 
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dissemination [64]. Within the haemocoel, the virus is able to infect other secondary tissues, such 

as the muscle, trachea, fat bodies and salivary glands [65-67]. 

 Salivary glands are a crucial and final physical barrier that is important for effective 

transmission of arboviruses. The ability of the virus to traverse to the salivary glands varies 

depending on the virus strain and mosquito species. The salivary gland of Anopheles stephensi is 

surrounded by basal lamina that prevent binding of virus to cell surface receptors, thus acting as a 

barrier to prevent infection [68]. The time required from the acquisition of virus to replication, 

dissemination and transmission through saliva is reliant on the ability of the virus to infect the 

salivary glands. For example, CHIKV could be detected in the saliva of infected Ae. aegypti as 

early as four days post-infection [69]. Sindbis virus (SINV) infection results in morphological 

changes and pathology in the salivary gland of Ae. albopictus [70]. When a sufficient amount of 

the virus is present, the mosquito is able to transmit the virus during feeding, by injecting infected 

saliva into a vertebrate host. Mosquito saliva contains compounds that enhance vasodilation and 

prevent blood coagulation in the vertebrate host [71-73]. Furthermore, during mosquito bites, virus 

infection and spread is enhanced through the recruitment of neutrophils and myeloid cells as part 

of the inflammatory response [72].  

 Mosquito bites also result in edema which aids the retention of virus in the skin, thus 

allowing for the infection of cutaneous cells [72]. For example, subcutaneous infection of Semliki 

Forest virus (SFV) in mice in the absence of mosquito bites resulted in drainage of the virus three 

to six hours post-infection and this is hypothesized to be the cause of the low viremia found and 

poor spread to remote tissues [72]. The extrinsic incubation period (EIP) is the time needed 

between acquisition of the virus and the point at which the mosquito is able to infect a new 

vertebrate host during a subsequent bloodmeal [63, 74]. The EIP varies among virus genotype and 
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mosquito strain, and is greatly dependent on environmental factors, such as temperature and 

effective dose of virus [53, 67]. The EIP is seven to ten days for CHIKV [66] and virions can be 

detected in the salivary glands of Ae. aegypti as soon as two days after oral exposure to the virus. 

However, a minimum of one week is required for virus to be released and detected in saliva, 

indicating absence of salivary gland escape barrier and presence of salivary infection barrier [75].  
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Figure 1.6. Schematic representation of infection of the midgut. 

Virus particles are represented as blue polygons. (A) Virus in the bloodmeal infects epithelial cells through the 
microvilli and replicates; (B) Virus in the bloodmeal fails to infect the epithelial cells prior to secretion of the 
peritrophic matrix by midgut epithelial cells during blood digestion. (Image adapted from Lim et al. 2018, refer to 
Appendix 7.2) 
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1.5 The mosquito innate immune pathways in mosquitoes 

 The mosquito innate immune response is a key determinant for successful transmission of 

viruses. Unlike the mammalian immune system, mosquitoes do not possess adaptive immune 

responses and are dependent on innate immunity to fight viral infection. Most of the knowledge 

on insect antiviral innate immunity is elucidated from studies of the genetic model insect 

Drosophila melanogaster [76, 77]. Viral infection triggers the activation of innate immunity 

pathways and leads to the transcription of genes responsible for antiviral responses.  

The innate immune system of mosquitoes consists of two tightly interconnected responses: 

the cellular and humoral defense responses. These two responses act together to protect mosquitoes 

against a wide variety of pathogens, including bacteria, yeast and viruses. The cellular defense 

response includes phagocytosis, nodulation and encapsulation of pathogens by hemocytes [78, 79]. 

Humoral responses refer to the activation of downstream signaling and effector responses, leading 

to the synthesis and secretion of soluble effector molecules, such as antimicrobial peptides 

(AMPs), reactive oxygen species (ROS) and components of the phenoloxidase cascade [67, 80-

83]. Downstream signaling and humoral effector responses will be discussed later in this review. 

These effector molecules are secreted into the hemolymph to control infection caused by invading 

pathogens [84, 85]. Epithelial cells in the mosquito midgut are the first line of defense against 

many pathogens which are acquired from blood-feeding and these cells can synthesize several 

AMPs and ROS. Additionally, the fat body of the mosquito is the primary site of the humoral 

response via production and secretion of AMPs. The transcription of innate immunity genes 

encoding for AMPs is highly dependent on several signaling cascade pathways, including the 

Janus kinase-signal transducer and activator of transcription (JAK-STAT), Toll and immune 

deficiency (Imd) pathways [67, 83, 86-88]. Although activation of these pathways has been shown 
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to limit viral replication, the most robust antiviral defense is the RNA interference (RNAi) 

pathway. The RNAi pathway produces small RNAs using viral double-stranded RNA as a template 

to ultimately target the viral RNA for degradation, thereby inhibiting viral replication [89]. Virus 

recognition is mediated by pattern recognition receptors (PRRs) that recognize virus-conserved 

pathogen-associated molecular patterns (PAMPs) to initiate innate immune responses. 

1.5.1 RNA interference (RNAi) pathways 

 RNA interference (RNAi) is the central antiviral mechanism in insects, particularly in 

controlling virus infection through degradation of RNA, also known as RNA silencing. The key 

event in the RNAi pathway is the production of small RNAs from long viral double-stranded RNA 

(dsRNA) (Fig. 1.7) [90]. There are three major types of small RNAs: (i) small interfering RNAs 

(siRNAs), (ii) microRNAs (miRNAs), and (iii) PIWI-interacting RNAs (piRNAs), with siRNAs 

being the main antiviral responses in mosquito. Mosquito-borne viruses are primarily RNA 

viruses, with their genomes comprised of single-stranded RNA that is either positive-sense (+) or 

negative-sense (-) [89, 91]. During genome replication, these viruses generate dsRNA as 

replication intermediates [92]. The siRNA pathway is responsible for the major antiviral response 

[93]. The viral dsRNA binds to a Dicer-2-R2D2 complex, which consists of a RNase III enzyme, 

called Dicer-2 (Dcr-2), and an associated protein, called R2D2 [94]. The dsRNA is cleaved by the 

RNase III domain of Dcr-2 to produce siRNAs of 21–23 nucleotides (nt) in length [95]. The 

siRNAs then activate the RNAi machinery by binding to another multiprotein known as the RNA-

induced silencing complex (RISC), in which one of the RNA strands is degraded. The remaining 

single-stranded RNA (ssRNA) then serves as a guide-strand to detect and degrade cognate viral 

RNA by host endonuclease, Argonaute-2 (Ago2) in a sequence specific manner [90]. A study has 

demonstrated that silencing of the RNAi pathway during DENV2 infection in Ae. aegypti 
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enhanced virus replication, indicating their role in controlling viral replication [96]. Transgenic 

Ae. aegypti mosquitoes with RNAi pathway impairment in the midgut were observed to have 

enhanced SINV replication in the midgut and increased virus dissemination rates [97]. In DENV-

infected Ae. aegypti, virus-specific siRNAs (20–23 nt), piRNAs (24–30 nt) and unusually small 

RNAs (13–19 nt) were detected [98]. The siRNA pathway is also an elicited antiviral response in 

An. gambiae against ONNV infection [99]. 

miRNAs are a class of endogenous small non-coding RNAs (20–25 nt) and play significant 

roles in the post-transcriptional regulation of target genes in multiple metabolic processes by 

cleavage of target mRNAs or repression of mRNA translation [100, 101]. Similar to the siRNA 

pathway, the miRNA pathway starts with cleavage of the dsRNA into small dsRNA, which is 

loaded into the RISC and serves as a guide-strand to detect and degrade cognate viral ssRNA. The 

differences between the siRNA and miRNA pathways are the cellular compartments and the 

effector proteins involved in the pathways [102]. The transcription, cleavage and processing of 

siRNA mainly take place in the cytoplasm while the miRNA genes are transcribed into primary 

miRNA (pri-miRNA) by host polymerase II and are processed into precursor miRNA (pre-

miRNA) by Drosha in the nucleus. The pre-miRNA is then exported into the cytoplasm and further 

processed into a mature miRNA by Dicer-1 and is loaded into Ago-1 of the RISC, which guides 

the binding of the complex to complementary mRNA for degradation [103]. The antiviral role of 

miRNAs in mosquitoes has not been reported as it was assumed that RNA viruses do not generate 

miRNAs. This is because of a lack of access to the Drosha for miRNA processing in the nucleus 

as replication of most RNA viruses occurs in the cytoplasm [104, 105]. However, miRNAs from 

a number of arbovirus mosquito vectors have been shown to play a critical role in modulating host 

genes to control viral infection. For example, several miRNAs specific for innate immunity and 
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multiple metabolic processes required for viral replication and dissemination were modulated 

during ZIKV [106], DENV [107] WNV [108] and ONNV infections [109]. 

Besides the well-studied siRNA pathway, recent studies have highlighted the importance 

of the piRNA pathway in the mosquito antiviral response [110-112]. Interestingly, the piRNA 

pathway can mount an antiviral defense with a defective siRNA pathway, indicating the 

redundancy of RNAi-mediated antiviral immune responses [110]. In contrast to siRNAs, the 

biogenesis of piRNAs does not require Dicer and the size distribution of piRNAs is around 24–30 

nt [113]. In Drosophila, the biogenesis of piRNAs involves three Piwi proteins, including the P-

element induced wimpy testis (Piwi), Aubergine (Aub) and Argonaute 3 (Ago3), to form a piRNA-

induced silencing complex (piRISC) [114]. The biogenesis starts with the primary processing 

pathway, which is the synthesis of primary piRNA pool from single-stranded precursors. The 

primary piRNAs can be associated with the Aub and Piwi protein. Interestingly, the primary pool 

of piRNAs can undergo an amplifying process known as the ‘ping-pong’ cycle to further amplify 

the Aub-bound piRNAs to refine the piRNA pool. This amplification process serves to ensure an 

efficient piRNA-mediated silencing of target RNA [111-113]. The presence of virus-specific 

piRNAs was detected in Ae. aegpyti and Ae. albopictus during CHIKV infection [115] and in 

SINV infected Aedes cells [112]. Deep sequencing data reported the presence of SFV-derived 

piRNAs and silencing of PIWI 4 protein resulted in increased SFV replication and virion 

production, suggesting the importance of the piRNA pathway in antiviral immunity [116]. 
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Figure 1.7 The RNAi pathways in mosquitoes.  

The three major types of small RNAs present in mosquitoes are small interfering RNAs (siRNAs), microRNAs 
(miRNAs) and Piwi-interacting RNAs (piRNAs), with siRNAs being the main antiviral response in mosquitoes. (Image 
adapted from Lee et al. 2018, refer to Appendix 7.1) 
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1.5.2 Other innate immune pathways: JAK-STAT, Toll and Imd pathways 

 In addition to the RNAi pathway, there are other innate immune pathways involved in 

protecting mosquitoes against viral infection, including the JAK-STAT, Toll and Imd pathways 

(Fig. 1.8). In response to viral infection, activation of these pathways initiates the formation of a 

multiprotein complex consisting of protein kinases, transcription factors and other regulatory 

molecules to regulate the expression of downstream innate immunity genes [67, 80, 117]. These 

include genes that encode for AMPs and key factors that regulate the innate immune response to 

viruses. AMPs are immune-inducible peptides that are potent and rapid-acting immune effectors 

with antimicrobial activities [118]. A wide spectrum of AMPs have been reported in insects during 

infection with Gram-negative and Gram-positive bacteria, filamentous fungi and yeast [77, 118]. 

These AMPs carry out both direct killing and innate immune modulation (recruitment and 

activation of immune cells) to limit invading pathogens [77, 119, 120]. Most studies on the 

regulation of AMPs during infection are based on Drosophila, and the regulation of AMPs in 

mosquitoes is poorly understood. AMPs vary among different mosquito species and the induction 

of AMPs is regulated by multiple immune signaling pathways and is highly dependent on the type 

of pathogen that elicited the response. In Ae. aegypti, 17 AMPs have been identified, and they 

belong to five different families: defensins (cysteine-rich peptides), cecropins (α-helical peptides), 

diptericin (glycine-rich peptides), attacin (glycine-rich peptides) and gambicin (cysteine-rich 

peptides) [118, 120, 121]. The mode of killing of AMPs is often specific for different 

microorganisms. Defensins are active and highly toxic against Gram-positive bacteria and 

parasites by disrupting the membrane permeability barrier, thereby causing loss of motility [122]. 

As for cecropins, these positively charged peptides bind to the lipids in the membrane that are 

negatively charged, thus changing the biological structure of membranes. Other possible modes of 
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killing by cecropins include inhibition of nucleic acid and protein synthesis and inhibition of 

enzymatic activity [123]. Defensins and cecropins have been found to be expressed in the midgut, 

thorax and abdominal tissues of An. gambiae mosquitoes and are induced during infection with 

parasite [124]. In the same mosquito species, gambicin has been found to be induced by parasites 

in the midgut, fat body and hemocytes [121]. However, their role in regulating antiviral immune 

response is not completely understood. In Ae. aegypti, cecropins are upregulated in DENV-2 

infected mosquitoes [123]. Furthermore, cecropins exhibit antiviral activity against DENV and 

CHIKV [123]. In Culex mosquitoes, Vago is a secreted peptide regulated by the JAK-STAT 

pathway and overexpression of Vago reduces the viral load of WNV in mosquitoes [87]. During 

SINV infection in Drosophila, two AMPs, regulated by the Imd and the JAK-STAT pathways, 

namely the attacin C and diptericin B, control viral RNA synthesis and knocking down of these 

genes increases viral load in flies [125]. 

1.5.2.1 The JAK-STAT pathway  

 The JAK-STAT pathway was originally identified in Drosophila and was shown to have 

an active role in antiviral defense against Drosophila C virus (DCV) and Flock House virus (FHV) 

[76]. Consistent with Drosophila, mosquitoes also express the cytokine receptor, Domeless 

(Dome) and the tyrosine kinase Hopscotch (Hop), which together induce the JAK-STAT pathway. 

The mechanism of the Dome receptor is similar to the mammalian JAK-STAT pathway. The 

ligand binds to Dome, which then undergoes a conformational shift leading to self-phosphorylation 

of Hop (JAK). Activated Hop phosphorylates Dome, which forms a docking site for cytosolic 

STATs. Recruitment of STATs by the Dome/Hop complex leads to the phosphorylation and 

release of the STATs. The phosphorylated STATs dimerize and translocate to the nucleus where 

they activate transcription of specific effector genes, such as the virus-induced RNA 1 (vir-1) gene, 
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that has a role in antiviral immunity [76, 80]. Through reverse genetic approaches and functional 

studies, the JAK-STAT pathway has been shown to mediate increased resistance to DENV and 

ZIKV in infected Ae. aegypti [80, 83]. Genetically modifying Ae. aegypti to overexpress Dome 

and Hop renders the mosquitoes more resistant to DENV infection, but not to CHIKV and ZIKV 

infections. These studies suggest that Ae. aegypti possess varied molecular responses to different 

viruses [126]. 

The Dome receptor is the most well characterized cytokine receptor in mosquitoes; 

however, evidence suggests that other cytokine receptors are present which also activate the JAK-

STAT pathway. For example, in Culex mosquitoes, a secreted peptide known as Vago was 

upregulated in response to WNV infection, subsequently activating the JAK-STAT pathway to 

control infection and reduce viral load [87]. However, knockdown of Dome did not inhibit 

signaling of the JAK-STAT pathway, indicating that Vago activated JAK-STAT via another 

unknown receptor [87]. Transgenic Ae. aegypti mosquitoes have been used to investigate the role 

of the JAK-STAT pathway in viral infection. Through RNAi-mediated gene silencing of the 

tyrosine kinase complex, Dome and Hop increased DENV infection, whereas knockdown of PIAS, 

a known negative regulator of the JAK-STAT pathway, decreased DENV infection [80]. However, 

a study comparing the transcriptome between DENV susceptible and refractory Ae. aegypti 

showed that JAK-STAT pathway is upregulated in response to DENV infection in both susceptible 

and refractory strains, indicating that this pathway may not be the only pathway involved in 

controlling DENV infection [127].  

The majority of investigations into the JAK-STAT pathway in mosquito immunity have 

involved DENV infection; however, pathway activation in response to other viruses and 

downstream mechanisms may differ for each virus. Transgenic overexpression of Hop in the 
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midgut decreased DENV2 infection and dissemination; however, for ZIKV, dissemination was 

only decreased at day 7 post-infection and infection was not altered [126]. In contrast to ZIKV and 

DENV, the JAK-STAT pathway was not activated by CHIKV infection [128], nor was it involved 

in viral dissemination [126]. Furthermore, in human host cells, CHIKV non-structural protein 2 

has been shown to inhibit interferon signaling via inactivation of the JAK-STAT pathway [129]; 

however, the precise mechanism of action has not been elucidated. Together, this raises the 

possibility that the CHIKV inhibitory mechanism acts directly on the JAK-STAT pathway and 

hence may be conserved in the mosquito immune system. Just as CHIKV may inhibit the JAK-

STAT pathway, SFV has also been shown to downregulate transcription of the JAK-STAT 

pathway [86]. Thus, both CHIKV and SFV have developed mechanisms to avoid activation of this 

pathway and the downstream effectors of the JAK-STAT pathway are differentially affected 

between the viruses. 

1.5.2.2 The NF-κB-like signaling pathways: Toll and Imd pathways 

 The Toll and Imd pathways are two distinct innate immune pathways very similar to the 

mammalian NF-κB signaling pathway, which is the key regulator in the production of AMPs. The 

Toll pathway was first reported in Drosophila, and is known for its role in innate immunity against 

pathogens, such as fungi and Gram-positive bacteria [130]. In contrast, the Imd pathway is 

activated during infection by Gram-negative bacteria [130]. Both Toll and Imd pathways are 

activated by pathogens via binding of PAMPs to the host’s PRRs, which leads to a cascade of 

events to activate immune effector genes for production of AMPs. The Toll pathway is initiated 

by cleavage of the cytokine Spätzle (Spz), which is a ligand that binds to the Toll transmembrane 

receptor. Activated Toll triggers signaling through MyD88, Tube (adaptor proteins associated with 

Toll) and the Pelle kinase. Subsequently, the negative regulator of the Toll pathway, Cactus, is 
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phosphorylated and undergoes proteasomal degradation that cause the translocation of the 

transcription factor Relish 1 (Rel1) from the cytoplasm to the nucleus and binding to κB motifs on 

the promoters of many AMPs genes, such as Diptericin and Cecropin that are active against fungi 

and Gram-positive bacteria [131]. While in the Imd pathway, activation of the pathway leads to 

degradation of the negative regulator Caspar, which leads to the translocation of Relish 2 (Rel2) 

to the nucleus, resulting in the transcription of AMPs [67, 132].  

The majority of studies on the Toll and the Imd pathways are focused mainly on their 

antifungal and antibacterial functions in mosquitoes [131]; however, their role in antiviral immune 

response is not well characterized. Comparative genomic analysis between Drosophila and 

mosquitoes revealed that the key components of the Toll and the Imd pathways are conserved 

between these two species. The homologues of genes from the Toll and the Imd pathways can be 

found in Ae. aegypti, Cx. quinquefasciatus and An. gambiae. During DENV infection of Ae. 

aegypti, the genes in the Toll pathway (GNBP, Toll5A and MYD88 genes) were upregulated in the 

salivary glands. Silencing of MYD88, caused a slight increase of DENV viral titer in the midgut 

[123]. Upon viral infection, Rel1 and its downstream antimicrobial peptides is upregulated to 

control infection against DENV [67, 133] and SINV [82], whereas in Culex mosquitoes, following 

WNV infection, the transcription factor Rel2 of the Imd pathway activates the secretion of an 

antiviral peptide against WNV infection [87]. 
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Figure 1.8 The JAK-STAT, Toll and immune deficiency (Imd) pathways in mosquitoes.  

Activation of the JAK-STAT, Toll and Imd pathways initiates the formation of a multiprotein complexes consisting of 
protein kinases, transcription factors and other regulatory molecules to regulate the expression of downstream innate 
immunity genes, such as the genes that encode for AMPs and key factors that regulate the innate immune system. 
(Image adapted from Lee et al. 2018, refer to Appendix 7.1) 
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1.6 Cell-virus interactions: Glycans and Lectins 

1.6.1 Viral envelope (E) glycoproteins   

 The most common type of protein modification on the envelope protein (E) of alphaviruses 

and flaviviruses is N-glycosylation, which is involved in biological functions such as proper 

folding of protein, binding to host surface receptors, entry into host cells, trafficking in the ER, as 

well as assembly and budding of virus [134, 135]. N-glycosylation is the attachment of a high 

mannose core to the nitrogen atom of an asparagine residue within the conserved Asn-X-Ser/Thr 

sequon [136, 137]. The E protein of alphavirus and flavivirus contains more than one N-

glycosylation sites (Table 1.3). The location and number of N-glycosylation site, as well as the 

type of glycan attached on the site affect the properties of the virus [138]. The alphaviral envelope 

has two glycoproteins, E1 and E2, of which E1 facilitates binding to host cell receptor while E2 

promotes cell entry [20]. Previous studies have identified the location of the potential N-

glycosylation sites based on cryoelectron microscopy (cryoEM) and crystallographic analyses 

[139, 140]. The N-glycosylation sites are not well conserved for the alphavirus, there are two sites 

on each glycoprotein of SINV, whereas the E1 and E2 glycoproteins of CHIKV, RRV, SFV consist 

of one and two sites, respectively [139-142].  

 The E glycoprotein of flavivirus consists of three structurally distinct domains: domain I, 

II and III, which are connected by flexible hinge regions [36, 143]. The domain III mediates the 

interaction with host cell receptors [143, 144], whereas domain II facilitates insertion and fusion 

with host membrane [144]. The flavivirus has a glycoprotein, E and the N-glycosylation site at 

N154 is conserved across flavivirus, except for DENV, which the N-glycosylation site is located 

at N153 and has an additional site at N67 [145-148].  
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 Many studies have examined and revealed the crucial roles of the N-oligosaccharide side 

chains: (i) in viral morphogenesis and budding, by ensuring proper folding and transport of 

glycoproteins to the cell surface from Golgi apparatus [142], (ii) in viral entry, by recognition and 

attachment to host cell receptor [149], (iii) in viral pathogenesis, by enhancing virulence in WNV 

and DENV [146, 150], and (iv) in immunogenicity, by eliciting host antiviral responses [141, 148, 

151]. Both glycosylation sites in DENV have been shown to mediate binding of DENV to DC-

SIGN [152]. The N154 (equivalent to N153) of WNV has been linked to virulence and has been 

found in isolates that cause significant human outbreaks [153, 154]. Like other flaviviruses, the E 

protein of ZIKV is glycosylated at N154 and ZIKV that lacks the E glycosylation was attenuated 

in mouse model and exhibited diminished oral infectivity for the Ae. aegypti vector [155]. 

 In addition, one study has demonstrated that the differential N-linked glycosylation on the 

E2 glycoprotein of mosquito-derived RRV (mos-RRV) and mammalian cell-derived RRV (mam-

RRV) contribute to differential induction of type I interferons involving alpha/beta interferon 

(IFN-α/β) [156]. Interestingly, mos-RRV is able to infect DCs more efficiently as compared to 

mam-RRV. The differences have been suggested to be due to lack of complex N-linked glycans 

in mos-RRV [156]. On the other hand, mos-WNV has better infectivity for DCs than mam-WNV 

[157], and mam-DENV binds to L-SIGN instead of DC-SIGN [158]. The different binding 

specificity has been linked to N-linked glycosylation patterns that differ between mosquito and 

mammalian cells [158]. 
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Table 1.3. The N-glycosylation sites proposed on the envelope (E) proteins of alphaviruses 
and flaviviruses.  

 

Genus Virus N-glycosylation site(s) Glycoproteins Reference(s) 

Alphavirus 

CHIKV 

N141 
 E1 

[141] N263 
 E2 N345 
 

SINV 

N139 
 E1 

[139, 142] 

N245 
 

N196 
 E2 N318 
 

RRV 

N141 
 E1 

[159, 160] N200 
 E2 N262 
 

BFV 

N141 
E1 

[140, 161] N209 

No N-linked glycosylation site E2 

Flavivirus 

DENV 

N67 
 

E [138, 146] 
N153 

WNV N154 (not all strains) E [138] 

JEV N154 E [147, 148] 

ZIKV N154 E [145, 155] 
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1.6.2 The biosynthetic pathway of N-linked oligosaccharide processing in 

mammalian and insect cells  

 The types of glycan, as well as the location and number of N-linked glycosylation sites 

vary among viruses and rely on the species of the host in which the virion was assembled [138, 

162]. The N-glycosylation of the E glycoproteins takes place in the lumen of the rough 

endoplasmic reticulum (ER), followed by a series of processing through the Golgi compartments 

prior to transporting to the plasma membrane [139]. The different types of N-glycan found on the 

site are determined by the degree of processing by enzymes present in cells: exoglycosidases, 

which trim the oligosaccharides, and glycosyltransferases, which catalyse the addition of new 

sugars residues. The three main types of N-linked glycans found on E glycoproteins are: complex-

type, high-mannose and hybrid (intermediate between simple and complex-type).  

 The N-glycosylation of mammalian and mosquito cells is initiated by the attachment of a 

biosynthetic precursor, Glc3Man9GlcNAc2 to the asparagine residue, followed by removal of three 

glucosyl (Glc) residues by glucosidases and a series of trimming by mannosidases [163]. The final 

composition of N-glycans is based on the degree of processing by cellular processing enzymes. 

The two hosts process glycans differently, in which the mammalian cells have enzymes to carry 

out further processing of trimmed oligosaccharides by addition of different terminal 

monosaccharides (for examples, sialic acid, glucose, galactose and other sugars) to produce the 

complex-type glycans, which are the most abundant class of mammalian oligosaccharides. 

However, these enzymes are absent in mosquito cells, therefore the N-glycans are trimmed with 

no addition of glycosyl, producing paucimannose (maximally trimmed) and high-mannose 

(minimally trimmed) [163-165].  
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 The types of glycan are also dependent on the accessibility of the glycan to cellular 

processing enzymes, for examples, the N-glycan at E1 glycoprotein of both mammalian- and 

mosquito cells-derived SINV, BFV and EEEV are more accessible to processing enzymes, 

therefore the glycans are predominantly the complex-type and paucimannose, respectively. In 

contrast, high mannose-type glycans are found on E2 glycoprotein, and the incomplete processing 

is due to poor accessibility to cellular processing enzymes [140, 141, 164].  

 The differences in N-glycan of virions affect the way they interact with host cell receptors. 

Previous studies have shown that DC-SIGN binds preferentially to mosquito-derived RRV and 

SINV that have terminal mannose residues [159, 166]. Similarly, mosquito-derived WNV has 

higher infectivity in DC-SIGN-expressing cells than mammalian-derived WNV [164, 167]. 

1.6.3 Host C-type lectins 
 
 C-type lectins (CTLs) are calcium ion-dependent lectins that constitute the most diverse 

class of lectins. CTLs contain carbohydrates recognition domains (CRDs) and have been shown 

to be involved in pathogen recognition that bind mannose-rich viral glycans [152, 168, 169]. In 

mammalian cells, a blood circulating soluble CTL, known as the mannose-binding lectin (MBL) 

recognizes molecular patterns such as mannose, glucose, L-fucose, GlcNAc and N-

acetylmannosamine (ManNAc) on pathogens that leads to activation of complement system via 

the MBL-associated proteases (MASPs) to protect against infection [168, 170, 171]. MBL has 

been shown to bind WNV and DENV to neutralize these viruses via activation of the complement 

system [172, 173]. Though MBL reduces flavivirus infection, this protective role is not observed 

during alphavirus infection. Some studies demonstrate a role for MBL in promoting RRV and 

CHIKV-induced myositis and arthritis via the mannose binding lectin pathway [162, 174]. On the 

other hand, several transmembrane CTLs are exploited by arboviruses to facilitate attachment to 
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the host cell surface and promote cell entry, thus resulting in productive infection [168]. Several 

important CTLs are early targets of arbovirus infection, including the dendritic cell-specific 

ICAM-3-grabbing non-integrin (DC-SIGN) and Liver/Lymph Node-Specific ICAM-3 Grabbing 

Non-Integrin (L-SIGN). As illustrated in Figure 1.9, the DC-SIGN and L-SIGN are 

transmembrane CTLs expressed on immature DCs and endothelial cells in the liver/lymph nodes, 

respectively. Both DC-SIGN and L-SIGN contain one CRD, which binds to mannose-rich viral 

glycans [138, 152]. Another CTL utilized by DENV is the mannose receptor (MR), which is highly 

expressed on macrophages and is able to bind different types of glycans [138, 175]. As compared 

to DC-SIGN and L-SIGN, the MR contains more than one CRD-like domain and a cysteine-rich 

domain (CR), which interacts with sulphated glycans [138]. In addition, binding of flaviviruses to 

CLEC5A (C-type lectin domain family 5, member A) causes the release of proinflammatory 

cytokines, which may lead to inflammatory pathology such as dengue haemorrhagic fever [175]. 

Another CTL expressed on DCs, macrophages, monocytes, neutrophils and B cells is the dendritic 

cell immunoreceptor (DCIR), which has been reported to play a role in limiting chronic 

inflammation such as myocardial infarction and rheumatoid arthritis induced by CHIKV infection 

[162]. The CTLs on mosquito midgut are also major determinants of virus attachment and entry 

into the midgut epithelial cells, however, the CTLs present have not been fully identified [143]. 

Whole genomics studies have identified 39 and 55 CTLs in Ae. aegypti and Cx. quinquefasciatus, 

respectively [169]. In both Aedes and Culex species of mosquitoes, the mosquito galactose specific 

C-type lectin-1 (mosGCTL-1) has been reported to facilitate the attachment and entry of WNV 

through an association with the protein tyrosine phosphatase-1 (mosPTP-1) on the cell surface (as 

illustrated in Figure 1.9) [138, 175]. Moreover, silencing of mosGCTL-1 reduces the viral load in 

mosquitoes [176]. For DENV infection, the mosGCTL-3 instead of mosGCTL-1 facilitates 
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attachment and entry of DENV. Interestingly, the mosGCTL-3 interacts with serotypes DENV-1 

and 2 but not DENV-3 and 4. Therefore, mosGCTLs may have specificity towards different 

arboviruses as well as different serotypes of virus [175]. The specificity has been suggested to be 

due to differences in N-linked glycosylation on viral glycoprotein, however, the mechanisms 

involved remains to be established [158].  
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Figure 1.9. C-type lectins present in mammalian and mosquito cells. 

C-type lectins (CTLs) are calcium ion-dependent lectins that constitute the most diverse class of lectins. 
Transmembrane CTLs such as DC-SIGN and L-SIGN are exploited by arboviruses to facilitate attachment to host 
cell surface and promote cell entry, thus resulting in productive infection. In both Aedes and Culex species of 
mosquitoes, the mosGCTL-1 has been reported to facilitate the attachment and entry of WNV through an 
association with the mosPTP-1 on the cell surface. Image adapted from [138]. 
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1.7 Receptors for alphavirus and flavivirus  

The interactions between viral surface proteins and specific receptors on target cells are 

major determinants of viral tropism in pathogenesis. To date, the bona fide entry receptors for 

alphaviruses and flaviviruses remain unknown. While some cellular molecules present on the 

cell membrane such as proteins, lipids and carbohydrates may be used by viruses for 

attachment and entry [177]. Numerous earlier studies have shown that alphaviruses and 

flaviviruses including RRV [178], SINV [179], VEEV [180], SFV [181], DENV [182] and 

YFV [183] interact with heparan sulfate proteoglycans on cell surface. The heparan sulfate 

proteoglycans (composed of unbranched, negatively charged heparan sulfate polysaccharides) 

recognize the positive charged residues on the surface of viral E proteins to increase their 

concentration at the cell surface and boost their chances of binding to specific entry receptor(s) 

[182, 184, 185]. A recent study on ZIKV reported that cell surface sialic acid plays an important 

role in ZIKV infection and removal of a2,3-linked sialic acid from cell surface abolishes ZIKV 

infection in Vero cells and human induced-pluripotent stem cells-derived neural progenitor 

cells [186]. Other cellular proteins such as heat shock protein 70 (HSP70) has been shown to 

be a putative receptor for JEV [187], DENV [188] and ZIKV [189] in human cells. However, 

its role in viral entry remains unclear. The speculated role of HSP70 is that it may act directly 

as a receptor or indirectly to concentrate viruses at the cell surface. Other putative receptors 

include GRP 78 (BiP) and the 37/67-kDa high-affinity laminin receptor, both expressed on the 

human liver cells for DENV [190] and the LPS/CD14-associated binding protein on 

monocytes/macrophages for DENV [191]. The known cellular receptor that promote viral 

infection are CTLs including DC-SIGN, L-SIGN and the mannose receptor that bind to high-

mannose glycans on the viral E glycoprotein (see section 1.6.3 for more details). More recently, 

the TIM and TAM families of phosphatidylserine receptors have been shown to mediate entry 

of DENV [192], WNV [192]  and ZIKV [193, 194]. The TIM and TAM receptors specifically 
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recognize phosphatidylserine on the surface of apoptotic cells to mediate the clearance of 

apoptotic cells [192]. Meertens et al. performed a cDNA screen and identified one TIM (TIM-

3) and two TAM (TYRO3 and AXL) transmembrane receptors that are exploited by DENV to 

mediate virus attachment to target cells and enhance infection. Furthermore, cells expressing 

these receptors are more susceptible to DENV infection. On the other hand, there are 

conflicting reports on the role of AXL receptor during ZIKV infection. The AXL receptor was 

initially described as a potential ZIKV entry receptor [193, 195], but was later proved to 

promote ZIKV infection by antagonising type I IFN signaling [194]. For alphaviruses, the cell 

adhesion molecule Mxra8 has been shown as an entry mediator for alphaviruses such as 

CHIKV, RRV, MAYV and ONNV. Mxra8 bound directly to CHIKV and enhanced virus 

attachment and internalisation into cells [196].  

Mosquitoes are natural vectors for many alphaviruses and flaviviruses. As mentioned 

earlier in section 1.4.3, the mosquito midgut and its associated tissue barriers are one of the 

first obstacles the virus has to overcome for successful viral replication and transmission [59]. 

Therefore, viral attachment to receptor(s) in the midgut would be important for viral entry and 

pathogenesis. Mosquitoes appear to have a smaller receptor repertoire for viral entry as 

compared to mammalian cells. Several surface molecules implicated in viral entry into 

mosquito cell lines overlaps with those identified for mammalian cells. For example, heat 

shock cognate protein 70 (HSc70) of C6/36 cells has been found to mediate DENV [197] and 

JEV [198] entry into mosquito cells. Mosquito CTLs also facilitate infection in various 

mosquito species (refer to section 1.6.3 for more information). The prohibitin protein and a 

putative cysteine-rich venom protein, CRVP379 have been reported as putative DENV receptor 

in the mosquito and blocking these proteins results in inhibition of DENV infection in Ae. 

aegypti [199].  Other midgut proteins such as enolase, beta-ARK and cadherin of Ae. aegypti 

have been found to bind E protein of DENV [200] and WNV [201]. However, no functional 
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studies were performed to determine the specific role of each protein during viral infection of 

mosquito cells. 
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1.8 Scope of study  

Mosquito-borne viruses such as Alphaviruses and Flaviviruses – are two of the most prominent 

families of arboviruses, liable for significant morbidity and mortality in human populations all 

over the world. Among the hundreds of known species of mosquitoes, Aedes, Culex and 

Anopheles are known to carry a diverse range of arboviruses, including RRV and ZIKV, 

belonging to the Alphavirus and Flavivirus family, respectively. Intriguingly, despite the vast 

variety of mosquito species available, RRV has been actively transmitted in the Aedes and 

Culex mosquitoes while ZIKV has been transmitted preferentially in the Aedes mosquitoes. 

Based on this phenomenon, I hypothesize that there is an intricate interplay between glycome 

and transcriptome regulation during the sylvatic arboviral transmission cycle, leading to 

specific mosquito host selection. Therefore, to address this hypothesis, I designed the following 

specific aims for my PhD research: 

i. To evaluate the role of surface glycosylation in facilitating alphaviral entry into 

mosquito cells (Chapter 2) 

I hypothesize that viral surface glycans are crucial in modulating RRV entry into 

mosquito cells during sylvatic transmission. In this aim, I seek to characterize the 

glycan profiles of RRV using lectin array. Mosquito-derived RRV and mammalian-

derived RRV will be applied on lectin array to screen across 86 lectins to identify 

specific glycan structures present on the surface of RRV. Subsequently, the lectins 

identified from the lectin array will be further examine for RRV neutralization activity 

using neutralization assay. This aim will enable me to characterize RRV glycosylation 

profiles and identify lectins with potent antiviral activity, which may be essential for 

future therapeutic interventions. 

ii. To characterize the glycomics profiles of different species of mosquitoes (Chapter 3) 
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The glycan-lectin interactions between mosquito cells and pathogens are important to 

establish successful infection. The glycans and lectins expressed on mosquito cells 

are often exploited by pathogens as recognition sites for attachment and invasion into 

the cells. Therefore, I hypothesize that the differences in surface glycan structures 

among different mosquitoes species is essential for vector competence. To 

characterize the glycome profiles of different species of mosquitoes, I will be 

utilizing lectin-glycan arrays and various mosquito cell lines derived from Ae. 

albopictus (C6/36 and RML-12), Cx. quinquefasciatus (Hsu),  Cx. tarsalis (Chao 

ball) and An. gambiae (Mos55). This aim will generate important insights onto the 

glycome profiles of the major species of mosquitoes involved in the transmission of 

many life-threatening human diseases. 

iii. To identify the host factors involved in modulating flavivirus replication in 

mosquitoes using comparative transcriptomics analysis (Chapter 4) 

Aedes mosquitoes are thought to be the major vector of ZIKV transmission. 

Interestingly, the mechanism underlying “ZIKV’s preference” for Aedes mosquitoes 

remain to be unaddressed. Herein, I hypothesize that ZIKV preferentially target Aedes 

mosquitoes through host transcriptomics dysregulation in favor of viral replication and 

transmission. I will be determining the infectivity of ZIKV in various cell lines derived 

from different species of mosquitoes. Next, using a ZIKV viral-like particle, namely 

pseudoZIKV, I will be determining the viral entry ability into the various mosquito cell 

lines. Upon identification of the cell line non-susceptible for ZIKV infection, yet 

permissive for pseudoZIKV entry, I will perform comparative transcriptomics analysis 

between this cell line identified and Aedes cell line to determine host factors crucial for 

the inhibition of ZIKV replication. This aim will allow me to identify the specific host 

factors crucial for ZIKV replication in Aedes mosquitoes. 
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iv. To identify the surface receptors involved in regulating flavivirus entry into mosquito 

cells using  a cDNA library screening approach (Chapter 5) 

I hypothesize that specific receptors are present on Aedes mosquitoes to promote ZIKV 

entry. To identify the receptors that are potentially involved in ZIKV entry, I will 

construct the first cDNA library of Aedes mosquitoes using cDNA isolated from Aag2 

cell line. To screen the library, cDNA library will be transfected into Hsu cells, which 

is a ZIKV resistant cell line. Selected cell population will then be subjected to DNA 

sequencing to identify the potential ZIKV entry receptors. This aim will ultimately shed 

new insights on the surface receptors essential for ZIKV entry into Aedes mosquitoes.
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2.2 Preface 

For decades, lectins with fine specificity for distinct glycan structures have been 

recognized for their potential insecticidal, antiparasitic, antifungal, antibacterial and antiviral 

activities [1-5]. In this chapter, using lectin array, we established a comprehensive surface 

glycosylation profile of Ross River virus (RRV) which is the most common arboviral infection 

in Australia that causes considerable human morbidity. The envelope glycoproteins of RRV 

have three known N-glycosylation sites and some studies have demonstrated that the glycan 

moieties of viruses derived in mammalian and insects cells are different and may lead to 

differential virulence and pathogenesis of RRV [6, 7]. Herein, we compared the glycan 

structures found on the surface of RRV derived from a mammalian cell line (Vero; mam-

derived RRV) and mosquito cell line (C6/36; mos-derived RRV). Our results showed that the 

glycosylation profiles of both mam- and mos-derived RRV are similar and showed binding to 

six lectins: Galanthus nivalis agglutinin (GNA), concanavalin A (ConA), Narcissus 

pseudonarcissus (NPA), Hippeastrum hybrid lectin (HHA), wheat germ agglutinin 

(WGA) and Maclura pomifera (MPA), suggesting the presence of high mannose, galactose, N-

acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) on virion surface glycans. 

One differential glycosylation pattern that was detected is the presence of sialic acid in mam-

derived RRV that showed binding to Limulus polyphemus hemagglutinin (LPA), indicating the 

presence of sialic acid structures. 

Many natural lectins have been reported to have antiviral activity. For example, the 

cyanovirin-N (CV-N) shows potent antiviral activity against HIV-1, HIV-2, Influenza virus 

and Ebola virus [8]. A strategy to tackle arbovirus transmission by mosquitoes is to modify the 

opportunity to transmit the virus to mosquitoes. For instance, no transmission will occur if viral 

entry to the vector’s cells is blocked. In this study, we evaluated the antiviral activity of the six 

lectins that showed binding to RRV and assessed their ability to block viral entry into C6/36, 
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Vero, human dermal fibroblasts (HDF) and primary mouse fibroblasts (PMF) cell lines. Our 

results showed differential antiviral activity of lectins in these cell lines with mannose-binding 

lectins, in particular GNA and ConA, being the most effective in blocking RRV entry into 

C6/36 and Vero cells. Taken together, our findings for the first time established the 

glycosylation profiles of RRV derived from both mosquito and mammalian hosts using lectin 

array. We also investigated the antiviral activity of lectins in blocking RRV entry into different 

host cells. 
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Abstract 1 

Lectins are a diverse group of proteins with carbohydrate-binding properties. Lectins recognize 2 

and bind specific carbohydrates on the surfaces of cells, thus they function as recognition 3 

molecules that play a role in interactions and communication between cells. Lectins have been 4 

implicated in many important biological processes such as cell proliferation, trafficking, 5 

tumour cell metastasis and apoptosis. Many natural lectins isolated from bacteria, plants and 6 

marine algae have been reported to exhibit antiviral activity. These lectins block virus entry 7 

into host cells by interacting with the envelope glycoproteins on viruses. In this study, lectin 8 

array technology was used to identify the viral surface glycans of Ross River virus (RRV) 9 

derived from Vero and C6/36 cells. We demonstrated that the Vero and C6/36-derived RRV 10 

exhibited binding to six common lectins: Galanthus nivalis agglutinin (GNA), concanavalin A 11 

(ConA), Narcissus pseudonarcissus (NPA), Hippeastrum hybrid lectin (HHA), wheat germ 12 

agglutinin (WGA) and Maclura pomifera (MPA). We further evaluated the antiviral activity of 13 

these lectins in Vero, C6/36, primary human dermal fibroblast (HDF) and primary mouse 14 

fibroblast cells (PMF). Our results demonstrated that mannose-binding GNA and ConA 15 

reduced RRV viral load by blocking viral entry into Vero and C6/36 cells. Despite showing 16 

promising effects in Vero and C6/36 cells, these lectins caused an increase in viral load in HDF 17 

and PMF cells, suggesting that these lectins are cell-type specific. Further studies are required 18 

to evaluate their uses in blocking virus entry.  19 

 20 

Introduction  21 

Ross River virus (RRV; Genus: Alphavirus, Family: Togaviridae) is an enveloped RNA virus 22 

that causes considerable human morbidity [9]. RRV is the most common arboviral infection in 23 

Australia, with the highest number of reported cases in Queensland [10, 11]. During the five 24 

year period (1 July 2012 - 30 June 2017), a total of 13,921 cases were reported in Australia 25 
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[12]. Acute clinical manifestations of RRV include fever, headache, fatigue, skin rashes, 26 

polyarthritis and polyarthralgia [13]. In 1972, RRV was first isolated from Aedes vigilax (Ae. 27 

vigilax) mosquitoes trapped near the Ross River in Townsville, Queensland, Australia [14]. In 28 

1979, RRV spread to the South Pacific causing large outbreaks in Fiji [15], the Cook Islands 29 

[16] and Samoa [17]. Currently, RRV is endemic in Australia and Papua New Guinea [18]. 30 

The transmission cycle of RRV is a complex cycle between their natural reservoirs such as 31 

kangaroos and wallabies and a number of different mosquito species vectors [19]. Serological 32 

studies have demonstrated that other animals including dogs, cats, possums and horses may 33 

also serve as RRV reservoirs [20]. In Australia, a diverse range of mosquito species from the 34 

Aedes and Culex (Cx) genera have been identified to play a role in transmission. These 35 

mosquitoes are Ae. camptorhynchus, Ae. notoscriptus, Ae. vigilax, and Cx. annulirostris, of 36 

which Ae. vigilax and Cx. annulirostris are the most important vectors [21].  37 

 38 

The surfaces of viruses are decorated by carbohydrates (glycans). The type of glycans can be 39 

generally categorised into simple and complex type glycans, depending on the species of the 40 

host in which the virion was assembled [22, 23]. Glycosylation is a post-translational 41 

modification that attaches glycans to proteins. The N-linked glycosylation is the most common 42 

type of post-translational modification found on the viral surfaces. The N-linked glycosylation 43 

of mosquito and mammalian cells is initiated by the attachment of a biosynthetic precursor, 44 

Glc3Man9GlcNAc2 to the asparagine residue, followed by removal of three glucosyl (Glc) 45 

residues by glucosidases and a series of trimming by mannosidases [24]. The final composition 46 

of N-glycans is based on the degree of processing by cellular processing enzymes present in 47 

cells: exoglycosidases, which trim the oligosaccharides, and glycosyltransferases, which 48 

catalyse the addition of new sugars residues. The mosquito and mammalian hosts process 49 

glycans differently, in which the mammalian cells have enzymes to carry out further processing 50 
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of trimmed oligosaccharides by addition of different terminal monosaccharides (for example, 51 

sialic acid, glucose, galactose and other sugars) to produce the complex-type glycans, which 52 

are the most abundant class of mammalian oligosaccharides. However, these enzymes are 53 

absent in mosquito cells, therefore the N-glycans are trimmed with no addition of glycosyl, 54 

producing a hybrid and high mannose type N-glycans  [24-26].  55 

 56 

Many studies have revealed crucial roles for the surface glycans in mosquito-borne viruses, 57 

which include (i) viral morphogenesis and budding, by ensuring proper folding and transport 58 

of glycoproteins to the cell surface from Golgi apparatus [27], (ii) viral entry, by recognition 59 

and attachment to host cell receptor [28], (iii) viral pathogenesis, by enhancing virulence [29, 60 

30], and (iv) immunogenicity, by eliciting host antiviral responses [31-33]. The RRV envelope 61 

has two envelope glycoproteins, E1 and E2, of which E1 facilitates binding to host cell receptor 62 

while E2 promotes cell entry [34]. The E1 and E2 glycoproteins of RRV consist of one and 63 

two N-glycosylation sites, respectively [27, 31, 35, 36]. One study has demonstrated that the 64 

differential N-linked glycosylation on the E2 glycoprotein of mosquito- and mammalian cell-65 

derived RRV contributes to differential induction and production of type I interferons, 66 

involving both alpha/beta interferon (IFN-α/β) [6].  67 

 68 

Lectins are natural proteins that target and reversibly bind to specific glycans of a variety of 69 

glycoproteins. They can be generally classified into five groups according to their binding 70 

specificities: mannose, galactose/N-acetylgalactosamine (GalNAc), N-acetylglucosamine 71 

(GlcNAc), fucose and sialic acid [37]. Many lectins interact with the viral surface that inhibit 72 

viral entry into host cells [38]. The inhibitory effect of lectins has been reported for Human 73 

Immunodeficiency virus (HIV) [39], herpes simplex virus (HSV) [40], cytomegalovirus 74 

(CMV) [41], influenza A virus (IAV) [42], respiratory syncytial virus (RSV) [38], 75 
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coronaviruses [43] and Ebola virus (EBOV) [44], making them attractive targets for the 76 

development of novel antiviral drugs. In this study, we performed lectin array analysis to 77 

comprehensively determine and compare the glycosylation pattern of mos- mam-derived RRV. 78 

Lectin array is a novel technology that consists of diverse carbohydrate binding proteins that 79 

recognize specific glycan epitopes immobilised on glass microarray slides to determine the 80 

surface glycans on whole RRV. Our results demonstrated that both mos- and mam-derived 81 

RRV bound to six lectins, which were GNA, ConA, NPA, HHA, MPA and WGA. Lectins have 82 

been shown to exhibit antiviral effects against HIV, HCV and IAV using in vivo in mouse 83 

model [38]. The strong virucidal activity of lectins with low cytotoxicity has led to the use of 84 

lectin in topical HIV prevention and is currently in a Phase I clinical trial [38]. In this study, 85 

we examined the antiviral properties of the GNA, ConA, NPA, HHA, MPA and WGA lectins 86 

on the Vero, C6/36, primary human dermal fibroblast (HDF) and primary mouse fibroblast 87 

(PMF) cell lines. Our results demonstrated that GNA and ConA exhibited antiviral effects on 88 

RRV and prevent the entry of RRV into C6/36 and Vero cell lines at a dose-dependent manner. 89 

Therefore, these lectins could serve as potential natural antiviral components to block virus 90 

entry into cells.  91 

 92 

Results 93 

Lectin array analysis of purified mos- and mam-derived RRV revealed similar glycan 94 

profiles with binding to six common lectins   95 

To identify the surface glycosylation of RRV, a lectin array containing 86 lectins was used to 96 

screen and compare the glycosylation profile of purified RRV derived from two different host 97 

cells; the mosquito (C6/36) and the mammalian (Vero) cells (Fig. 1A). Of the 86 lectins, the 98 

mos- and mam-derived RRV exhibited similar glycosylation profiles (Fig. 1B & C). Both mos- 99 

and mam-derived RRV showed binding to six lectins: Galanthus nivalis agglutinin (GNA; 100 
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identifying α-1-3-mannose), concanavalin A (ConA; identifying GlcNAc residue and α-101 

mannose), Narcissus pseudonarcissus (NPA; identifying α-1-6-mannose), 102 

Hippeastrum hybrid lectin (HHA; identifying α-1-6-mannose), wheat germ agglutinin (WGA; 103 

identifying multivalent sialic acid and GlcNAc residue) and Maclura pomifera [MPA; 104 

identifying GalNAc and galactose]. Only mam-derived RRV showed binding to Limulus 105 

polyphemus hemagglutinin (LPA; identifying sialic acid). Table 1 summarises the lectin 106 

binding specificities and level of binding obtained from lectin array. Both mos- and mam-107 

derived RRV were found to bind three mannose recognizing lectins (GNA, ConA and HHA) 108 

down to 125 µg/ml (lowest concentration printed), indicating that high mannose type N-glycan 109 

was the predominant glycopattern in RRV. Some differences with respect to the level of 110 

binding was observed between mos- and mam-derived RRV (Table 1). Mam-derived RRV 111 

bound strongly (down to 125 µg/ml) to WGA and LPA, demonstrating that N-acetyl-β-D-112 

glucosaminyl residues, N-acetyl-β-D-glucosamine oligomers and sialic acid are highly 113 

abundant in mam-derived RRV. While binding of mos-derived RRV to WGA was only 114 

observed at the highest concentration printed and no binding was observed for LPA. 115 

Collectively, these results suggest that irrespective of host, the surface glycans of RRV contain 116 

mannose, GlcNAc, GalNAc and galactose. One differential glycosylation pattern that was 117 

detected involved sialic acid, which is a complex glycan found in mam-derived RRV only (Fig. 118 

1D). However, due to manufacturing problem from the EY Laboratories, we were not able to 119 

purchase LPA for further experiments. 120 

 121 

Validation of mos- and mam-derived RRV binding to lectins by a microtiter plate binding 122 

assay 123 

To further confirm the binding of mos- and mam-derived RRV to lectins as mentioned above, 124 

a microtiter plate-binding assay was performed. Microtiter wells coated with mos- and mam-125 
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derived RRV were incubated with increasing concentrations (0, 0.1, 1, 10 and 100 µg/ml) of 126 

biotinylated GNA, NPA, HHA, MPA and WGA. In addition, biotin was used as a negative 127 

control. As seen in Fig. 2A and B, both mos- and mam-derived RRV bound to all five lectins 128 

in a dose-dependent manner. Of these lectins, both mos- and mam-derived RRV bound 129 

strongest to NPA (binding was detected at 0.1 µg/ml), followed by MPA, HHA, GNA and 130 

WGA. No binding was detected in biotin control. These results correlate with lectin array 131 

results that mannose-binding lectins showed strongest binding to RRV, with the exception of 132 

the galactose-binding lectin, MPA that exhibited strong binding to both mos- and mam-derived 133 

RRV, suggesting that the gala and GalNAca structures might be present at a higher abundance 134 

than the lectin array results indicated. Due to the unavailability of biotinylated ConA, microtiter 135 

wells were coated with nonbiotinylated ConA, and increasing concentrations and mos- and 136 

mam-derived RRV were applied to the wells. The presence of RRV was detected by using an 137 

anti-RRV antibody, G8, followed by the addition of the HRP-conjugated anti-mouse 138 

secondary antibody. As shown in Fig. 2C, our results demonstrated that both mos- and mam-139 

derived RRV bound to ConA in a dose-dependent fashion. These data confirmed the binding 140 

of mos- and mam- RRV to GNA, NPA, HHA, MPA, WGA and ConA and confirmed the 141 

presence of mannose, GlcNAc, GalNAc and galactose on the surface glycans of RRV derived 142 

from two different hosts.  143 

 144 

C6/36, Vero, HDF and PMF cell lines are susceptible to RRV infection 145 

Prior to testing the antiviral activity of lectins in cells, we first examined the infectivity of RRV 146 

on C6/36, Vero, HDF and PMF cells. HDF and PMF cells were chosen, as infection of skin 147 

fibroblasts is a critical stage of viral pathogenesis following a mosquito bite. The growth 148 

analysis of mos- and mam- derived RRVs were established in these cell lines at multiplicity of 149 

infection (MOI) 1. Culture supernatants were harvested at 0, 6, 12, 24, 36 and 48 hpi and 150 
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infectious viral particles in the supernatants were determined by plaque assay. Our results 151 

demonstrated that all four cell lines are susceptible to RRV infection (Fig. 3A-D). In addition, 152 

there is no significant difference between the amount of infectious viral particles produced in 153 

the supernatants of mos- and mam-derived RRV.  154 

 155 

Differential antiviral activity of the GNA, ConA, NPA, HHA, WGA and MPA lectins 156 

The GNA, ConA, NPA, HHA, WGA and MPA lectins with different specificities were 157 

evaluated for their potential to inhibit viral entry of mos- and mam-derived RRV in cell 158 

cultures. Purified mos- and mam-derived RRV (MOI 0.05) were incubated with lectins at 159 

different concentrations (0, 1, 10 and 100 µg/ml) and then used to infect C6/36, Vero, HDF 160 

and PMF cells. At 6 hpi, cells were harvested and viral genomes were quantified by viral load 161 

qRT-PCR. The antiviral activities of each lectins on mos- and mam-derived RRV for each cell 162 

types are shown in Fig. 4 and Fig. 5, respectively. Biotin was used as negative control and no 163 

significant difference was observed in viral load for all cell types.  164 

 165 

Of the six lectins tested against mos-derived RRV in C6/36 cells, four lectins (GNA, ConA, 166 

NPA and HHA) showed a significant reduction in viral load, with GNA and ConA 167 

demonstrating a reduction in viral load in a dose-dependent manner (Fig. 4A). At a 168 

concentration of 10 µg/ml, GNA and ConA reduced nearly 50% of viral load. Furthermore, 169 

nearly 90% of viral load was reduced at the presence of 100 µg/ml of GNA or ConA. In Vero 170 

cells, all six lectins had significant inhibitory effects on the viral entry of mos-derived RRV, 171 

with MPA exhibiting the strongest inhibitory effect at concentration as low as 1 µg/ml. This is 172 

followed by ConA, in which 10 µg/ml reduced viral load by nearly 90%. For HHA and WGA, 173 

50% of viral load was reduced at a concentration of 10 µg/ml. At 100 µg/ml, all lectins reduced 174 

viral load by more than 90% (Fig. 4B). In HDF cells, only GNA and ConA showed significant 175 
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reduction in viral load at concentration higher than 10 µg/ml (Fig. 4C). In PMF cells, only 176 

ConA showed a significant reduction in viral load at 100 μg/ml (Fig. 4D). However, we 177 

observed an increase in viral load when lower concentration of ConA is added to PMF. 178 

Similarly, GNA and HHA also resulted in an increase in viral load. These data suggest that the 179 

antiviral effects of lectins is cell line dependent and certain lectins may enhance viral uptake 180 

in PMF cells.  181 

 182 

For the neutralization assay using mam-derived RRV, C6/36 demonstrated similar results as 183 

the mos-derived RRV, with GNA, ConA, NPA and HHA showing a reduction in viral load in 184 

a dose-dependent manner (Fig. 5A). The inhibitory effects of GNA and ConA were seen at 185 

concentrations as low as 1 µg/ml. In Vero cells, ConA, NPA and MPA reduced RRV viral load 186 

dose-dependently, with MPA showing the strongest inhibitory effect (Fig. 5B). Surprisingly, 187 

in HDF and PMF cells, we failed to observe similar trends of reduction in viral load that were 188 

seen in the other cell types. Most lectins were found to enhance virus uptake into the cells (Fig. 189 

5C&D). Taken together, antiviral activity of lectins were observed to be dependent on the cell 190 

type. The strongest antiviral activity against both mos- and mam-derived RRV was found 191 

predominantly among the mannose-binding lectins. 192 

 193 

Discussion and conclusion 194 

The glycans on virus envelope proteins play a role in determining the virus’ specific cell targets 195 

and the binding to particular types of lectins. The envelope glycoproteins of alphaviruses have 196 

several N-linked glycosylation sites, the specific number, location and glycan structures are 197 

dependent on the particular virus and host cell type [45, 46]. The E glycoproteins of RRV 198 

consist of three N-linked glycosylation sites, E1-141, E2-200 and E2-262. Previously, 199 

Shabman et al. utilized a panel of glycan mutants at each N-glycosylation site and performed 200 
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endoglycosidase digestion with two enzymes, PNGase F (cleaves all mannose, hybrid and 201 

complex glycans) and endo H (cleaves only high mannose and hybrid glycans) to identify the 202 

predominant oligosaccharide at each glycosylation site of mam- and mos-derived RRV [29]. 203 

Shabman et al. demonstrated that the predominant oligosaccharide of mam-derived RRV at 204 

E2-200 was either a hybrid (both complex and high mannose glycans) or high mannose 205 

glycans, while at E2-262 and E1-141, the predominant oligosaccharides were complex glycans. 206 

As for mos-derived RRV, the E1-141 consists of paucimannose oligosaccharide (3 mannose 207 

residues); while both E2-200 and E2-262 are endo H sensitive, indicative of a hybrid (both 208 

complex and high mannose glycans) or high mannose glycans [6].  209 

 210 

The lectin array has an advantage of obtaining detailed information on the structure of the viral 211 

surface glycans, especially their linkage information. In this study, for the first time, a 212 

comprehensive glycosylation profile of whole RRV virion derived from mosquito and 213 

mammalian cells were established using a lectin array and confirmed by microtiter plate 214 

binding assay. C6/36 and Vero cells were used as representative cell lines to propagate RRV 215 

as these two cell lines are broadly used in laboratories to propagate arboviruses (arthropod-216 

borne virus). Consistent with Shabman et al., our study demonstrates that the predominant type 217 

of glycans on the mos- and mam-derived RRV surface were the high mannose type glycans 218 

(indicated by GNA, ConA, HHA and NPA binding) with these structures: Manα1-3Man, 219 

Manα1-6Man and Manα1-6(Manα1-3)Man and hybrid or complex glycans (indicated by MPA 220 

and WGA) with these structures: GalNAca, Gala and GlcNAcβ. It was observed that sialic 221 

acid containing complex glycans (indicated by LPA) was detected only in mam-derived RRV.  222 

Our results are in agreement with previous studies on DENV [33, 47, 48], WNV [49, 50] and 223 

CHIKV [31], in which high mannose, hybrid and complex glycans can be found in both mos- 224 

and mam-derived viruses with high mannose and galactosylated glycans being the major 225 
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structures. Furthermore, a recent study on the carbohydrate composition of the Ae. aegypti 226 

salivary gland proteins reported that the most abundant monosaccharide was GalNAc, followed 227 

by mannose, GlcNAc, galactose and sialic acid [51].  228 

 229 

One factor controlling the extent of glycan processing is determined by the accessibility of 230 

glycans to cellular processing enzymes [45]. Although the exact role of glycans remains largely 231 

unknown, previous studies have suggested that the glycan structures of mos- and mam-derived 232 

arboviruses may influence receptor interactions, immunogenicity, pathogenesis, virus 233 

transmission and virus clearance. For example, high mannose glycans on the mos-derived 234 

SINV [52], WNV [49] and DENV [33, 53] glycoproteins are important for interaction with 235 

DC-specific intercellular adhesion molecule3-grabbing non-integrin (DC-SIGN) present on 236 

dendritic cells in the skin, which are believed to be the primary target cells in the skin upon a 237 

bite of an infected mosquito [33]. Furthermore, the glycosylation of the E1 and E2 238 

glycoproteins of RRV are important for viral virulence and immunopathology in the 239 

mammalian host and replication in the mosquito vector [54]. Interestingly, mam-derived RRV 240 

and WNV are capable of inducing stronger interferon responses as compared to mos-derived 241 

viruses and may contribute to different outcomes of disease pathogenesis in humans [55, 56]. 242 

These studies highlight the importance of host cell dependent glycosylation profile of 243 

arboviruses and suggest the role of virus glycosylation in many aspects of pathogenesis. 244 

Therefore, further studies are necessary to explore the structures and roles of different glycan 245 

structures on arboviruses and this knowledge is valuable to improve or develop new antiviral 246 

strategies.  247 

 248 

In this study, six lectins with different carbohydrate specificities were tested for their antiviral 249 

activity against RRV. The antiviral activity of lectins against RRV varies considerably and 250 
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depends on the nature of their sugar specificity and cell types. Our results demonstrated that 251 

the mannose-specific lectins are highly effective against RRV. Incubation of all four mannose-252 

specific lectins, especially GNA and ConA, with both mos- and mam-derived RRV markedly 253 

decreased RRV infectivity in C6/36 and Vero. These results suggest the potential antiviral 254 

properties of mannose-binding lectins to prevent viral entry into both mosquito and mammalian 255 

hosts (refer to Fig. 4A,B & 5A,B). Many lectins have been reported as having antiviral activity 256 

against a variety of viruses, with the majority of studies so far focused on HIV [38, 57]. Studies 257 

have been performed for ConA, Lens culinaris agglutinin (LCA), Vicia faba agglutinin 258 

(VFA), Pisum sativum agglutinin (PSA), Phaseolus vulgaris lectin (PHA-E), Cyanovirin-N 259 

(CVN), Griffithsin (GRFT) and banana lectin (BanLec) and these lectins inhibit HIV by 260 

binding to the envelope glycoprotein gp120 of HIV. These lectins also inhibit fusion of HIV-261 

infected cells or inhibit the HIV-1 reverse transcriptase (key enzyme for the replication of HIV-262 

1 genome) by a carbohydrate-specific interaction [58, 59]. Antiviral lectins against HIV have 263 

been recommended for incorporation into vaginal and rectal gels or creams to act as a chemical 264 

barrier to prevent HIV transmission [60]. CVN and GRFT have favourable safety profiles in 265 

vitro and in nonhuman primate studies [59]. Antiviral lectins such as HHA and GNA are neither 266 

toxic nor mitogenic to human cells [61]. Furthermore, other properties of these lectins, which 267 

include being odourless, stable at high temperature and low pH and easily formulated in gel 268 

preparations, make them ideal for development in microbiocidal use [61, 62]. Interestingly, the 269 

toxic effects of GNA and ConA when ingested by insects has opened a promising field for the 270 

use of plant lectins as insecticides and expression of lectins in transgenic plants has yielded 271 

positive results against several economically important insect pest for crop protection in 272 

agriculture [1, 63-65]. 273 

 274 

In a natural infection, arboviruses are typically transmitted to human via bites of infected 275 
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female mosquitoes. Following a mosquito bite, viruses are introduced into the skin and the 276 

viruses infect and replicate in skin fibroblasts. Infection of skin fibroblasts is a critical stage of 277 

viral pathogenesis, as the virus replicates and disseminates in skin cells, which triggers an 278 

innate immune response leading to expression of type I interferon [66]. In this study, we chose 279 

primary human dermal fibroblast and primary mouse fibroblast to test lectin ability to block 280 

viral entry into skin fibroblasts. In our study, GNA and ConA were able to neutralize mos-281 

derived RRV and decrease the viral load in HDF cells but not the mam-derived RRV. However, 282 

certain mannose-binding lectins enhanced viral infectivity in HDF and PMF cells (refer to Fig. 283 

4C,D & 5C,D). This observation is not uncommon as mannose-binding lectins are an important 284 

soluble effector of the innate immune system and enhancement in uptake of virus via binding 285 

to mannose-binding lectin receptor in host cells has been documented [67]. The potential for 286 

certain ligands to enhance infection has been documented with the well-researched phenomena 287 

of antibody dependent enhancement of DENV, in which the antibody-virus complex attaches 288 

to Fcγ receptors on circulating monocytes to enhance DENV infection [68]. Although we 289 

recognize that lectins are structurally distinct from antibodies, we cannot rule out an ADE-like 290 

mechanism of enhancement in HDF and PMF cells. Future research aspects will need to 291 

involve in vitro and in vivo evaluation of the toxicity and immunomodulation properties of the 292 

GNA and ConA for optimal therapeutic value and safety.  293 

 294 

In conclusion, our findings for the first time characterized the glycosylation profiles of RRV 295 

derived from both mosquito and mammalian hosts. We also discovered the potential antiviral 296 

activities of GNA and ConA lectins in C6/36 and Vero cells. By understanding the molecular 297 

mechanisms of GNA and ConA antiviral properties both in vitro and in vivo, these natural 298 

lectins can become a new potential antiviral compound in insect repellent to prevent arbovirus 299 

transmission.  300 
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Materials & Methods 301 

Cell lines and virus stocks 302 

The African green monkey kidney cell line (Vero) was grown in Opti-MEM®I Reduced Serum 303 

Medium (Thermo Fisher Scientific, AU) supplemented with 3% Foetal Bovine Serum (FBS; 304 

Scientifix, AU). Vero cells were grown at 37°C in the presence of 5% CO2. C6/36 (Aedes 305 

albopictus) was purchased from ATCC and grown in Leibovitz’s L-15 medium (Thermo Fisher 306 

Scientific, AU) supplemented with 15% FBS and 10% tryptose phosphate buffer (Sigma-307 

Aldrich) at 28°C without CO2. Primary human dermal fibroblast (HDF) was purchased from 308 

Sigma-Aldrich and grown in Fibroblast Growth Medium (Sigma-Aldrich) at 37°C in the 309 

presence of 5% CO2. The virus strain used in this study was the WT T48 strain of RRV. Virus 310 

stocks (passage 0; P0) were generated from full-length T48 cDNA clone (kindly provided by 311 

Dr. Richard Kuhn, Purdue University) as described [69]. P0 virus stocks were passaged once 312 

in Vero cells and twice in C6/36 cells to generate mam-derived RRV (P1) and mos-derived 313 

RRV (P2), respectively.  314 

 315 

Generation of primary fibroblast cultures from mouse tail tissues 316 

Fibroblasts were isolated from the tails of euthanised C57BL/6 mice as described by previously 317 

[70]. Briefly, tails were sterilised with 70% ethanol and cut into small pieces. Tail pieces were 318 

incubated in collagenase D-pronase solution (Sigma-Aldrich) at 37°C in the presence of 5% 319 

CO2 for 90 min. 10 ml of Dulbecco's Modified Eagle Medium (DMEM; Sigma-Aldrich) 320 

supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 μg/mL) was added 321 

to digested tail tissues and passed through a 70 µm cell strainer. Isolated cells were washed 322 

once in complete DMEM and cultured on tissue culture-treated flasks at 37°C, with 5% CO2. 323 

 324 

RRV propagation and purification of mos- and mam-derived RRV  325 
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RRV stocks at MOI 0.1 were inoculated to 60-70% confluent C6/36 or Vero cells. Viruses 326 

were adsorped onto cells for 1 h at 28°C and 10 mL of fresh medium containing 5% FBS was 327 

then added. After 40 h incubation at 28°C, infected monolayer was subjected to one cycle of 328 

freeze-thawing and media was harvested and clarified by centrifugation at 3000 RPM for 20 329 

min. The virus suspension was then loaded onto a 20% (v/v) and 50% (v/v) OptiPrep™ Density 330 

Gradient Medium (Sigma) and centrifuged at 28000g for 5 h at 4°C. The sharp band formed 331 

by virus at 20%/50% density interface was collected. The purified virus was then titered using 332 

plaque assay and stored at -80°C.  333 

 334 

RRV infection of cell lines for growth analysis  335 

Mosquito cells at a density of 2.0 × 105 per well on 24-well plates were inoculated with virus 336 

at a multiplicity of infection (MOI) of 1. Viruses were adsorped onto cells for 1 h at 28°C. 337 

Wells were then washed one time with PBS and 1 ml of growth medium was added to each 338 

well. Cells were incubated at 28°C and supernatants were collected at various times 339 

postinfection (0, 6, 12, 24, 36 and 48 h).  340 

 341 

Plaque assay 342 

Vero cells at a density of 1.0 × 105 per well were seeded into 24-well plates and incubated 343 

overnight at 37°C. Growth medium was then removed and cell monolayers were inoculated 344 

with 100 μl of 10-fold serially diluted virus-containing samples. After 1 h incubation at 37°C 345 

in humidified CO2 incubator, an overlay of 0.5 ml of agarose/growth medium was added to 346 

each well, followed by incubation at 37°C for 48 h. The agar overlay was removed from the 347 

wells and plaques were visualised by crystal violet staining (0.1% crystal (w/v) violet in 20% 348 

ethanol). Plaques were then calculated using the following formula: Plaque forming units 349 

(PFU)/ml = [Average no. of plaques/Volume (ml) of virus overlay] × dilution factor.  350 
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RNA isolation and cDNA conversion  351 

Total RNA was extracted using TRIzol reagent (Life Technologies) as per the manufacturer’s 352 

instructions. Viral RNA was extracted using the Qiagen Rneasy Mini kit as per the 353 

manufacturer’s instructions. Nucleic acid concentrations were quantified using NanoDrop 354 

1000 Spectrophotometer (Thermo Scientific). The extracted RNA was converted to cDNA, by 355 

using iScript™ cDNA Synthesis Kit (Bio-Rad, USA) according to the manufacturer’s 356 

instructions. RT-PCR was performed using BIO-RAD T100™ Thermal Cycler. 357 

 358 

Viral load qRT-PCR 359 

Quantitative real time-PCR was performed using SsoAdvanced™ Universal Probes supermix 360 

(Bio-Rad, USA) in 12.5 μl reaction volume to detect nsP3 region RNA, using specific probe 361 

(5-ATTAAGAGTGTAGCCATCC-3’) and primers (forward: 5’-362 

CCGTGGCGGGTATTATCAAT-3’; reverse: 5’-AACACTCCCGTCGACAACAGA-3’) 363 

[55]. PCR cycling conditions were programmed as follows: (i) initial denaturation at 95°C for 364 

15 min and (ii) 40 cycles of the 3-steps: denaturation at 94°C for 15 sec, annealing at 55°C for 365 

30 sec, extension at 72°C for 30 sec. Data were acquired using BIORAD CFX96 Touch™ 366 

Real-time PCR Detection System. Standard curve was generated using five serial diluted (15-367 

fold) RRV T48 infectious plasmid DNA. The copy numbers of amplified products were 368 

interpolated from standard curve using Prism Graphpad software.  369 

 370 

Lectin array screening  371 

Lectin array slides with 86 lectins were printed at three different lectin concentrations (500 μg/ 372 

mL, 250 μg/mL and 125 μg/mL) using an ArrayJet Argus Marathon Inkjet Bio-Printing System 373 

on Arrayit SME3 substrates and neutralized as previously described [71, 72]. Lectins used are 374 

listed in Supplementary Table 1. Labelling of 106 of purified RRV was performed using Alexa 375 
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Fluor 647 (Invitrogen) and was incubated at 4°C for 30 min. Excess dye was removed by five 376 

consecutive washes with 500 μl of array PBS (PBS with 1.8mM MgCl2, 1.8mM CaCl2). 377 

Labelled RRV was resuspended in 125 μl of array PBS and bound to the lectin array slide for 378 

60 min at room temperature in the dark. Slide was then washed with array PBS to remove 379 

unbound viruses and dry by centrifugation at 900 RPM for 5 min. Fluorescence intensities of 380 

array spots were measured using the InnoScan® 1100 AL Fluorescence Scanner (Innopsys). 381 

Image analysis was performed using the ProScanArray imaging software ScanArray Express 382 

(PerkinElmer). Mean background was determined from the average relative fluorescence unit 383 

(RFU) of 12 sets of blank spots on the array plus three standard deviations. Positive binding 384 

was defined as visible binding to all four replicate spots with an RFU value greater than 1 when 385 

the average fluorescence of all four replicate spots was divided by the mean background RFU. 386 

Statistical analysis of the data was performed using student unpaired t-test . P values less than 387 

0.05 were considered statistically significant. 388 

 389 

Virus neutralization assay  390 

In this assay, the inhibitory effects of Galanthus nivalis agglutinin (GNA), concanavalin A 391 

(ConA), Narcissus pseudonarcissus (NPA), Hippeastrum hybrid lectin (HHA), wheat germ 392 

agglutinin (WGA) and Maclura pomifera (MPA) (all lectins purchased from EY Labs, USA) 393 

on virus entry were measured. Purified mos- or mam-derived RRV was incubated with lectins 394 

at 0, 0.1, 1 and 10 µg/ml for 1 h at room temperature and the lectin-incubated virus preparation 395 

was used to infect cells (5 × 104 cells/well in a 48 well plate). Biotin was used as a negative 396 

control for RRV neutralization assay. After 2 h incubation at 28°C (for C6/36 cells) and 37°C 397 

(for Vero and HDF cells), virus overlay was removed and washed three times with PBS. 1 ml 398 

of growth medium was added to each well, followed by incubation at 28°C (for C6/36 cells) 399 

and 37°C (for Vero and HDF cells) for 6 h. Cells were harvested for RNA extraction. Viral 400 
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genomes were quantified by qRT-PCR viral load qRT-PCR. Statistical analyses were 401 

performed using Prism Graphpad software. Comparisons of viral load were analysed using 402 

one-way ANOVA with Tukey’s test. P values less than 0.05 were considered statistically 403 

significant. 404 

 405 

Microtiter plate binding assay  406 

Microtiter plates (Costar) were coated overnight at 4°C with 0.1 M carbonate-bicarbonate 407 

coating buffer (pH 9.6) alone or containing either 104 PFU mos- or mam-derived RRV. Wells 408 

were blocked with 5% BSA in PBS for 1 h at room temperature. The plate was then washed 409 

three times with PBST (0.1% Tween-20 in PBS). One hundred microliters of biotinylated 410 

GNA, NPA, HHA, MPA and WGA lectins (EY Laboratories, San Mateo, CA) at 0.1, 1, 10, 411 

100 µg/mL was added to each well in triplicate and incubated at 37°C for 2 h. After the lectin 412 

solution was removed, the plate was washed three times with PBST to remove unbound lectins. 413 

One hundred microliters of horseradish peroxidase conjugated streptavidin (Abcam, 414 

Cambridge, MA) was added to bind with their corresponding antigens. 3,3′,5,5′-415 

Tetramethylbenzidine (TMB) liquid substrate system (Sigma) was added to each well and the 416 

reaction was stopped after 30 minutes with addition of 1M H2SO4. The absorbance values were 417 

read on a microplate reader (Tecan, Infinite M1000 Pro) at a wavelength of 450 nm. Coated 418 

wells with no added lectins and wells receiving coating buffer only were used as negative 419 

controls.  420 

 421 

Microtiter plates were coated with nonbiotinylated ConA (EY Laboratories, San Mateo, CA) 422 

at 0.1, 1, 10, 100 µg/mL in 0.1 M carbonate-bicarbonate coating buffer (pH 9.6), overnight at 423 

4°C. Wells were blocked with 5% BSA in PBS for 1 h at room temperature. Following three 424 

successive washes with PBST, 104 PFU mos- or mam-derived RRV was applied to the wells 425 
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and incubated at 37°C for 2 h. The plate was washed three times with PBST to eliminate 426 

unbound viruses. The plate was then incubated for 1 h at 37°C with mAb G8 anti-RRV E2 427 

antibody (kindly provided by Professor Roy Hall, University of Queensland, Queensland, AU) 428 

at 1:500 dilution and washed three times with PBST. Horseradish peroxidase conjugated goat 429 

anti-mouse IgG (Abcam) was added at 1:100000 dilution. Detection method is as mentioned 430 

above.  431 

 432 

Figure legends 433 

Figure 1. Glycan profiling of purified mos- and mam-derived Ross River virus (RRV) 434 

by lectin arrays. (A) Schematic diagram of workflow in this study. Mos-derived RRV was 435 

generated from C6/36 cells and mam-derived RRV was generated from Vero cells. Viruses 436 

were purified using Optiprep gradient ultracentrifugation and fluorescently labeled with 437 

Alexa Fluor 647. 1 million virions were applied onto lectin array containing 86 distinct 438 

lectins at three different concentrations (500 μg/ mL, 250 μg/mL and 125 μg/mL) with each 439 

being printed in quadruplicates. Fluorescence intensities of array spots were measured using 440 

the InnoScan® 1100 AL Fluorescence Scanner (Innopsys). Positive binding was defined as 441 

visible binding to all four replicate spots with an average RFU value greater than 1-fold above 442 

the mean background RFU (average background fluorescence from 12 blank spots + 3 443 

standard deviations). (B & C) Bar chart representing the RFU from quadruplicates of lectins 444 

with carbohydrate-specific interactions binding to mos- and mam-derived RRV, 445 

respectively. Error bars equal one standard error of the mean. Statistical significance was 446 

determined by student unpaired t-test. Different p values were indicated by * (p<0.05), or ** 447 

(p<0.01), or *** (p<0.001) or **** (p<0.0001) or ns = no statistically significant different 448 

(p > 0.5). For full lectin name and binding specificity see Table 1. (D) Average fold increase 449 

of RFU above the mean background RFU. The dashed line indicates a 1-fold increase above 450 
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mean background RFU. (E) Venn diagram showing the lectins bound by mos- and mam-451 

derived RRV.  452 

 453 

Figure 2. Confirmation of lectin-virus interactions by microtiter plate binding assays. 454 

(A & B) Different concentrations of biotin-conjugated MPA, NPA, HHA, GNA and WGA 455 

(0.1, 1, 10 and 100 μg/ mL) were added to mos- and mam-derived RRV coated plates for 2 456 

hours at 37°C, followed by binding to Streptavidin HRP for additional 1 hour at 37°C. 457 

Optical density at 450 nm was read using TMB Liquid Substrate System. Data are expressed 458 

as mean ± SEM (n = 3). The dashed line represents the background absorbance value 459 

observed using no lectin negative control and grey dotted line represents coating buffer only 460 

negative control. (C) 1 million of mos- and mam-derived RRV were added to ConA 461 

(nonbiotinylated) coated plates for 2 hours at 37°C, followed by binding to G8 anti-RRV 462 

antibody for additional 1 hour at 37°C. HRP-conjugated anti-mouse secondary antibody was 463 

then added for 1 hour at 37°C. Optical density at 450 nm was read using TMB Liquid 464 

Substrate System. Data are expressed as mean ± SEM (n = 3). The dashed line represents 465 

coating buffer only negative control.  466 

 467 

Figure 3. Infection of C6/36, Vero, HDF and PMF cells by mosquito and mammalian cell-468 

derived RRV. Cells were infected with mos- and mam-derived RRV at MOI 1. At 0, 6, 12, 24 469 

and 48 hpi, culture supernatants were harvested and titrated to determine virus release in (A) 470 

C6/36, (B) Vero and (C) HDF. All values represent the mean ± SD of experiments performed 471 

in triplicate.  472 

 473 

Figure 4. Antiviral activity of lectins against mos-derived RRV as determined by virus 474 

neutralization assay in C6/36, Vero, HDF and PMF cells. Purified mos-derived RRV (MOI 475 
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0.05) were incubated for 1 h with the lectins or biotin control at different concentrations (0, 476 

0.1, 1 and 10 µg/ml). The lectin-incubated virus preparations were then used to infect (A) 477 

C6/36, (B) Vero, (C) HDF and (D) PMF cells. At 6 hpi, cells were harvested and viral genomes 478 

were quantified by qRT-PCR using 10ng of cDNA. Data are expressed as mean ± SEM (n = 479 

3). Statistical significance was determined by one-way ANOVA with Tukey’s test. Different 480 

p values were indicated by * (p<0.05), or ** (p<0.01), or *** (p<0.001), or **** (p<0.0001). 481 

 482 

Figure 5. Antiviral activity of lectins against mam-derived RRV as determined by virus 483 

neutralization assay in C6/36, Vero, HDF and PMF cell. Purified mam-derived RRV (MOI 484 

0.05) were incubated for 1 h with the lectins or biotin control at different concentrations (0, 485 

0.1, 1 and 10 µg/ml). The lectin-incubated virus preparations were then used to infect (A) 486 

C6/36, (B) Vero, (C) HDF and (D) PMF cells. At 6 hpi, cells were harvested and viral genomes 487 

were quantified by qRT-PCR using 10ng of cDNA. Data are expressed as mean ± SEM (n = 488 

3). Statistical significance was determined by one-way ANOVA with Tukey’s test. Different 489 

p values were indicated by * (p<0.05), or ** (p<0.01), or *** (p<0.001), or **** (p<0.0001). 490 
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Figure 1   
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Figure 2 
 

 
  

0.1 1 10 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Lectins concentration (µg/ml)

A
bs

or
ba

nc
e 

at
 4

50
nm

mos-derived RRV

GNA

NPA
HHA

MPA

WGA
Biotin

0.1 1 10 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Lectins concentration (µg/ml)

A
bs

or
ba

nc
e 

at
 4

50
nm

mam-derived RRV

GNA

NPA
HHA

MPA

WGA
Biotin

0.1 1 10 100
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Lectins concentration (µg/ml)

A
bs

or
ba

nc
e 

at
 4

50
nm

ConA

mos-derived RRV
mam-derived RRV

A B 

C 



 

 78 

Figure 3 
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Figure 4 
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Figure 5 
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Table 1. Lectin specificities and binding levels to mos- and mam-derived RRV revealed by 
lectin array.  
 

-: No binding observed. 
+: Binding observed at lectin print concentration of 500 µg/ml. 
++: Binding observed at lectin print concentration of 250 µg/ml.  
+++: Binding observed at lectin print concentration of 125 µg/ml. 
Sugar Abbreviations: Fuc, Fucose; Gal, Galactose; Glc, Glucose; GalNAc, N-
acetylgalactosamine; GlcNAc, N-acetylglucosamine ;Neu5Ac, N-acetylneuraminic acid 
(sialic acid); Sia, Sialic Acid.  

 
 
 
 
 

Lectins Specificities Structures Mos-
derived 

RRV 

Mam-
derived 

RRV 

Galanthus 
nivalis agglutinin 
(GNA) 

High mannose: α(1,3)mannose 
residues 

Manα1-3Man 
 

+++ +++ 

Concanavalin A 
(ConA) 

High mannose: α-D-mannose, 
α-D-glucose 

Manα1-6(Manα1-
3)Man,  
Man (Terminal, 
Branched), 
GlcNAc (Terminal) 
 

+++ +++ 

Narcissus 
pseudonarcissus 
(NPA) 

High mannose: α-linked 
Mannose 

αMan, Manα1-
6Man 
 

++ +++ 

Hippeastrum hybrid 
lectin (HHA) 

High mannose N-type glycans Manα1-3Man, 
Manα1-6Man, 
Manα (Terminal) 
 

+++ +++ 

Maclura pomifera 
(MPA) 

N-
acetylgalactosamine>Galactose  

Galα, GalNAcα 
 

+ + 

Wheat germ 
agglutinin (WGA) 

N-acetyl-β-D-glucosaminyl 
residues and N-acetyl-β-D-
glucosamine oligomers 

GlcNAcβ 
 

+ +++ 

Limulus polyphemus 
hemagglutinin (LPA) 

Sialic acid Neu5Ac 
 

- +++ 
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Table S1. Full list and catalogue number of lectins (purchased from EY Laboratories) printed 
on lectin array.  
 

  Name Carbohydrate Specificity Catalogue 
Number  

AAA Pure Anguilla anguilla Lectin (Fresh 
Water Eel) -AAA-, 1mg 

Fucα1-2 L-4901-1 

ABA Pure Agaricus bisporus Lectin 
(Mushroom) -ABA-, 2mg 

Galβ1-3GalNAc L-5001-2 

ACA Pure Amaranthus caudatus Lectin 
(Tassel flower, Inca wheat) -ACA-, 5mg 

Galβ1-3GalNAc L-8201-5 

AIA Pure Artocarpus integrifolia lectin 
(Jackfruit) Jacalin AIA 2mg 

Galα, Galβ, GalNAcα (O-
linkage) 

L-6301-2 

AMA Pure Arum maculatum Lectin (Lords 
and Ladies) -AMA-, 1mg 

Manα L-8012-1 

APP Pure Aegopodium podagraria Lectin 
(Ground Elder) -APP-, 1mg 

GalNAcα, GalNAcβ L-8003-1 

ASA Pure Allium sativum Lectin (Garlic) -
ASA-, 1mg 

Manα1-3 L-8007-1 

BDA Pure Bryonia dioica Lectin (White 
Bryony) -BDA-, 1mg 

GalNAcα, GalNAcβ L-8002-1 

BPA Pure Bauhinia purpurea Lectin (Camel's 
Foot Tree) -BPA-, 1mg 

GalNAc L-2501-1 

CA Pure Colchicum autumnale Lectin 
(Meadow Saffron) -CA-, 1mg 

Galβ1-4GlcNAc, GalNAcβ1-
4GlcNAc 

L-8004-1 

CAA Pure Caragana arborescens Lectin (Pea 
Tree) -CAA-, 1mg 

GlcNAcβ1-2Manα1-
3(GlcNAcβ1-2Manα1-
6)Manβ1-4GlcNAcβ1-
4GlcNAcβ 

L-6701-1 

CCA Crude Cancer antennarius Lectin 
(California crab) -CCA-, 20mg 

Neu5Ac L-7200-20 

CALS Pure Calystega sepiem Lectin (Hedge 
Bindweed Rhizomes) -Calsepa-, 1mg 

Man, Glc, Glcα1-4Glc L-8011-1 

ConA Pure Canavalia ensiformis Lectin 
(Jackbean) -Con A-, 50mg 

Man (Terminal, Branched), 
GlcNAc (Terminal) 

L-1104-50 

CPA Pure Cicer arietinum Lectin (Chick Pea) 
-CPA-, 1mg 

Manα Man L-6601-1 

CSA Pure Cytisus sscoparius Lectin (Scotch 
broom) -CSA-, 1mg 

GalNAcα (Terminal) L-3201-1 

DBA Pure Dolichos biflorus Lectin (Horse 
Gram) -DBA-, 1mg 

GalNAcα1-3GalNAc, 
GalNAcα1-3Gal 

L-1201-1 

DGL Pure Dioclea grandiflora Lectin 
(legume) -DGL-, 1mg 

Mannose, Glucose, core 
Trimannoside moiety  

L-9002-1 

DSA Pure Datura stramonium Lectin (Jimson 
Weed) -DSA-, 1mg 

β(1,4)-linked oligomers of N-
Acetylglucosamine  

L-5701-1/5 

ECA Pure Erythrina cristagalli Lectin (Coral 
Tree) -ECA-, 1mg 

Galβ1-4GlcNAc (Terminal) L-5901-1 

EEA Pure Euonymus europaeus Lectin 
(Spindle Tree) -EEA-, 5mg 

GalNAcβ L-4201-5 

GHA Pure Glechoma hederacea Lectin 
(ground ivy) -GHA-, 1mg 

Galα, GalNAcα L-9003-1 

GNA Pure Galanthus nivalis Lectin 
(Snowdrop Bulb) -GNA-, 5mg 

Manα (Terminal) L-7401-5 
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GS-I Pure Griffonia simplicifolia lectin - GS-
I, 5mg 

Melibiose, α-D-Galactose  L-2401-5 

GS-I-
A4 

Pure Griffonia simplicifolia Lectin -GS-
I-A4 -, 1mg 

GlcNAcα, GlcNAcβ L-2401-A-1 

GS-I-
B4 

Pure Griffonia simplicifolia Lectin -GS-
I-B4-, 1mg 

GalNAcα L-2401-B-1 

GS-II Pure Griffonia simplicifolia Lectin -GS-
II-, 1mg 

Galα (Terminal) L-2402-1 

HAA Pure Helix aspersa Lectin (Garden Snail) 
-HAA-, 1mg 

GlcNAcα, GalNAcα L-3801-1 

HHA Pure Hippeastrum hybrid Lectin 
(Amaryllis bulbs) -HHA-, 1mg 

Manα (Terminal) L-8008-1 

HMA Pure Homarus americanus Lectin 
(California lobster) -HMA-, 1mg 

GalNAcα, Fucα, Neu5Ac L-6201-1 

HPA Pure Helix pomation Lectin (Snail) -
HPA-, 1mg 

GalNAcα (Terminal) L-3601-1 

IAA Crude Iberis amara Lectin-IAA-, 20mg GalNAc L-3300-20 
IRA Pure lris hybrid Lectin (Dutch Iris) -

IRA-, 1mg 
GalNAcα, GalNAcβ L-8010-1 

LAA Pure Laburnum alpinum Lectin (Scotch 
Laburnum) -LAA-, 1mg 

GlcNAcβ, GlcNAcβ1-4GlcNAc L-5301-1 

LAL Pure Laburnum anagyroides Lectin 
(Gold Chain) -LAL-, 1mg 

Fuc L-8101-1 

LBA Pure Phaseolus lunatus Lectin (Lima 
Bean) -LBA-, 1mg 

GalNAcα, GalNAcα1-3(Fucα1-
2)Gal 

L-1701-1 

LcH   Pure Lens culinaris Lectin (Lentil) -
LcH-, 10mg 

complex (Man/GlcNAc core 
with Fuca1-6) 

L-1401-10 

LcH 
A 

Pure Lens culinaris Lectin (Lentil) -LcH 
A-, 5mg 

α-Mannose > α-Glucose, N-
Acetylglucosamine 

L-1402-5 

LcH 
B 

Pure Lens culinaris Lectin (Lentil) -LcH 
B-, 5mg 

α-Man> Glc, GlcNAc L-1403-5 

LEA Pure Lycopersicon esculentum Lectin 
(Tomato) -LEA-, 1mg 

GlcNAc-β(1,4)GlcNAc L-7001-1 

LFA Pure Lectin from Limax flavus- LFA- 
1mg 

Neu5Ac L-5101-1 

LOT
US 

Pure Lotus tetragonolobus Lectin 
(Asparagus Pea) -Lotus-, 2mg 

Fuc L-1601-2 

LPA Pure Limulus polyphemus Lectin 
(Horseshoe Crab) -LPA-, 1mg 

Neu5Ac L-1501-1 

MAA Pure Maackia amurensis Lectin -MAA-, 
5mg 

Neu5Acα2-3Gal L-7801-5 

MIA Crude Mangifera indica Lectin (Mango) 
-MIA-, 100mg 

Unknown L-6000-100 

MNA
-G 

Pure Morniga G Lectin (black mulberry) 
-MNA-G-, 1mg 

Galα, Galβ L-9005-1 

MNA
-M 

Pure Morniga M Lectin (black mulberry) 
-MNA-M-, 1mg 

Manα L-9004-1 

MOA Pure Marasmium oreades agglutinin 
Lectin (mushroom) -MOA-, 1mg 

Galα1-3 L-9001-1 

MPA Pure Maclura pomifera Lectin (Osage 
Orange) -MPA-, 2mg 

Galα, GalNAcα L-3901-2 

NPA Pure Narcissus pseudonarcissus Lectin 
(Daffodil) -NPA-, 1mg 

Manα Manβ L-8006-1 
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PAA Crude Perseau americana Lectin 
(Avocado) -PAA-, 100mg 

Unknown L-6100-100 

PEA Pure Pisum sativum Lectin (Garden Pea) 
-PEA, PSA-, 5mg 

Manα, Glcα, GlcNAcα L-2701-5 

PHA-
E 

Pure Phaseolus vulgaris Lectin (Red 
Kidney Bean) -PHA-E-, 2mg 

Galβ1-4GlcNAcβ1-2(Galβ1-
4GlcNAcβ1-6)Man 

L-1802-2 

PHA-
L 

Pure Phaseolus vulgaris Lectin (Red 
Kidney Bean) -PHA-L-, 2mg 

Galβ1-4GlcNAcβ1-2Man L-1801-2 

PHA-
M 

Crude Phaseolus vulgaris Lectin (Red 
Kidney Bean) -PHA-M-, 10mg 

Unknown L-1803-10 

PHA-
P 

Crude Phaseolus vulgaris Lectin (Red 
Kidney Bean) -PHA-P-, 100mg 

Unknown L-1800-100 

PNA Pure Arachis hypogaea lectin (Peanut) - 
PNA 2mg 

Galβ (Terminal) L-2301-2 

PMA Pure Polygonatum mulitiflorum Lectin 
(Commom Solomon's Seal) -PMA-, 1mg 

Manα1-3 L-8009-1 

PSL Pure Polyporus squamosus Lectin 
(mushroom) -PSL-, 1mg 

Neu5Acα2-6Galβ1-4GlcNAc, 
Neu5Acα2-6Galβ1-4Glc 

L-9006-1 

PTA 
Gal 

Pure Psophocarpus tetragonolobus 
Lectin (Winged Bean) -PTA Galactose-, 
1mg 

Gal L-7901-1 

PTA 
GalN
Ac 

Pure Psophocarpus tetragonolobus 
Lectin (Winged Bean) -PTA GalNAc-, 
1mg 

GalNAc L-7902-1 

PWM Pure Phytolacca americana Lectin 
(Pokeweed) -PWM, PWA-, 5mg 

GlcNAcβ1-4GlcNAc L-1901-5 

RPA Pure Robinia pseudoacacia (Black 
Locust) -RPA-, 2mg 

complex L-4101-2 

RTA Crude Trifolium repens Lectin (White 
Clover) -RTA-, 20mg 

Glc L-5800-20 

SBA Pure Glycine max Lectin (Soybean) -
SBA-, 2mg 

GalNAcα (Terminal), 
Neu5Acα2-6GalNAc (Tn 
antigen) 

L-1301-2 

SHA Pure Salvia horminum -SHA-, 2mg GalNAc L-3401-2 
SJA Pure Sophora japonica (Pagoda Tree) -

SJA-, 5mg 
N-Acetylgalactosamine  L-2901-5 

SNA-
I 

Pure Samucus nigra (Elderberry bark) 
SNA-I 2mg 

Neu5Acα2-6Gal, Neu5Acα2-
6GalNAc 

L-6802-2 

SNA-
II 

Pure Sambucus nigra (Elderberry Bark) -
SNA-II-, 2mg 

Galβ (Terminal), GalNAcβ 
(Terminal)  

L-6803-2 

SSA Pure Salvia sclarea -SSA-, 2mg GalNAc, Terminal, O-link L-3501-2 
STA Pure Solanum tuberosum (Potato) -

STA-, 5mg 
GalNAc, [GlcNAc-β(1,4)]2 L-4701-5 

Succ 
ConA 

Pure Succinyl Canavalia ensiformis 
Lectin (Jackbean) -Succinyl Con A-, 
25mg 

Manα, Glcα L-1102-25 

Succ 
WGA 

Pure Succinyl Triticum vulgare Lectin 
(Wheat Germ), -Succinyl WGA-, 5mg 

[GlcNAc-β(1,4)]2 L-2102-5 

TKA Pure Trichosanthes kirilowii (China 
Gourd) -TKA-, 5mg 

Galβ, Galβ1-4Glc (Lactose)  L-5601-5 

TL Pure Tulipa sp. Lectin (Tulip) -TL-, 1mg α-GalNAc,β-GalNAc, GalNAc, 
Gal, Fucose 

L-8001-1 
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UDA Pure Urtica dioica Lectin (Stinging 
Nettle) -UDA-, 1mg 

GalNAcβ L-8005-1 

UEA-
I 

Pure Ulex europaeus lectin (Gorse, 
Furze) UEA-I 5mg 

Fucα L-2201-5 

UEA-
II 

Pure Ulex europaeus Lectin (Gorse, 
Furze) -UEA-II-, 1mg 

GlcNAcβ, Fucα1-2Galβ1-
4GlcNAc 

L-2202-1 

VAA lectin from Viscum album (European 
mistletoe) -VAA- 1mg 

Galβ L2662 

VFA Pure Vicia faba Lectin (Fava Bean) -
VFA-, 1mg 

Manα L-4801-1 

VGA Crude Vicia graminea Lectin -VGA-, 
2mL 

Galβ1-3GalNAc L-4400-2 

VRA Pure Vigna radiata Lectin (Mung Bean) -
VRA-, 1mg 

Galα  L-6501-1 

VVA Pure Vicia villosa Lectin (Hairy Vetch) -
VVA-, 5mg 

GalNAcα, GalNAcα1-3Gal L-4601-5 

VVA 
man 

Pure Vicia villosa Lectin (Hairy Vetch, 
Mannose Specific), 1mg 

Man L-4603-1 

WFA Pure Wisteria floribunda Lectin 
(Japanese Wisteria) -WFA-, 1mg 

GalNAcα, GalNAcβ L-3101-1 

WGA Pure Triticum vulgare Lectin (Wheat 
Germ) -WGA-, 5mg 

GlcNAcβ L-2101-5 
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3.2 Preface  

The interactions between receptors on host cells and specific viral surface proteins play 

an important role in viral tropism. Depending on the virus, cell membrane components such as 

carbohydrates, lipids and proteins of the host cell membrane may be a viral receptor for 

attachment and entry. In Chapter 2, we characterized the surface glycosylation profile of Ross 

River virus (RRV). As viruses are obligate parasites that depend on hosts in every aspect during 

viral life cycle, the glycosylation patterns on viruses are unique to the propagating host cell 

type. In this chapter, we present the comprehensive profile of the mosquito cell surface glycans 

and explore specificity of glycan-binding proteins using lectin and glycan arrays, respectively. 

The mosquito cell lines used in this study are derived from three major species of mosquito, 

Ae. albopictus (C6/36 and RML-12 cells), Cx. tarsalis (Chao ball cells), Cx. quinquefasciatus 

(Hsu cells) and An. gambiae (Mos55 cells). The Aedes, Culex and Anopheles mosquito species 

are vectors for some deadly global infectious diseases. The three mosquito species have 

different specificity of pathogens; for example, Aedes mosquitoes carry RRV, dengue virus 

(DENV), chikungunya virus (CHIKV), yellow fever virus (YFV) and Zika virus (ZIKV), Culex 

mosquitoes are principal vector for RRV, West Nile virus (WNV) and Japanese Encephalitis 

virus (JEV), Anopheles mosquitoes carry malaria parasites but are also the vector for o’nyong 

nyong virus (ONNV) and Mayaro virus (MAYV). To date, the determinants for the species 

specificity of infection is not known. By characterizing the differences in cell surface 

glycosylation and specificity of glycan-binding proteins between different mosquito species, 

we can better understand the lectin-glycan interaction to identify the potential mosquito binding 

receptors for mosquito-transmitted pathogens.  
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Abstract 1 

Mosquitoes are known to transmit a wide variety of viruses, parasites and other 2 

pathogens. Mosquito cell surfaces are covered by a dense array of glycans and lectins 3 

(glycan-binding proteins). The glycans found on midgut glycoproteins are often 4 

exploited by microbial pathogens as recognition sites for attachment and 5 

pathogenesis. The differences between the surface glycan structures in mosquitoes 6 

of different species could be a factor affecting vector competence. In this study, we 7 

characterized the surface glycan structures and specificity of glycan-binding proteins 8 

of various mosquito cell lines derived from Ae. albopictus, Cx. quinquefasciatus, Cx. 9 

tarsalis and An. gambiae using lectin and glycan arrays, respectively. Our data 10 

demonstrates the differences in the range of glycans displayed on different mosquito 11 

cell lines. The glycan binding profiles also differ among the different cell lines. 12 

Whether glycan-lectin interactions between mosquito cells and viruses can lead to 13 

successful infections have yet to be identified. As a prerequisite to functional studies, 14 

this study provides useful information to a better understanding of the molecular 15 

interactions including the carbohydrate structures for transmission blocking strategies.  16 

 17 

Introduction 18 

Mosquitoes are unquestionably the most powerful vectors of disease being responsible 19 

for significant morbidity and mortality of human populations. Human malaria, caused 20 

by Plasmodium (P) parasites (P. falciparum and P. vivax) resulted in 219 million cases 21 

of malaria and lead to an estimated number of 435,000 deaths in 2017 [1]. The major 22 

pathogen transmitting mosquitoes belong to the genera of Aedes (Ae), Culex (Cx) and 23 

Anopheles (An). One of the most prominent members in this family, Ae. aegypti is 24 

responsible for several epidemics and endemic transmission of viruses including the 25 
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dengue virus (DENV), chikungunya virus (CHIKV), yellow fever virus (YFV) and Zika 26 

virus (ZIKV). DENV is considered the most important mosquito-borne virus, causing 27 

390 million dengue infections annually [2]. Dengue epidemics have expanded 28 

significantly in the last few decades to at least 128 countries [3]. The Culex mosquitoes 29 

are principal vector for West Nile virus (WNV) and Japanese Encephalitis virus (JEV) 30 

[4, 5]. The Aedes and Culex mosquitoes are responsible for the transmission of Ross 31 

River virus (RRV), which is the most common arbovirus in Australia causing clinical 32 

manifestations such as arthralgia and myalgia [6]. The Anopheles mosquitoes most 33 

notably transmit malaria parasites but are also responsible for transmitting o’nyong 34 

nyong virus (ONNV) and Mayaro virus (MAYV), which are alphavirus that causes 35 

severe arthralgia similar to CHIKV [7, 8].  36 

 37 

Glycans decorate the cell surface of eukaryotes and prokaryotes. Biological functions 38 

of glycans are diverse and can be categorised into three main categories: structural 39 

and modulatory properties – stabilising the structure of proteins or tissues and 40 

modulating interactions of proteins with one another; specific recognition – by 41 

binding to lectins (glycan-binding proteins); and molecular mimicry of host glycans 42 

– to modulate or evade host immune reactions to increase tolerance [9]. On the other 43 

hand, lectins can be divided into two groups: intrinsic lectins – recognizing self-44 

glycans; and extrinsic lectins – recognizing foreign glycans [9]. Mosquitoes express 45 

multiple glycans and lectins on their cell surfaces. Mosquito midgut glycoproteins are 46 

usually heavily glycosylated [10]. The glycans found on midgut glycoproteins are 47 

exploited by microbial pathogens as recognition sites for attachment and invasion. 48 

For example, N-acetylglucosamine (GlcNAc) residues in the oligosaccharide side 49 

chains of the midgut glycoproteins of An. tessellatus may serve as recognition sites 50 
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for P. falciparum and P. vivax [11]; N-acetylneuraminic acid (NANA) for P. 51 

gallinaceum in Ae. aegypti [12]; and sialic acid (Sia) for DENV in Ae. aegypti [13]. 52 

 53 

Glycosylation is a post-translational modification of proteins and lipid structures, where 54 

monosaccharide units such as mannose (Man), galactose (Gal), fucose (Fuc), N-55 

acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc) and Sia are covalently 56 

attached to the structures. The final composition of glycans are extremely diverse as 57 

glycans can have different monosaccharide composition attached in linear or branching 58 

chains and may be linked by α- or β-glycosidic linkages at different position. Glycan 59 

variation enhances the diversity of oligosaccharides in nature and serves to mediate 60 

specific biological functions. In this study, a lectin array was used to identify the 61 

glycans present on the surface of mosquito cells, while a glycan array was used to 62 

identify the glycan binding profile of lectins on the mosquito cell surface. Our study 63 

presents a comprehensive profile of the mosquito cell surface glycans and explores the  64 

specificity of glycan-binding proteins on the surface of five mosquito cell lines derived 65 

from Ae. albopictus, Cx. quinquefasciatus, Cx. tarsalis and An. gambiae. Our results 66 

demonstrate that the surface glycans and glycan binding profiles differ among the 67 

different cell lines. Glycan array data showed that all five mosquito cell lines bind to 68 

different classes of glycans, including glycans with galactose, GAGs, GlcNAc, sialic 69 

acid and fucose. Using a lectin array, we detected the predominant glycans on the 70 

surface of mosquito cell lines are of high mannose and hybrid glycans with galactose, 71 

GalNAc and GlcNAc. The importance of glycosylation on mosquito cells in pathogen 72 

recognition remains unclear in the context of pathogen transmission in the mosquito. 73 

As a prerequisite to functional studies, this study characterizes the complex mixture of 74 

glycan structures expressed on the cell surfaces of various mosquito species. A fuller 75 



 

 93 

understanding of the molecular interactions including the carbohydrate structures may 76 

be used to guide development of potential transmission blocking strategies based on the 77 

sugar epitope that interrupts the life cycle of pathogens in mosquitoes.  78 

 79 

Results 80 

Lectin array analysis reveals differential glycan profiles of various mosquito cell 81 

lines, with Aedes-derived cell lines showing high diversity of glycan structures 82 

Lectin arrays were used to screen C6/36, RML-12, Hsu, Chao Ball and Mos55 cell 83 

lines to obtain comprehensive information about the glycans present on the cell 84 

surfaces. In this study, 56 lectins with an extensive range of specificities (recognizing 85 

Man, Gal, Fuc, GalNAc, GlcNAc, sialic acid and complex glycans) were used to 86 

determine the accessible surface glycans on mosquito cells. Fluorescently labelled 87 

live cells were applied on the lectin array and the relative binding signals were 88 

recorded. As shown in Fig. 1, results are presented as a heatmap and the average fold 89 

increase of four replicates are shown in Table S1. Our results demonstrated 90 

significant differences in lectin binding patterns among different mosquito cell lines; 91 

for example, 36 lectins bound the C6/36 cells, 18 lectins bound the RML-12 cells, 92 

19 lectins bound the Hsu cells, 13 lectins bound the Chao Ball cells and 11 lectins 93 

bound the Mos55 cells. The C6/36 and RML-12 cells, both derived from Ae. 94 

albopictus showed different number of lectins bound, suggesting that cell lines 95 

derived from same mosquito species still showed variations in their surface glycan 96 

structures. Although the present results demonstrated the difference of glycan 97 

profiles among the different mosquito cell lines, we could not elucidate any 98 

interrelation between the viral infectivity and glycan profiles. 99 
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According to the specificity of lectins, α-linked Man residue containing glycans were 100 

detected on the surface of all cell lines. This is not unexpected as most N-glycans 101 

contain a mannosyl core branch structure. According to the glycans recognized by 102 

the high mannose-type N-glycan binders, ConA, HHA, GNA and BC2LA all showed 103 

positive binding signals, indicating that that high mannose-type N-glycan is the most 104 

common type of glycan structure on insect cells. Other types of glycan structures 105 

detected abundantly in all five cell lines are Gal and GalNAc. In addition, GlcNAc 106 

was also detected in all five cell lines; as evident by binding to these lectins, C6/36 107 

(ConA, WGA, LEA, PWM), RML-12 (PEA, HAA, WGA), Hsu (PEA, ConA), Chao 108 

Ball (HAA) and Mos55 (HAA, STA) (Fig. 1). The Aedes-derived cell lines displayed 109 

the highest diversity of glycan structures on their cell surface, with five types of 110 

glycan structures (mannose, galactose, fucose, GlcNAc, GalNAc and complex 111 

glycans) detected .  112 

 113 

Interestingly, Chao Ball and Mos55 showed binding signals to sialic acid-binding 114 

lectin, MAA (Neu5Acα2-3Gal) and CCA (Neu5Ac), respectively, which are not 115 

common in insects. Complex glycan structures Man/GlcNAc core with Fucα1-6 116 

(recognized by LcH) and Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-6)Man 117 

(recognized by PHA-E) were also detected in both Aedes-derived C6/36 and RML-118 

12 cells. Finally, fucosylated glycans were detected in C6/36, RML-12, Hsu and 119 

Mos55 as evident by signals corresponding to LcH, LAL, LecA, RSL and AAA. 120 

Taken together, these results suggest that the presence of complex glycans is not 121 

impossible.  122 

 123 
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Glycan array analysis reveals that C6/36, RML-12, Hsu, Chao ball and Mos55 cells 124 

bind to numerous glycans from different structural and functional classes 125 

To characterize the glycan binding by lectins on different mosquito cell lines, glycan 126 

array technology was used as a screening tool. Mosquito cells were fluorescently 127 

labelled and applied on a glycan array containing 372 glycan structures with different 128 

chemical structures. As shown in Fig. 2, results are presented as a heatmap and the 129 

average fold increase of three replicates are shown in Table S2. As shown in Fig. 2, 130 

fluorescently labelled cells from all five cell lines bound to GalαGal structures, which 131 

are non-human glycan epitopes. Similarly, a sialic acid Neu5Gc which is found in 132 

mammals with the exception of humans and ferrets, are recognized by C6/36, RML-12, 133 

Hsu and Chao ball cells. GalNAc residues are associated with O-glycans, and are 134 

common in structures such as mucins. Terminal GalNAc residues are associated with 135 

blood group A antigens. Binding was also seen in all cell lines to Lewis antigens and 136 

blood group antigens, specifically blood group H antigen. All cell lines except Mos55 137 

bound to sulphated disaccharides, generally, 6-O, 4- or 6-O or disulfated 4-, 6-O 138 

glycans. Mos55 did however show specific binding to chondroitin and chondroitin 139 

digests. This was also observed in Chao ball cells. C6/36 and RML-12 did bind to 140 

chondroitin digest fragments, but not the whole length glycosaminoglycan. 141 

 142 

Discussion 143 

The mosquito cell surfaces are covered by a dense array of glycans. As some 144 

glycosidases and glycosyltransferases that carry out the modifications to the bound 145 

oligosaccharides are absent in mosquito cells, their glycans are often the high mannose 146 

and hybrid N-glycans [14-16]. In our study, the predominant types of glycan structures 147 

found on all mosquito cells are high mannose, Gal, GalNAc and GlcNAc. These glycan 148 
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structures have been reported to be found on the midgut of Ae. aegypti, An. gambiae 149 

and An. stephensi mosquitoes [17-20]. The mosquito midgut is the portal of entry for 150 

most pathogens, therefore it is not surprising that cell surface glycans are utilized as 151 

ligands for pathogen attachment. For example, mannose on C6/36 and GlcNAc on 152 

vertebrate cells may facilitate DENV attachment [21]. In addition, GalNAc residues on 153 

the midgut glycoproteins in Anopheles and Aedes mosquitoes have been shown to 154 

facilitate interaction and invasion of Plasmodium on mosquito midgut epithelial cells 155 

[12, 22, 23]. Furthermore, a study on densoviruses (insect parvoviruses pathogenic for 156 

insect pests) showed that early infection triggers an arrest of GlcNAc secretion in the 157 

midgut, which leads to weakening of the peritrophic matrix to help viral particles to 158 

pass through [24]. 159 

 160 

Mosquito cells are known to display a limited range of complex glycans [14-16]. 161 

However, there is growing evidence that mosquito cells or insects have the capacity to 162 

generate complex glycans [17, 25, 26]. In this study, fucosylated glycans were detected 163 

in C6/36, RML-12, Hsu and Mos55 cells. N-glycans modified with fucose have been 164 

detected in An. gambiae [17, 26], An. stephensi [27] and Ae. aegypti [28] mosquitoes. 165 

It is not yet known if mosquito cells are equipped with the basic metabolic machinery 166 

for fucosylation of glycoprotein. One study identified the genome sequences of three 167 

mosquito fucosyltransferase open reading frames (FucT6, FucTA and FucTC) which 168 

encodes genes important for the in vivo biosynthesis of the fucosylated N-glycans and 169 

demonstrated enzymatic activity of these enzymes in the An. gambiae genome [26]. 170 

Low level of sialic acids were expressed in An. gambiae-derived Mos55 cells. This is 171 

consistent with one published report of the detection of sialic acids in two anopheles 172 

cell lines [10]. The presence of sialic acids as authentic constituents of insect glycans 173 
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is still controversial [29]. The capacity of insect cells to generate sialylated glycans 174 

were demonstrated in other insects, for example, the genome sequences of CMP-Sia 175 

synthase (CSAS) and α-2,6-sialyltransferase which are genes encoding key enzymes of 176 

the sialylation pathway were detected in Drosophila melanogaster [30, 31] and Bombyx 177 

mori [32]. Interestingly, unlike other animal CSAS proteins that are normally localised 178 

in the nucleus, the Drosophila CSAS localised predominantly in the Golgi and required 179 

certain pH and temperature to regulate sialylation [30]. On the other hand, the α-2,6-180 

sialyltransferase of Bombyx mori is ubiquitously expressed in different organs of the 181 

insect, but unlike human α-2,6-sialyltransferase, the enzyme required the post-182 

translational modification, especially N-glycosylation, for the full glycosyltransferase 183 

activity [32]. Taken together, these studies suggest that certain mosquito species may 184 

have the genetic potential to carry out sialylation of glycoproteins, however, this is a 185 

highly controlled process and further investigations of the sialylation potentials are 186 

necessary. To obtain a comprehensive glycosylation profile (the nature, composition 187 

and heterogeneity of glycan moieties), another approach such as mass spectrometric 188 

analysis is necessary to clearly identify if complex glycans are present on mosquito cell 189 

surface. Nevertheless, this is an important finding as terminal sialic acid residues play 190 

diverse biological roles in glycoproteins and these cell lines are commonly used in 191 

mosquito studies. 192 

 193 

In this study, another interesting glycan detected in all cell lines is Galα1-3Galβ1-194 

(3)4GlcNAc-R (α-Gal). This glycan is not present in humans due to mutations in the 195 

GGTA1 gene encoding for the enzyme α1,3-galactosyltransferase involved in the 196 

synthesis of the carbohydrate α-gal [33]. α-gal is involved in anaphylactic diseases in 197 

humans, known as the Alpha-gal syndrome. The condition begins when the body 198 
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produces an immune response to the carbohydrate α-Gal following the bite of a Lone 199 

Star tick. In some people, this immune response has been associated with subsequent 200 

allergic reactions to red meat. It is still unknown if mosquito α-Gal can cause similar 201 

allergic reactions. Interestingly, an anti-α-Gal antibody confers protective effect against 202 

malaria parasites in humans [34, 35]. Therefore, the role of α-Gal in mosquito cells, if 203 

any, requires further investigation.  204 

 205 

Many studies have focused on the binding of pathogens’ lectins to glycans exposed on 206 

mosquito cell receptors. Only a few studies described the role of mosquito lectins to 207 

facilitate virus infection. In this study, we showed the glycan binding profiles of various 208 

mosquito cell lines. These mosquito cell lines bind to different classes of glycans, 209 

including glycans with galactose, GAGs, GlcNAc, sialic acid and fucose. However, the 210 

majority of these glycan binding interactions have not been reported. Intriguingly, 211 

whole-genome analysis identified a large number of C-type lectins (CTLs) in 212 

mosquitoes, which have been implicated in binding to the glycosylated surface of 213 

pathogens [36]. In the midgut of Ae. aegypti, multiple transmembrane CTLs bind to 214 

microbial glycans and act as susceptibility factors to facilitate infections of a number 215 

of pathogens: Plasmodium parasites, fungi Beuaveria bassiana, WNV, DENV and JEV 216 

[37-40]. One of these studies showed the expression of a mosquito galactose specific 217 

C-type lectin-1 (mosGCTL-1) on the midgut of Ae. aegypti facilitated the attachment of 218 

WNV on the cell membrane [39]. Other mosGCTLs such as mosGCTL-29 and 219 

mosGCTL-32 serve as critical host factors for bacterial colonisation of the mosquito 220 

midgut [41]. Furthermore, mosGCTL-32 bound to bacterial surfaces was eluted in a 221 

competition assays using galactose and incubation of incubation of mosGCTL-32 with 222 

galactose prevent binding of this lectin to bacterial surface [41]. C-type lectins play 223 
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crucial roles not only in promoting infection but also in innate immunity. CTLs function 224 

to promote innate immune responses including phagocytosis, melanisation, nodule 225 

formation and the activation of prophenoloxidase [42]. Overall our study provides a 226 

detailed examination on the glycans and lectins present on various mosquito cell lines 227 

and highlights possible glycan-lectin interactions that may be important for virus 228 

transmission by mosquitoes.  229 

 230 

Materials and methods  231 

Mosquito cell lines  232 

All mosquito cell lines were kindly provided by Professor Roy Hall, University of 233 

Queensland, Queensland, Australia. C6/36 (Aedes albopictus), RML-12 (Aedes 234 

aegypti), Chao Ball (Culex tarsalis), HSU (Culex quinquefasciatus) were grown in 235 

Leibovitz’s L-15 medium (Thermo Scientific) supplemented with 15% FBS and 10% 236 

tryptose phosphate buffer (Sigma-Aldrich) at 28°C without CO2. Mos55 (Anopheles 237 

gambiae) cells was grown in the same condition but in Schneider’s drosophila medium 238 

(Thermo Scientific) supplemented with 10% FBS.  239 

 240 

Sample preparation 241 

Mosquito cells were pelleted gently by centrifugation and resuspended in Phosphate 242 

Buffered Saline (PBS). For labelling, cells were resuspended in Bodipy-558 SE 243 

(Invitrogen D2219) at a concentration of 5µM for one hour at 28oC. After labelling, 244 

excess dye was removed by washing cells gently three times. Labelled cells were 245 

adjusted to 1.5 x 106 CFU/ml and clumping cells were removed by using a 70uM cell 246 

strainer. 1% FCS was added to the sample prior to placing on the array.  247 

 248 
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Lectin and glycan array screening  249 

Lectin and glycan arrays were prepared as previously described [43]. Briefly, lectin 250 

array slides with 56 lectins were printed at three different lectin concentrations (500 μg/ 251 

mL, 250 μg/mL and 125 μg/mL) in quadruplicates using an ArrayJet Argus Marathon 252 

Inkjet Bio-Printing System on Arrayit SME3 substrates. Glycan array were printed with 253 

372 glycan structures using the same system in triplicates. Lectin and glycan array 254 

slides were preblocked in array PBS (PBS with 1.8mM MgCl2, 1.8mM CaCl2) with 255 

0.5% BSA for 5 mins. Slides were rinsed in array PBS before drying by centrifugation. 256 

65uL of labelled cells were added to each slide and coverslip applied. Slides were then 257 

incubated at 28oC in a humidified chamber for 30 mins. After hybridisation time, slides 258 

were washed in 0.5% BSA in PBS for 2 mins followed by 2 mins additional washes in 259 

array PBS. Slides were dried by centrifugation and scanned using microarray scanner. 260 

Duplicate arrays were performed for each cell line. Duplicate arrays with dye only were 261 

performed under the same conditions and the value obtained was treated as blank.  262 

 263 

Fluorescence intensities of array spots were measured using the InnoScan® 1100 AL 264 

Fluorescence Scanner (Innopsys). Image analysis was performed using the 265 

ProScanArray imaging software ScanArray Express (PerkinElmer). Background 266 

relative fluorescence unit (RFU) was determined from the average RFU of 12 sets of 267 

blank spots on the array plus three standard deviations. Positive binding was defined as 268 

visible binding to all replicate spots on the array with an average RFU value greater 269 

than 1 when the average RFU of positive binding was divided by the background RFU 270 

(Background RFU: mean + 3 SD). Statistical analysis of the data was performed by a 271 

Student’s unpaired t-test with a confidence level of 99.99% (p ≤ 0.001). 272 

 273 
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 278 

Figure legends 279 

Figure 1. Lectin array analysis of C6/36 (Ae. albopictus), RML-12 (Ae. albopictus), 280 

Hsu (Cx. quinquefasciatus), Chao ball (Cx. tarsalis) and Mos55 (An. gambiae) cell 281 

lines. Cells were fluorescently labelled with Bodipy-558 SE and 1.5 x 106 CFU/ml were 282 

applied onto the array with 56 lectins printed at three different concentrations (500 μg/ 283 

mL, 250 μg/mL and 125 μg/mL) with each being printed in quadruplicates. 284 

Fluorescence intensities of array spots were measured using the InnoScan® 1100 AL 285 

Fluorescence Scanner (Innopsys). Positive binding was defined as visible binding to 286 

all four replicate spots with an average RFU value greater than 1-fold above the mean 287 

background RFU (average background fluorescence from 12 blank spots + 3 standard 288 

deviations). Duplicate arrays were performed for each cell line. Interactions are shown 289 

in red for binding or white for no binding. Statistical analysis of the data was performed 290 

using student unpaired t-test. P values less than 0.001 were considered statistically 291 

significant. 292 

 293 

Figure 2. Analysis of glycan interactions by five different mosquito cell lines using 294 

glycan array. Cells were fluorescently labelled with Bodipy-558 SE and 1.5 x 106 295 

CFU/ml were applied onto the array with 372 glycan structures printed in triplicates. 296 

Fluorescence intensities of array spots were measured using the InnoScan® 1100 AL 297 

Fluorescence Scanner (Innopsys). Positive binding was defined as visible binding to 298 
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all triplicate spots with an average RFU value greater than 1-fold above the mean 299 

background RFU (average background fluorescence from 12 blank spots + 3 standard 300 

deviations). Duplicate arrays were performed for each cell line. P values less than 0.001 301 

were considered statistically significant. Binding to glycans on the array have been 302 

grouped into common terminating structures. Interactions are shown in red for binding 303 

or white for no binding.  304 
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Figure 2 
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Table S1. Lectin array results of C6/36, RML-12, Hsu, Chao Ball and Mos55 whole cells. 
 

 
 
Data is from two repeat array experiments with four spots per lectin per array. Numbers are 
equal to an average of the raw fluorescent value divided by background plus three standard 
errors of the mean background. Any value greater than 1-fold is considered significantly above 
background at a P<0.001. Lectins with values above 1.00 have been highlighted in red. White 
is no binding above background to the lectin on the array.  
  

500 250 125 500 250 125 500 250 125 500 250 125 500 250 125

ASA 2.716 2.336 1.724 1.735 1.515
GNA 2.572 2.448 1.519 3.964 1.310 2.401 1.285 1.906
PMA 2.697 1.347 1.150 2.155 2.597 1.294
VVA man 2.741 2.302 2.527 1.729 2.202 5.431 2.787
LcHB 3.591 2.506 4.057 4.394 3.078 1.677 1.394
AMA 2.775 2.057
Succ ConA 1.575 3.445 3.692
CALSEPA 2.631 2.123
PEA 4.243 3.834 2.157
ConA 1.349 5.268 3.620
HHA 2.369 2.363
BC2LA 3.564 1.896 2.136
EEA 3.079 1.074 1.014 4.175 3.863 3.152 1.079 1.100
GS-I-A4 2.752 2.700
HPA 3.887 1.630 2.668 1.157
TL 3.097 5.116 2.403 1.657
WFA 2.088 1.239 4.616 1.465 2.711
SSA 1.711
SBA 2.785 2.461 3.775 2.635 1.066
BDA 1.139 2.015
BS-I 2.583 3.646 1.003
IRA 5.851 1.142
SJL 2.554 2.821 2.529 2.256
BPA 2.030 1.850
LecB (PA-IIL) 1.690 3.534 1.213
MNA-M 2.611
PNA 2.186
GS-I-B4 3.683 3.499
TKA 1.969 1.860 1.010
VAA 2.830
MNA-G 2.216 3.378 1.605 1.671 1.707
GHA 1.813 5.806 3.338 2.141 1.640
Jaclin 1.001
ECA 3.670 3.549 1.525 3.248 1.965
SNA-II

MPA

MOA 1.535 1.408 3.871
ABA 3.260 1.076 2.669 3.347 3.105
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Table S2. Glycan array results of C6/36, RML-12, Hsu, Chao Ball and Mos55 whole cells 
and full list of glycan structures.  
 

Index Name Structure Mosquito cell line 

 Terminal 
Galactose  C6/36 RML-

12 Hsu Chao 
Ball Mos55 

2. α-Gal Galα-sp3      

3. β-Gal Galβ-sp3      

37. 3-O-Su-β-Gal 3-O-Su-Galβ-sp3      

75. Aa2A Galα1-2Galβ-sp3 3.04     

76. Bdi Galα1-3Galβ-sp3      

77. Tαβ Galα1-3GalNAcβ-sp3  1.40    

78. Tαα Galα1-3GalNAcα-sp3      

80. Aa3GN Galα1-3GlcNAcβ-sp3    1.30  

81. α-LacNAc Galα1-4GlcNAcβ-sp3      

83. Melibiose Galα1-6Glcβ-sp4 1.13     

84.  
Ab2A Galβ1-2Galβ-sp3 1.95  1.74   

85. Lec Galβ1-3GlcNaAcβ-sp3      

87. 
 
Ab3A 
 

Galβ1-3Galβ-sp3      

88. Tββ Galβ1-3GalNAcβ-sp3     1.50 

89. TF Galβ1-3GalNAcα-sp3    1.02  

93. Lac Galβ1-4Glcβ-sp4    1.42  

94. 
 
Ab4A 
 

Galβ1-4Galβ-sp4 1.15  1.26 1.35  

97. LacNAc Galβ1-4GlcNAcβ-sp3      

100.  
Ab6A Galβ1-6Galβ-sp4      

145. 6-O-Su-Lec Galβ1-3(6-O-Su)GlcNAcβ-sp3      

146. 6-O-Su-Lac Galβ1-4(6-O-Su)Glcβ-sp2      

147. 6-O-Su-
LacNAc Galβ1-4(6-O-Su)GlcNAcβ-sp3   1.27   

150. 3`-O-Su-TF 3-O-Su-Galβ1-3GalNAcα-sp3 1.49     

151. 6`-O-Su-TF 6-O-Su-Galβ1-3GalNAcα-sp3 2.00 1.61    

152. SM3 3-O-Su-Galβ1-4Glcβ-sp2      

153. 6`-O-Su-Lac 6-O-Su-Galβ1-4Glcβ-sp2      

155. 3`-O-Su-Lec 3-O-Su-Galβ1-3GlcNAcβ-sp3      

157. 3`-O-Su-
LacNAc 3-O-Su-Galβ1-4GlcNAcβ-sp3      
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159. 4`-O-Su-
LacNAc 4-O-Su-Galβ1-4GlcNAcβ-sp3      

161. 6`-O-Su-Lec 6-O-Su-Galβ1-3GlcNAcβ-sp3      

163. 6`-O-Su-
LacNAc 6-O-Su-Galβ1-4GlcNAcβ-sp3      

176. 3`,6-di-O-Su-
Lac 

3-O-Su-Galβ1-4(6-O-Su)Glcβ-
sp2      

177. 3`,6-di-O-Su-
LacNAc 

3-O-Su-Galβ1-4(6-O-
Su)GlcNAcβ-sp2  1.39    

178. 6,6`-di-O-Su-
Lac 

6-O-Su-Galβ1-4(6-O-Su)Glcβ-
sp2      

179. 6,6`-di-O-Su-
Lec 

6-O-Su-Galβ1-3(6-O-
Su)GlcNAcβ-sp2      

180. 6,6`-di-O-Su-
LacNAc 

6-O-Su-Galβ1-4(6-O-
Su)GlcNAcβ-sp2 2.16     

181. 3`,4`-di-O-Su-
LacNAc 

3,4-O-Su2-Galβ1-4GlcNAcβ-
sp3      

182. 3`,6`-di-O-Su-
LacNAc 

3,6-O-Su2-Galβ1-4GlcNAcβ-
sp2   1.08 1.26  

183. 4`,6`-di-O-Su-
LacNAc 

4,6-O-Su2-Galβ1-4GlcNAcβ-
sp2      

184. 4`,6`-di-O-Su-
LacNAc 

4,6-O-Su2-Galβ1-4GlcNAcβ-
sp3    1.13  

189. 3`,6,6`-tri-O-
Su-LacNAc 

3,6-O-Su2-Galβ1-4(6-O-
Su)GlcNAcβ-sp2  1.66    

201. 3`,4`-Su2-
LacdiNAc 

3,4-O-Su2-Galβ1-4GlcNAcβ-
sp3      

203. 6-O-Su-
LacNAc Galβ1-4(6-O-Su)GlcNAcβ-sp2 1.34     

220. Aa3`Lac-C2 Galα1-3Galβ1-4Glcβ-sp2      

222. Galili (tri) Galα1-3Galβ1-4GlcNAcβ-sp3     1.14 

224. Pk, Gb3, 
GbOse3 Galα1-4Galβ1-4Glcβ-sp3      

225. P1 Galα1-4Galβ1-4GlcNAc-sp2      

228. Ab2aLN Galβ1-2Galα1-4GlcNAcβ-sp4      

229. Ab3`LN Galβ1-3Galβ1-4GlcNAcβ-sp4      

231. LN3Tn Galβ1-4GlcNAcβ1-3GalNAcα-
sp3 1.64     

232. LN6Tn Galβ1-4GlcNAcβ1-6GalNAcα-
sp3      

254. core 2 Galβ1-3(GlcNAcβ1-
6)GalNAcα-sp3      

262. Tββ-Gal Galβ1-3GalNAcβ1-3Gal-sp4      

264. Ab4`LN Galβ1-4Galβ1-4GlcNAc-sp3 1.89     

373. Galili (tetra) Galα1-3Galβ1-4GlcNAcβ1-
3Galβ-sp3      

375. aLN3`LN Galα1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ-sp3      

376. LNT Galβ1-3GlcNAcβ1-3Galβ1-
4Glcβ-sp4      

377. LeCb3`LeC Galβ1-3GlcNAcβ1-3Galβ1-
3GlcNAcβ-sp2      

378. LeCa3`LN Galβ1-3GlcNAcα1-3Galβ1-
4GlcNAcβ-sp3      

379. LeCb3`LN Galβ1-3GlcNAcβ1-3Galβ1-
4GlcNAcβ-sp3      

380. LeCa6`LN Galβ1-3GlcNAcα1-6Galβ1-
4GlcNAcβ-sp2      
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381. LeCb6`LN Galβ1-3GlcNAcβ1-6Galβ1-
4GlcNAcβ-sp2      

382. aGM1 Galβ1-3GalNAcβ1-4Galβ1-
4Glcβ-sp3      

383. LNnT Galβ1-4GlcNAcβ1-3Galβ1-
4Glcβ-sp2      

385. LNb3`LN Galβ1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ-sp3      

387. LNb6`LN Galβ1-4GlcNAcβ1-6Galβ1-
4GlcNAcβ-sp2 1.65     

388. LNb6TF Galβ1-3(Galβ1-4GlcNAcβ1-
6)GalNAcα-sp3      

499. 
LN2-3`,6`LN 
 

Galβ1-4GlcNAcβ1-3(Galβ1-
4GlcNAcβ1-6)Galβ1-4GlcNAc-
sp2 

   1.01  

504. 9-OS (A-GN-M)2-3,6-M-GN-GNβ-
sp4      

1A. Lacto-N-Biose 
I Galβ1-3GlcNAc    1.68 

  

1B. 
N-
Acetyllactosa
mine 

Galβ1-4GlcNAc      

1C. 
β1-
4galactosyl-
galactose 

Galβ1-4Gal      

1D. 

β1-
6galactosyl-N-
acetylglucosa
mine 

Galβ1-6GlcNAc   1.13 
   

1E. 

β1-
3galactosyl-N-
acetylgalactos
amine 

Galβ1-3GalNAc      

1F. AsialoGM1 
Galb1-3GalNAcβ1-4Galβ1-
4Glc      

1G Lacto-N-
tetrose 

Galβ1-3GlcNAcβ1-3Galβ1-
4Glc    1.08 

  

1H Lacto-N-
neotetrose 

Galβ1-4GlcNAcβ1-3Galβ1-
4Glc      

1I. Lacto-N-
neohexose 

Galβ1-4GlcNAcβ1-6(Galβ1-
4GlcNAcβ1-3)Galβ1-4Glc      

1J. Lacto-N-
hexose 

Galβ1-4GlcNAcβ1-6(Galβ1-
3GlcNAcβ1-3)Galβ1-4Glc      

1K. Globotriose Galα1-4Galβ1-4Glc      

1L. Tn Antigen GalNAcα1-O-Ser      

1M. Galactosyl-Tn 
Antigen Galβ1-3GalNAcα1-O-Ser      

1N. α1-3 
Galactobiose Galα1-3Gal    1.09 

  

1O. Linear B-2 
Trisaccharide Galα1-3Galβ1-4GlcNAc    1.06 

  



 

 112 

1P. Linear B-6 
Trisaccharide Galα1-3Galβ1-4Glc  2.15 

    

2A. 
α1-3, β1-4, 
α1-3 
Galactotetrose 

Galα1-3Galβ1-4Galα1-3Gal      

2B. β1-
6Galactobiose Galβ1-6Gal    1.22 

 
1.38 

 

2C. 

Terminal 
disaccharide 
of 
globotetraose 

GalNAcβ1-3Gal      

2D. 
Receptor for 
pili of P. 
aeruginosa 

GalNAcβ1-4Gal  1.11    

2E. P1 Antigen Galα1-4Galβ1-4GlcNAc      

2F. 

α-D-N-
acetylgalactos
aminyl-1-
3Gal-β1-4Glc 

GalNAcα1-3Galβ1-4Glc  1.21  0.95 
  

2G. iso-Lacto-N-
octose 

Galβ1-3GlcNAcβ1-3Galβ1-
4GlcNAcβ1-6(Galβ1-
3GlcNAcβ1-3)Galβ1-4Glc 

  1.43 
   

 
Glucose 
containing 
structures 

 C6/36 RML-
12 Hsu Chao 

Ball Mos55 

7. α-Glc Glcα-sp3 2.80     

9. β-Glc Glcβ-sp3 1.69     

46. β-Glc6P 6-H2PO3Glcβ-sp4      

110. maltose Glcα1-4Glcβ-sp3      

111. cellobiose Glcβ1-4Glcβ-sp4      

112. gentiobiose Glcβ1-6Glcβ-sp4    1.85  

164. GUb3GN GlcAβ1-3GlcNAcβ-sp3      

165. GUb3A GlcAβ1-3Galβ-sp3      

166. GUb6A GlcAβ1-6Galβ-sp3      

240. maltotriose (Glcα1-4)3β-sp4      

241. isomaltotriose (Glcα1-6)3β-sp4      

390. maltotetraose (Glcα1-4)4β-sp4      

391. isomaltotetrao
se (Glcα1-6)4β-sp4 1.41     

492. isomaltopenta
ose (Glcα1-6)5β-sp4      

502. maltohexaose (Glcα1-6)6β-sp4      
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Terminal 
N’Acetyl 
glucosamine 

 C6/36 RML-
12 Hsu Chao 

Ball Mos55 

10. β-GlcNAc GlcNAcβ-sp3      

22. β-GlcNAc GlcNAcβ-sp4  1.11    

43. 6-O-Su-β-
GlcNAc 6-O-Su-GlcNAcβ-sp3      

55. 3-O-Su-β-
GlcNAc 3-O-Su-GlcNAcβ-sp3      

113. core 3 GlcNAcβ1-3GalNAcα-sp3      

114. GN3M GlcNAcβ1-3Manβ-sp4      

115. Ch2-Asn GlcNAcβ1-4GlcNAcβ-Asn      

117. Ch2-Gly GlcNAcβ1-4GlcNAcβ-sp4      

118. core 6 GlcNAcβ1-6GalNAcα-sp3  1.33 
 

1.76 
   

149. 6-O-Su-
chitobiose 

GlcNAcβ1-4(6-O-Su)GlcNAcβ-
sp2      

167. GlcNAc-Mur 
GlcNAcβ1-4-
[HOOC(CH3)CH]-3-O-
GlcNAcβ-sp4 

2.66 
     

168. GMDP-Lys 
GlcNAcβ1--[HOOC(CH3)CH]-
3-O-GlcNAcβ-L-alanyl-D-i-
glutaminyl-L-lysine 

     

246. GN2`TF GlcNAcβ1-2Galβ1-3GalNAcα-
sp3      

247. GN3`TF GlcNAcβ1-3Galβ1-3GalNAcα-
sp3      

248. GN3`Lac GlcNAcβ1-3Galβ1-4Glcβ-sp2      

250. GN3`LN GlcNAcβ1-3Galβ1-4GlcNAcβ-
sp3      

251. GN4`LN GlcNAcβ1-4Galβ1-4GlcNAcβ-
sp2      

252. Chitotriose GlcNAcβ1-4GlcNAcβ1-
4GlcNAcβ-sp4      

253. GN6`LN GlcNAcβ1-6Galβ1-4GlcNAcβ-
sp2      

255. core 4 GlcNAcβ1-3(GlcNAcβ1-
6)GalNAcα-sp3      

395. Tk GlcNAcβ1-3(GlcNAcβ1-
6)Galβ1-4GlcNAcβ-sp3      

493. chitopentaose (GlcNAcβ1-4)5β-sp4      

503. chitohexaose (GlcNAcβ1-4)6β-sp4      

505. 7-OS (GN-M)2-3,6-M-GN-GNβ-sp4      

4A. N,N'-Diacetyl 
chitobiose GlcNAcβ1-4GlcNAc      

4B. 
N,N',N''-
Triacetyl 
chitotriose 

GlcNAcβ1-4GlcNAcβ1-
4GlcNAc      

4C. 
N,N',N'',N'''-
Tetraacetyl 
chitotetrose 

GlcNAcβ1-4GlcNAcβ1-
4GlcNAcβ1-4GlcNAc    1.49  
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4D. 

N,N',N'',N''',N'
''',N'''''-
Hexaacetyl 
chitohexose 

GlcNAcβ1-4GlcNAcβ1-
4GlcNAcβ1-4GlcNAcβ1-
4GlcNAcβ1-4GlcNAc 

   1.07 1.63 

4E. 
Bacterial cell 
wall muramyl 
discaccharide 

GlcNAcβ1-4MurNAc     1.74 

 

Terminal 
N’Acetyl 
galactosamin
e 

 C6/36 RML-
12 Hsu Chao 

Ball Mos55 

4. TnSer GalNAcα-sp0   1.41 1.00  

5. Tn GalNAcα-sp3    1.96  

6. β-GalNAc GalNAcβ-sp3   1.72   

38. 3-O-Su-β-
GalNac 3-O-Su-GalNAcα-sp3      

101. Fs-2 GalNAcα1-3GalNAcβ-sp3      

102. Adi GalNAcα1-3Galβ-sp3      

103. core 5 GalNAcα1-3GalNAcα-sp3    1.73  

104. ANb3A GalNAcβ1-3Galβ-sp3 1.72   1.97  

106. LacdiNAc GalNAcβ1-4GlcNAcβ-sp3      

192. 6-O-Su-
LacdiNAc 

GalNAcβ1-4(6-O-Su)GlcNAcβ-
sp3   1.61   

193. 3`-O-Su-
LacdiNAc 

3-O-Su-GalNAcβ1-4GlcNAcβ-
sp3      

194. 6`-O-Su-
LacdiNAc 

6-O-Su-GalNAcβ1-4GlcNAcβ-
sp3    1.54  

195. 6`-Su-3-O-
Ac-LacdiNAc 

6-O-Su-GalNAcβ1-4-(3-O-
Su)GlcNAcβ-sp3      

196. 3,3`-O-Su2-
LacdiNAc 

3-O-Su-GalNAcβ1-4(3-O-Su)-
GlcNAcβ-sp3      

197. 3`,6`-Su2-
LacdiNAc 

3,6-O-Su2-GalNAcβ1-
4GlcNAcβ-sp3      

198. 4`,6`-Su2-
LacdiNAc 

4,6-O-Su2-GalNAcβ1-
4GlcNAcβ-sp3   1.27   

199. 4`,6`-Su2-3-O-
Ac-LacdiNAc 

4,6-O-Su2-GalNAcβ1-4-(3-O-
Ac)GlcNAcβ-sp3      

200. 4`-O-Su-
LacdiNAc 

4-O-Su-GalNAcβ1-4GlcNAcβ-
sp3      

202. 6,6`-O-Su-
LacdiNAc 

6-O-Su-GalNAcβ1-4(6-O-
Su)GlcNAcβ-sp3   2.25   

204. 4`-O-Su-
LacdiNAc 

4-O-Su-GalNAcβ1-4GlcNAcβ-
sp2    1.38  

238. GA2, GgOse3 GalNAcβ1-4Galβ1-4Glcβ-sp3      

389. Gb4 GalNAcβ1-3Galα1-4Galβ1-
4Glcβ-sp3      

1L. 
Tn Antigen  
GalNAcα1-O-
Ser 

GalNAcα1-O-Ser      

2C. 
terminal 
disaccharide 
of Globotriose 

GalNAcβ1-3Gal      

2D. receptor for 
P.aureginosa GalNAcβ1-4Gal  1.11    



 

 115 

2F. 

a-D-N-
acetylgalactos
amine 1-
3Galβ1-4Glc 

GalNAcα1-3Galβ1-4Glc  1.21    

 
Mannose 
containing 
structures 

 C6/36 RML-
12 Hsu Chao 

Ball Mos55 

16. α-Man Manα-sp3      

18. β-Man Manβ-sp4      

19. β-ManAc ManNAcβ-sp4      

47. α-Man6P 6-H2PO3Manα-sp3 2.35   1.57  

119. Ma2Mb Manα1-2Manβ-sp4   1.70   

120. Ma3M Manα1-3Manβ-sp4    1.78  

121. Ma4M Manα1-4Manβ-sp4      

122. Ma6M Manα1-6Manβ-sp4     1.31 

123. Mb4GN Manβ1-4GlcNAcβ-sp4      

124. Ma2Ma Manα1-2Manα-sp4      

258. Man3 Manα1-3(Manα1-6)Manβ-sp4      

495. Man5 Manα1-3(Manα1-3(Manα1-
6)Manα1-6)Manβ-sp4   2.18   

5A. 
β1-2-N-
Acetylglucosa
mine-mannose 

GlcNAcβ1-2Man  3.82  3.59  

5B. 

Bianntennary 
N-linked core 
pentasacchari
de 

GlcNAcβ1-2Manα1-
6(GlcNAcβ1-2Manα1-3)Man      

5C. α1-2-
Mannobiose Manα1-2Man      

5D. α1-3-
Mannobiose Manα1-3Man   1.63   

5E. α1-4-
Mannobiose Manα1-4Man      

5F. α1-6-
Mannobiose Manα1-6Man    1.94  

5G. α1-3, α1-6-
Mannobiose Manα1-6(Manα1-3)Man     1.93 

5H. 

α1-3, α1-3, 
α1-6-
Mannopentaos
e 

Manα1-6(Manα1-3)Manα1-
6(Manα1-3)Man  1.26    

 Fucosylated 
structures  C6/36 RML-

12 Hsu Chao 
Ball Mos55 

1.        
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71. Hdi Fucα1-2Galβ-sp3      

72. Fa3GN Fucα1-3GlcNAcβ-sp3    1.53  

73. LeC Fucα1-4GlcNAcβ-sp3      

215. Led, H (type 1) Fucα1-2Galβ1-3GlcNAcβ-sp3      

216. H (type 2) Fucα1-2Galβ1-4GlcNAcβ-sp3      

217. H (type 3) Fucα1-2Galβ1-3GalNAcα-sp3      

219. H (type 6 Fucα1-2Galβ1-4Glcβ-sp4  1.40    

226. Btri Fucα1-2(Galα1-3)Galβ-sp3      

233. Lea Galβ1-3(Fucα1-4)GlcNAcβ-sp3      

234. Lex Fucα1-3(Galβ1-4)GlcNAcβ-sp3      

235. Atri Fucα1-2(GalNAcα1-3)Galβ-sp3      

287. Su-Lea 3-O-Su-Galβ1-3(Fucα1-
4)GlcNAcβ-sp3      

288. Su-Lex Fucα1-3(3-O-Su-Galβ1-
4)GlcNAcβ-sp3      

359. B (type 1) Fucα1-2(Galα1-3)Galβ1-
3GlcNAcβ-sp3 2.14     

360. B (type 2) Fucα1-2(Galα1-3)Galβ1-
4GlcNAcβ-sp3      

362. B (type 3) Fucα1-2(Galα1-3)Galβ1-
3GalNAcα-sp3 3.94     

363. B (type 4) Fucα1-2(Galα1-3)Galβ1-
3GalNAcβ-sp3      

364. αGalLex Fucα1-3(Galα1-3Galβ1-
4)GlcNAcβ-sp3      

366. A (type 1) Fucα1-2(GalNAcα1-3)Galβ1-
3GlcNAcβ-sp3      

368. A (type 2) Fucα1-2(GalNAcα1-3)Galβ1-
4GlcNAcβ-sp3      

371. Leb Fucα1-2Galβ1-3(Fucα1-
4)GlcNAcβ-sp3      

372. Ley Fucα1-3(Fucα1-2Galβ1-
4)GlcNAcβ-sp3      

392. A (type 3) Fucα1-2(GalNAcα1-3)Galβ1-
3GalNAcα-sp3 1.07     

479. LNFP-I Fucα1-2Galβ1-3GlcNAcβ1-
3Galβ1-4Glcβ-sp4      

480. H (type1) 
penta 

Fucα1-2Galβ1-3GlcNAcβ1-
3Galβ1-4GlcNAcβ-sp2      

483. Bley Fucα1-3(Fucα1-2 (Galα1-
3)Galβ1-4)GlcNAcβ-sp3      

496. Leb-Lac Fucα1-2Galβ1-3(Fucα1-
4)GlcNAcβ1-3Galβ1-4Glcβ-sp4      

497. Ley-Lac Fucα1-3(Fucα1-2Galβ1-
4)GlcNAcβ1-3Galβ1-4Glcβ-sp4      

538. MFLNH III Lex1-6'(Lec1-3')Lac-sp4      

539. MFLNH I LacNAc1-6'(Led1-3')Lac-sp4      

541. DFLNH (a) Lex1-6'(Led1-3')Lac-sp4      

542. MF(1-3)iLNO LecLex1-6'(Lec1-3')Lac-sp4 2.75     

543. TFLNH Lex1-6'(Leb1-3')Lac-sp4      
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7A. Lacto-N-
fucopentose I 

Fucα1-2Galβ1-3GlcNAcβ1-
3Galβ1-4Glc      

7B. Lacto-N-
fucopentose II 

Galβ1-3(Fucα1-4)GlcNAcβ1-
3Galβ1-4Glc     1.19 

7C. 
Lacto-N-
fucopentose 
III 

Galβ1-4(Fucα1-3)GlcNAcβ1-
3Galβ1-4Glc  1.28   1.35 

7D. 
Lacto-N-
difucohexose 
I 

Fucα1-2Galβ1-3(Fucα1-
4)GlcNAcβ1-3Galβ1-4Glc      

7E. 
Lacto-N-
difucohexose 
II 

Galβ1-3(Fucα1-4)GlcNAcβ1-
3Galβ1-4(Fucα1-3)Glc      

7F. H-
disaccharide Fucα1-2Gal      

7G. 
2'-
Fucosyllactos
e 

Fucα1-2Galβ1-4Glc     1.25 

7H. 
3'-
Fucosyllactos
e 

Galβ1-4(Fucα1-3)Glc      

7I. Lewisx Galβ1-4(Fucα1-3)GlcNAc   2.40 1.01  

7J. Lewisa Galβ1-3(Fucα1-4)GlcNAc  1.10 1.07   

7K. 
Blood Group 
A-
trisaccharide 

GalNAcα1-3(Fucα1-2)Gal    2.80  

7L. Lactodifucotet
rose Fucα1-2Galβ1-4(Fucα1-3)Glc    1.01  

7M. 
Blood Group 
B-
Trisaccharide 

Galβ1-3(Fucα1-2)Gal 3.70     

7N. Lewisy Fucα1-2Galβ1-4(Fucα1-
3)GlcNAc     1.43 

7O. 
Blood Group 
H Type II 
Trisaccharide 

Fucα1-2Galβ1-3GlcNAc 2.96 1.52  1.34 1.77 

7P. 
Lewisb 
tetrasaccharid
e 

Fucα1-2Galβ1-3(Fucα1-
4)GlcNAc      

8A. Sulpho Lewisa SO3-3Galβ1-3(Fucα1-
4)GlcNAc      

8B. Sulpho Lewisx SO3-3Galβ1-4(Fucα1-
3)GlcNAc    1.27  

8C. 
Monofucosyl-
para-Lacto-N-
hexose IV 

Galβ1-3GlcNAcβ1-3Galβ1-
4(Fucα1-3)GlcNAcβ1-3Galβ1-
4Glc 

2.48 3.46  1.16 1.00 
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8D. 
Monofucosyll
acto-N-hexose 
III 

Galβ1-4(Fucα1-3)GlcNAcβ1-
6(Galβ1-3GlcNAcβ1-3)Galβ1-
4Glc 

     

8E. Difucosyllacto
-N-hexose 

Galβ1-4(Fucα1-3)GlcNAcβ1-
6(Fucα1-2Galβ1-3GlcNAcβ1-
3)Galβ1-4Glc 

   1.74  

8F. Trifucosyllact
o-N-hexose 

Galβ1-4(Fucα1-3)GlcNAcβ1-
6(Fucα1-2Galβ1-3(Fucα1-
4)GlcNAcβ1-3)Galβ1-4Glc 

   1.63 1.64 

8G. 
Lacto-N-
fucopentaose 
VI 

Galb1-4GlcNAcb1-3Galb1-
4(Fucα1-3)Glc      

8H. 
Lacto-N-
neodifucohexa
ose I 

Fucα1-2Galb1-4(Fucα1-
3)GlcNAcb1-3Galb1-4Glc      

8I. 
Lacto-N-
neodifucohexa
ose II 

Fucα1-3Galb1-4GlcNAcb1-
3Galb1-4(Fucα1-3)Glc  1.11    

8J. 
Trifucosyllact
o-N-
neoteraose I 

Fucα1-2Galb1-4(Fucα1-
3)GlcNAcb1-3(Fucα1-2)Galb1-
4Glc 

     

8K. 
Monofucosyll
acto-N-
neohexaose I 

Galb1-4(Fucα1-3)GlcNAcb1-
6(Galb1-4GlcNAcb1-3)Galb1-
4Glc 

 1.38   1.69 

8L. 
Difucosyllacto
-N-
neohexaose I 

Galb1-4(Fucα1-3)GlcNAcb1-
6(Galb1-4(Fucα1-3)GlcNAcb1-
3)Galb1-4Glc 

  2.48   

8N. 
Monofucosyl(
1-3)-iso-lacto-
N-octaose 

Galb1-3GlcNAcb1-3Galb1-
4(Fucα1-3)GlcNAcb1-6(Galb1-
3GlcNAcb1-3)Galb1-4Glc 

     

8O. 

Trifucosyl(1-
2,1-2,1-3)-iso-
lacto-N-
octaose 

Fucα1-2Galb1-3GlcNAcb1-
3Galb1-4(Fucα1-3)GlcNAcb1-
6(Galb1-3GlcNAcb1-3)Galb1-
4Glc 

   1.06 1.05 

8P. 

Blood Group 
A 
Tetrasaccharid
e 

GalNAcb1-3(Fucα1-2)Galb1-
4Glc      

 
Neu5Ac 
containing 
structures 

 C6/36 RML-
12 Hsu Chao 

Ball Mos55 

48. α-Neu5Ac Neu5Acα-sp3      

49. α-Neu5AcBn Neu5Acα-sp9      

52. α-Neu5Gc Neu5Gcα-sp3    2.44  

54. 9-Nac-α-
Neu5Ac 9-NAc-Neu5Acα-sp3      

169. GM4 Neu5Acα2-3Galβ-sp3      

170.  
Sia6A Neu5Acα2-6Galβ-sp3      
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171. 3-SiaTn Neu5Acα2-3GalNAcα-sp3      

172. SiaTn Neu5Acα2-6GalNAcα-sp3      

174. NeuGc-Tn Neu5Gcα2-6GalNAcα-sp3   1.03   

186. (Sia)2 Neu5Acα2-8Neu5Acα2-sp3      

205.  
6SiaANb Neu5Acα2-6GalNAcβ-sp3      

206. NeuGcα3Gal Neu5Gcα2-3Gal-sp3  1.22 1.89   

289. 6SiaTF Galα1-3(Neu5Acα2-
6)GalNAcα-sp3      

290. A3a(Sia)Tn Galβ1-3(Neu5Acα2-6) 
GalNAcα-sp3  1.23  1.20  

292. 3`-Sia-TF Neu5Acα2-3Galβ1-3GalNAcα-
sp3      

293. 3`SL Neu5Acα2-3Galβ1-4Glcβ-sp3      

294. 3`SL Neu5Acα2-3Galβ1-4Glcβ-sp4 2.14 1.29    

295. 6`SL Neu5Acα2-6Galβ1-4Glcβ-sp2      

298. 3`SLN Neu5Acα2-3Galβ1-4GlcNAcβ-
sp3      

299. 3`-SiaLec Neu5Acα2-3Galβ1-3GlcNAcβ-
sp3      

300. 6`SLN Neu5Acα2-6Galβ1-4GlcNAcβ-
sp3      

303. 3`SLN (Gc) Neu5Gcα2-3Galβ1-4GlcNAcβ-
sp3 1.31     

304. 6`SLN (Gc) Neu5Gcα2-6Galβ1-4GlcNAcβ-
sp3      

306.  
9NAc-6`SLN 

9-NAc-Neu5Acα2-6Galβ1-
4GlcNAcβ-sp3      

315. 6-Su-3`SLN Neu5Acα2-3Galβ1-4-(6-O-
Su)GlcNAcβ-sp3      

317. 6-Su-3`SiaTF Neu5Acα2-3Galβ1-3-(6-O-
Su)GalNAcβ-sp3      

318. 6-Su-6`SLN Neu5Acα2-6Galβ1-4-(6-O-
Su)GlcNAcβ-sp3      

319. 6`-Su-3`SLN Neu5Acα2-3-(6-O-Su)Galβ1-
4GlcNAcβ-sp3      

321. (Sia)3 (Neu5Acα2-8)3-sp3      

323. 6`-SiaLec Neu5Acα2-6Galβ1-3GlcNAc-
sp3      

324. 6Su-6`-SiaLec Neu5Acα2-6Galβ1-3(6-O-
Su)GlcNAc-sp3      

331. 3`SiaLec (Gc) Neu5Gcα2-3Galβ1-3GlcNAcβ-
sp3      

421. GM2 Neu5Acα2-3(GalNAcβ1-
4)Galβ1-4Glcβ-sp2  1.52    

422.  
3`SLNb3A 

Neu5Acα2-3Galβ1-
4GlcNAcβ1-3Galβ-sp3 1.92     

423. SiaLex Fucα1-3(Neu5Acα2-3Galβ1-
4)GlcNAcβ-sp3      

426. SiaLea Neu5Acα2-3Galβ1-3(Fucα1-
4)GlcNAcβ-sp3      

428. SiaLeX6Su Fucα1-3(Neu5Acα2-3Galβ1-
4)6-O-Su-GlcNAcβ-sp3   1.68   

429. SiaLeX6`Su Fucα1-3(Neu5Acα2-3(6-O-
Su)Galβ1-4)GlcNAcβ-sp3      

433. Sia2-TF Neu5Acα2-3Galβ1-
3(Neu5Acα2-6)GalNAcα-sp3      
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434. GD3 Neu5Acα2-8Neu5Acα2-
3Galβ1-4Glcβ-sp4      

527. 3`SLN-
LacNAc 

Neu5Acα2-3Galβ1-
4GlcNAcβ1-3Galβ1-
4GlcNAcβ-sp2 

     

528. SiaLex-3Gal Fucα1-3(Neu5Acα2-3 Galβ1-
4)GlcNAcβ1-3Galβ-sp3      

529. LSTb Neu5Acα2-6(Galβ1-
3)GlcNAcβ1-3Galβ1-4Glcβ-sp4      

531. GD2 GalNAcβ1-4(Neu5Acα2-
8Neu5Acα2-3)Galβ1-4Glc-sp2      

532. GT3 Neu5Acα2-8Neu5Acα2-
8Neu5Acα2-3Galβ1-4Glc-sp2  1.46    

533. GT2 (Neu5Acα2-8)2Neu5Acα2-
3(GalNAcβ1-4)Galβ1-4Glc-sp2      

534. 6`SLN-
LacNAc 

Neu5Acα2-3Galβ1-
4GlcNAcβ1-3Galβ1-
4GlcNAcβ-sp3 

1.53     

536. LSTa Neu5Acα2-3Galβ1-
3GlcNAcβ1-3Galβ1-4Glcβ-sp4   2.33   

537. LSTd Neu5Acα2-3Galβ1-
4GlcNAcβ1-3Galβ1-4Glcβ-sp4      

540. MSMFLNnH Lex1-6'(6'SLN1-3')Lac-sp4      

10A. Sialyl Lewisa Neu5Acα2-3Galβ1-3(Fucα1-
4)GlcNAc      

10B. Sialyl Lewisx Neu5Acα2-3Galβ1-4(Fucα1-
3)GlcNAc      

10C. Sialyllacto-N-
tetrose a 

Neu5Acα2-3Galβ1-
3GlcNAcβ1-3Galβ1-4Glc      

10D. 

Monosialyl, 
monofucosyll
acto-N-
neohexose 

Galβ1-4(Fucα1-3)GlcNAcβ1-
6(Neu5Acα2-6Galβ1-
4GlcNAcβ1-3)Galβ1-4Glc 

     

10E. Disialyl-TF Neu5Acα2-3Galβ1-
3(Neu5Acα2-6)GalNAc  1.63    

10H. 
Sialyllacto-N-
fucopentaose 
VI 

Neu5Acα2-6Galβ1-
3GlcNAcβ1-3Galβ1-4(Fucα1-
3)Glc 

     

10K. 
2,3'-
Sialyllactosam
ine 

Neu5Acα2-3Galβ1-4GlcNAc      

10L. 
2,6'-
Sialyllactosam
ine 

Neu5Acα2-6Galβ1-4GlcNAc      

10M. 
LS-
Tetrasaccharid
e a 

Neu5Acα2-3Galb1-
3GlcNAcb1-3Galb1-4Glc      

10N. 
LS-
Tetrasaccharid
e b 

Galβ1-3(Neu5Acα2-
6)GlcNAcβ1-3Galβ1-4Glc      

10O. 
LS-
Tetrasaccharid
e c 

Neu5Acα2-6Galβ1-
4GlcNAcβ1-3Galβ1-4Glc   1.89 1.4  
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10P. Disialyllacto-
N-tetrose 

Neu5Acα2-3Galβ1-
3(Neu5Acα2-6)GlcNAcβ1-
3Galβ1-4Glc 

    1.04 

11A. 2,3'-
Sialyllactose Neu5Acα2-3Galβ1-4Glc      

11B. 2,6'-
Sialyllactose Neu5Acα2-6Galβ1-4Glc      

11C. Colominic 
acid (Neu5Acα2-8Neu5Ac)n (n<50)      

 

Carageenan 
and 
Glycoaminog
lycans 
(GAGS) 

 C6/36 RML-
12 Hsu Chao 

Ball Mos55 

12A. 
Neocarratetros
e-41, 3-di-O-
sulphate (Na+) 

C24H36O25S2Na2 (Mixed 
anomers. Tetrasaccharide of 
regular κ - carrageenan) 

 1.26 1.00 1.16  

12B. 
Neocarratetros
e-41-O-
sulphate (Na+) 

C24H37O22SNa (Mixed anomers, 
derived from C1003 by removal 
of the non-reducing terminal 4-
sulphate) 

   1.33  

12C. 

Neocarrahexo
se-24,41, 3, 5-
tetra-O-
sulphate (Na+) 

C36H52O40S4Na4 (Mixed 
anomers. A hybrid sequence 
comprising carrageenan 
disaccharides in the order 
�����, derived from the 
carrageenan from Chondrus 
crispus) 

     

12D. 

Neocarrahexo
se-41, 3, 5-tri-
O-sulphate 
(Na+) 

C36H53O37S3Na3 (Mixed 
anomers. Hexasaccharide of 
regular κ-carrageenan) 

    1.04 

12E. 

Neocarraoctos
e-41, 3, 5, 7-
tetra-O-
sulphate (Na+) 

C48H70O49S4Na4 (Mixed 
anomers. Octasaccharide of 
regular κ-carrageenan) 

     

12F. 

Neocarradeco
se-41, 3, 5, 7, 
9-penta-O-
sulphate (Na+) 

C60H87O61S5Na5 (Mixed 
anomers. Decasaccharide of 
regular κ- carrageenan) 

     

12G. 
ΔUA-2S ® 
GlcNS-6S Na4 
(I-S) 

C12H15NO19S3Na4 (Predominant 
disaccharide produced from 
heparin by heparinase I and II) 

     

12H. 
ΔUA ® 
GlucNS-6S 
Na3 (II-S) 

C12H16NO16S2Na3 (Produced 
from heparinase II digestion of 
heparin and heparin sulphate) 

     

12I. 
ΔUA ® 2S-
GlcNS Na3 
(III-S) 

C12H16NO16S2Na3 (Produced 
from heparin by digestion with 
heparinase I and II) 

     

12J. 
ΔUA ® 2S-
GlcNAc-6S 
Na3 (I-A) 

C14H18NO17S2Na3 (Minor 
component produced from 
heparin by heparinase II) 
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12K. 
ΔUA ® 
GlcNAc-6S 
Na2 (II-A) 

C14H19NO14SNa2 (Product of 
the action of heparinases II and 
III on heparin and heparan 
sulphate) 

     

12L. 
ΔUA ® 2S-
GlcNAc Na2 
(III-A) 

C14H19NO14SNa2 (Minor 
product of the action of 
heparinase II on heparin) 

     

12M. 
ΔUA ® 
GlcNAc Na 
(IV-A) 

C14H20NO11Na (Produced from 
heparin sulphate by digestion 
with heparinase III) 

  2.16   

12N. 
ΔUA ® 
GalNAc-4S 
Na2 (ΔDi-4S) 

C14H19NO14SNa2 (Produced 
from various chondroitin 
sulphates by the action of 
chondroitinases ABC, B and 
AC-1) 

     

12O. 
ΔUA ® 
GalNAc-6S 
Na2 (ΔDi-6S) 

C14H19NO14SNa2 (Produced 
from various chondroitin 
sulphates By the action of 
chondroitinases ABC, AC-1 
and C) 

   1.66  

12P. 
ΔUA ® 
GalNAc-
4S,6S Na3 
(ΔDi-disE) 

C14H18NO17S2Na3 (Produced 
from various chondroitin 
sulphates by the action of 
chondroitinases ABC, B and 
AC-1) 

   1.04  

13A. 
ΔUA ® 2S-
GalNAc-4S 
Na2 (ΔDi-
disB) 

C14H18NO17S2Na3 (Produced 
from various chondroitin 
sulphates by action of 
chondroitinase ABC and/or B. 
Most typically from chondroitin 
sulphate B (dermatan sulphate)) 

 1.64    

13B. 
ΔUA ® 2S-
GalNAc-6S 
Na3 (ΔDi-
disD) 

C14H18NO17S2Na3 (Produced 
from various chondroitin 
sulphates by the action of 
chondroitinase ABC) 

     

13C. 
ΔUA ® 2S-
GalNAc-4S-
6S Na4 (ΔDi-
tisS) 

C14H17NO20S3Na4 (Produced as 
a minor component by the 
action of chondroitinase ABC 
on various chondroitin 
sulphates, particularly B) 

 3.17  2.04 1.06 

13D. 
ΔUA ® 2S-
GalNAc-6S 
Na2  (ΔDi-
UA2S) 

C14H19NO14SNa2 (Produced as 
a minor component from 
various chondroitin sulphates 
by the action of chondroitinase 
ABC) 

     

13E. 
ΔUA ® 
GlcNAc Na 
(ΔDi-HA) 

C14H20NO11Na (The only 
unsaturated disaccharide 
produced from hyaluronic acid 
by the action of chondroitinase 
ABC or AC-1) 

   1.20  

625. Hyaluroninc 
acid 

(GlcAβ1-4GlcNAcβ1-3)8-NH2-
ol      

13F. 
Hyaluronan 
fragments 
(4mer) 

(GlcAβ1-3GlcNAcβ1-4)n (n=4)      
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13G. 
Hyaluronan 
fragments 
(8mer) 

(GlcAβ1-3GlcNAcβ1-4)n (n=8)      

13H. 
Hyaluronan 
fragments 
(10mer) 

(GlcAβ1-3GlcNAcβ1-4)n 
(n=10)      

13I. 
Hyaluronan 
fragments 
(12mer) 

(GlcAβ1-3GlcNAcβ1-4)n 
(n=12)  1.25    

13J. Heparin (GlcA/IdoAα/β1-4GlcNAcα1-
4)n (n=200)      

13K. Chondroitin 
sulfate 

(GlcA/IdoAβ1-
3(±4/6S)GalNAcβ1-4)n 
(n<250) 

     

13L. Dermatan 
sulfate 

((±2S)GlcA/IdoAα/b1-
3(±4S)GalNAcβ1-4)n (n<250)  1.23    

13M. Chondroitin 
6-Sulfate 

(GlcA/IdoAβ1-
3(±6S)GalNAcβ1-4)n (n<250)      

13N HA - 4 (GlcAβ1-3GlcNAcβ1-4)n (n=4)      

130 HA - 6 (GlcAβ1-3GlcNAcβ1-4)n (n=6)  1.08    

13P HA - 8 (GlcAβ1-3GlcNAcβ1-4)n (n=8)      

14B HA-12 (GlcAβ1-3GlcNAcβ1-4)n 
(n=12)    1.40  

14C HA-14 (GlcAβ1-3GlcNAcβ1-4)n 
(n=14)     1.62 

14D HA-16 (GlcAβ1-3GlcNAcβ1-4)n 
(n=16)      

14E HA 30000 Da (GlcAβ1-3GlcNAcβ1-4)n      

14F HA 107000 
Da (GlcAβ1-3GlcNAcβ1-4)n    1.25  

14G HA 190000 
Da (GlcAβ1-3GlcNAcβ1-4)n      

14H HA 220000 
Da (GlcAβ1-3GlcNAcβ1-4)n    1.31  

14I HA 1600000 
Da (GlcAβ1-3GlcNAcβ1-4)n    1.12  

14J Heparin 
sulfate 

(GlcA/IdoAα/ IdoASα/β1-
4GlcNAc/GlcNS/GlcNAc6Sα1-
4)n 

     

14K b1-3Glucan (Glcβ1-4Glc)n      

 Other  C6/36 RML-
12 Hsu Chao 

Ball Mos55 

14. β-GlcN(Gc) GlcN(Gc)β-sp4   1.94 
   

15. aminoglucitol HOCH2(HOCH)4CH2NH2      
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20. L-α-Rha Rhaα-sp3      

44. α-glucoronic 
acid GlcAα-sp3 1.87     

45. β-glucoronic 
acid GlcAβ-sp3      

 
Data is from two repeat array experiments. Numbers are equal to an average of the raw 
fluorescent value divided by background plus three standard errors of the mean background. 
Any value greater than 1-fold is considered significantly above background at a P<0.001. 
Glycans with values above 1.00 have been highlighted in red. White is no binding observed.  
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4.2 Preface 

Direct interaction of the virus with mosquito receptor(s) is a first and crucial 

step for virus entry. Despite intensive study over several decades, mosquito receptor(s) 

for arboviruses, including alphaviruses (CHIKV and RRV) and flaviviruses (DENV 

and ZIKV) remains unknown. The abrupt burst in ZIKV outbreaks in 2015 to 2017 was 

ironically associated with only a single species of mosquito – Aedes, as arthropod vessel 

of ZIKV transmission. Interestingly, the rationale underlying the specificity of ZIKV 

in infecting Aedes mosquitoes remain to be an unaddressed issue. 

In the previous chapters, using glycomics approach, I was able to demonstrate 

the significance of lectins in facilitating alphaviral infectivity (Chapter 2) through a  

unique glycomics profiles present in each mosquito species (Chapter 3). In a timely 

manner, I was able to extend this knowledge and concept onto identifying the host 

factors associated with ZIKV specificity for mosquito infection. Based on my prior 

findings on alphaviruses, I hypothesized that ZIKV requires certain host factor(s) 

present on Aedes mosquitoes to establish a successful viral entry and replication 

processes. 

In this chapter, to identify the host factor(s) involved in ZIKV specificity for 

Aedes mosquitoes, I first seek to address the ability of ZIKV in gaining entry into 

various species of mosquitoes using a pseudoZIKV replicon system and seven 

mosquito cell lines derived from the Aedes (Ae.), Anopheles (An.) and Culex (Cx.) 

species. Using a pseudoZIKV replicon system, we demonstrated that all Ae. cell lines 

were highly susceptible to pseudoZIKV infection. Surprisingly, the non-susceptible An. 

gambiae cell line (4a-3B) was highly permissive to pseudoZIKV entry, albeit inhibiting 

the viral replication. Hence, this findings suggest that certain host factors may be 
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present in the An. (4a-3B) cell line to inhibit ZIKV replication. Therefore, to identify 

the specific host factor(s) involved in ZIKV replication in mosquito cells, RNA 

sequencing (RNAseq) analysis was performed on ZIKV-susceptible Ae (Aag2) and 

non-susceptible An (4a-3B) cells after infection. Indeed, we were able to identify 

differential regulation of antimicrobial peptides (AMPs) between the two mosquito 

species, suggesting the potential role of AMPs in modulating ZIKV replication in 

susceptible mosquito cells. In summary, this study provide insights into the host 

factor(s) involved in modulating ZIKV replication, providing a molecular platform for 

developing vector intervention strategies, preventing the global spread of ZIKV.  

The findings presented in this chapter is performed in Keck School of Medicine 

of USC, University of Southern California in Los Angeles, United States, under the co-

mentorship from Professor Jae Jung, Chair of Department of Molecular Microbiology 

and Immunology.

1 
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Abstract 1 

Zika virus (ZIKV) is primarily transmitted by the Aedes (Ae) mosquito, preferentially 2 

targeting Ae. aegypti and Ae. albopictus. Despite being the primary vector for ZIKV 3 

transmission, controversial findings on the potential of other mosquito species 4 

belonging to the genera of Anopheles (An) and Culex (Cx) have been reported. To date, 5 

the rationale underlying the specificity of ZIKV in infecting Aedes mosquitoes remain 6 

to be an unaddressed issue. In this study, we seek to characterize the susceptibility of 7 

seven cell lines derived from Ae, An and Cx mosquitoes towards ZIKV infection. 8 

Indeed, Ae cell lines were permissive to ZIKV infection and supported viral replication 9 

up to seven days post infection, while cells lines from An and Cx mosquitoes were 10 

unable to support replication. To specifically address if non-susceptible cell lines were 11 

due to the incompetence of ZIKV in establishing viral entry, a pseudoZIKV replicon 12 

system was utilized. Interestingly, while all Ae cell lines were highly susceptible to 13 

pseudoZIKV infection, the non-susceptible An. gambiae cell line (4a-3B) were also 14 

highly permissive to pseudoZIKV entry in contrast to other An and Cx cell lines tested. 15 

Therefore, to identify the host factor(s) involved in ZIKV replication in mosquito cells, 16 

RNA sequencing (RNAseq) analysis was performed on ZIKV-susceptible Ae and non-17 

susceptible An cells after infection. Fundamentally, through comparative 18 

transcriptomics approach, we identified a differential regulation of attacin, an 19 

antimicrobial peptide (AMP) that may potentially play a critical role in modulating 20 

ZIKV replication in mosquito cells. Together, our study shed insights into the host 21 

factors involved in modulating ZIKV replication, providing a molecular platform for 22 

the future development of effective vector control against ZIKV. 23 

 24 

Introduction 25 
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Zika virus (ZIKV; Family Flaviviridae, Genus Flavivirus) was first isolated from a 26 

sentinel rhesus monkey in the Zika Forest of Uganda in 1947 and from Ae. africanus 27 

mosquitoes in 1948 in the same forest [1]. From the 1960s to 1980s, ZIKV was 28 

considered an insignificant member of the family Flaviviridae as infections were 29 

reported infrequently and typically caused self-limiting mild febrile illnesses only. In 30 

2007, the first recorded ZIKV outbreak occurred on Yap Island in Micronesia [2]. 31 

During 2012-2014, ZIKV outbreaks were reported in many other Pacific islands, 32 

including French Polynesia, New Caledonia, the Cook Islands and Easter Island. This 33 

expansion sparked a public health emergency and fears that a more virulent strain of 34 

the virus has emerged as ZIKV infections were now being associated with neurological 35 

complications including Guillain-Barré syndrome [3]. In 2015, an explosive outbreak 36 

was reported in Brazil and then spread rapidly throughout a total of 86 countries 37 

including the Americas and Africa [4]. In February 2016, the WHO declared the ZIKV 38 

infection as a Public Health Emergency of International Concern (PHEIC) and 39 

indicated that there was likely an association of ZIKV infection with Guillain-Barré 40 

syndrome and congenital abnormalities in developing foetuses including microcephaly 41 

[4]. Phylogenetic analyses have identified two distinct lineages of ZIKV, namely the 42 

Asian and African lineages [5]. The Asian lineage of ZIKV has been linked to the 43 

worldwide outbreak in 2015 [6]. The overall genome similarity between the African 44 

lineage and epidemic Asian lineage is more than 88.9%, with a total of 75 amino acid 45 

variation [7].  46 

 47 

Extensive investigations on vector competence of wild-caught mosquitoes and 48 

experimental exposition of mosquitoes to ZIKV-containing bloodmeal have confirmed 49 

that ZIKV is primarily transmitted by Aedes species mosquitoes, with Ae. aegypti as 50 



 

 132 

the primary vector and Ae. albopictus as a secondary vector for ZIKV transmission [6, 51 

8-11]. On the other hand, other species in the Aedes genus may also transmit ZIKV, 52 

including the Ae. vexans [12], Ae. notoscriptus [13], Ae. camptorhynchus [13], Ae. 53 

vittatus [14] and Ae. luteocephalus [14]. Although Aedes mosquitoes are the primary 54 

vector for ZIKV transmission, the virus has also been isolated from other mosquito 55 

species in the Anopheles (An) and Culex (Cx) genera. Anopheles mosquitoes most 56 

notably transmit malaria parasites but could also be responsible for transmitting 57 

o’nyong nyong virus (ONNV) and Mayaro virus (MAYV), an alphavirus that causes 58 

severe arthralgia similar to chikungunya virus (CHIKV) [15, 16]. ZIKV has been 59 

detected from field-caught An. gambiae [17] and An. coustani [18]. During ZIKV 60 

outbreak, viral RNA has also been detected in the salivary glands of wild-caught female 61 

Cx. quinquefasciatus, Cx. coronator and Cx. tarsalis from Mexico [19], 62 

Cx. quinquefasciatus in Recife, Brazil [20] and in Guizhou Province, China [21]. 63 

Numerous studies on vector competence have since assessed these mosquito species by 64 

experimental exposition of mosquitoes to an infectious blood meal containing ZIKV 65 

and discrepancy results have been reported. Most studies have shown that An. gambiae, 66 

An. stephensi, Cx. pipiens and Cx. quinquefasciatus cannot be infected with ZIKV 67 

(refractory to infection) [22-29]. However, a study showed that laboratory reared Cx. 68 

quinquefasciatus from China infected with ZIKV were allowed to feed on infant mice 69 

and viral RNA was later detected from the mice further validating its potential as vector 70 

of ZIKV [30].  71 

 72 

Despite the role of the Culex and Anopheles species mosquitoes in the transmission of 73 

ZIKV still being highly disputed, it cannot be ruled out that they could serve as vectors 74 

for ZIKV. The variation in vectorial capacity between Aedes, Anopheles and Culex 75 
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mosquitoes suggests an underlying genetic plasticity, however, little is known about 76 

the host factors required for successful viral infection in Aedes mosquitoes. In this 77 

study, mosquito cell lines derived from Aedes, Anopheles and Culex species were 78 

examine for key steps of the ZIKV viral life cycle, including virus entry, viral 79 

replication and progeny virion release. Our results showed that ZIKV entry is permitted 80 

in Aedes, Anopheles and Culex cell lines to differing levels but is unable to undergo 81 

replication and produce progeny virion. Furthermore, ZIKV demonstrated similar 82 

infectivity between Aedes and Anopheles cell lines. We then further examined the host 83 

factors that support or restrict viral replication by comparing the transcriptome profile 84 

of Aedes and Anopheles cells using RNA sequencing. Our results showed that ZIKV 85 

infection triggers differential regulation of antimicrobial peptides (AMPs) between 86 

Aedes and Anopheles cells. This study shed light on the host factors required for 87 

successful ZIKV infection in mosquito vectors.  88 

 89 

Results 90 

ZIKV replicates efficiently in Aedes-derived cell lines but not in Anopheles and 91 

Culex-derived cell lines 92 

To determine the susceptibility of ZIKV infection in different species of mosquitoes, 93 

we performed infection on 7 mosquito cell lines derived from the Aedes (Ae. albopictus-94 

derived C6/36 and C710; Ae. aegypti-derived Aag-2), Anopheles (An. gambiae-derived 95 

4a-3B; An. stephensi-derived MSQ43) and Culex (Cx. tarsalis-derived CT; Cx. 96 

quinquefasciatus-derived Hsu) species using African ZIKV (MR766) and Asian ZIKV 97 

(PRVABC59) at multiplicity of infection (MOI) 1 (Fig. 1). At 48 hours postinfection 98 

(hpi), cells were harvested and the susceptibility to ZIKV infection was determined by 99 

fluorescence-activated cell sorting (FACS) using flavivirus envelope protein antibody. 100 
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All Aedes-derived cell lines showed high levels (84-100%) of infectivity with both 101 

MR766 and PRVABC59 strains (Fig. 1A). In contrast, low/undetectable level of ZIKV-102 

positive (ZIKV+) can be detected in the Anopheles (0.29 to 3.2%) and Culex (0.29 to 103 

5.89%) cell lines (Fig. 1B-D). To determine if these cell lines were able to support 104 

persistent ZIKV infection, longitudinal infection of these mosquito cell lines were 105 

performed up to 7 dpi. Supernatants from infected cells were collected daily over the 106 

course of 7 days and virus titers were determined by focus forming assay (FFA) (Fig. 107 

1E). Indeed, high levels of infectious viral particles (~1-3 x 106 FFA/ml) were detected 108 

in all Aedes cell lines, exhibiting a peak replication at 3 to 4 dpi with a gradual decline 109 

in virus titer by 7 dpi. On the other hand, little/no infectious viral particles (<6 x 102 110 

FFA/ml) could be detected in the supernatants of ZIKV-infected Culex (CT and Hsu) 111 

and Anopheles (MSQ43) cell lines at all time points. Ironically, supernatants derived 112 

from ZIKV-infected 4a-3B exhibited higher (~4 x 105 FFA/ml) but consistent level of 113 

infectious viral particles across 7 dpi, when compared to the other non-susceptible cell 114 

lines. The lack of increase in viral titers across the 7 days of infection suggests that 4a-115 

3B cells are unable to support ZIKV replication. Hence, it will be interesting to examine 116 

the permissivity of these mosquito cell lines to ZIKV viral entry.   117 

 118 

ZIKV-resistant Anopheles cells were permissive to viral entry 119 

Following an infectious blood meal, joint effort between viral entry and replication is 120 

indispensable during the establishment of an active infection in the permissive 121 

mosquito host. To validate if the ZIKV-resistant Anopheles and Culex cell lines were 122 

due to incompetent viral entry process, pseudoZIKV replicon system was utilized to 123 

address this issue. Co-transfection of the West Nile Virus (WNV) replicon encoding 124 

for an EGFP reporter with plasmid encoding for ZIKV MR766 structural proteins 125 
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(capsid, Pr, membrane and envelop) were performed in HEK293T cells for 2 days (Fig. 126 

2A). Supernatants which contained the WNV genomes that were encapsulated in ZIKV 127 

capsid, membrane and envelope proteins (pseudoZIKV) were harvested and used for 128 

subsequent infection of various mosquito cell lines (Fig. 2A). PseudoZIKV infection of 129 

all the mosquito cell lines were performed for 48 hpi and cells were harvested for FACS 130 

analysis to assess the permissivity to ZIKV viral entry. All Aedes cell lines were highly 131 

permissive to pseudoZIKV entry, demonstrating between 58 to 100% infectivity (Fig. 132 

2B,E). Interestingly, the ZIKV-resistant Anopheles cells were permissive to 133 

pseudoZIKV entry, with ~54% and ~13% infectivity detected in 4a-3B and MSQ43 134 

cells, respectively (Fig. 2C-E). Similarly, Culex cell lines showed varying levels of 135 

pseudoZIKV entry, with 19% infectivity in CT cells and 0% infectivity in HSU cells 136 

(Fig. 2D). Taken together, these results suggested that ZIKV viral entry is restricted but 137 

not completely blocked in ZIKV-resistant cell lines such as Anopheles-derived 4a-3B, 138 

MSQ43 and Culex-derived CT cells. In addition, 4a-3B showed similar viral entry level 139 

as Aag-2 cells. Hence, suggesting the involvement of intracellular host factors in 140 

inhibiting ZIKV replication in the resistant cell lines.  141 

 142 

Comparative RNAseq analysis between African ZIKV- and Asian ZIKV-infected 143 

Aedes cells 144 

Previously, we demonstrated that Aedes-derived Aag-2 were able to support ZIKV 145 

replication (Fig. 2). To identify the host factor(s) that are essential in ZIKV replication, 146 

we performed RNAseq analysis on the Aag-2 cell line. Infection was performed using 147 

ZIKV MR766 and PRVABC59 strains at MOI 10. RNA-seq was then performed on 148 

poly(A)-enriched RNAs extracted from mock- and ZIKV-infected Aag-2 and 4a-3B 149 

cells at 12 hpi. A total of 56 and 42 genes were differentially expressed genes in Aag-150 
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2 cells infected with ZIKV MR766 and PRVABC59 infection, respectively. In MR766-151 

infected Aag-2 cells, 21 genes were significantly up-regulated while 35 genes were 152 

down-regulated (Fig. 3A). In PRVABC59-infected Aag-2 cells, 19 genes were 153 

significantly up-regulated and 23 genes were down-regulated (Fig. 3A). Due to the 154 

limited availability of gene annotations for most mosquitoes genomes [31], a detailed 155 

examination of the differentially expressed genes was performed by Gene Ontology 156 

(GO) analysis to functionally categorize and predict the function of these genes (Table 157 

S1&2). The differentially regulated genes were categorized according to their 158 

known/predicted function and presented in Fig. 3B. The GO-terms were categorised 159 

into six broad categories (fatty acid metabolism, transcription, enzymatic/catalytic, 160 

metabolic, immune and host seeking), we observed similar distribution of genes in these 161 

categories between the MR766 and PRVABC59. Comparative analysis between the 162 

differentially expressed genes in MR766-infected and PRVABC59-infected Aag-2 163 

cells exhibited 15 genes that were similarly dysregulated during infection with both 164 

lineages of ZIKV (Fig. 3C). Among the 15 commonly-expressed genes in MR766- and 165 

PRVABC59-infected Aag-2 cells, the 12 up-regulated genes are: odorant binding 166 

protein (OBP) 59 (AAEL015313; involved in host seeking), antimicrobial peptide – 167 

attacin (AAEL003389; involved in immune defense), T-cell specific transcription 168 

factor (AAEL000661; involved in transcription), putative gene AAEL018141 169 

(involved in fatty acid biosynthetic process) and 6 other putative proteins with no 170 

known predicted functions. The two down-regulated genes are the fatty acyl-CoA 171 

reductase (AAEL007220) and one hypothetical protein.  172 

 173 

RNAseq analysis revealed transcriptomics changes in ZIKV-resistant Anopheles 174 

cells after ZIKV infection 175 
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Next, we examined the transcriptomics changes that occurred during ZIKV infection of 176 

Anopheles cells. We demonstrated that Anopheles-derived 4a-3B were unable to 177 

support ZIKV replication but were highly permissive to viral entry (Fig. 2), suggesting 178 

the involvement of intracellular host factor(s) in inhibiting viral replication mechanism. 179 

At 12 hpi, a total of 41 and 45 differentially expressed genes were identified in MR766- 180 

and PRVABC59-infected Anopheles cells, respectively (Fig. 3D). Specifically, 22 181 

genes were up-regulated and 19 genes were down-regulated in MR766-infected cells, 182 

while 15 genes were up-regulated and 30 genes were down-regulated in PRVABC59-183 

infected cells (Fig. 3D). Similarly, GO analysis was performed on the differentially 184 

expressed genes and were categorized according to their function is presented in Fig. 185 

3E. The detailed function of the differentially expressed genes were presented in Table 186 

S3 (MR766-infected) and S4 (PRVABC59-infected). A significant difference in 187 

differentially expressed genes were observed between the MR766- and PRVABC59-188 

infected cells. These differences include genes related to the fatty acid metabolism, 189 

most genes were up-regulated in MR766-infected cells, in contrast, more genes were 190 

downregulated in PRVABC59-infected cells (Fig. 3E). Additionally, a greater number 191 

of genes related to transcription and metabolic were downregulated in cells infected 192 

with ZIKV MR766 (Fig. 3E). Surprisingly, only 5 genes were commonly expressed in 193 

both MR766- and PRVABC59-infected cells (Fig. 3F). Among the commonly 194 

expressed genes – 3 genes that were up-regulated are the Frizzled receptor 195 

(AGAP011379; involved in immune defense), acyl-CoA Delta(11) desaturase-like 196 

protein (AGAP012920; involved in fatty acid metabolism) and a putative protein 197 

AGAP001089 with unknown function; 2 genes that were down-regulated genes are 198 

solute carrier family cationic amino acid transporter (AGAP001265) and a 199 

transmembrane protein 192-like isoform (TREM192-like) with no known predicted 200 
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function (AGAP003086). As 4A-3B ZIKV-resistant and do not support viral 201 

replication, we hypothesized that these genes that were significantly dysregulated were 202 

likely to contribute to the inhibition of ZIKV replication. 203 

 204 

ZIKV infection triggers differential regulation of antimicrobial peptides (AMPs) 205 

Attacin has been extensively reported to be playing an indispensable role in 206 

antimicrobial activity, particularly during bacterial and fungal infections. However, the 207 

role of attacin in ZIKV infection has yet to be studied. Our RNAseq analyses identified 208 

the up-regulation of attacin in Aedes-derived Aag-2 cells, suggesting the potential role 209 

in modulating ZIKV replication. Next, we examined the expression profiles of attacin 210 

in ZIKV-infected Aag-2 and 4a-3B cells. Cells were infected and harvested at 0, 6, 12 211 

and 24 hpi for viral load detection that specifically targets ZIKV NS1 gene and AMPs 212 

gene expression analyses (Fig. 4A, G). ZIKV infection in Aag-2 cells demonstrated 213 

progressive increase in viral load over time (Fig. 4A). In contrast, no increase in the 214 

viral load was observed in 4a-3B cells. These data further confirmed that Anopheles-215 

derived 4a-3B cells were unable to support viral replication. To further investigate if 216 

ZIKV infection triggers differential regulation of AMPs between the Aedes and 217 

Anopheles cells, we examined the expression profile of different classes of AMPs 218 

including attacin, cecropin, defensin, diptericin and gambicin in Aedes; and attacin, 219 

cecropin, defensin and gambicin in Anopheles cells by qRT-PCR at 0, 6, 12 and 24 hpi 220 

(Fig. 4). In Aedes cells, AMPs including attacin, cecropin and defensin were 221 

significantly up-regulated (Fig. 4 B-D), while gambicin and diptericin were not 222 

differentially expressed (Fig. 4 E-F). In contrast, ZIKV infection of Anopheles cells did 223 

not induce the expression of attacin, defensin, cecropin and gambicin (Fig. 4H-K). It is 224 

important to note that the up-regulation of these genes were not detected in RNA-seq, 225 
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a plausible explanation is that the annotation of alternatively spliced isoforms in 226 

mosquitoes is far from comprehensive in current platforms such as VectorBase, leading 227 

to reads mapped to unannotated regions in the reference genome being ignored [32]. 228 

Taken together, these results demonstrated that AMPs were differentially regulated in 229 

ZIKV-susceptible and –resistant mosquito cells.  230 

 231 

AMPs induction upon ZIKV infection is dependent on Toll pathway of Aedes cells 232 

The Toll, immune deficiency (Imd) and Janus kinase (JAK)/signal transducers and 233 

activators of transcription (STAT) are the three major innate immunity signaling 234 

pathways in mosquitoes. To assess the involvement of these signaling pathways in the 235 

regulation of AMPs secretion, we examined the gene expression of the main 236 

components from these pathways at 0, 6, 12 and 24 hpi by RT-qPCR. The genes 237 

included in this study are transcription factor Relish 1 (Rel1) and negative regulator 238 

Cactus (Cac) genes in Toll pathway; transcription factor Relish 2 (Rel2) and negative 239 

regulator Caspar (Casp) genes in IMD pathway; Janus kinase (JAK) and the receptor 240 

domeless (Dome) genes in JAK/STAT pathways. In addition, we also assessed the 241 

expression of Dicer-2 (Dcr-2) and Argonaute-2 (Ago-2) genes in RNA interference 242 

(RNAi) pathway, which is the main antiviral mechanism in mosquitoes. Our results 243 

showed that the transcription factor, Rel1 gene, of the Toll pathway in Aedes cells was 244 

2- and 1.5-fold up-regulated at 0 and 12 hpi, respectively (Fig. 5A&B). In the same 245 

pathway, the negative regulator, Cac gene, was significantly down-regulated upon 246 

ZIKV infection (Fig. 5A&B). This correlates with our transcriptomic data that the genes 247 

associated with the Toll and Imd pathways, including the leucine-rich immune protein 248 

(AAEL010125) and the clip-domain serine protease (AAEL012711) showed a 8.5- and 249 

2.8-fold increase, respectively. Activation of these pathways has been reported to 250 
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produce a variety of AMPs [33, 34]. Interestingly, in Anopheles cells, the negative 251 

regulator of the Toll pathway, Cactus, was significantly up-regulated (Fig. 5C&D). This 252 

is accompanied by down-regulation of the transcription factor Rel1, suggesting that the 253 

Toll pathway is suppressed in Anopheles cells upon ZIKV infection. On the other hand, 254 

genes in the RNAi pathway, including the Dcr-2 and Ago-2 genes did not change upon 255 

ZIKV infection in the Aedes cells. Interestingly, in the Anopheles cells, PRVABC59 256 

induced a 5-fold increase of the Dcr-2 gene (a key factor of the antiviral RNAi immune 257 

pathway) (Fig. 5C&D). Another transcription factor of the JAK/STAT pathway, the 258 

STATA gene was 3-fold up-regulated in PRVABC59 infected Anopheles cells, 259 

suggesting the role of RNAi and JAK/STAT pathways in controlling viral replication 260 

in Anopheles cells.  261 

 262 

Discussion 263 

ZIKV is primarily transmitted by Aedes mosquitoes and is able to infect, replicate and 264 

disseminate in this mosquito species. In contrast, Anopheles mosquitoes were 265 

concluded by many vector competence studies to be a poor vector for ZIKV 266 

transmission as the virus was unable to infect and replicate in this mosquito species. In 267 

this study, we tested cell lines derived from six mosquito species – Ae. aegypti, Ae. 268 

albopictus, An. gambiae, An. stephensi, Cx. quinquefasciatus and Cx. tarsalis for their 269 

susceptibility to ZIKV infection. We also investigated the ZIKV entry and replication 270 

events in the resistant cell lines. Our results demonstrated that ZIKV entry is permitted 271 

but viral replication is inhibited in the resistant cell lines. Strikingly, ZIKV entry into a 272 

resistant An. gambiae-derived 4a-3B cells was at a comparable level to susceptible Ae. 273 

aegypti-derived Aag-2 cells. Mosquitoes of the genus Anopheles are notable as primary 274 

vectors of malaria. However, they are also capable of carrying and transmitting ONNV 275 
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[35] and MAYV viruses [16] that belong to the Togaviridae family and Alphavirus 276 

genus. These studies suggest that Anopheles species may act as potential vectors of 277 

arboviruses but little is known about the molecular basis of virus infection in the 278 

Anopheles species.  279 

 280 

Compatibility between a virus and its mosquito vector is determined by mosquito host 281 

factors that support or restrict viral replication. The Aag-2 and 4a-3B cell lines are 282 

immune-competent cell lines and have immune responses that may partially 283 

recapitulate the response for whole mosquitoes [36, 37]. In this study, whole genome 284 

transcriptome screening of differentially expressed genes of ZIKV MR766- and 285 

PRVABC59-infected Aedes and Anopheles cells were conducted at 12 hpi to evaluate 286 

early genome-wide transcriptional responses to ZIKV infection. Different from the 287 

mammalian immune system, mosquitoes do not have adaptive immune responses and 288 

are dependent on innate immunity to fight against viral infection; thus, the mosquito 289 

innate immune response is an important determinant for successful transmission of 290 

viruses. Our results showed differential regulation of AMPs between the Aedes and 291 

Anopheles cells. The AMPs are important immune effectors induced in response to 292 

infections with bacteria (Gram-negative and -positive) and fungi. More recently, studies 293 

have suggested their roles in antiviral immunity. In Ae. aegypti, several AMPs, 294 

including attacin and defensins are differentially up-regulated in DENV-infected 295 

mosquitoes [34]. The mechanism of AMPs regulation in mosquitoes still remain 296 

unclear, however, some studies have suggested that expression of AMPs are dependent 297 

on the type of pathogens and the regulation against the same types of pathogen might 298 

not be the same between different species of mosquitoes. The expression of AMPs in 299 

mosquitoes are mainly regulated by the Toll, IMD and JAK/STAT pathways. In our 300 



 

 142 

study, we demonstrated a more robust expression of AMPs mediated by the Toll and 301 

IMD pathways in Aedes as compared to Anopheles mosquitoes. Moreover, our 302 

transcriptomic data showed that genes in Toll and Imd pathways including the Clip-303 

domain serine protease family C (AAEL01271) and leucine-rich immune protein 304 

(AAEL01012) were upregulated. The Clip-domain serine protease family C function to 305 

perform proteolytic activation of the cytokine Spätzle (Toll ligand) leading to synthesis 306 

of AMPs and prophenoloxidase required for melanization response [38]. The leucine-307 

rich immune protein resemble toll-like receptors and are capable of performing 308 

recognition function by sensing Pathogen Associated Molecular Patterns (PAMPs) or 309 

cytokine such as Spätzle to activate signaling cascades upon infections [39, 40]. Viruses 310 

are capable of establishing persistent infections in Aedes mosquitoes with little or no 311 

cytopathic effects, ensuring life-long transmission to humans. Therefore, we speculated 312 

that the upregulated AMPs in Aedes cells can serve as a safety measure against 313 

persisting infections.  314 

 315 

RNA interference (RNAi) is thought of as the main antiviral mechanism in mosquitoes, 316 

particularly in controlling virus infection through degradation of RNA via the small 317 

interference RNA (siRNA) pathway [41, 42]. Most mosquito-borne viruses are RNA 318 

viruses, comprising of a single-stranded RNA genome that is either positive-sense (+) 319 

or negative-sense (-) [43, 44]. During viral replication, double stranded RNA (dsRNA) 320 

was generated as replication intermediate [45] and cleaved by Dcr-2, which is a RNase 321 

III enzyme to produce small-interfering siRNAs of 21–23 nucleotides (nt) in length 322 

[46]. The siRNAs then activate the RNAi machinery to detect and degrade cognate viral 323 

RNA by host endonuclease, Argonaute-2 (Ago2) in a sequence specific manner [47]. 324 

Consistent with a previous transcriptomic in Ae. aegypti mosquitoes upon ZIKV 325 
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infection, our data showed that genes encoding the major components of the RNAi 326 

pathway including the Ago2 and Dcr-2 did not change upon ZIKV infection in Aedes 327 

cells. On the contrary, we observed a significant upregulation of Dcr-2 in Anopheles 328 

cells upon ZIKV infection. The antiviral defense role of RNAi pathway has been 329 

demonstrated in Anopheles mosquitoes against ONNV infection and depletion of Ago2 330 

leads to increased viral RNA and virus titers after infection with ONNV [48]. This has 331 

led us to propose that differential immune responses were elicited between these two 332 

mosquito species, where fast-reacting immune response such as RNAi pathway has an 333 

important role to clear ZIKV infection in Anopheles.  334 

 335 

For successful replication, ZIKV needs to actively modulate gene expression of host 336 

cells to facilitate viral transcription, replication and translation in the mosquito cells. 337 

Differentially expressed genes showed that 56 and 42 genes were differentially 338 

expressed in MR766- and PRVABC59-infected Aag-2 cells, respectively. In 4a-3B 339 

cells, 41 and 45 differentially expressed genes were identified in MR766- and 340 

PRVABC59-infected cells, respectively. A significant difference in differentially 341 

expressed genes was also observed between MR766 and PRVABC59 infection of the 342 

same cell type. For example, only 15 genes and 5 genes were common to the two virus 343 

strains in Aag-2 and 4a-3B cells, respectively. Furthermore, MR766 and PRVABC59 344 

appeared to regulate genes in the fatty acid metabolism, transcription and metabolic 345 

differently in 4a-3B cells (refer to Fig. 3E). Many studies have demonstrated that the 346 

African and Asian lineages of ZIKV caused differential pathogenesis and molecular 347 

responses in vertebrate and insect cells in vitro and in vivo [49-53]. Whether these 348 

differences are responsible for differences in pathogenicity should be examined.  349 

 350 
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In this study, all differentially expressed genes were categorized into six functional 351 

groups: fatty acid metabolism, transcription, enzymatic or catalytic, metabolic, host 352 

seeking and immune defense. In a genome-wide screening study on ONNV-infected 353 

An. gambiae using cDNA microarray [54], elongation factor 1-alpha (EF-1a) was 354 

significantly up-regulated upon ONNV infection suggesting the role of EF1-a in 355 

supporting viral replication in An. gambiae. The role of EF1-a to facilitate genomic 356 

RNA synthesis and virus production by binding to the 3’ UTRs has been reported in a 357 

range of RNA viruses [55, 56]. Interestingly, in this study, ZIKV-infected susceptible 358 

Aag-2 cells showed a 3.8-fold higher expression of EF1-a gene but not in the resistant 359 

4a-3B cells, suggesting that other host factors such as EF1-a may be important to 360 

facilitate viral replication.  361 

 362 

Conclusions 363 

In conclusion, we have shown for the first time that ZIKV entry is permitted in resistant 364 

Anopheles cells. Moreover, this study compared the whole genome transcriptome 365 

analysis of susceptible Aag-2 and resistant 4a-3B cells after ZIKV infection and 366 

revealed differential regulation of AMPs upon ZIKV infection between the Aedes and 367 

Anopheles cells. Results from our analyses improved our understanding of the 368 

biological processes elicited after ZIKV infection, which may provide new insight into 369 

potential host factors involved in arboviral infection and replication. Identification of 370 

these host factors may improve our understanding on factors determining variation in 371 

vectorial capacity in different mosquito species to arboviruses. 372 

 373 
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Materials and Methods 374 

Cell Lines 375 

Mosquito cell lines used in this study were Ae. albopictus (C6/36), Ae. albopictus 376 

(C710), Ae. aegypti (Aag-2), An. gambiae (4a-3B), An. stephensi (MSQ43), Culex 377 

tarsalis (CT) and Cx. quinquefasciatus (Hsu)-derived cell lines. The Aag-2, CT and 378 

Hsu cell lines were generously provided by Dr. Joan L. Kenney, from the Centers for 379 

Disease Control and Prevention, Fort Collins. The C710 was kindly provided by The 380 

World Reference Center for Emerging Viruses and Arboviruses (WRCEVA) at the 381 

University of Texas Medical Branch (UTMB) and the 4a-3B and MSQ43 cell lines 382 

were obtained from BEI Resources. The Aag-2 cell line was grown in Leibovitz L-15 383 

medium (Gibco, Invitrogen) supplemented with 15% Fetal Bovine Serum (FBS; 384 

Gibco), 10% tryptose phosphate broth (TPB; Sigma Aldrich). The C6/36, MSQ43 and 385 

Hsu cell lines were cultured in Eagle's Minimum Essential Medium (ATCC) 386 

supplemented with 10% FBS. The C710 cell line was cultured in Dulbecco’s modified 387 

Eagle’s medium (DMEM, Gibco, Invitrogen) supplemented with 10% FBS, 1% 388 

tryptose phosphate broth, 1% non-essential amino acids (ThermoFisher Scientific). The 389 

4a-3B cell line was cultured in Schneider’s Insect medium supplemented with 10% 390 

FBS. All mosquito cell lines were cultured at 28 °C in 5% CO2. Human embryonic 391 

kidneys (HEK-293T; ATCC) and Vero E6 (ATCC) were cultured in DMEM 392 

supplemented with 10% FBS at 37 °C in 5% CO2. Penicillin (100 U/mL), streptomycin 393 

(100mg/mL) and MycoZAP were added to all cell lines.  394 

 395 

Viruses 396 

The ZIKV isolates MR766 (Uganda 1947) and PRVABC59 (Puerto Rico 2015) were 397 

purchased from ATCC. Virus stocks were prepared by infecting C6/36 (ATCC) cells 398 
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and harvesting the supernatants 5 days postinfection. Virus in the supernatant was 399 

clarified by centrifugation and quantified by focus-forming assay (FFA) on Vero E6 400 

cells.  401 

 402 

RNA-Sequencing Preparations  403 

Cells were plated at 2.0 x 105 cells/well in 24-well dishes the day before infection. The 404 

next day, monolayers were infected with ZIKV MR766 or PRVABC59 strain in 405 

triplicates at a multiplicity of infection (MOI) of 10. At 12 hpi, total RNA was isolated 406 

from Aag-2 and 4a-3B cells using the RNeasy® Mini Kit (Qiagen) according to the 407 

manufacturer’s instructions. The purity and integrity of total RNA extracted were 408 

assessed with Agilent 2100 BioAnalyzer (Agilent Technologies) using 10 ng of RNA. 409 

Library preparation was performed using the KAPA hyperprep kit (KAPA 410 

Biosystems). Sequencing with paired-end 75-base reads was performed on an Illumina 411 

NextSeq500 sequencer at the University of Southern California Molecular Genomics 412 

Core.  413 

 414 

RNA-Sequencing Analysis 415 

To remove the adaptor sequences from the sequencing reads, all the libraries were 416 

performed a trimming step by using TrimGalore, which is the wrapper of Cutadapt and 417 

FastQC, with its default options. The overall quality of trimmed reads was ensured 418 

again by FastQC. To maximize the percentage of the mapped sequences, the sequencing 419 

reads were mapped on Aedes (AaegL5.0) and Anopheles (AgamP3) genomes 420 

downloaded from NCBI ftp server using STAR tool with the following multi-mapping 421 

strategy. Briefly, the raw reads were mapped on each genome with annotations without 422 

using any 2-pass options in order to estimate spliced junctions. Then all reads were 423 
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realigned on the genomes with spliced junction information. Approximately 15 million 424 

reads per library were used in RNA-seq analysis. More than 90% of total reads were 425 

mapped into Aedes and Anopheles genomes. Principal-component analysis (PCA) of 426 

the RNA-seq data showed clusters of samples based on their similarity. Each mapped 427 

BAM files on the different samples were sorted and merged respectively using Samtool 428 

merge. The featureCounts package was used for annotating transcript assemblies on 429 

Aedes and Anopheles reference annotation file in GTF format downloaded from 430 

VectorBase. Differential gene expression analysis on the different libraries was 431 

performed by a Bioconductor package edgeR. The read counts for genes with at least 1 432 

Counts Per Million (CPM) were normalized by Trimmed mean of M values (TMM) 433 

approach. Differential expression genes were identified by considering estimated 434 

dispersions and edgeR’s glmLRT function. Genes presenting a p-value lower than 0.05 435 

were considered as significantly regulated. Ggplot2 package were used for plotting the 436 

result of RNA-seq including volcano plots. 437 

  438 

Production of ZIKV Pseudoviruses  439 

The ZIKV pseudovirus system was kindly provided by Dr. I-Chueh Huang (Department 440 

of Molecular Microbiology and Immunology, University of California, USA). ZIKV 441 

pseudovirus was generated by co-transfection of two plasmids, a WNV replicon 442 

expressing EGFP and a plasmid expressing ZIKV MR766 C-PrM-E genes into 443 

HEK293T cells using polyethylenimine (PEI) as previously described [57, 58]. After 444 

48 h posttransfection, the pseudovirus was harvested and supernatants were clarified by 445 

centrifugation and filtered using 0.45 μm membrane.  446 

 447 

Pseudovirus Infection Assays 448 
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Cells were seeded at 2.0 x 105 cells/well into 24-well plates the day before infection. 449 

The next day, the cells were infected with 200 μl of clarified pseudoviruses and 450 

incubated at 28 °C in 5% CO2 for 2h. After 2h, unbound pseudovirions were removed 451 

by three washes with PBS. Then, 0.5 ml of culture media was added and further 452 

incubated at 28 °C in 5% CO2 for 48 h. At 48 h postinfection, cells were examined by 453 

fluorescence microscopy and the percentage of EGFP+ cells were assessed by flow 454 

cytometric analysis.  455 

 456 

Growth Kinetic Analysis of ZIKV in Mosquito Cell Lines 457 

Growth kinetic of ZIKV isolates MR766 (Uganda 1947) and PRVABC59 (Puerto Rico 458 

2015) was assessed on C6/36, C710, Aag-2, 4a-3B, MSQ43, CT and Hsu cell lines. 459 

Cells were plated at 2.0 x 105 cells/well in 24-well dishes the day before infection. The 460 

next day, monolayers were infected in triplicate at a MOI of 1. Supernatants were 461 

collected daily from day 1 to day 7 postinfection and titered using FFA on Vero cells. 462 

 463 

Focus-forming assay (FFA) 464 

Vero cells were grown to confluence in 96-well plates. Cells were inoculated with 10-465 

fold dilutions of ZIKV, incubated for 2 h at 37°C in 5% CO2 and overlaid with 1% 466 

methylcellulose (Sigma-Aldrich) in complete medium. Vero cells were further 467 

incubated for 48 h and the overlay was removed and cell monolayers were washed 3 468 

times with PBS and fixed with 10% formalin for 30 minutes. Cells were permeabilized 469 

with 0.1% Triton-X 100 (ThermoFisher Scientific) in PBS and probed with pan 470 

flavivirus antibody 4G2 (EMD Millipore) diluted in 1:4000 in blocking buffer. 471 

Monolayers were washed 3 times with PBS and incubated with HRP-conjugated anti-472 

mouse antibody (1:5000 in blocking buffer). Cell monolayers were washed 3 times with 473 
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PBS and foci were visualized by TrueBlue™ Peroxidase Substrate (SeraCare) 474 

according to manufacturer instructions.  475 

 476 

Flow Cytometry Analysis 477 

To assess the percentage of ZIKV infectivity in mosquito cells, the infected cells were 478 

analyzed by flow cytometry. Briefly, at 48 h postinfection, the infected cells were 479 

harvested and fixed with 4% formaldehyde (v/v) in PBS for 20 min at 4°C. 480 

Subsequently, cells were washed and permeabilized with Permeabilization Buffer 481 

(ThermoFisher Scientific). Subsequently, the cells were incubated with pan flavivirus 482 

antibody 4G2 (EMD Millipore) diluted in 1:4000 in blocking buffer for 1 h at 4°C 483 

followed by staining with Goat anti-mouse secondary antibody conjugated to Alexa 484 

Fluor 488 (Life Technologies). A BD FACS Canto II system was used to analyze the 485 

samples.  486 

 487 

Viral load and gene expression analyses 488 

Cells were plated at 2.0 x 105 cells/well in 24-well dishes the day before infection. The 489 

next day, monolayers were infected with ZIKV MR766 or PRVABC59 strain in 490 

triplicates at MOI 10. At 0, 6, 12 and 24 hpi, total RNA extracted from cells was 491 

reverse-transcribed using iScript cDNA synthesis kit (BIO-RAD) according to 492 

manufacturer instructions. For viral load detection, ZIKV NS1 primers and probe 493 

targeting NS1 region of ZIKV was used as previously described [52]. 10 ng of 494 

cDNA/well was used for viral load and gene expression qRT-PCR using SsoAdvanced 495 

Universal Probe Supermix (BIO-RAD) or SYBR Green Supermix (BIO-RAD), 496 

respectively. BIO-RAD CFX96 Touch Real-Time PCR Detection System on 96-well 497 
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plates were used for qRT-PCR reactions. All primers and probe sequences used in this 498 

study are listed in Table S5. 499 

 500 

Statistical analysis 501 

Data were analyzed using the GraphPad Prism program. For the growth kinetic analysis 502 

of ZIKV in various mosquito cell lines infected with ZIKV MR766 and PRVABC59, 503 

the statistical differences were analyzed by Sidak’s multiple comparisons test. 504 

Differences in gene expression fold changes were analyzed by two-way ANOVA with 505 

Bonferroni’s multiple comparisons tests. All results are expressed as mean with 506 

standard deviations from independent experiments. P-values of < 0.05 were considered 507 

significant (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001).  508 

 509 

Figure legends 510 

Figure 1. Aedes, Anopheles and Culex-derived cell lines showed different 511 

susceptibility to ZIKV infection. C6/36, C710, Aag-2, 4a-3B, MSQ43, CT and Hsu 512 

mosquito cell lines were infected (MOI = 1) with ZIKV MR766 and PRVABC59. The 513 

intracellular ZIKV Env antigens were detected by FACS at 48 hpi using flavivirus 514 

envelope protein antibody (4G2). Culture supernatants from infected cells were 515 

collected daily over the course of 7 days and infectious viral particles in the 516 

supernatants were determined by focus-forming assay (FFA) on Vero E6 cells. 517 

Representative flow cytometric plots are shown for intracellular staining for ZIKV Env 518 

antigen at 48 hpi in (A) Aedes-, (B) Anopheles- and (C) Culex-derived cell lines. (D) 519 

Summary of the percentages of cells positive for ZIKV MR766 (Top panel) and 520 

PRVABC59 (Bottom panel). All values were normalized to C6/36 cells (which was 521 

assigned a value of 100%, dotted line). (E) Growth kinetics of ZIKV MR766 and 522 
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PRVABC59 in mosquito cell lines over the course of 7 days. Data are representative of 523 

two independent experiments in triplicates and error bars represent mean with standard 524 

deviations. Statistical differences were analyzed by Sidak’s multiple comparisons test 525 

in (E). Different p values were indicated by * (p<0.05), or ** (p<0.01), or *** (p<0.001) 526 

or **** (p<0.0001) or ns = no statistically significant different (p > 0.5). 527 

 528 

Figure 2. ZIKV MR766-pseudovirus infectivity in mosquito cell lines. ZIKV 529 

MR766-pseudovirus was generated by co-transfecting HEK-293T cells with two 530 

plasmids, the first plasmid is the WNV replicon encoding the five WNV non-structural 531 

proteins (NS 1-5) and an EGFP reporter protein. The second plasmid contains genes 532 

encoding the ZIKV MR766 structural proteins (C, prM and E proteins). After 48 hours 533 

post transfection, supernatants containing the ZIKV MR766-pseudoviruses will be 534 

collected, filtered and used to infect C6/36, C710, Aag-2, 4a-3B, MSQ43, CT and Hsu 535 

mosquito cell lines. At 48 hpi, EGFP expression were detected using fluorescence-536 

activated cell sorting (FACS) analysis. (A) Schematic representation of the study design 537 

to determine ZIKV entry into mosquito cells using pseudovirus. (B) Representative 538 

flow cytometric plots of mosquito cells infected with ZIKV MR766-pseudovirus and 539 

mock-infected cells analyzed at 48 h postinfection for EGFP expression. (C) Percentage 540 

of EGFP positive mosquito cells infected with ZIKV MR766-pseudovirus, all values 541 

were normalized to C6/36 cells (which was assigned a value of 100%, dotted line). Data 542 

are representative of three independent experiments and error bars represent mean with 543 

standard deviations.  544 

 545 

Figure 3. RNA sequencing of ZIKV MR766- and PRVABC59-infected Aedes and 546 

Anopheles cells. The Aedes and Anopheles cells were infected with ZIKV MR766 and 547 
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PRVABC59 at MOI 10. At 12 hpi, total RNA was isolated from cells and the purity 548 

were assessed with Agilent 2100 BioAnalyzer. Library preparation was performed 549 

using the KAPA hyperprep kit and sequencing with paired-end 75-base reads was 550 

performed on an Illumina NextSeq500 sequencer. (A, B) Volcano plots analysis of 551 

differentially up-regulated and down-regulated genes with fold change >2 and P-value 552 

<0.05 at 12 hours postinfection in Aedes and Anopheles cells in response to ZIKV 553 

infection, respectively. (C, E) Venn diagram representing the number of differentially 554 

expressed genes overlap between MR766-infected and PRVABC59-infected Aedes and 555 

Anopheles cells, respectively. (D, F) Gene Ontology (GO) functional enrichment 556 

analysis showing the putative function of the differentially expressed genes in Aedes 557 

and Anopheles cells, respectively.  558 

 559 

Figure 4. ZIKV triggers differential regulation of antimicrobial peptides in Aedes 560 

and Anopheles cell. The Aedes and Anopheles cells were infected with ZIKV MR766 561 

and PRVABC59 at MOI 10. Cells were harvested at 0, 6, 12 and 24 hpi. Total RNA 562 

was extracted from cells and reverse-transcribed to cDNA. For viral load detection, 563 

ZIKV NS1 primers and probe targeting NS1 region of ZIKV was used as previously 564 

described [52]. 10 ng of cDNA/well was used for viral load and gene expression qRT-565 

PCR using primers listed in Table S5. (A, G) Viral load kinetics of MR766 and 566 

PRVABC59 in Aedes and Anopheles cells, respectively. (B-F) Gene expression 567 

analysis of attacin, cecropin, defensin, gambicin and diptericin in Aedes cells. (H-K) 568 

Gene expression analysis of attacin, cecropin, defensin and gambicin in Anopheles 569 

cells. Statistical differences were analyzed by two-way ANOVA with Bonferroni’s 570 

multiple comparisons tests. All results are expressed as mean with standard deviations 571 

from independent experiments in triplicates. Different p values were indicated by ** 572 
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(P< 0.01) or *** (p<0.001) or **** (P< 0.0001) or no statistically significant different 573 

(p > 0.5). N/A, not available. 574 

 575 

Figure 5. Toll and Imd pathways of Aedes cells play important role in AMPs 576 

regulation in response to ZIKV infection. Gene expression of the key components of 577 

the main mosquito immune pathways including the Toll (Rel1 and Cac), Imd (Rel2 and 578 

Casp), JAK/STAT (JAK and Dome), RNAi (Ago-2 and Dcr-2) pathways upon ZIKV 579 

infection in Aag2 and 4a-3B cells was evaluated by qRT-PCR at 0, 6, 12 and 24 hpi. 580 

(A, C) Heat map of gene expression profiles of key components of the Toll, Imd and 581 

JAK/STAT pathways in Aedes and Anopheles cells. (B) Gene expression profiles of 582 

mosquito immune pathways genes (Rel1, Cac, Rel2, Casp, JAK, Dome, Ago2 and Dcr-583 

2) in Aedes cells. (D) Gene expression profiles of mosquito immune pathways genes 584 

(Rel1, Cac, Rel2, STATA, Ago2 and Dcr-2) in Anopheles cells. Values were normalized 585 

to ribosomal protein S7 gene and expressed as fold changes relative to mock controls. 586 

Statistical differences were analyzed by two-way ANOVA with Bonferroni’s multiple 587 

comparisons tests. All results are expressed as mean with standard deviations from 588 

independent experiments in triplicates. Different p values were indicated by ** (P< 589 

0.01) or *** (p<0.001) or **** (P< 0.0001) or no statistically significant different 590 

(p > 0.5). 591 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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          Supplementary Table S1. List of differentially expressed genes at 12 hours post-ZIKV MR766 infection in Aedes cells.  
 
 

  

Functional*category Gene*name*(from*Vectorbase) Gene*name*(from*Blast2GO) UniProt*Gene*name logFC FC

Molecular oxidoreductase.activity,.acting.on.paired.donors,.with.oxidation.of.a.pair.of.donors.resulting.
in.the.reduction.of.molecular.oxygen.to.two.molecules.of.water

Biological fatty.acid.biosynthetic.process
gene12804 AAEL022132 N/A lipase.member.I N/A 1.031485989 2.044128638 N/A N/A
gene6818 AAEL001076 lipase. N/A N/A L1.350932353 0.392038609 Molecular carboxylic.ester.hydrolase.activity

Molecular alcoholLforming.fatty.acylLCoA.reductase.activityN.fattyLacylLCoA.reductase.(alcoholL
forming).activity

Biological lipid.metabolic.process
Molecular DNA.binding
Biological Wnt.signaling.pathway

gene6370 AAEL003589 transcription.factor,.putative N/A N/A L1.777231328 0.291742742 N/A N/A

gene10898 AAEL002676 angiotensinLconverting.enzyme angiotensinLconverting.enzyme AngiotensinLconverting.enzyme 2.984688118 7.915541883 Molecular. carboxypeptidase.activityN.metal.ion.bindingN.metallopeptidase.activityN.peptidylLdipeptidase.activity
Molecular Rho.guanylLnucleotide.exchange.factor.activity
Biological regulation.of.Rho.protein.signal.transduction

gene1356 AAEL012711 ClipLDomain.Serine.Protease.family.C. serine.protease.persephoneLlike CLIPC12 1.46404556 2.758808965 Molecular serineLtype.endopeptidase.activity
gene10710 AAEL001963 protein.serine/threonine.kinase,.putative ejaculatory.bulbLspecific.protein.3 N/A 1.371712165 2.587774965 N/A N/A
gene1604 AAEL001442 mapLkinase.activating.death.domain.protein.(madd) MAP.kinaseLactivating.death.domain.protein.isoform.X1 N/A 1.100997705 2.145029821 N/A N/A
gene13697 AAEL006921 calmodulin calmodulin.isoform.X2 N/A 1.096004913 2.137619262 Molecular calcium.ion.binding
gene10786 AAEL002242 N/A glycine.NLacyltransferaseLlike.protein.3 N/A 1.083665826 2.119414587 Molecular transferase.activity,.transferring.acyl.groups.other.than.aminoLacyl.groups

gene9256 AAEL008693 Cation.efflux.protein/.zinc.transporter zinc.transporter.2 Cation.efflux.protein/.zinc.
transporter L1.149139407 0.450894117 Molecular cation.transmembrane.transporter.activity

gene13642 AAEL028170 N/A probable.cyclinLdependent.serine/threonineLprotein.kinase.DDB_G0292550 N/A L1.237224409 0.424187964 N/A N/A
gene8092 AAEL012543 myosin.motor,.putative myosin.motor N/A L1.25374567 0.419358013 N/A N/A

gene15793 AAEL011638 CyclicLnucleotideLgated.cation.channel cyclic.nucleotideLgated.cation.channel.betaL1L CyclicLnucleotideLgated.cation.
channel L1.296447081 0.407127596 Molecular ion.channel.activity

gene17194 AAEL006689 lumbrokinaseL3(1).precursor,.putative. venom.serine.proteaseLlike.isoform.X1 N/A L1.980922172 0.253327891 Molecular serineLtype.endopeptidase.activity
Molecular catalytic.activity
Biological carbohydrate.metabolic.process

gene13290 AAEL027830 N/A glucose.dehydrogenase.[FAD,.quinone]Llike N/A 1.254329553 2.385562613 N/A N/A
gene18552 AAEL026813 N/A probable.cytochrome.P450.301a1,.mitochondrial N/A L1.030023313 0.489702236 N/A N/A
gene13302 AAEL015313 odorant.binding.protein.OBP59. N/A N/A 2.050266821 4.141825639 Molecular odorant.binding
gene12762 AAEL013193 gustatory.receptor.Gr25 putative.gustatory.receptor.28b Gustatory.receptor.GPRgr25 L1.350938825 0.39203685 Molecular sensory.perception.of.tasteN.signal.transduction

Immune*defense gene12694 AAEL003389 attacin.antiLmicrobial.peptide attacinLALlike.isoform.1.precursor ATT 1.726491978 3.30922177 Molecular defense.response.to.bacterium
gene16026 AAEL014255 aquaporin,.putative aquaporinL11 Aquaporin 1.120483583 2.174198381 N/A N/A

Molecular actin.filament.binding
Biological sensory.perception.of.sound

gene6869 AAEL010125 leucineLrich.immune.protein.(CoilLless). APL2 N/A 3.088615186 8.50679204 N/A N/A
gene10054 AAEL001809 N/A LIX1Llike.protein N/A 2.812096514 7.023044196 N/A N/A
gene6645 AAEL025985 N/A N/A N/A 2.810511244 7.015331332 N/A N/A
gene8271 AAEL025756 N/A N/A N/A 1.984946074 3.958478659 N/A N/A
gene16044 AAEL021865 N/A hyaluronidase.ALlike N/A 1.851272195 3.60818221 N/A N/A
gene14362 AAEL024530 N/A N/A N/A 1.805196512 3.49476758 N/A N/A
gene5670 AAEL001680 N/A cell.wall.protein.RBR3 N/A 1.733043103 3.324282763 N/A N/A
gene19125 AAEL026579 N/A protein.huLli.tai.shaoLlike.isoform.X1 N/A 1.542694761 2.913381761 N/A N/A
gene17796 AAEL021927 N/A N/A N/A 1.473689008 2.777311521 N/A N/A
gene5459 AAEL004894 N/A neutral.and.basic.amino.acid.transport.protein.rBATLlike.isoform.X2 N/A 1.419670072 2.675243242 N/A N/A
gene3926 AAEL021403 N/A uncharacterized.protein.LOC5565660 N/A 1.373196851 2.590439431 N/A N/A
gene260 AAEL026743 N/A predicted.protein N/A 1.361729394 2.569930588 N/A N/A
gene9270 AAEL026137 N/A N/A N/A 1.325170552 2.505625069 N/A N/A
gene14583 AAEL024471 N/A N/A N/A 1.295332116 2.454334891 N/A N/A
gene14680 AAEL027478 N/A transient.receptor.potential.channel.pyrexiaLlike N/A 1.292458428 2.449450994 N/A N/A
gene4704 AAEL020125 N/A N/A N/A 1.255141819 2.386906112 N/A N/A
gene5249 AAEL025731 N/A uncharacterized.protein.LOC110675564 N/A 1.254326651 2.385557815 N/A N/A
gene5641 AAEL024478 N/A N/A N/A 1.18315098 2.270721827 N/A N/A
gene14485 AAEL022331 N/A N/A N/A 1.136253819 2.198095121 N/A N/A
gene18391 AAEL021834 N/A N/A N/A 1.100998832 2.145031497 N/A N/A
gene15520 AAEL023777 N/A N/A N/A L1.030030569 0.489699773 N/A N/A
gene13796 AAEL019856 N/A N/A N/A L1.094286492 0.468367705 N/A N/A
gene9479 AAEL023800 N/A N/A N/A L1.209974478 0.432276263 N/A N/A
gene12757 AAEL013197 N/A AGAP001819LPALlike.protein N/A L1.216532025 0.430315876 N/A N/A
gene7019 AAEL026354 N/A protein.FAM135B N/A L1.21654112 0.430313164 N/A N/A
gene11765 AAEL010397 N/A N/A N/A L1.339788887 0.395078464 N/A N/A
gene6901 AAEL009862 N/A N/A N/A L1.469889584 0.361009927 N/A N/A
gene13204 AAEL019905 N/A small.G.protein.signaling.modulator.2 N/A L1.559112391 0.339359807 N/A N/A
gene6064 AAEL026427 N/A N/A N/A L1.628647822 0.323391167 N/A N/A
gene3925 AAEL013083 N/A N/A N/A L1.70102798 0.307566871 N/A N/A

Gene*ID

N/A

0.495675876N/A

Fatty*acid

Transcription

Enzymatic/Catalytic

Metabolic

Host*seeking

Others
gene720 AAEL005634 harmonin.(Usher.syndrome.1C.protein.homolog).(PDZ.domainLcontaining.

protein). harmonin.isoform.X1 L1.01253105

3.400797021N/A

gene10299 AAEL008502 N/A N/A 1.388203077 2.617524566N/A

gene15694 AAEL004819 N/A N/A 1.7658729

0.361605103Fatty.acylLCoA.reductase

gene17788 AAEL000661 tLcell.specific.transcription.factor,.tcf protein.pangolin,.isoforms.A/H/I/SLlike 1.082068999 2.11707004N/A

gene5547 AAEL007220 Fatty.acylLCoA.reductase fatty.acylLCoA.reductase.watLlike L1.467513058

GO*function

gene2793 AAEL018141 N/A N/A 2.212536125 4.634893293N/A

N/A, not available. 
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          Supplementary Table S2. List of differentially expressed genes at 12 hours post-ZIKV PRVABC59 infection in Aedes cells. 
 
 

  

Functional*category Gene*name*(from*Vectorbase) Gene*name*(from*Blast2GO) UniProt*Gene*name logFC FC

Molecular oxidoreductase.activity,.acting.on.paired.donors,.with.oxidation.of.a.pair.of.donors.resulting.in.
the.reduction.of.molecular.oxygen.to.two.molecules.of.water

Biological fatty.acid.biosynthetic.process

Molecular alcohol;forming.fatty.acyl;CoA.reductase.activity,.fatty;acyl;CoA.reductase.(alcohol;forming).
activity

Biological lipid.metabolic.process
Molecular phospholipase.A2.activity
Biological arachidonic.acid.secretion,.phospholipid.metabolic.process

Molecular alcohol;forming.fatty.acyl;CoA.reductase.activity,.fatty;acyl;CoA.reductase.(alcohol;forming).
activity

Biological lipid.metabolic.process

gene11967 AAEL017301 Elongation.factor.1;alpha. elongation.factor.1;alpha Elongation.factor.1;alpha 1.93310309 3.818756922 Molecular GTPase.activity,.GTP.binding,.translation.elongation.factor.activity

Molecular DNA.binding
Biological Wnt.signaling.pathway
Molecular nucleic.acid.binding
Biological regulation.of.transcription,.DNA;templated
Molecular Rho.guanyl;nucleotide.exchange.factor.activity
Biological regulation.of.Rho.protein.signal.transduction

gene17834 AAEL006334 sulfotransferase.(sult). sulfotransferase.family.cytosolic.1B.member.1;like AAEL006334;PA 1.406824213 2.651528422 Molecular sulfotransferase.activity
Molecular catalytic.activity
Biological carbohydrate.metabolic.process

gene13204 AAEL019905 N/A small.G.protein.signaling.modulator.2 N/A ;1.02507791 0.491383761 N/A N/A

gene11934 AAEL012689 Glucose;methanol;choline.(gmc).
oxidoreductase. neither.inactivation.nor.afterpotential.protein.G AAEL012689;PA ;1.07233129 0.475549925 Molecular flavin.adenine.dinucleotide.binding,.oxidoreductase.activity,.acting.on.CH;OH.group.of.donors

gene9107 AAEL020244 Serine/threonine;protein.phosphatase.2A.
activator. serine/threonine;protein.phosphatase.2A.activator N/A ;1.16020526 0.447448871 N/A N/A

gene5727 AAEL023913 N/A E3.ubiquitin;protein.ligase.MARCH3;like N/A ;1.21448731 0.430926191 N/A N/A

Molecular
2,3;diketo;5;methylthiopentyl;1;phosphate.enolase.activity,.2;hydroxy;3;keto;5;
methylthiopentenyl;1;phosphate.phosphatase.activity,.acireductone.synthase.activity,.
magnesium.ion.binding

Biological L;methionine.salvage.from.methylthioadenosine,.L;methionine.salvage.from.S;
adenosylmethionine

gene12694 AAEL003389 attacin.anti;microbial.peptide. attacin;A;like.isoform.1.precursor AAEL004819 1.774982897 3.42233953 Biological defense.response.to.bacterium
gene8999 AAEL025604 N/A thrombospondin.type;1.domain;containing.protein.4;like N/A 1.094807522 2.135845843 N/A N/A

Molecular polysaccharide.binding,.scavenger.receptor.activity

Biological immune.response

Metabolic gene13290 AAEL027830 N/A glucose.dehydrogenase.[FAD,.quinone];like N/A 1.190279025 2.281968734 N/A N/A
Host*seeking gene13302 AAEL015313 odorant.binding.protein.OBP59. N/A AAEL015313;PA 2.131650746 4.382186079 Molecular odorant.binding

Others gene5670 AAEL001680 N/A cell.wall.protein.RBR3 AAEL001680;PA 1.754537055 3.374180273 Cellular integral.component.of.membrane
N/A gene17979 AAEL007674 N/A protein.lap1 N/A 2.508847695 5.691652948 N/A N/A

gene6645 AAEL025985 N/A N/A N/A 2.196473074 4.583574346 N/A N/A
gene8271 AAEL025756 N/A N/A N/A 2.18373502 4.543282517 N/A N/A
gene13885 AAEL025494 N/A N/A N/A 1.771129735 3.413211313 N/A N/A
gene4487 AAEL027317 N/A serine.protease.nudel N/A 1.715547378 3.284212273 N/A N/A
gene16044 AAEL021865 N/A hyaluronidase.A;like N/A 1.713942398 3.280560659 N/A N/A
gene5936 AAEL014092 N/A AGAP006999;PA;like.protein AAEL014092;PA 1.698620341 3.245904021 Cellular integral.component.of.membrane
gene14802 AAEL022514 N/A CLUMA_CG016989,.isoform.A N/A 1.667351464 3.176309431 N/A N/A
gene1751 AAEL023462 N/A N/A N/A 1.645214724 3.127944088 N/A N/A
gene15157 AAEL025113 N/A uncharacterized.protein.LOC110678921 N/A 1.454885929 2.741348848 N/A N/A
gene260 AAEL026743 N/A predicted.protein N/A 1.277862329 2.424794237 N/A N/A
gene18391 AAEL021834 N/A N/A N/A 1.060697632 2.085939959 N/A N/A
gene2189 AAEL019905 N/A N/A N/A ;1.04766293 0.483751173 N/A N/A
gene15043 AAEL022830 N/A N/A N/A ;1.08799262 0.47041546 N/A N/A
gene6328 AAEL024983 N/A N/A N/A ;1.20337013 0.434259667 N/A N/A
gene8669 AAEL022553 N/A uncharacterized.protein.LOC110675181 N/A ;1.28447628 0.410519802 N/A N/A
gene13796 AAEL019856 N/A N/A NN ;1.43049152 0.371004472 N/A N/A
gene2681 AAEL021085 N/A N/A N/A ;1.66820197 0.314645242 N/A N/A
gene9220 AAEL024439 N/A uncharacterized.protein.LOC110676737 N/A ;1.8033336 0.286511787 N/A N/A
gene3199 AAEL014044 N/A protein.Skeletor,.isoforms.B/C AAEL014044;PA ;1.84020067 0.279282935 Cellular integral.component.of.membrane
gene6066 AAEL023744 N/A N/A N/A ;1.90655335 0.266729011 N/A N/A

Gene*ID

0.466176672

Putative.somatomedin;b.
and.thrombospondin.type;
1.domain;containing.
protein

Fatty*acid*
metabolism

Transcription

Enzymatic/catalytic

Immune*defense
gene14857 AAEL018036 N/A somatomedin;B.and.thrombospondin.type;1.domain;containing.protein;like ;1.10105128

2.399623114AAEL008502;PA

gene2758 AAEL000109 Enolase;phosphatase.E1. enolase;phosphatase.E1 ;1.29527811 0.407457614Enolase;phosphatase.E1

gene10299 AAEL008502 N/A neutral.and.basic.amino.acid.transport.protein.rBAT;like.isoform.X2 1.262807833

0.471527241AAEL017229;PA

gene15694 AAEL004819 N/A N/A 1.792076453 3.463129779AAEL004819;PA

gene11056 AAEL017229 N/A transcription.factor.hamlet.isoform.X1 ;1.08458698

0.277763756Fatty.acyl;CoA.reductase

gene17788 AAEL000661 t;cell.specific.transcription.factor,.tcf protein.pangolin,.isoforms.A/H/I/S;like 1.370647721 2.585866368AAEL000661;PA

gene13177 AAEL008125 Fatty.acyl;CoA.reductase putative.fatty.acyl;CoA.reductase.CG5065 ;1.84806973

0.495756948Fatty.acyl;CoA.reductase

gene776 AAEL006826 N/A phospholipase.A2.isoform.X2 ;1.3589506 0.389865771AAEL006826;PA

gene5547 AAEL007220 Fatty.acyl;CoA.reductase. fatty.acyl;CoA.reductase.wat;like ;1.0122951

GO*function

gene2793 AAEL018141 N/A N/A 2.549879537 5.855853809N/A

N/A, not available. 
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          Supplementary Table S3. List of differentially expressed genes at 12 hours post-ZIKV MR766 infection in Anopheles cells. 
 
 

  

Functional*category Gene*name*(from*Vectorbase) Gene*name*(from*Blast2GO) logFC FC

Molecular iron+ion+binding/+stearoyl3CoA+93desaturase+activity
Biological unsaturated+fatty+acid+biosynthetic+process

rna783 AGAP000687 N/A phospholipase+A13like 1.141536469 2.206158538 Molecular carboxylic+ester+hydrolase+activity
rna3237 AGAP002648 rapsynoid+ tetratricopeptide+repeat+protein+28 1.343505831 2.53767239 Biological regulation+of+mitotic+cell+cycle

Molecular DNA+binding/+protein+heterodimerization+activity
Biological nucleosome+assembly

rna1975 U1_e U1+spliceosomal+RNA N/A 1.081594721 2.116374179 N/A N/A

rna13954 H2B_ANOGA_e Histone+H2B histone+H2B 31.04741246 0.483835168 Molecular DNA+binding/+protein3containing+complex+binding/+protein+heterodimerization+activity

rna2885 AGAP002384 tRNA+(guanine103N2)3
methyltransferase

tRNA+(guanine(10)3N2)3methyltransferase+
homolog 31.21998409 0.429287452 Molecular methyltransferase+activity/+nucleic+acid+binding

Molecular DNA3binding+transcription+factor+activity/+sequence3specific+DNA+binding
Biological brain+development/+regulation+of+transcription+by+RNA+polymerase+II

rna6170 AGAP008039 protein+kinase+A+ N/A 2.046381746 4.130687004 Molecular +ATP+binding/+protein+serine/threonine+kinase+activity

rna6709 AGAP008570 Steroid+dehydrogenase inactive+hydroxysteroid+dehydrogenase3like+
protein+1 1.908862463 3.755128984 Molecular oxidoreductase+activity

rna6350 AGAP008214 cytochrome+P450 cytochrome+P450+CYP6M7 1.827465498 3.549130192 Mo heme+binding/+iron+ion+binding/+monooxygenase+activity/+oxidoreductase+activity,+acting+on+paired+
donors,+with+incorporation+or+reduction+of+molecular+oxygen

Molecular G+protein3coupled+receptor+activity/+peptide+binding/+photoreceptor+activity
Biological phototransduction/+protein3chromophore+linkage/+visual+perception
Molecular GTPase+activity/+GTP+binding
Biological signal+transduction

rna10115 AGAP006048 cytochrome+P450 cytochrome+P450+4C1 1.52769714 2.883252408 Molecular heme+binding/+iron+ion+binding/+monooxygenase+activity/+oxidoreductase+activity,+acting+on+paired+
donors,+with+incorporation+or+reduction+of+molecular+oxygen

Molecular G+protein3coupled+receptor+activity/+G+protein3coupled+serotonin+receptor+activity/+neurotransmitter+
receptor+activity/+serotonin+binding

Biological chemical+synaptic+transmission/+G+protein3coupled+receptor+signaling+pathway,+coupled+to+cyclic+
nucleotide+second+messenger

rna7567 AGAP009404 N3acetyllactosaminide+beta31,33N3
acetylglucosaminyltransferase

N3acetyl+lactosaminide+beta31,33N3acetyl+
glucosaminyl+transferase 31.00639633 0.497788109 N/A N/A

rna3950 AGAP003176 solute+carrier+family+23+
(nucleobase+transporter) solute+carrier+family+23+member+2 31.00795661 0.497250041 Molecular transmembrane+transporter+activity

rna1300 AGAP001091 N3terminal+kinase3like+protein+ N3terminal+kinase3like+protein+isoform+X1 31.01770585 0.493901121 Molecular ATP+binding/+protein+kinase+activity

rna11917 AGAP007643

Tyrosine+33
monooxygenase/tryptophan+53
monooxygenase+activation+protein,+
beta+polypeptide+2

143333+protein+zeta+isoform+X1 31.04230961 0.485549534 Molecular protein+domain+specific+binding

Molecular [heparan+sulfate]3glucosamine+33sulfotransferase+1+activity

Biological

compound+eye+morphogenesis/+endosome+organization/+Imaginal+disc3derived+leg+joint+
morphogenesis/+imaginal+disc3derived+wing+margin+morphogenesis/+imaginal+disc3derived+wing+vein+
morphogenesis/+imaginal+disc3derived+wing+vein+specification/+lysosome+organization/+negative+
regulation+of+neurogenesis/+regulation+of+endosome+size/+wing+disc+dorsal/ventral+pattern+formation

rna4886 AGAP003893 C3terminal3binding+protein C3terminal3binding+protein+isoform+X1 31.38870378 0.38190778 Molecular NAD+binding/+oxidoreductase+activity,+acting+on+the+CH3OH+group+of+donors,+NAD+or+NADP+as+
acceptor

rna13192 GPRGRP1 putative+gastrin/bombesin+receptor+
1 neuropeptide+CCHamide31+receptor 31.58456049 0.333426231 Molecular G+protein3coupled+receptor+activity

RAC+serine/threonine3protein+kinase Molecular ATP+binding/+protein+serine/threonine+kinase+activity
Biological intracellular+signal+transduction/+peptidyl3serine+phosphorylation/+protein+kinase+B+signaling

rna1511 AGAP001265
solute+carrier+family+7+(cationic+
amino+acid+transporter),+member+
14

probable+cationic+amino+acid+transporter 32.97053884 0.127578857 Molecular transmembrane+transporter+activity

Molecular Wnt3activated+receptor+activity/+Wnt3protein+binding

Biological canonical+Wnt+signaling+pathway/+multicellular+organism+development/+non3canonical+Wnt+signaling+
pathway

Molecular glutathione+transferase+activity
Biological glutathione+metabolic+process
Molecular cis3stilbene3oxide+hydrolase+activity
Biological aromatic+compound+catabolic+process

Host*seeking rna7796 OBP5 odorant3binding+protein+antennal+5 N/A 31.13777004 0.454461493 Molecular dibutyl+phthalate+binding/+diphenyl+phthalate+binding/+odorant+binding
rna1004 AGAP000864 N/A sesquipedalian313like 1.921285662 3.787604419 Biological endosome+organization/+receptor+recycling/+retrograde+transport,+endosome+to+Golgi
rna591 AGAP000522 N/A AGAP0005223PA3like+protein 1.115978641 2.167419845 Biological motor+neuron+axon+guidance
rna11112 CPR111 cuticular+protein+RR32+family+111 cuticle+protein+19.83like 31.21996703 0.429292528 Molecular structural+constituent+of+cuticle
rna11641 AGAP007401 N/A AGAP0074013PB,+partial 1.525306369 2.878478365 N/A N/A
rna10472 AGAP006362 N/A AGAP0063623PA3like+protein 1.317934654 2.493089464 N/A N/A
rna3893 AGAP003129 N/A AGAP0031293PA 1.282955183 2.433369124 N/A N/A
rna1295 AGAP001089 N/A AGAP0010893PA 1.26359869 2.400938901 N/A N/A
rna2420 AGAP002012 N/A N/A 31.04475411 0.484727519 N/A N/A

rna10230 CPLCA1 cuticular+protein+1+in+CPLCA+family cuticle+protein+16.53like 31.0559367 0.480984832 N/A N/A

rna3346 AGAP002733 N/A AGAP0027333PA3like+protein 31.20351076 0.434217339 N/A N/A
rna3842 AGAP003086 N/A transmembrane+protein+1923like+isoform+X1 31.21999984 0.429282765 N/A N/A
rna855 AGAP000741 N/A AGAP0007413PA 31.35097889 0.392025963 N/A N/A

rna13392 AGAP011645 N/A secretory+carrier3associated+membrane+protein+
33like+isoform+X1 31.81422201 0.284357544 N/A N/A

Others

N/A

0.170618178

Fatty*acid

Transcription

Gene*ID

Enzymatic/Catalytic

Metabolic
rna6826 AGAP008686 Epoxide+hydrolase+domain+protein juvenile+hormone+epoxide+hydrolase+1 32.55115674

rna7503 GSTU3 glutathione+S3transferase+
unclassified+3 glutathione+S3transferase+1313like 31.20353925 0.434208763

Immune rna13119 AGAP011379 frizzled+receptor frizzled3like 1.174296371 2.256827845

rna2614 AGAP002161 RAC+serine/threonine3protein+
kinase 31.76605299 0.294012014

2.368866164

rna473 AGAP000422 (heparan+sulfate)3glucosamine+33
sulfotransferase+3

heparan+sulfate+glucosamine+33O3
sulfotransferase+6 31.3524813 0.391617924

rna2699 GPR5HT2A putative+serotonin+5HT32a+receptor+ 53hydroxytryptamine+receptor+2C3like 1.244196692

rna9251 AGAP005302 DIRAS+family,+GTP3binding+Ras3
like+2 GTP3binding+protein+Di3Ras2 1.73494684 3.328672282

0.333811849

rna11802 GPROP10 Rh73like+sensitivity+opsin opsin,+ultraviolet3sensitive 1.798728354 3.47913426

rna9921 AGAP005878 POU+domain+transcription+factor,+
class+3 POU+domain+protein+CF1A 31.58289293

rna4907 AGAP003912 Histone+H2B+(Fragment) histone+H2B 1.113922092 2.164332408

GO*function

rna14214 AGAP012920 N/A acyl3CoA+Delta(11)+desaturase3like 1.152168837 2.222477536

N/A, not available. 
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          Supplementary Table S4. List of differentially expressed genes at 12 hours post-ZIKV PRVABC59 infection in Anopheles cells. 
 
 

Functional*category Gene*name*(from*Vectorbase) Gene*name*(from*Blast2GO) logFC FC
Molecular iron+ion+binding/+stearoyl3CoA+93desaturase+activity
Biological unsaturated+fatty+acid+biosynthetic+process
Molecular phosphoric+diester+hydrolase+activity
Biological lipid+metabolic+process
Molecular alcohol3forming+fatty+acyl3CoA+reductase+activity/+fatty3acyl3CoA+reductase+(alcohol3forming)+activity

Biological lipid+metabolic+process/+long3chain+fatty3acyl3CoA+metabolic+process/+wax+biosynthetic+process
rna11581 AGAP007353 phosphatidylinositol+transfer+protein+SEC14 alpha3tocopherol+transfer+protein3like 31.708946475 0.305883359 N/A N/A

Molecular DNA+binding
Biological nucleosome+assembly

rna8857 AGAP004982 N/A AGAP0049823PA3like+protein 1.508244134 2.844636153 Molecular RNA+binding
rna1975 AGAP013642 U1+spliceosomal+RNA+(U1_e) N/A 1.140887871 2.20516693 N/A N/A
rna13545 AGAP011796 solute+carrier+family+29+(equilibrative+nucleoside+transporter),+member+4 equilibrative+nucleoside+transporter+4 2.304393565 4.93959776 Molecular monoamine+transmembrane+transporter+activity/+nucleoside+transmembrane+transporter+activity
rna9784 AGAP005753 glucosyl/glucuronosyl+transferases glucosyl/glucuronosyl+transferase 2.033847095 4.094953572 Molecular transferase+activity,+transferring+hexosyl+groups/UDP3glycosyltransferase+activity
rna3451 AGAP002815 CLIP3domain+serine+protease+(CLIPA15) flocculation+protein+FLO11 1.906133209 3.748031839 Molecular serine3type+endopeptidase+activity
rna6009 AGAP007879 Steroid+dehydrogenase inactive+hydroxysteroid+dehydrogenase3like+protein+1 1.901521121 3.736069055 Molecular oxidoreductase+activity

Molecular ATPase+activity,+coupled+to+transmembrane+movement+of+substances/+ATP+binding
Biological transmembrane+transport

rna13426 AGAP011679 N/A N/A 1.657823344 3.155400966 Molecular metal+ion+binding
Molecular serine3type+endopeptidase+activity
Biological proteolysis

rna6073 AGAP007942 synaptotagmin31 synaptotagmin+1+isoform+X1 1.350431048 2.549882994 Molecular calcium3dependent+phospholipid+binding/+calcium+ion+binding/+clathrin+binding/+phosphatidylserine+
binding/+SNARE+binding/+syntaxin+binding

rna4805 AGAP003831 N/A putative+H23L24.5 1.279727926 2.427931849 Biological calcium+ion+regulated+exocytosis/+calcium+ion3regulated+exocytosis+of+neurotransmitter/+cellular+
response+to+calcium+ion/+regulation+of+calcium+ion3dependent+exocytosis/+regulation+of+dopamine+
secretion/+synaptic+vesicle+endocytosis/+synaptic+vesicle+exocytosis/+vesicle3mediated+transport

Molecular ATP+binding/+histone+serine+kinase+activity
Biological mitotic+spindle+organization/+regulation+of+cytokinesis

rna1433 AGAP001202 organic+cation+transporter organic+cation+transporter 1.100437826 2.144197543 Molecular transmembrane+transporter+activity
Molecular calcium+ion+binding
Biological homophilic+cell+adhesion+via+plasma+membrane+adhesion+molecules+
Molecular GTPase+activity/+GTP+binding
Biological endosome+to+lysosome+transport/intracellular+protein+transport/+phagosome3lysosome+fusion/+Rab+

protein+signal+transduction
rna1511 AGAP001265 solute+carrier+family+7 probable+cationic+amino+acid+transporter 31.0019207 0.499334779 Molecular transmembrane+transporter+activity

Molecular calcium3dependent+phospholipid+binding/+calcium+ion+binding/+spectrin+binding
Biological maintenance+of+cell+polarity/+regulation+of+multivesicular+body+size+involved+in+endosome+transport/+wing+

disc+dorsal/ventral+pattern+formation
rna9020 AGAP005111 palmitoyltransferase+ZDHHC14 palmitoyltransferase+app 31.216515571 0.430320784 Molecular protein3cysteine+S3palmitoyltransferase+activity

Molecular G+protein3coupled+peptide+receptor+activity/+protein3hormone+receptor+activity
Biological activation+of+adenylate+cyclase+activity/+adenylate+cyclase3activating+G+protein3coupled+receptor+

signaling+pathway/+hormone3mediated+signaling+pathway
rna6784 AGAP008644 putative+metabotropic+glutamate+receptor+2+(GPRMGL2) probable+G3protein+coupled+receptor+CG31760 31.230276459 0.42623576 Molecular G+protein3coupled+receptor+activity

Molecular chitin+binding
Biological chitin+metabolic+process
Molecular chitin+binding
Biological chitin+metabolic+process
Molecular glutathione+transferase+activity
Biological glutathione+metabolic+process
Molecular Wnt3activated+receptor+activity/+Wnt3protein+binding
Biological canonical+Wnt+signaling+pathway/+multicellular+organism+development/+non3canonical+Wnt+signaling+

pathway
rna1986 AGAP001659 hexamerin larval+serum+protein+2 1.165454253 2.243038297 N/A N/A
rna13138 AGAP011398 N/A protein+Cep89+homolog 1.558330064 2.945127441 Biological chemical+synaptic+transmission/+cilium+assembly/+mitochondrion+organization
rna5928 AGAP007799 N/A WD+repeat3containing+protein+663like 31.732861395 0.300854659 Molecular microtubule+binding
rna13111 AGAP011371 Tartan insulin3like+growth+factor3binding+protein+complex+acid+labile+subunit 32.236642317 0.212179574 N/A Cell+surface+receptor
rna333 AGAP000296 N/A AGAP0002963PA 1.109199575 2.157259268 N/A N/A
rna11155 AGAP006967 N/A splicing+factor,+proline3+and+glutamine3rich3like 1.10864628 2.156432085 N/A N/A
rna9435 AGAP005450 N/A agrin+isoform+X1 1.279705545 2.427894183 N/A N/A
rna14699 AGAP012527 N/A general+transcription+factor+II3I+repeat+domain3containing+protein+23like 1.260521532 2.395823339 N/A N/A
rna5727 AGAP013461 N/A ropporin313like+protein 1.096646406 2.138569964 N/A N/A
rna7551 AGAP009388 N/A protein+takeout 1.096635095 2.138553197 N/A N/A
rna6836 AGAP008696 N/A AGAP0086963PA,+partial 1.509379203 2.846875108 N/A N/A
rna1295 AGAP001089 N/A AGAP0010893PA 1.070936142 2.100796099 N/A N/A
rna3842 AGAP003086 N/A transmembrane+protein+1923like+isoform+X1 31.144778655 0.452259071 N/A N/A
rna412 AGAP000366 N/A alpha3(1,3)3fucosyltransferase+C 31.149441061 0.450799849 N/A N/A
rna3775 AGAP003042 N/A N/A 31.279733207 0.411871668 N/A N/A
rna13765 AGAP012016 N/A regulating+synaptic+membrane+exocytosis+protein+13like+isoform+X4 31.300423527 0.406006991 N/A N/A

N/A

Others

Metabolism

Host*seeking

Enzymatic/catalytic

Transcripton

0.212177882

Immune rna13119 AGAP011379 frizzled+receptor frizzled3like 1.107274942 2.154383286

rna7503 AGAP009342 glutathione+S3transferase+unclassified+3+(GSTU3) glutathione+S3transferase+1313like 32.236653818

4.934850863

rna7568 AGAP009405 cuticular+protein protein+obstructor3E3like 1.099913869 2.143418956

rna7959 AGAP009790 cuticular+protein+ protein+obstructor3E 2.303006486

0.446066521

rna6483 AGAP008347 putative+glycoprotein+hormone+rk3like+receptor+(GPRRK) lutropin3choriogonadotropic+hormone+receptor+isoform+X1 1.470705152 2.771573279

rna4753 AGAP003790 annexin+B9+(ANXB9) annexin+B93like+isoform+X1 31.164669224

2.121053977

rna1937 AGAP001617 Ras3related+protein+Rab37A ras3related+protein+Rab37a 31.397088421 0.379694651

rna13269 AGAP011528 N/A N/A 1.084781336

2.842232665

rna14564 AGAP012456 N/A serine/threonine3protein+kinase+Aurora32 1.223860948 2.335709655

rna13529 AGAP011781 CLIP3domain+serine+protease+(CLIPA12) serine+protease+273like 1.507024658

2.886896073

rna6572 AGAP008437 ATP3binding+cassette+transporter+(ABC+transporter)+family+C+member+8+ N/A 1.687511534 3.221006415

rna9211 AGAP005266 N/A histone+H1 1.529519172

0.37025584

rna8637 AGAP004787 Fatty+acyl3CoA+reductase fatty+acyl3CoA+reductase+1 31.535598732 0.344936157

rna11505 AGAP007284 N/A AGAP0072843PA3like+protein 31.433405602

Fatty*acid*metabolism
GO*function

rna14214 AGAP012920 N/A acyl3CoA+Delta(11)+desaturase3like 1.098600574 2.141468676
Gene*ID

N/A, not available. 
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Supplementary Table S5. List of primers used in this study.  
 
Gene Primer Sequence (5’-3’) Reference 
Ae. aegypti  
S7 

Forward GGGACAAATCGGCCAGGCTATC [59] 
Reverse TCGTGGACGCTTCTGCTTGTTG 

Ae. aegypti 
REL1 

Forward TGGTGGTGGTGTCCTGCGTAAC [60] 
Reverse CTGCCTGGCGTGACCGTATCC 

Ae. aegypti 
CAC 

Forward AGACAGCCGCACCTTCGATTCC [60] 
Reverse CGCTTCGGTAGCCTCGTGGATC 

Ae. aegypti 
REL2 

Forward TCTGTCGGCAGATGAAGTGA [61] 
Reverse GCACTGGAATGGAGAATCAAA 

Ae. aegypti 
CASP 

Forward GAATCCGAGCGAGCCGATGC [62] 
Reverse CGTAGTCCAGCGTTGTGAGGTC 

Ae. aegypti 
HOP (JAK) 

Forward CCGGACTTTATCGAGCTGTC [63] 
Reverse ATCTGGTTCACTCCGTCGTC 

Ae. aegypti 
DOME 

Forward AAACGGTGGCAAAATGAACT [63] 
Reverse CTCCAGACCGGTGAGATTGT 

Ae. aegypti 
AGO2 

Forward AGGTAATCAACGCCAAAACGAACG [64] 
Reverse AAGCGGCCACTCCCACCACACT 

Ae. aegypti 
DCR-2 

Forward AATCATTCCGCCCGAGTGCTAT [64] 
Reverse GTCCCCCATGGTCTGCTGTGA 

An. gambiae  
S7 

Forward AGAACCAGCAGACCACCATC [65] 
Reverse GCTGCAAACTTCGGCTATTC 

An. gambiae 
REL1 

Forward TCAACAGATGCCAAAAGAGGAAAT [65] 
Reverse CTGGTTGGAGGGATTGTG 

An. gambiae 
CAC 

Forward TAACACTGCGCTTCATTTGG [66] 
Reverse TCGTTCAAGTTCTGTGCAAGTGT 

An. gambiae 
REL2 

Forward CGGGCAGAGGGAAGCAT [65] 
Reverse AGGCCCGCTCACCGTT 

An. gambiae 
STAT A 

Forward TACAACGAAACGACCAAGCA [65] 
Reverse GGTCCATACCGAAAAGACGA 

An. gambiae 
AGO2 

Forward CCAAGCCGACCAAGTACG [65] 
Reverse GCAAACAGGTGGCACAGATT 

An. gambiae 
DCR-2 

Forward CCCACTTTGACGCCAACAC [65] 
Reverse GTCAGGATGCCGAAATTGTT 
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5.2 Preface 

Expression cloning technology of cDNAs is a useful tool for identifying novel 

functional properties of genes. In this chapter, we constructed a representative cDNA library 

from the Ae. aegypti Aag-2 cell line using the SMART (Switching Mechanism At 5’ end of 

RNA Template) cDNA synthesis technology to identify the cellular surface receptor(s) for 

Zika virus (ZIKV) entry into Aedes cells. Female Ae. aegypti mosquitoes are the most efficient 

vector known to transmit many other viruses including dengue virus (DENV), chikungunya 

virus (CHIKV) and yellow fever virus (YFV). Viral entry is largely defined by the interactions 

between virus particles and cell surface receptors. Elucidating the interplay between viruses 

and their receptors is important for a full understanding of how these viruses invade their 

susceptible hosts.  

In this chapter, we proposed a strategy to screen the Aag-2 cDNA library in a ZIKV-

non-permissive cell line, namely the Hsu cell line, to render a non-permissive cell line 

susceptible to attachment and entry of ZIKV. This cell line has been validated in Chapter 4 to 

be non-permissive to ZIKV entry (refer to Chapter 4, Fig. 2). The pseudoZIKV replicon system 

demonstrated in the previous chapter is used to examine the ability of ZIKV in gaining entry 

into the non-permissive cells. Overall, this cDNA library can serve as a useful tool to provide 

genetic resources for functional genomic study of the vector competence of Ae. aegypti for 

mosquito-borne viruses.  

The findings presented in this chapter is performed in Keck School of Medicine of 

USC, University of Southern California in Los Angeles, United States, under the co-

mentorship from Professor Jae Jung, Chair of Department of Molecular Microbiology and 

Immunology.  
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Abstract 1 

Zika virus (ZIKV) is primarily transmitted by the Aedes aegypti mosquito. Despite being 2 

the most efficient vector to transmit many mosquito-borne diseases, little is known about 3 

the cell surface receptors for viral entry into Aedes cells. Viral entry is largely defined by 4 

the interactions between virus particles and cell surface receptors. Elucidating the interplay 5 

between viruses and their receptors is important for a full understanding of how these 6 

viruses invade their susceptible hosts. In this study, the construction of a representative 7 

cDNA library from Ae. aegypti Aag-2 cell line using the SMART (Switching Mechanism 8 

At 5’ end of RNA Template) cDNA synthesis technology is described. The Aag-2 cDNA 9 

library was of a high quality with 97% of cDNA clones containing inserts ranging from 10 

250 bp to 6000 bp and an amplified titer of 1.8 x 1010 colony forming unit/ml. Furthermore, 11 

the application of this high-quality Aag-2 cDNA library to identify genes that encode 12 

cellular surface receptors for ZIKV entry into the Aedes cells is explained. The Aag-2 13 

cDNA library can serve as a promising and useful tool to provide genetic resources for 14 

discovery of novel properties of the genes important for vector competence of Ae. aegypti 15 

for mosquito-borne viruses.  16 

 17 

Introduction 18 

Aedes (Ae) aegypti is the principal mosquito vector for many human pathogens such as 19 

yellow fever virus (YFV), dengue virus (DENV), chikungunya virus (CHIKV) and Zika 20 

virus (ZIKV). According to WHO, there is an estimation of 96 million cases of dengue 21 

infections every year. Furthermore, 3.9 billion people (more than half of the world’s 22 

population) in over 128 countries live in areas where this mosquito species is present and 23 
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are at risk of contracting dengue infection [1]. ZIKV is primarily transmitted by the Ae. 24 

aegypti and Ae. albopictus being a secondary vector [2]. ZIKV was first isolated from the 25 

Zika Forest of Uganda in 1947. From the 1960s to 1980s, ZIKV infection has been 26 

sporadically detected and typically caused self-limiting mild illnesses only. In 2015, ZIKV 27 

outbreaks were reported in Brazil and subsequently spread rapidly throughout a total of 86 28 

countries including the Americas and Africa. Phylogenetic analyses have identified two 29 

distinct lineages of ZIKV, namely the Asian and African lineages [3]. The Asian lineage 30 

of ZIKV has been linked to the worldwide outbreak in 2015 and has been associated with 31 

Guillain-Barré syndrome and congenital abnormalities in the developing fetus including 32 

microcephaly [2]. The prevention and control of the disease vector, Ae. aegypti is primarily 33 

reliant on vector control measures, such as the use of insecticides, mosquito nets and 34 

environmental management to limit human-vector contact [4]. However, vector control is 35 

often hindered by challenges including development of insecticide resistance by this vector 36 

[5]. This situation urges the need to understand the molecular mechanism of vector-virus 37 

interaction. 38 

 39 

In this study, the Ae. aegypti Aag-2 cell line is selected for cDNA library construction based 40 

on its susceptibility to many arboviruses infection and has been validated as an 41 

immunocompetent cell line. The Ae. aegypti Aag-2 cell line was derived by Peleg in 1975 42 

from embryonic tissue [6] and further characterized and adapted to Eagle’s minimal 43 

medium in 1991 by Lan and Fallon [7]. The Aag-2 cell line has been widely used for 44 

arbovirus studies as it is susceptible to a variety of mosquito-borne viruses, including 45 

DENV [8], CHIKV [9], Semliki Forest virus (SFV) [10], West Nile virus (WNV) [11], 46 
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Sindbis virus (SINV) [12], Rift Valley fever virus (RVFV) [13] and ZIKV [14]. The Aag-47 

2 cell line has been reported to be persistently infected with cell fusing agent virus (CFAV), 48 

which is an insect-specific flavivirus which exists in nature [15]. In spite of being 49 

persistently infected with CFAV, the Aag-2 cell line has been validated in many studies as 50 

an immunocompetent cell line and the immune responses elicited closely reflect the 51 

responses in whole Ae. aegypti mosquitoes [16-18]. Therefore, this cell line serves as an 52 

excellent model system for understanding vector-virus interaction and insect antiviral 53 

immunity studies.  54 

 55 

To construct a cDNA library from Aag-2 cell line, we used the In-Fusion® SMARTer™ 56 

Directional cDNA library construction kit from Clontech. This kit utilized the SMARTer 57 

technology, which is a PCR-based method designed to preferentially enrich full-length 58 

cDNAs to enable the generation of a clean and representative cDNA library. In addition, 59 

cDNAs generated using this technology can be transferred directly to any linearized 60 

expression vector without the need for compatible restriction sites. In this study, to 61 

facilitate high-level protein expression in mosquito cells, the Aag-2 cDNA library in an 62 

insect cell expression system is constructed using the pIEx-4 vector. This vector features 63 

the IE1 (immediate early) promoter and hr5 (homologous region 5) enhancer. The IE1 64 

promoter was derived from the immediate early gene of Autographa california multicapsid 65 

nuclear polyhedrosis virus (AcMNPV) and has been widely used to express eukaryotic 66 

proteins in insect cells, whereas the hr5 enhancer is an enhancer element in AcMNPV that 67 

stimulates the gene transcription from the promoter [19]. In this study, evidence was found 68 
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that the Aag-2 cDNA library constructed was of high quality with 97% of cDNA clones 69 

containing inserts ranging from 250 bp to 6000 bp.  70 

 71 

One important step in the viral life cycle is the attachment of a virus to cellular surface 72 

receptors to gain entry into a cell. Despite many efforts to identify the cellular surface 73 

receptors for mosquito-borne viruses, a known receptor for viral entry has not been 74 

determined [20]. In our study, we proposed a strategy to identify the cellular entry receptor 75 

for ZIKV by using the Aag-2 cDNA library. The Aag-2 cDNA library and the proposed 76 

strategy in this study will be useful for the isolation of cellular receptor(s) for the ZIKV.  77 

 78 

Results 79 

Quality assessment of total RNA extracted from the Ae. aegypti Aag-2 cell line 80 

The strategy used in this study for SMARTer cDNA library construction is illustrated in 81 

Fig. 1. Total RNA was extracted from Aag-2 cells (approximately 4 million cells) and 82 

yielded approximately 15 μg total RNA of high purity, with the ratio of absorbance at 260 83 

nm and 280 nm of 2.13. The integrity of the total RNA was further assessed using a Agilent 84 

Bioanalyzer 2100 system. In general, RNA integrity is assessed by electrophoretic 85 

separation and visual inspection of the 18S and 28S ribosomal RNAs (rRNAs) and the 86 

RNA Integrity Number (RIN) as a quantitative measure. The electrophoretic analysis of 87 

the total RNA extracted from Aag-2 showed both 18S and 28S bands, and consists of a 88 

single major peak that contains both 18S and 28S rRNA, indicating minimal RNA 89 

degradation in the sample (Figure 2A). For Ae. aegypti, RNA with a RIN score greater or 90 
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equal to 6.50 is generally considered sufficient [21]. The RIN score obtained in this study 91 

is 8.60, which is an indication of good quality RNA.  92 

 93 

Double-stranded (ds) cDNA synthesis from total RNA extracted from Aag-2 cells 94 

Full-length ds cDNA was synthesized according to the SMARTer cDNA synthesis strategy 95 

mentioned above. Briefly, 1 μg of total RNA extracted from Aag-2 cells was subjected to 96 

first-strand cDNA synthesis by reverse transcription. This is followed by LD-PCR of ss 97 

cDNA (2 μl of ss cDNA was used as starting material) to generate ds cDNA. As mentioned 98 

above, LD-PCR only amplifies ss cDNA with the SMART anchor at the 5’ end. This 99 

selective amplification eliminates incomplete cDNAs in order to generate a good quality 100 

cDNA library with enriched full-length cDNAs. One optimization step was performed to 101 

determine the optimal number of LD-PCR cycles. A range of cycles: 15, 18, 21, 24 and 27 102 

cycles is performed to determine the optimal number of cycles. In addition, mouse liver 103 

total RNA was used as a control for LD-PCR (Fig. 2B). The optimal number of cycles 104 

determined was 21 and ds cDNAs synthesized using LD-PCR were subjected to size 105 

fractionation with CHROMA SPIN Columns that are packed with resin that fractionates 106 

molecules based on size to eliminate low-molecular-weight cDNAs that greatly improve 107 

the proportion of large size cDNA inserts (Fig. 2C). The agarose gel analysis of fractionated 108 

ds cDNAs pooled from five fractions showed a significant amount of nucleic acid that 109 

appeared as a smear ranging from 250 bp to 10 kb (Fig. 2D).  110 

 111 

Construction of Aag-2 cDNA library in pIEx-4 vector 112 
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Based on the In-Fusion cloning strategy as shown in Fig. 1, the ds cDNAs were cloned into 113 

the pIEx-4 vector, which is designed for high-level expression of proteins in insect cells. 114 

The transcription is driven by the immediate early promoter, IE1 and AcMNPV-derived 115 

hr5 enhancer. Prior to cloning, the pIEx-4 vector was linearized using two primers, one 116 

primer has 18 bases of sequence from one side of the vector linearization site, with a 15 bp 117 

complementary sequences to the SMARTer V Oligo. The other primer included 18 bases 118 

of sequences from the other side of the vector linearization site, with 15 bp complementary 119 

sequences to the 3’ In-Fusion SMARTer CDS primer. SMARTer-generated ds cDNAs 120 

with known sequences are incorporated at each end of the cDNA that are complementary 121 

to the linearized vector. As a result, the ds cDNAs can be precisely incorporated into the 122 

linearized vector using In-Fusion cloning technology.  123 

 124 

Characterization of the Aag-2 cDNA library  125 

The titer of the unamplified library was determined by plating serial dilutions of the 126 

transformation mix on 90-mm LB agar plate containing 100 μg/ml ampicillin. The titer 127 

(cfu/ml) of the library was calculated by counting the number of colonies as follows: 128 

[number of colonies on plate] / [plating volume (ml)] x [dilution factor] = cfu/ml. In this 129 

study, we obtained [100 colonies] / [0.05 ml x 10-2] = 2 x 105 cfu/ml. Therefore, a total of 130 

3 ml of unamplified cDNA library has a titer of 6 x 105 independent cDNA clones. After 131 

library amplification, the cDNA library titer was 1.8 x 1010 of cfu/ml. To examine the 132 

quality of the amplified library, 100 independent colonies were randomly selected and the 133 

size of the cDNA inserts was determined using colony PCR. A total of 97 of 100 (97%) 134 

colonies contained cDNA insert with sizes ranging from 0.25-5.0 kb (Fig. 3A). As 135 
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summarized in Fig. 3B and C, approximately, 66% of the clones had cDNA insert size 136 

larger than 0.5 kb, 39% of the clones had inserts between 0.5 to 1.0 kb, 17% of the clones 137 

had inserts between 1.0 to 1.5 kb and 10% of the clones contained inserts greater than 2.0 138 

kb. Only 7% of the clones had inserts smaller than 0.25 kb. These results indicate a cDNA 139 

library of good quality that has high complexity and consists of a good size range of cDNA 140 

inserts.  141 

 142 

A proposed strategy to identify entry receptor for ZIKV in Aedes cells using the Aag-143 

2 cDNA library combined with a pseudovirus system 144 

In our study, a strategy to identify the cellular entry receptor for ZIKV was proposed as 145 

illustrated in Fig. 4. This strategy takes advantage of a non-susceptible cell line that was 146 

derived from Culex (Cx) quinquefasciatus, namely the Hsu cell line, as the recipient cell 147 

line of the Aag-2 cDNA library (Fig. 4A). A ZIKV pseudovirus system will be used to 148 

isolate the gene responsible for ZIKV entry into the recipient cell line. A pseudovirus is a 149 

recombinant viral particle in which the genome and outer shell (surface proteins) derived 150 

from considerably different viruses [22]. Pseudoviruses are widely used to study cellular 151 

tropism and receptor recognition because they are easily engineered to carry reporter genes 152 

and the conformational structure of the pseudoviral surface proteins are highly similar to 153 

the native viral proteins [23]. Pseudoviruses are capable of infecting susceptible cells and 154 

are unable to produce progeny viruses (replication defective) in the infected host cells [24]. 155 

Moreover, the genome of the pseudoviruses are modified so that they are unable to produce 156 

surface protein on their own. In this study, ZIKV pseudovirus was generated by co-157 

transfection of two plasmids, a WNV replicon expressing EGFP and a plasmid expressing 158 
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ZIKV MR766 C-PrM-E genes (Fig. 4B). The ZIKV pseudovirus will then be used to infect 159 

the transfected Hsu cells that carry the cDNA library. Hsu cells that have ZIKV entry 160 

receptors will express EGFP and be sorted by FACS analysis. We will then extract DNA 161 

from the EGFP positive cells (carrying ZIKV entry receptor) and the identity of the gene 162 

will be identified by DNA sequencing (Fig. 4C).  163 

 164 

Validation of Hsu cells as suitable recipient cells for the Aag-2 cDNA library 165 

To investigate if ZIKV was capable of infecting the non-susceptible cell line, Hsu cells 166 

were infected with ZIKV at MOI of 1. Supernatants were harvested for FFA and cells were 167 

collected for FACS analysis. The ZIKV susceptible Aag-2 cells were used as positive 168 

control. Analysis for the presence of infectious viruses in the supernatants showed that no 169 

increase in titer of infectious viruses in the supernatant of Hsu cells (Fig. 5C). However, 170 

the Aag-2 cells was shown capable of producing infectious viruses and grew to titers 171 

approaching 6 x 105 FFU/ml. FACS analysis further confirmed that only 0.34% of Hsu 172 

cells were infected as compared to 85.7% in Aag-2 cells (Fig. 5A&D). To confirm that cell 173 

surface receptors for ZIKV are absent in the Hsu cells, the cells were infected with ZIKV 174 

pseudovirus. FACS analysis showed that only 0.43% of Hsu cells were infected with ZIKV 175 

pseudovirus. In contrast, 59% of Aag-2 cells were infected (Fig. 5B&E). After validating 176 

the Hsu cells to be suitable as the recipient for the Aag-2 cDNA library, we further 177 

investigated the transfection efficiency of the cDNA library into Hsu cells. A pIEx-4 vector 178 

(same vector for cDNA library) carrying a copGFP gene under the control of IE1 promoter 179 

to determine the transfection efficiency of the Hsu cells was also generated (Fig. 6A). 180 

Optimum transfection time and transfection efficiency were determined using different 181 
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concentrations of DNA and Cellfectin® (data not shown). Highest transfection efficiency 182 

(41.90%) was achieved using 16 µg of DNA and 64 µl of Cellfectin® at 65 h 183 

posttransfection. Cells were examined under fluorescence microscope (Fig. 6B) and the 184 

transfection efficiency was determined by FACS analysis (Fig. 6C). 185 

 186 

Discussion and Conclusion 187 

Female Ae. aegypti mosquitoes are the most efficient vector known to transmit many 188 

viruses including dengue, chikungunya, yellow fever and Zika viruses. Before 1970, only 189 

9 countries were affected by dengue epidemics. The disease is now endemic in more than 190 

100 countries, with America, South-East Asia and Western Pacific regions most impacted 191 

[25]. Besides being one of the most widespread mosquito species globally, Ae. aegypti live 192 

in urban habitats and their close proximity with humans increase the risk of disease 193 

transmission. Many mosquito-borne viruses have a broad range of host. For example, 194 

ZIKV has a diverse range of hosts, from vertebrates such as monkeys, apes, horses, cows, 195 

goats, ducks and bats to invertebrate mosquito vectors [26]. Factors affecting host 196 

specificity include the interaction of the virus with specific viral receptor on the surface of 197 

susceptible cells. Progress in understanding the biology of Ae. aegypti mosquitoes has been 198 

hindered by the lack of a high-quality genome assembly and genome annotation. The 199 

cDNA library was first described decades ago and is considered to be an indispensable tool 200 

for functional genome analysis. A cDNA library can provide genetic resources for genome 201 

analysis underlying diverse processes of the organism. A cDNA library is also useful to 202 

study genes that are involved in the biology of viral infection [27]. Host factors influencing 203 

susceptibility to infection include cell surface receptors for viral entry and cellular factors 204 
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that govern the ability of viral replication in cells [28].  In the present study, a cDNA library 205 

was constructed from Ae. aegypti Aag-2 cells. The Aag-2 cells were susceptible to a variety 206 

of mosquito-borne viruses, including DENV [8], CHIKV [9], SFV [10], WNV [11], SINV 207 

[12], RVFV [13] and ZIKV [14]. Therefore, the Aag-2 cDNA library can be used to 208 

identify and isolate host factors influencing susceptibility to viral infection in Aedes 209 

mosquitoes.  210 

 211 

A major characteristic of cDNA library construction by SMARTer technique is the 212 

enrichment of full-length cDNA libraries that preserve the complete 5’ terminal sequence 213 

of mRNA [29]. The quality of the Aag-2 cDNA library was tested based on these criteria: 214 

1) High complexity – in which the number of independent full-length cDNA clone of the 215 

library should contain at least 1.7 x 105 independent clones to be representative of all the 216 

mRNAs (including the low abundance mRNAs) present in a particular cell [30, 31], 2) 217 

High recombination efficiency of cDNA inserts into expression vector, and 3) The average 218 

size of cDNA inserts to be equal or larger than 1.0 kb as selection bias could favor the 219 

smaller cDNA. In this study, the Aag-2 library fulfilled the criteria of a good quality cDNA 220 

library, with the unamplified cDNA library titer being 6 x 105 clones, recombination 221 

efficiency of 97% and the average length of inserted cDNA was approximately 0.9 kb. 222 

Therefore, this library would serve as a useful resource for the functional genomic study of 223 

Ae. aegypti.  224 

 225 

Proposal was also made in this study for the application of an expression cDNA library 226 

approach to identify the cellular surface receptor(s) for ZIKV viral entry into Aedes cells. 227 
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This strategy utilizes a receptor-deficient Hsu cell line as the recipient cells for Aag-2 228 

cDNA library. The Hsu cell line was derived from Culex (Cx) quinquefasciatus [32] and 229 

has been reported to be non-susceptible to ZIKV infection [14]. It was also demonstrated 230 

that the Hsu cells are unable to support ZIKV entry and this should enable the cloning of 231 

the cellular receptor for ZIKV through complementation with a cDNA library from a cell 232 

line susceptible to ZIKV infection. A successful cDNA library screening is dependent on 233 

the transfection efficiency of the cDNA library into the recipient cells. In addition, the 234 

introduced genes have to be efficiently expressed in the recipient cells. Therefore, the 235 

transfection efficiency of the Aag-2 cDNA library was examined in Hsu cells. Hsu cells 236 

transfected with a control pIEx-4 vector carrying a copGFP gene showed high transfection 237 

efficiency. It is then that a ZIKV pseudovirus system will be utilized to isolate the gene 238 

responsible for ZIKV entry into the recipient cell line. The pseudovirus system is widely 239 

used to study cellular tropism and receptor recognition because pseudoviruses have a 240 

conformational structure which is highly similar to the native viral proteins and are easily 241 

engineered to carry reporter genes and [23]. Furthermore, pseudoviruses are replication 242 

defective, thus the expression of reporter gene is solely due to successful viral entry 243 

processes from which the outer shell is derived [24].  244 

 245 

In conclusion, the Aag-2 cDNA library, the ZIKV receptor-deficient Hsu cells and ZIKV 246 

pseudovirus system provide an ideal system for the identification of the cellular receptor 247 

for ZIKV. This Aag-2 cDNA library will also be useful for functional genomic studies of 248 

genes for many other mosquito-borne viruses transmitted by the Ae. aegypti mosquitoes 249 

including DENV, YFV, CHIKV and MAYV. 250 
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Materials and Methods 251 

Cell lines 252 

Aag-2 and Hsu cell lines were kindly provided by Dr. Joan L. Kenney, Centers for Disease 253 

Control and Prevention, Fort Collins. Aag-2 cell line was derived from Ae. aegypti 254 

mosquito and maintained in Leibovitz L-15 medium (Gibco) supplemented with 15% Fetal 255 

Bovine Serum (FBS; Gibco, Grand Island, NY), 10% tryptose phosphate broth (Sigma 256 

Aldrich, Boston, MA, USA), penicillin (100 U/mL), streptomycin (100 mg/mL) and 257 

MycoZAP (Lonza, Verviers, Belgium) at 28°C. Hsu cell line was derived from ovarian 258 

tissue of adult Cx. quinquefasciatus and cultured in Eagle's Minimum Essential Medium 259 

(ATCC) supplemented with 10% FBS, penicillin (100 U/mL), streptomycin (100mg/mL) 260 

and MycoZAP (Lonza, Verviers, Belgium) at 28 °C in 5% CO2. Human embryonic kidneys 261 

(HEK-293T; ATCC, Rockville, MD, USA, number CRL-11268) were cultured in 262 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Invitrogen, Carlsbad, CA) 263 

supplemented with 10%  FBS, penicillin (100 U/mL), streptomycin (100mg/mL) and 264 

MycoZAP (Lonza, Verviers, Belgium) at 37 °C in 5% CO2. 265 

 266 

Total RNA Isolation and RNA Quality Assessment  267 

Total RNA was isolated from Aag-2 cells using the RNeasy® Mini Kit (Qiagen) according 268 

to the manufacturer’s instructions. The purity and integrity of total RNA extracted were 269 

assessed with an Agilent 2100 BioAnalyzer (Agilent Technologies, CA) using 10 ng of 270 

RNA.  271 

 272 

Preparation of cDNA library inserts 273 
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The cDNA library was constructed using the In-Fusion® SMARTer™ cDNA Library 274 

Construction Kit following the manufacturer’s protocols (Clontech, Mountain View, CA, 275 

USA). Briefly, first-strand cDNAs were synthesized from 1 µg of total RNA using 276 

SMARTScribe™ Reverse Transcriptase. The first-strand cDNAs were then amplified by 277 

long-distance PCR (LD-PCR) using the Advantage® 2 PCR Kit (Clontech). The double-278 

stranded cDNAs (ds cDNAs) were synthesized by LD-PCR with denaturing at 95°C for 1 279 

min, followed by 21 cycles of 95°C for 15 s, 65°C for 30 s and a final elongation step of 280 

68°C for 6 min. The ds cDNAs were purified with the CHROMA SPIN™ +TE-1000 281 

Column (Clontech). Purified ds cDNAs were ethanol-precipitated and resuspended in TE 282 

Buffer.  283 

 284 

Preparation of linearized vector for cDNA library construction  285 

The purified ds cDNAs were ligated into an insect-specific expression plasmid pIEx-4 286 

(Novagen, WI) with In-Fusion HD enzyme (Clontech, Mountain View, CA, USA). Prior 287 

to ligation, the vector was linearized by inverse PCR using 5' SMARTer V Oligo Seq 288 

primer (5’-TTGATACCACTGCTTTCTTGACGTGTTAACGATGCCA-3’) and 3’ CDS 289 

Primer Seq primer (5’- TCTCATCGTACCCCGGCTCGCGGATCCCAATTG-3’). The 290 

reaction parameters were as follows: denaturation at 98°C for 3 min, followed by 34 cycles 291 

of 98 °C for 10 s, 67 °C for 30 s and 72 °C for 3 min, and final elongation at 72 °C for 2 292 

min. The PCR products were subjected to 2 μl of DpnI treatment (5 U/μl) and incubated at 293 

37 °C for 2 hr. DpnI treated PCR products were purified using GeneJET Gel Extraction Kit 294 

(Thermo Scientific Fisher) to ensure the purity of linearized vector. 295 

 296 
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Construction of a cDNA library by In-fusion cloning of SMARTer ds cDNA into 297 

pIEx-4 vector 298 

The purified ds cDNAs were cloned into the linearized pIEx-4 vector using the In-Fusion 299 

HD Cloning Kit (Clontech, Mountain View, CA, USA) purchased from Takara-Bio. The 300 

In-Fusion cloning reaction solution comprised the following components: 300 ng of 301 

linearized vector, an appropriate amount of purified SMARTer cDNA (100 ng/ μl) (2:1–302 

2.5:1 molar ratio of insert to vector), 4 μl of 5× In-Fusion HD Enzyme Premix, and double 303 

distilled water to a total volume of 20 μl. The In-Fusion reaction mixture was incubated at 304 

50 °C for 1 hr. After incubation, enzymes were removed from ligated products using 305 

QuickClean Enzyme Removal Resin (Clontech, Mountain View, CA, USA) to prevent 306 

interference with downstream applications. Purified ligated products were ethanol-307 

precipitated and resuspended in 10 μl sterile water.  308 

 309 

Transformation into electrocompetent E. coli  310 

The purified In-Fusion reaction solution (10 μl) was electro-transformed into Endura 311 

Electrocompetent Cells (Lucigen, Middleton, WI, USA) according to manufacturer’s 312 

instructions. Briefly, transformation was carried out using Gene Pulser® II Electroporation 313 

System (Bio-Rad, Hercules, CA, USA) in 0.1 cm gap cuvette using 25 µL of Endura 314 

Electrocompetent Cells at setting as follows: 10 µF, 600 Ohms, 1800 Volts. Within 10 315 

seconds of the pulse, 965 µl of Recovery Medium was added to the cuvette and the cells 316 

were transfered to a culture tube and incubated in a shaking incubator at 250 rpm for 1 hr 317 

at 37 °C. After 1 hr, 5 µL of transformed cells were spread on a prewarmed LB agar plate 318 

containing 100 μg/ml ampicillin to titrate the unamplified library. The titer of the 319 



 

 186 

unamplified library (number of independent clones) was determined by plating serial 320 

dilutions of the transformation mix on 90-mm LB agar plate containing 100 μg/ml 321 

ampicillin. The titer (cfu/ml) of the library was calculated by counting the number of 322 

colonies as follows: [number of colonies on plate] / [plating volume (ml)] x [dilution factor] 323 

= cfu/ml.  324 

 325 

cDNA library amplification and evaluation of cDNA library 326 

The unamplified libraries were pooled from five In-Fusion cloning reactions and diluted 327 

into LB broth to make up the volume of plating on 150-mm LB plate and incubated at 37 328 

°C for 18-20 hr. Colonies were harvested by adding 5 ml of LB to each plate and the 329 

colonies were scraped into the liquid. All resuspended colonies were pooled and the 330 

amplified library plasmid DNA was isolated using cesium chloride (CsCl)/ethidium 331 

bromide (EtBr) centrifugation [33]. To determine the positive rate of the transformed 332 

clones and to identify the size range of the inserted cDNA fragment, Prior to scraping, 100 333 

colonies were randomly selected and subjected to colony PCR using AccuStart II PCR 334 

SuperMix (Quantabio, Beverly, MA, USA). The screening primers used were LibScreen_F 335 

(5’-TGGCATCGTTAACACGTCAAGA-3’) and LibScreen_R (5’-336 

CAATTGGGATCCGCGAGC-3’). PCR conditions as follows: denaturation at 94°C for 3 337 

min, followed by 30 cycles of 94 °C for 20 s, 65 °C for 30 s and 72 °C for 3 min, and final 338 

elongation at 72 °C for 2 min. 5 μl of PCR products were analyzed on 1% agarose/EtBr 339 

gel.  340 

 341 

Production of ZIKV pseudoviruses  342 
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The ZIKV pseudovirus system was kindly provided by Dr. I-Chueh Huang (Department of 343 

Molecular Microbiology and Immunology, University of California, USA). ZIKV 344 

pseudovirus was generated by co-transfection of two plasmids, a WNV replicon expressing 345 

EGFP and a plasmid expressing ZIKV MR766 C-PrM-E genes into HEK293T cells using 346 

polyethylenimine (PEI) as previously described [34, 35]. After 48 h posttransfection, 347 

pseudoviruses were harvested and supernatants were clarified by centrifugation and filtered 348 

using 0.45 μm membrane.  349 

 350 

Pseudotyped virus infection assays 351 

Aag-2 and Hsu cells were plated at 2.0 x 105 cells/well in 24-well dishes the day before 352 

infection. The next day, cells were infected with 200 μl of clarified pseudotyped virus and 353 

incubated at 28 °C in 5% CO2 for 2h. After 2h, 0.5 ml culture media were added and further 354 

incubated for 48 h. At 48 h postinfection, cells were examined by fluorescence microscopy 355 

and percentage of EGFP+ cells were assessed by flow cytometric analysis.  356 

 357 

Infection of Aag-2 and Hsu cells 358 

Growth kinetic of ZIKV isolates MR766 (Uganda 1947) was assessed on Ae. aegypti (Aag-359 

2) and Cx. quinquefasciatus (Hsu) cell lines. Cells were plated at 2.0 x 105 cells/well in 24-360 

well dishes the day before infection. The next day, monolayers were infected in triplicate 361 

at a multiplicity of infection (MOI) of 1. Supernatants were collected at 48 and 72 h 362 

postinfection (hpi). Virus was titered using focus-forming assay (FFA) on Vero cells. 363 

 364 

Focus-forming assay (FFA) 365 
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Vero cells were grown to confluence in 96-well plates. Cells were inoculated with 10-fold 366 

dilutions of ZIKV, incubated for 2 h at 37°C in 5% CO2 and overlaid with 1% 367 

methylcellulose (Sigma-Aldrich) in complete medium. Vero cells were further incubated 368 

for 48 h and the overlay was removed and cell monolayers were washed 3 times with PBS 369 

and fixed with 10% formalin for 30 minutes. Cells were permeabilized with 0.1% Triton-370 

X 100 (Fisher Scientific) in PBS and probed with pan flavivirus antibody 4G2 (EMD 371 

Millipore) diluted in 1:4000 in blocking buffer. Monolayers were washed 3 times with PBS 372 

and incubated with HRP-conjugated anti-mouse antibody (1:5000 in blocking buffer). Cell 373 

monolayer were washed 3 times with PBS and foci were visualized by TrueBlue™ 374 

Peroxidase Substrate (SeraCare, Gaithersburg, MD, USA) according to manufacturer’s 375 

instructions.  376 

 377 

Transfection of Hsu cells using Cellfectin® II Reagent 378 

Hsu cells were seeded in a 10-cm dish at 4 x 106 cells per-dish the day before transfection. 379 

The next day, cells were transfected with pIEx-4 vector carrying the CopGFP gene using 380 

Cellfectin® II Reagent according to a previously described protocol to assess the 381 

transfection efficiency [36]. Different concentrations of DNA (12, 16 or 20 µg) and 382 

Cellfectin® (48, 64 or 80 µl) were tested according to manufacturer’s protocol to achieve 383 

highest transfection efficiency. At 48, 65, 72 and 96 h posttransfection, cells were 384 

examined by fluorescence microscopy and percentage of EGFP+ cells were assessed by 385 

flow cytometric analysis.  386 

 

387 
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Figure legends 388 

Figure 1. Schematic diagram of the SMARTer cDNA library construction. SMARTer 389 

cDNA synthesis utilized a 3’ In-Fusion SMARTer CDS Primer to prime the first-strand 390 

cDNA and the SMARTer V Oligo serves as a short, extended template at the 5’ end of the 391 

mRNA. The reverse transcriptase’s terminal transferase activity then adds a few additional 392 

nucleotides to the 3’ end of the cDNA when it reaches the 5’ end of mRNA. The SMARTer 393 

V Oligo base-pairs with these additional nucleotides to the 3’ end of the cDNA, creating 394 

an extended template. The enzyme then switches template and continues replication to the 395 

end of the oligonucleotide to produce a full-length single-stranded (ss) cDNA tagged with 396 

sequence complementary to the SMARTer V Oligo. This site then serves as a SMART 397 

anchor (universal priming site) for subsequent amplification by Long Distance (LD)-PCR. 398 

The SMARTer ds cDNAs were subjected to size fractionation with CHROMA SPIN 399 

Columns that are packed with resin that fractionates molecules based on size to eliminate 400 

low-molecular-weight cDNAs. The fractionated ds cDNAs were then cloned into the 401 

linearized pIEx-4 vector. SMARTer-generated ds cDNAs have known sequence 402 

incorporated at each end of the cDNA that are complementary to the linearized vector, as 403 

a result, the ds cDNAs can be precisely incorporated into the linearized vector using In-404 

Fusion cloning technology. Ligated products were electro-transformed into Endura 405 

Electrocompetent Cells to generate an unamplified cDNA library. The unamplified cDNA 406 

library was titrated and amplified to obtain at least 2-3X the number of independent clones 407 

in the library. 408 
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Figure 2. ds cDNA synthesized from 1 μg of total RNA using LD-PCR. (A) Quality 409 

assessment of total RNA extracted from Aag-2 cells using a Bioanalyzer 2100 system. 410 

Electrophoretic analysis and electropherogram of total RNA showed a major ribosomal 411 

bands and distinct peaks corresponding to 28/18S RNA that indicate intact RNA with 412 

minimal degradation. (B) 1 μg of total RNA was subjected to first-strand cDNA synthesis 413 

and 2 μl of single-stranded (ss) cDNA was used as starting material for ds cDNA synthesis 414 

by LD-PCR. (B, Left Panel) Determination of the optimal number of LD-PCR cycles for 415 

ds cDNA synthesis. A range of PCR cycles (15, 18, 21, 24 and 27) were performed to 416 

identify the optimal number of cycles. The optimal number of cycles determined was 21. 417 

(B, Right Panel) 1 μg of the Control Mouse Liver Total RNA was used as control. (C) 418 

Profile of 11 fractions of ds cDNA collected after size fractionation by the CHROMA SPIN 419 

+TE-1000 Column to remove low-molecular-weight cDNA fragments. Five fractions (F7-420 

11) were pooled. (D) 3 μl of pooled fractions were electrophoresed on a 1.2% agarose/EtBr 421 

gel. Lane M: 1-kb DNA size marker (0.2 μg loaded).  422 

*Aedes 28S rRNA is processed into two fragments that migrate in a similar manner to the 423 

18S rRNA.  424 

 425 

Figure 3. Library complexity and quality check via colony PCR amplification. 100 426 

colonies were randomly selected and subjected to colony PCR amplification using primer 427 

pair targeting the cDNA insert site. (A) Agarose gel electrophoresis of cDNA inserts from 428 

100 colonies. (B) Size distribution of cDNA inserts from the amplified cDNA library 429 

ranging between 250 bp to 6000 bp, with an average size of approximately 990 bp. (C) 430 

Table summarizing the insert size distribution of cDNA inserts in the Aag-2 cDNA library. 431 
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All samples were electrophoresed on a 1.2% agarose/EtBr gel. (-) Negative control, colony 432 

picked from colonies grown on pIEx-4 vector only plate, (M) 1-kb DNA size marker (0.2 433 

μg loaded). 434 

 435 

Figure 4. Schematic representation of workflow for identification of ZIKV entry 436 

receptor using the Aag-2 cDNA library. (A) The Aag-2 cDNA library will be transfected 437 

into non-susceptible Hsu cells to select cDNA clones that render Hsu cells susceptible to 438 

ZIKV pseudovirus infection. (B) To generate ZIKV MR766-pseudovirus, HEK-293T cells 439 

will be co-transfected with two plasmids, the first plasmid is the WNV replicon encoding 440 

the five WNV non-structural proteins (NS 1-5) and an EGFP reporter protein. The second 441 

plasmid contains genes encoding the ZIKV MR766 structural proteins (C, prM and E 442 

proteins). After 48 hours post transfection, supernatants containing the ZIKV MR766-443 

pseudoviruses will be collected, filtered and used to infect Hsu cells carrying the Aag-2 444 

library. (C) Hsu cells containing the receptor genes that render cells susceptible to ZIKV 445 

pseudovirus infection will be detected based on EGFP expression using fluorescence-446 

activated cell sorting (FACS) analysis. Genomic DNA will be extracted from EGFP+ cells 447 

and subjected to PCR amplification of cDNA inserts. Sequencing analysis will be used to 448 

determine the identity of cDNA inserts. 449 

 450 

Figure 5. Characterization of susceptible Ae. aegypti (Aag-2) and non-susceptible Cx. 451 

quinquefasciatus (Hsu) cells. (A) Aag-2 and Hsu cells infected with ZIKV MR766 (MOI 452 

= 1) and mock-infected cells were analyzed at 48 h postinfection for the presence of viral 453 

envelope protein by flow cytometric analyses with the 4G2 MAb and an FITC-conjugated 454 
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anti-mouse IgG. (B) Aag-2 and Hsu cells infected with ZIKV MR766-pseudovirus and 455 

mock-infected cells were analyzed by flow cytometric analyses at 48 h postinfection for 456 

EGFP expression. (C) Growth kinetics of ZIKV MR766 in Aag-2 and Hsu cells. 457 

Supernatants of Aag-2 and Hsu cells infected with ZIKV MR766 (MOI = 1) collected at 458 

48 and 72 h postinfection were analyzed for the presence of viral envelope protein by FFA 459 

with the 4G2 MAb and an a HRP-conjugated anti-mouse IgG. (D) Graph representing the 460 

percentage of Aag-2 and Hsu cells infected with ZIKV MR766. (E) Graph representing the 461 

percentage of Aag-2 and Hsu cells infected with ZIKV MR766-pseudovirus. Dotted lines 462 

on the graphs represent percentage of positive cells in mock-infected samples. Data are 463 

representative of three independent experiments and error bars represent mean with 464 

standard deviations. Statistical differences were analyzed by Sidak’s multiple comparisons 465 

test (Fig. C) and Tukey’s multiple comparisons test (Fig. D and E). Different p values were 466 

indicated by * (p<0.05), or ** (p<0.01), or *** (p<0.001) or *** (p<0.0001) or n.s = no 467 

statistically significant different (p > 0.5).  468 

 469 

Figure 6. Transfection efficiency of Hsu cells. Hsu cells were transfected with the pIEx-470 

4 vector that carries the copGFP gene under the control of IE1 promoter to assess the 471 

transfection efficiency of Hsu cells. (A) Vector map of pIEx-4 vector. (B) Expression of 472 

green fluorescent protein detected under a fluorescence microscope at 65 hours after 473 

transfection. (C) Transfection efficiency of Hsu cells determined by FACS analysis. 474 
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6.1 Final discussion 

 Mosquito-borne viruses such as DENV, CHIKV, YFV and ZIKV are associated with 

global health burdens. Although vaccine development has been a focus, the prevention and 

control of arbovirus infections are primarily dependent on vector control measures, such as the 

use of insecticides, mosquito nets and environmental management to limit human-vector 

contact [202]. However, extensive use of insecticides has led to resistance in mosquitoes, 

resulting in its inefficacy. Moreover, vector control measures are complicated as some viruses 

are transmitted by more than one mosquito species and each mosquito species has distinct 

ecology and behaviour. Over the last decade, novel approaches such as the release of 

Wolbachia-infected mosquitoes [203, 204] and genetically modified mosquitoes [205, 206] 

into native mosquito populations have been undertaken. However, these strategies have been 

shown to be insufficient to prevent recent epidemics and stop expanding geographic 

distribution of important arboviruses, such as DENV and ZIKV. As a consequence, there has 

been an urgent need to further optimise current strategies and develop new interventions for 

the control of arboviruses. The successful discovery of novel interventions requires extensive 

understanding of how the pathogen interacts with both their vertebrate and invertebrate hosts. 

In this thesis, we provide new insights into the host factors that facilitate viral infection, in 

particular the role of lectin-glycan interactions in viral recognition and entry into mosquito 

cells (Chapter 2 and 3). We also examine a number of lectins for their antiviral activity in 

preventing viral entry into cells. The host factors affecting vector competence of different 

mosquito species were also investigated (Chapter 4). Finally, we generated a cDNA library 

from Ae. aegypti as a useful tool to identify potential targets for development of alternative 

arbovirus control strategies to reduce arbovirus transmission and disease (Chapter 5). 
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6.1.1 Detailed glycome analysis of RRV and mosquito cells to explore potential 

lectin-glycan interactions that facilitate viral infection  

 Viral surface glycans are responsible for recognizing glycan binding proteins (lectins) 

during initial attachment to the cell surface. The initial attachment of viruses to cellular glycan 

receptors is an important determinant of host specificity, tissue tropism and virus transmission 

[207]. In this study, high throughput lectin and glycan arrays were employed to decipher the 

virus-vector interactome of the RRV surface glycans with mosquito lectins. This study is the 

first to report and compare the glycan structures present on the surface of RRV derived from 

different hosts. We show that glycans with high mannose (α-1-3-mannose, α-mannose, α-1-6-

mannose structures) and galactose (Galα and GalNAcα structures) are the predominant types 

found in mos- and mam-derived RRV, while sialic acid (Neu5Ac structure) is detected only in 

mam-derived RRV (Refer to Fig. 1, Chapter 2). The high mannose and galactose structures 

could have a role in mediating attachment to cell surfaces. For example, mannose structures on 

DENV are recognized by a mannose specific C-type lectin, known as Dendritic Cell-Specific 

Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) to mediate viral binding 

to dendritic cells and macrophages [164, 208]. The galactose found on the surface glycans of 

JEV acts as a recognition site for the mosquito galactose-specific C-type lectin 7 (mosGCTL-

7) to promote viral entry into mosquito cells [209]. Similarly, in Ae. aegypti, it was 

demonstrated that mosGCTL-1 is a secreted protein induced by WNV and it binds to the virus 

via glycan recognition to promote viral entry [176]. Taken together, viral surface glycans are 

important for recognition by host’s lectins.  

In Chapter 3, to further investigate if lectins on the mosquito cell surface bind to the 

glycan structures important for virus binding,  as discussed above, glycan array was performed 

to screen five mosquito cell lines derived from different species of mosquito for their lectin 
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binding profiles. The glycan array data revealed binding of all mosquito cells (Ae. albopictus, 

Cx. quinquefasciatus, Cx. tarsalis and An. gambiae) to high mannose, GalαGal and GalNAc 

residues (Refer to Fig. 2, Chapter 3). This correlates with our lectin array data on RRV, 

suggesting that these lectin-glycan interactions may be involved in viral infection. In addition, 

we show that all mosquito cells recognize a α2,3-linked sialic acid structure (Refer to Fig. 2, 

Chapter 3) that has been shown to facilitate ZIKV internalisation in Vero cells and human 

induced-pluripotent stem cells-derived neural progenitor cells [186]. Taken together, our study 

using lectin and glycan arrays has allowed us to generate high throughput data to differentiate 

various glycan structures and binding specificities of lectins to predict the potential lectin-

glycan interactions during virus infection. However, one of the challenges in utilizing lectin 

and glycan arrays data is the lack of systematic tools to allow analysis and prediction of 

potential lectin-glycan interactions. The analysis step usually involved manual search of the 

binding specificities of each lectin and is rather time consuming and labour intensive. To 

overcome this limitation, a novel strategy based on the construction of a lectin-glycan 

interaction network coupled with computational methods as mentioned previously will allow 

better elucidation of the potential lectin-glycan interactions in virus infection [210-213]. The 

concept of this novel strategy involves an extensive glycomics database with known functions 

of glycans and lectins. Linking of lectin and glycan arrays screening results to this database via 

the construction of a lectin-glycan network. This would then allow us to predict lectin 

interactions with viral envelope glycoproteins which could ultimately lead to the identification 

of potential mosquito viral receptors based on relevant lectin-glycan interactions. The 

understanding of the key lectin-glycan interactions between arboviruses and their mosquito 

vectors will provide opportunities for developing new strategies to control virus transmission 

by mosquitoes, such as designing of a molecule targeting lectins on mosquito cell surfaces to 

block viral infection is possible [214].  



Chapter 6 • Final discussion  

 

 
 

 

 

206  

6.1.2 Differential surface glycans of different mosquito species could lead to 

different viral tropism in mosquitoes  

 The surface glycans of mosquitoes have been shown to modulate viral binding and entry 

into cells. In Chapter 3, the cell surface glycans of various mosquito cell lines, C6/36 and 

RML-12 (both derived from Ae. albopictus), Hsu cells (Cx. quinquefasciatus), Chao ball (Cx. 

tarsalis) and Mos55 (An. gambiae) were analyzed using a lectin array. Our results 

demonstrate that the Ae. albopictus-derived C6/36 displayed a higher diversity of glycan 

structures (recognized by 36 lectins) on their surface as compared to other mosquito cell 

lines (Refer to Fig. 1, Chapter 3). Interestingly, the C6/36 cells are highly susceptible to 

infection by a range of arboviruses, suggesting the role of glycans in promoting viral 

infection. Fucosylated glycans were detected in four of the mosquito cell lines, C6/36, RML-

12, Hsu and Mos55 cells (Refer to Fig. 1, Chapter 3). Mos55 and Chao Ball cells show low 

level of binding to sialic acid-specific lectin that recognizes Neu5Acα2-3Gal (MAA) and 

Neu5Ac (CCA), respectively. However, mosquito cells are classically known to carry only 

high mannose type glycans due to the lack of enzymes to carry out fucosylation and 

sialylation of glycoproteins. Therefore, the presence or absence of sialylated glycans in 

mosquito cells has been an area of debate in literature. In the recent years, increasing 

evidences have suggested that sialylation is possible in mosquito cells. For example, α-2,6-

linked Sia structures were detected on the surface of Ae. aegypti mosquito tissues [215]. 

Furthermore, a functional cytidine monophosphate- (CMP-)Sia synthase (CSAS) in sialic 

acid synthesis pathway was detected in Ae. aegypti [215] and enzymatic activity of 

fucosyltransferase (important for the in vivo biosynthesis of the fucosylated N-glycans) has 

been demonstrated in An. gambiae [216]. Intriguingly, ZIKV and DENV derived from C6/36 

cells were found to contain sialic acids [151, 217]. A large number of viruses, including many 
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human pathogens, bind to sialic acid terminated glycans as primary or accessory receptors 

for infection [218]. In a recent study, cell surface α-2,3-linked sialic acid was shown to 

facilitate ZIKV infection in Vero, Huh7 and induced-pluripotent stem cells (iPSC)-derived 

human neural progenitor cells [186]. On the other hand, the participation of α-2,6-linked Sia 

structures during early DENV-vector interactions were reported to have key roles in DENV 

infection [215]. These studies further emphasise the importance of glycans as host factors 

in affecting virus tropism and necessitate further investigation if insect cells could produce 

complex-type glycans as this might have a huge influence of viral tropism in mosquitoes, in 

particular, causing a non-competent vector to become competent. Although the 

mechanism(s) of how insect cells generate complex-type glycans remain unknown, a plausible 

explanation is that there is a strict requirement for biosynthesis of complex-type glycans in 

insect cells, for example, the accessibility of the glycosylation enzymes such as 

glycosyltransferase to the glycosylation sites [219]. Taken together, strong species-dependent 

glycosylation profiles were observed in this study and differential expression of glycans on the 

surface of different mosquito cells could play a role in modulating cellular or tissue tropism, 

hence affecting vector competence for arboviruses. Understanding the mosquito glycobiology 

will certainly lead to new insights in the molecular mechanisms of interactions between 

arboviruses and mosquitoes. 

6.1.3 The use of lectins as novel antiviral strategies 

 Transmission of RRV to human hosts by mosquitoes is initiated by skin puncture and 

deposition of virus in the epidermis and dermis of the skin. A common route of viral recognition 

and entry involves attachment of glycosylated envelope proteins that have affinity for host cell 

surface proteins [220]. This is one of the most critical steps in establishment of successful 

systemic infection and thus continuation of the arbovirus transmission cycle between vertebrate 
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hosts and mosquitoes. Lectins constitute a complex group of proteins found in different 

organisms (such as plants, bacteria, marine algae and animals) with affinity to specific 

carbohydrate structures. Many lectins have been experimentally shown to exhibit antiviral, 

antifungal, antiparasitic, antitumour and antiinsect properties [221-223].  

In this study, we examined the antiviral activities of six lectins selected from our lectin 

array screening that showed binding to RRV (GNA, ConA, NPA, HHA, MPA and WGA) for 

their potential antiviral activity against RRV in C6/36, Vero, primary human fibroblast (HDF) 

and primary mouse fibroblast (PMF) cells. Our results demonstrated that the mannose-specific 

lectins, in particular, GNA (Manα1-3Man binder) and ConA (α-D-mannose and α-D-glucose 

binder), efficiently neutralize RRV and prevent viral entry into C6/36 and Vero cells (Refer to 

Fig. 4 and 5, Chapter 2). Both GNA and ConA are potential antiviral lectins that exhibited 

inhibitory to other viruses including HIV, simian immunodeficiency virus (SIV) and feline 

immunodeficiency virus (FIV) [224-226]. At present, the antiviral effects of lectins to HIV 

have been tested in vivo in mouse models via different administration routes and have shown 

strong virucidal activity with low cytotoxicity [227]. Furthermore, a study on the use of lectins 

for topical HIV prevention is in a Phase I clinical trial [227]. Interestingly, both GNA and 

ConA also possess insecticidal activity to a wide range of important insect pests (including rice 

brown planthopper and sap-sucking insects) and the expression of lectins in transgenic plants 

such as wheat, rice, potatoes and tobacco has yielded positive results for crop protection in 

agriculture [228-231]. Although the insecticidal activity of lectins in mosquitoes is not well 

understood, the antiviral and insecticidal activities of GNA and ConA raise the interesting 

possibility for an integrated and innovative strategy for the control of mosquito-borne arbovirus 

and disease.  

For HDF and PMF cells, we failed to observe similar trends of reduction in viral load 

that were seen in the other cell types (Refer to Fig. 4 and 5, Chapter 2). Instead, GNA, ConA, 
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NPA and HHA were associated with adverse effect of enhancing virus uptake into HDF and 

PMF cells. This phenomenon is not unexpected in mammalian cells. Although human 

mannose-binding lectins (MBL) are commonly known to act as pattern recognition molecules 

that lead to activation of immune functions including opsonisation and phagocytosis, a 

contrasting role has also been reported in facilitating viral infection. For example, two 

mannose-binding lectins expressed on dendritic cells and macrophages, known as DC-SIGN 

and L-SIGN, are exploited by DENV and WNV to enhance viral attachment and viral entry. 

Hence, in this study, we postulate that the mannose-binding lectins used in this study could 

behave like DC-SIGN and L-SIGN to enhance viral uptake. Concern over this adverse effect 

has been raised for several lectins including ConA and CV-N [232]. The immunogenicity of 

lectins has also been discussed in literature for their ability to activate T-cells [227]. This 

activation can stimulate the number of HIV target cells (CD4+ cells), therefore causing an 

adverse effect of enhancing infectivity of HIV. As with many clinically used small molecule 

natural products, antiviral lectins can be improved to make them more suitable for clinical 

development. The use of mannose-binding lectins to inhibit HIV infection has been widely 

studied and the immunogenicity of lectins was found to be reduced by structure modifications 

to alter the binding of mannose-binding lectins to the high-mannose oligosaccharides on gp120 

of HIV. For example, polyethylene glycol (PEG) polymer chains, has been attached to CV-N 

to increase half-life in serum and reduce immunogenicity [233, 234]; antigenic epitopes in 

BanLec can be reduced by genetic engineering techniques [235]; and other modifications by 

changing the protein oligomericity of griffithsin [236] and actinohivin [237] to improve clinical 

potential of lectins. Future studies into these potential useful modifications is important to 

develop these lectins to be safe for use in human.  
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6.1.4 Mosquito innate immunity plays a role in differential susceptibilities of 

Ae. aegypti and An. gambiae to Zika virus 

 Vector competence can be defined as the permissiveness of a mosquito to acquire an 

infection, undergoes replication and subsequently transmitting virus [49, 50]. Zika virus 

(ZIKV) is primarily transmitted by Aedes mosquitoes and is able to infect, replicate and 

disseminate in this mosquito species. In contrast, Culex and Anopheles mosquitoes were 

concluded by many vector competence studies to be resistant to ZIKV as the virus was unable 

to efficiently infect and replicate in this mosquito species [27, 238-241]. Interestingly, the 

factors implicated in determining the competency of a vector to ZIKV infection remain unclear. 

Therefore, in Chapter 4, sought to determine the host factors affecting vector competence using 

an in vitro pseudoZIKV infection approach. In this study, mosquito cell lines derived from Ae. 

albopictus (C6/36), Ae. aegypti (Aag-2), An. gambiae (4a-3B), An. stephensi (MSQ43), Cx. 

tarsalis (CT) and Cx. quinquefasciatus (Hsu) were used to investigate the ability of ZIKV to 

enter and replicate in these cell lines.  

 Consistent with several previous studies, our data showed that all Aedes-derived cell 

lines were highly permissive to both MR766 and PRVABC59 strains, whereas little or no 

infectivity were detected in Anopheles- and Culex-derived cells [32, 33, 242, 243]. To further 

investigate the mechanism behind this differential susceptibility of various species of 

mosquitoes to ZIKV, we examined the efficiency of ZIKV viral entry using a ZIKV 

pseudovirus carrying EGFP reporter gene (pseudoZIKV) in in vitro infection assays. Despite 

the inability to support ZIKV replication, both Anopheles and Culex cell lines were permissive 

to ZIKV entry. Intriguingly, ZIKV can enter the resistant Anopheles-derived 4a-3B at a similar 

level comparable to the susceptible Aedes-derived Aag-2 cells. These results suggest that there 

could be other host factors involved in inhibiting viral replication in these resistant cell lines. 
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Hence, RNA-seq was performed to compare the transcriptomic profiles of the susceptible 

Aedes-derived Aag-2 and resistant Anopheles-derived 4a-3B.  

 Different from the mammalian immune system, mosquitoes are dependent on innate 

immunity to fight against viral infection; thus, the mosquito innate immune responses may 

serve as key determinants for susceptibility of vector to virus infection [244]. In this study, 

differential expression of antimicrobial peptides (AMPs) in response to ZIKV was observed in 

Aedes and Anopheles cells. In Aedes cells, attacin, cecropin and defensin were upregulated by 

Toll and Imd pathways upon ZIKV infection. Although ZIKV induced expression of defensin 

and gambicin in Anopheles cells, it did not induce expression of attacin. Furthermore, a more 

robust expression of the AMPs was observed in ZIKV-infected Aedes cells. Therefore, we 

hypothesized that the differential expression of AMPs may affect the viral replication of ZIKV, 

thus affecting vector competence. The exact mechanism of how AMPs affect viral replication 

is unknown. A plausible explanation for this is the exhaustion of cell’s capacity to produce 

anti-ZIKV effectors thus allowing for rapid replication of the virus [133].   

 Multiple immunity pathways have been implicated in vector competence, which results 

in resistance to viral infection [118]. In this study, ZIKV induced activation of RNAi pathway 

in Anopheles cells. The antiviral defense role of RNAi pathway has been demonstrated in 

Anopheles mosquitoes against ONNV infection [99]. In contrast, ZIKV did not induce RNAi 

pathway in Aedes cells. This is surprising as RNAi pathway has been reported in many studies 

as the major antiviral mechanism in Ae. aegypti mosquitoes against a range of viruses including 

DENV and SINV [89]. The host antiviral response is often countered by viruses to evade host 

immune responses, thus ZIKV may also suppress the RNAi pathway in Aedes to facilitate viral 

replication [245]. Taken together, differential regulation of innate immunity of mosquitoes may 

affect susceptibility of mosquitoes to ZIKV.  
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 Due to a lack of functional annotation of mosquito genes, it has been challenging to 

pinpoint the specific pathway(s) involved during ZIKV infection. In this study, GO analysis of 

differentially expressed genes was performed and we observed the active involvement of genes 

associated with fatty acid metabolism during ZIKV infection. The genes involved in fatty acid 

metabolism are AAEL018141 (unknown gene), lipase member I, lipase, fatty acyl-CoA 

reductase, phospholipase A2 isoform X2, acyl-CoA Delta(11) desaturase-like gene, 

phospholipase A1-like gene, fatty acyl-CoA reductase and phosphatidylinositol transfer protein 

SEC14. In mosquitoes, lipid metabolism is involved in a large array of physiological processes 

including energy storage for oocyte maturation and embryo development [246]. The cellular 

lipidome of mosquitoes often undergoes major changes in the presence of viruses [247]. Lipids 

have been shown to play important roles during viral infection – including cellular entry of 

viruses, replication of viral genome, innate immunity responses, structural component for virus 

particle and budding of viruses [248-250]. It has been shown that cellular lipids are manipulated 

by flaviviruses to facilitate viral replication. SINV and DENV infection in Ae. aegypti cells 

resulted in the accumulation of lipid droplets (LDs) and upregulation of genes involved in lipid 

storage and LDs biogenesis [250]. LDs serve as a reservoir of lipids that is important for 

anchoring the viral replication machinery for efficient viral replication [251]. Interestingly, 

activation of immune signaling pathway, including the Toll and the Imd pathways enhanced 

LD content in mosquito midgut, suggesting a direct link between LD biogenesis and the 

classical immune pathways [250]. In another study, during DENV infection, fatty acid synthase 

is recruited to the site of replication by DENV non-structural protein 3 to stimulate fatty acids 

synthesis [252] and inhibition of fatty acid synthase decreased DENV viral titers [247]. 

Interestingly, in our study, genes encoding key enzymes in fatty acid metabolism including 

fatty acyl-CoA reductase and acyl-CoA Delta(11) desaturase were down-regulated in MR766 

and PRVABC59-infected Aedes and Anopheles cells, with an exception for MR766-infected 
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Anopheles cells. This phenomenon is not unexpected since there is a delicate balance between 

virus replication and inhibition of host immune response to promote virus survival [250]. Taken 

together, we believe that the fatty acid metabolism may play an important role in antiviral 

responses and further investigations would be necessary to dissect the role of each components 

in fatty acid metabolism during ZIKV infection. The virus replication cycle of ZIKV requires 

the hijacking of a sophisticated network of host proteins and signaling pathways. Further 

understanding of the roles of these host proteins in ZIKV replication will provide new insight 

into the mosquitoes’ species-specific host-pathogen interactions that affect viral tropisms. 

Fundamentally, these findings will facilitate the discovery of novel targets for host factor-

directed transmission-blocking strategies.  

6.1.5 Aag-2 cDNA library as a potential tool to identify ZIKV receptor(s)  

 cDNA expression library is one of the fundamental techniques in molecular biology, 

where identification of genes that are able to confer a selectable phenotype on specific cell 

types is achieved. The interactions between viral surface proteins with cell surface receptors is 

a critical determinant of cell-type specific tropism and virus-induced intracellular signaling 

events. Expression cloning is a classical approach used to isolate cellular receptors for viruses. 

Examples of this technique being successfully used in this way include; the junction adhesion 

molecule as a reovirus receptor [253], angiotensin-converting enzyme 2 receptor for severe 

acute respiratory syndrome-related coronavirus (SARS-coV) [254], G protein-coupled 

receptors for human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) 

[255], folate receptor-alpha as a cofactor for cellular entry by Marburg and Ebola viruses 

(MAV & EBOV) [256] and CD81 for hepatitis C virus (HCV) [257]. 

While many efforts are being made to identify mosquito cell surface proteins that allow 

viral entry, the advancement of this area of research has been slow. This is partly due to the 
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broad host range of arboviruses that may be able to use multiple host receptors for entry [258], 

genomic variations in mosquito populations from different regions [259, 260] and a lack of 

high quality genome assembly of mosquitoes [261]. In Chapter 5, we generated a cDNA library 

from a ZIKV susceptible Ae. aegypti Aag-2 cell line and proposed a strategy to identify virus 

receptor(s) for ZIKV by transfecting this cDNA library into a ZIKV receptor-deficient cell line, 

namely the Cx. quinquefasciatus Hsu cells. The limitation of existing cDNA libraries is that 

the host range of expression is limited by the type of vector used to carry the cDNA clones, for 

example, most commercially available cDNA libraries had been constructed in a mammalian 

expression vector, thereby are not suitable for use in insect cells. In this study, the pIEx-4 vector 

specifically designed to promote expression of the cloned cDNA segment in insect cells was 

used as we anticipated that the expression of the cloned cDNAs in mosquito cells would be 

necessary. Therefore, the use of this cDNA library in a wide range of mosquito cell lines which 

have previously been completely inaccessible to expression cloning due to low expression of 

cloned cDNAs is now feasible. In addition, the Aag-2 cells used to generate the cDNA library 

has high susceptibility to a variety of mosquito-borne viruses, including DENV [262], CHIKV 

[263], SFV [264], WNV [265], SINV [266], RVFV [111] and ZIKV [242]. Importantly, this 

cell line has been validated in many studies as an immunocompetent cell line and the immune 

responses elicited closely reflect the responses in whole Ae. aegypti mosquitoes [128, 267, 

268]. Therefore, the Aag-2 cDNA library is ideal for identifying genes encoding novel 

properties in antiviral immunity mechanism in mosquitoes.  

A point worth noting is that the cDNA library is introduced into the cells via transient 

transfection, thus the transfected genetic materials are not incorporated into the cell’s genome 

and will not be passed to future generations of the cells during cell division. For transient 

transfection, gene expression changes can be studied from 8 to 96 hours post-transfection. 

However, after several days, the transfected cells will be diluted by cell division or the 
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transfected DNA will be degraded by nucleases in the cells. In addition, a successful screening 

with mosquito cells is dependent on the transfection efficiency of the cDNA library into the 

appropriate recipient cells. In this study, we obtained about 40% of transfection efficiency into 

the Hsu cells. Therefore, it is desirable to modify this approach to achieve higher transfection 

efficiency and long-lasting expression of transfected genomic information. However, the 

existing stable transfection systems are not suitable for our study, for example, retrovirus vector 

systems are not suitable for insect cells as these cells are not infectable by retrovirus and the 

baculovirus vector systems that are commonly used for protein production in insect cells has a 

major drawback, which is the large size of the baculovirus genome (80-150 kbp) that may lead 

to low transfection efficiency in mosquito cells [269]. Nevertheless, the advantage of transient 

transfection is that it is a fast and less complex process as compared to stable transfection. 

Furthermore, the high copy number of the plasmid leads to high levels of expressed protein 

within the cells during the limited period of time.  

In summary, the generation of the Aedes mosquito cDNA library will be a useful tool 

for many applications including: (i) identification of surface receptors for ZIKV viral entry 

using pseudoZIKV, and (ii) identification of host factors required for sustained ZIKV 

replication. Not limited to only ZIKV, this library will be a screening platform for future 

discovery studies on any Aedes-transmitted arboviruses to enable identification of host-specific 

regulatory mechanisms.
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6.2 Conclusion  

 In conclusion, the lectin and glycan arrays described in this study are effective for the 

analysis of surface glycan structures and lectin binding profiles of whole RRV particles and 

whole cells from various mosquito species. This study provides new detailed information of 

lectin-glycan interactions between arboviruses and mosquito vectors. Our results demonstrated 

that glycosylation is clearly essential to both the arboviruses and their mosquito vectors and 

glycan recognition by host’s lectin is important for viral attachment to host’s cell surface. In 

addition, differential expression of mosquito surface glycans serve as key determinant of 

cellular and tissue tropism, thus affecting vector competence for arboviruses. Taken together, 

these results may provide insights into lectin-glycan interactions in affecting vector 

competence and provide opportunities for developing new strategies to control virus 

transmission by mosquitoes.  

 This thesis has provided preliminary data on the potential use of mannose-binding 

lectins as natural antiviral compounds to block RRV entry and thus prevent virus transmission. 

Despite the beneficial effects of lectins, it is important to note their possible side effects such 

as toxicity and immunogenicity that relies on the source of lectin, dose and administration route 

[270-272]. Hence, future studies should focus on the biological effects of lectins in vivo and 

studies are needed to unravel the molecular mechanisms of lectin-virus interactions. 

Additionally, antiviral effects of lectins should also be examined on other arboviruses.  

 Our current understanding on the underlying mechanisms responsible for ZIKV 

mosquitoes’ species specificity remains unknown. Currently, an important missing gap in 

knowledge on the understanding on the host factors in supporting or restricting viral replication 

remains. In this thesis, to our knowledge, we provided the first direct evidence that entry of 

ZIKV is permitted in replication-resistant Anopheles and Culex cells. Our study identifies an 
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induction of AMPs expressed in mosquito cells during ZIKV infection of Anopheles cells, 

suggesting that differential regulation of innate immunity upon ZIKV infection in Aedes and 

Anopheles cells may modulate vector competence. These findings increase our knowledge on 

the species-specific host-pathogen interactions affecting vector competence for virus 

transmission.  

The findings presented in this thesis generated new insights toward the ill-defined host-

dependent regulatory mechanism during arbovirus infection of mosquito cells. These 

information is crucial for (i) future evaluation on the risk of emergence for new mosquito 

vectors which may lead to ominous spread of arboviruses globally, and (ii) serves as a 

foundation for subsequent development of new prevention strategies to restrict arbovirus 

transmission.  
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6.3 Future studies  

6.3.1 The mechanisms of antiviral lectins on RRV entry 

Outcomes like increased viral infectivity associated with mannose-binding lectins in 

human and mouse primary fibroblasts can have a complex molecular basis and may involve 

many different factors. Future research into the mechanisms underlying this adverse effect is 

needed to provide a scientific basis for the development of new antiviral strategies based on 

lectins. Differential gene expression in cells after lectin treatment could help to identify factors 

leading to increased viral infectivity by lectins at the transcriptional level. These genes can be 

investigated individually to evaluate their contribution to increase viral load in cells. If these 

factors can be identified and even manipulated, it may be possible to unravel this adverse effect 

of lectins.    

6.3.2 Mass spectrometric analysis of RRV and mosquito cell lines to obtain 

accurate glycan structures 

Technologies like the lectin array is useful for characterization of the glycan moiety on 

the surface of whole virus particles and cells. However, the limitations of lectin array analysis 

worth noting is that information of glycans obtained is based on a panel of lectins, therefore it 

is not able to identify accurate glycan structures on a glycoprotein. To obtain a comprehensive 

glycosylation profile, another approach such as mass spectrometric analysis is necessary to 

clearly identify the nature, composition and heterogeneity of glycan moieties. To accomplish 

this task, purified virions will be denatured and subjected to high-performance liquid 

chromatography (HPLC) to isolate E glycoproteins. Fractions containing E glycoproteins 

obtained from HPLC will be checked on SDS-PAGE and E glycoproteins-containing bands 

will be excised. On the other hand, isolation and enrichment of membrane proteins from 
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mosquito cells could be achieved by subcellular fractionation and specific detergents can be 

used to selectively isolate membrane proteins based on their hydrophobic nature [273]. From 

our lectin array results, a high percentage of high mannose and hybrid glycans were detected 

on both RRV and mosquito cell surfaces, therefore the deglycosylation step using a mixture of 

glycosidases, PNGase F, Endo H and alpha 1-2,3 mannosidase is required to release all glycan 

moieties prior to mass spectrometric analysis. The PNGase F cleaves between the innermost 

GlcNAc and asparagine residues of high mannose, hybrid and complex-type glycans, EndoH 

cleaves high mannose and hybrid type-glycans, whereas mannosidase will cleave the terminal 

mannosyl residues. The identities of the composition of the glycans would then be determined 

by liquid chromatography and mass spectrometry (LC-MS) analysis [274, 275]. Defining these 

glycan structures is important in understanding lectin-glycan interactions in more detail, effects 

of glycosylation on the biological properties of RRV and also improve our understanding on 

complex consequences of glycan variation in affecting vector competence since glycans exist 

in many diverse forms. 

6.3.3 Functional analysis of mosquito cell surface glycans in arbovirus 

infection  

Insect cells are typically incapable of generating complex-type glycans. Surprisingly, 

in this study, complex-type glycans including fucosylated and sialylated glycans were detected 

on the surface of mosquito cells. Fucosylated glycans were detected in C6/36, RML-12, Hsu 

and Mos55 cells, while low level of sialic acids were detected in Mos55 cells. Only one recent 

study has reported that a2,3-linked sialic acid on cell surface facilitates ZIKV internalisation 

[186]. Therefore, future work involving functional analysis of these glycans in mosquitoes will 

provide valuable insights to our understanding on the role of glycans in viral infection. 

Glycosylation is a complex process that involves a number of different glycosyltransferases, 
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glycosidases and other enzymes. A study identified the genome sequences of three mosquito 

fucosyltransferase open reading frames (FucT6, FucTA and FucTC) which encodes genes 

important for the in vivo biosynthesis of the fucosylated N-glycans in the An. gambiae genome 

[216]. The genome sequences encoding key enzymes involved in sialic acid biosynthesis 

pathway including CMP-Sia synthase and α-2,6-sialyltransferase which are key enzymes of the 

sialylation pathway were also detected in Ae. aegypti genome [215]. In comparison to protein 

synthesis, the biosynthesis of glycans is not encoded by DNA, instead monosaccharide 

monomers are connected via one or many hydroxyl groups therefore genetic approach directly 

targeting these glycans is impossible. Instead, by targeting the glycan biosynthesis enzymes, 

we can manipulate the biosynthesis of fucose and sialic acid in the mosquito by genetic 

approaches such as RNA interference (RNAi) and CRISPR-Cas9 to generate knockout cells 

lacking fucose or sialic acid. The RNAi approach was used to block the biosynthesis of 

chondroitin sulfate [276] and heparan sulfate [277] in An. gambiae to identify the role of these 

glycans in mediating parasite-mosquito vector interactions. On the other hand, CRISPR-Cas9 

genetic approach has been used to generate sialic acid and a2,3-linked sialic acid knockout 

cells by targeting a gene involved in sialic acid biosynthesis [186]. Other than generation of 

knockdown cells, gain-of-function study is also possible as sialic acid synthesis ability has been 

demonstrated in insect cells by overexpression of the enzymatic pathway enzymes combined 

with the supply of appropriate substrates which are utilized in sialylation reactions [278].    

6.3.4 Functional characterization of AMPs and components of RNAi pathway 

in Aedes and Anopheles cells by RNAi or CRISPR-Cas9 approach  

 Mosquitoes rely solely on their innate immune system and effector molecules, such as 

AMPs, to provide protection against a wide range of pathogens. In our study, we revealed that 

the regulation of innate immune system of Aedes and Anopheles upon ZIKV infection varies 
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with mosquito species. Firstly, a differential expression of AMPs including attacin, cecropin, 

defensin and gambicin was seen upon ZIKV infection. Secondly, a more robust expression of 

genes in RNAi pathway was seen in Anopheles cells. However, the exact mechanism of how 

these differences between Aedes and Anopheles contribute to differential ZIKV infection is still 

not completely understood. For future studies, we will first investigate the role AMPs in 

controlling ZIKV infection by knockdown of genes encoding attacin, cecropin, defensin and 

gambicin by RNAi or CRISPR-Cas9 approach in Aedes cells. Secondly, we will overexpress 

the AMP genes in Anopheles cells and the effect on viral load will be examined. We will also 

knockdown genes of the RNAi pathway in Anopheles cells to examine its role in controlling 

viral replication of ZIKV. Finally, protein interaction analysis may allow us to dissect the 

molecular mechanism in more detail. As AMPs are crucial effectors to control infection against 

a variety of pathogens and currently under evaluation as a potent peptides against multidrug-

resistant bacteria [84, 85, 279], understanding the molecular mechanisms underlying the 

antiviral effects of AMPs could lead to generation of new antiviral molecules for arboviruses.  

6.3.5 Screening of the Aag-2 cDNA library in a non-permissive cell line to 

identify host cell receptor(s) for ZIKV 

 In Chapter 5, a representative cDNA library was constructed from Ae. aegypti cells. 

Future directions include evaluation of the diversity of library using Next-Generation 

Sequencing (NGS) technology and application of this high-quality cDNA library in a non-

susceptible Culex quinquefasciatus Hsu cell line for the identification of ZIKV entry receptors. 

To definitely validate the entry receptor for ZIKV, we will transfect ZIKV-resistant cells with 

the cDNA clone encoding ZIKV receptor and this should permit ZIKV entry in the resistant 

cells. In addition, monoclonal antibodies (mAbs) will be generated against this receptor and 

cells that are ZIKV susceptible will be treated with this mABs prior to infection with ZIKV. If 
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reduction in ZIKV infection is observed, we can confirm that interaction of ZIKV with this 

receptor is critical for ZIKV infection. The Aag-2 cDNA library will serve as a useful tool to 

provide genetic resources for functional genomic study of the vector competence of Ae. aegypti 

for not only ZIKV, but also other arboviruses such as DENV, CHIKV, SFV, WNV, SINV and 

RVFV transmitted by Ae. aegypti. Other than isolating viral entry receptor in non-permissible 

cell lines, the Aag-2 cDNA library will also be useful for screening for host factors regulating 

viral replication and innate immunity of mosquitoes, with the use of a suitable recipient cell 

line. 
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