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Arthropod-borne pathogens cause millions of human infections which are 

initiated by the feeding by an infected mosquito on a vertebrate, the interactions between 
the viruses and the mosquito vector that facilitate successful infection and transmission 
are still not fully understood. Chikungunya virus (CHIKV) is an alphavirus transmitted 
by Aedes albopictus and Aedes aegypti mosquitoes in tropical areas of Africa, Asia, and 
the islands of the Indian Ocean. In 2007 and 2009, CHIKV was transmitted outside these 
tropical areas to cause localized infections in people in Italy and France.  Here we 
describe early CHIKV infectious events in Ae. albopictus derived C6/36 cells, in ex vivo 
Ae. albopictus LR mosquito midguts and in vivo in Ae. albopictus mosquitoes.  As 
observed in mammalian cells, we demonstrate that CHIKV infection of mosquito cells 
depends on acidification of the endosome as indicated by significant inhibition following 
prophylactic treatment with the lysomotropic drugs chloroquine, ammonium chloride and 
monensin. While all three drugs inhibited CHIKV infection in C6/36 cells, ammonium 
chloride had less impact on cell mortality then the other drugs. These results demonstrate 
that inhibition of CHIKV infection in C6/36 cells is similar to that observed in 
mammalian cell lines and reaffirms the variability of entry pathways utilized by 
alphaviruses.  Ex vivo infection of midguts after prophylactic treatment with these drugs 
also demonstrated inhibition of CHIKV infection with some correlation to our in vitro 
results.  However, the highest concentration of chloroquine, ammonium chloride and 
monensin utilized in vitro and ex vivo did not inhibit CHIKV infection of in vivo Ae. 
albopictus LR mosquitoes.  Tripling the concentrations of these drugs in the CHIKV 
infectious blood meal engorged by these mosquitoes also had no effect on inhibition of 
CHIKV.  However, at 7dpi, increased viral titers in the treated mosquitoes suggest a 
potential mechanism of CHIKV infection enhancement in the mosquito midgut.     

In order to temporally and spatially characterize CHIKV infection of Ae. 
albopictus midguts,  a comparison of viral distribution in mosquitoes infected per os or 
by enema was conducted. Ae. albopictus infected with CHIKV LR 5’ GFP at a titer 10

6.95
 

TCID50/mL, were collected and analyzed for virus dissemination by visualizing GFP 
expression and titration up to 14 days post-infection. Additionally, midguts were 
dissected from the mosquitoes and imaged by fluorescent microscopy for comparison of 
midgut infection patterns between orally- and enema- infected mosquitoes. When virus 
was delivered via enema, mosquitoes displayed similar patterns of midgut infection to 
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those observed in orally infected mosquitoes at 14 days post-infection. This work 
demonstrates that enema delivery of virus is a viable technique for infection of 
mosquitoes. Enema injection of mosquitoes may provide an alternative technique to intra-
thoracic inoculation, because the enema delivery more closely models natural infection, 
and neither compromises midgut integrity nor involves a wound that can induce immune 
responses. Furthermore, unlike intra-thoracic delivery, the enema does not bypass midgut 
barriers to artificially infect tissues in the hemocoel of the mosquito. 

CHIKV infection of the midgut with CHIKV-GFP and CHIKV-Cherry viruses 
demonstrated homotypic exclusion of CHIKV occurs within the cells of the midgut of Ae. 
albopictus LR and Ae. aegypti WE mosquitoes, but not the midgut itself.  These results 
correlate well with previously demonstrated homotypic exclusion of CHIKV in Ae. 
albopictus derived cell lines.  Unlike VEEV and EEEV, CHIKV infection of these 
mosquito species presented with dispersed fluorophore expression; non-specific to any 
particular section of the midgut.  Persistent and long lasting CHIKV infection of the 
midgut in both species of mosquito was indicated by the continued expression of GFP 
and Cherry fluorophores at 21 days post infection.   

Reports of dually-infected patients have raised concern for the potential of dual 
virus transmission by mosquitoes.  Heterotypic infection of Ae. albopictus LR and Ae. 
aegypti WE mosquitoes was performed with CHIKV and dengue virus serotype-2, New 
Guinea C strain (DENV-2 NGC) utilizing three approaches: 1) CHIKV infection with 
subsequent DENV-2 infection, 2) DENV-2 infection with subsequent CHIKV infection, 
and 3) simultaneous infection with CHIKV and DENV-2.  Simultaneous infection of 
these mosquitoes with CHIKV and DENV-2 demonstrated limited infection of the 
mosquito heads and even lower rates of detection in the saliva collected from both 
mosquito species suggesting blood meals from a dual infected host offers little threat of 
continued transmission.  Our results in Ae. aegypti WE mosquitoes, where the dual 
infection approach was the infection of CHIKV followed by DENV-2, demonstrated 
these mosquitoes had significantly higher (p<0.05) number of mosquitoes with DENV-2 
infection of the head and saliva when compared to other Ae. aegypti WE mosquitoes 
infected with DENV-2 followed by CHIKV or when infected simultaneously with both 
viruses.  The mechanism(s) by which this occurs has not been defined, but suggests 
CHIKV infection may compromise the mosquitoes immune response thereby enhancing 
DENV-2 dissemination and transmission.  In Ae. albopictus LR mosquitoes infected with 
DENV-2 followed by CHIKV, significant higher (p<0.05) numbers of mosquitoes 
expressed DENV-2 in saliva when compared to other approaches of sequential infection 
in this species of mosquito.  Additional comparison of Ae. albopictus LR mosquitoes 
infected with DENV-2 followed by CHIKV to the same species of mosquito 
simultaneously infected with CHIKV and DENV-2 resulted in a significantly higher 
(p<0.05) number of mosquitoes with both CHIKV and DENV-2 in their saliva.   
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CHAPTER 1: INTRODUCTION 

1.1 INTRODUCTION 

A. OVERVIEW OF CHIKUNGUNYA VIRUS 

 Chikungunya virus (CHIKV) is an Old World alphavirus whose name is derived from the 

Tanzanian dialect meaning “that which contorts or bends up.” CHIKV infection in humans 

produces symptoms including fever, headache, nausea, vomiting, myalgia, rash, and severe 

arthralgia (Bernard, et al. 2010, Powers 2010, Weaver and Reisen 2010).  Documented 

epidemics have occurred in Indonesia (1779), East Africa (1823, 1870), India (1824, 1871, 1901, 

1923), the Far East (1901 to 1902) and West Africa (1925) with suspected outbreaks occurring in 

the southern United States (1827-1828) (Kuhn 2007, Weaver and Reisen 2010).  Of most interest 

currently are the outbreaks in 2004 in Kenya that rapidly spread to the Island of Comoros and 

other Indian Ocean islands by the end of 2005 (Tsetsarkin, et al. 2007, Weaver and Reisen 

2010).  This epidemic was most severe on Réunion Island where nearly 300,000 naïve 

individuals became infected (Tsetsarkin, et al. 2007, Weaver and Reisen 2010).  This epidemic 

was attributed to the E1-A226V mutation in the virus which increased its transmissibility to the 

Ae. albopictus mosquito and increased the mosquito’s vectoring capacity of CHIKV (Tsetsarkin, 

et al. 2007).  Consequently CHIKV is a concern in the United States where Ae. albopictus has 

established flourishing populations in 36 states among an immunologically naïve human 

populace (Thiboutot, et al. 2010).   

Although considered an Old World virus, some CHIKV cases presented symptoms more 

characteristic of New World alphaviruses that included encephalitis, febrile seizures, meningeal 

syndrome, and acute encephalopathy in pediatric patients (Robin, et al. 2008).  Such trends were 

later seen in 2006 when a CHIKV strain similar to the one observed on Réunion Island was 
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introduced into India.  A continuing major epidemic in India has been associated with 1-6 

million cases of CHIKV with an increased incidence of death during the 2004-2008 epidemics, 

potentially attributed to higher virulence expression (Das, et al. 2007, Derraik, et al. 2010, 

Staples, et al. 2009, Weaver and Reisen 2010).   

The potential emergence of CHIKV in a non-endemic area by a viremic traveler has 

caused great concern as both the number of infected persons has increased and the range and 

species of vectors has expanded (Carey 1971, Chen and Wilson 2008, Collao, et al. 2010, Das, et 

al. 2007, Derraik, et al. 2010, Hochedez, et al. 2008, Hochedez, et al. 2006, Lanciotti, et al. 

2007, Lim, et al. 2009, Marano and Freedman 2009, Massad, et al. 2008, Mirzaian, et al. 2010, 

Mizuno, et al. 2010, Monsel and Caumes 2008, Nicoletti, et al. 2008, Oliver, et al. 2009, 

Panning, et al. 2008, Parola, et al. 2006, Pincus, et al. 2008, Pistone, et al. 2009, Schwarz 1996, 

Simon, et al. 2007, Simon, et al. 2008, Tanay, et al. 2008, Taubitz, et al. 2007, Tolle 2009, 

Weaver and Reisen 2010, Wilson and Freedman 2007, Zheng, et al. 2010).  The increased range 

of virus distribution now threatens to impact blood products potentially creating a scenario where 

accidental transmission could occur (Petersen, et al. 2010).  One of the first cases of traveler 

dissemination resulting in the establishment of a transmission cycle occurred in 2007 in Italy, 

when a traveler infected with CHIKV infection apparently introduced the virus into the local 

population of Ae. albopictus mosquitoes, resulting in the infection of 270  human cases (Weaver 

and Reisen 2010).  The outbreak in Italy in 2007 underscores the current concern for further 

spread of CHIKV as a result of the mutations it has acquired.  The ongoing epidemic in India has 

shown that this alphavirus has mutated in a manner that utilizes the human host as the sole 

source for viral amplification and transmission (Tsetsarkin, et al. 2007, Weaver and Reisen 

2010).  The epidemic in Italy demonstrated a clear expansion of the vector-host range of CHIKV 

as Ae. aegypti have not been found in Italy since 1944 (Toma, et al. 2011) and the cooler climate is 
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more suited to the cold tolerant Ae. albopictus; introduced to the region in 1990 by the used tire 

importation industry (Knudsen, et al. 1996). 

The distribution of CHIKV is somewhat sympatric with that of dengue virus (DENV), 

because both share the same transmission vectors: Ae. aegypti and Ae. albopictus (Dash, et al. 

2008, de Lamballerie, et al. 2008, Higgs, et al. 2006, Nawtaisong, et al. 2009, Powers, et al. 

2000, Randolph and Rogers 2010, Tsetsarkin, et al. 2007, Weaver and Reisen 2010).  The 

diagnosis and differentiation of CHIKV from DENV is complicated by the fact that the clinical 

presentation of the infection may be indistinguishable, the vectors for both viruses are Ae. 

aegypti and Ae. albopictus mosquitoes and the overlapping endemic viral distribution.  These 

factors support the hypothesis that CHIKV has been under-diagnosed and underappreciated as a 

significant arbovirus, due to misdiagnosis as DENV (Carey 1971, Kuniholm, et al. 2006, 

Powers, et al. 2000, Thaung, et al. 1975, Weaver and Reisen 2010).  Further complicating this 

issue is the recent increase in the detection of travelers infected with both CHIKV and DENV 

(Chahar, et al. 2009, Chang, et al. 2010, Chen and Wilson 2010, Kularatne, et al. 2009, 

Kuniholm, et al. 2006, Leroy, et al. 2009, Myers and Carey 1967, Nayar, et al. 2007, Schilling, 

et al. 2009, Tappe, et al. 2010, Thaung, et al. 1975).     

1.2 ARBOVIRUSES AND THEIR VECTORS 

A. MAINTENANCE CYCLES AND VECTOR/VERTEBRATE TRANSMISSION 

A wide spectrum of pathogens are maintained in natural cycles involving vertebrate hosts 

and their hematophagus vectors (Higgs and Beaty 2005).  Within these natural cycles, the 

arboviruses, or arthropod borne viruses, typically replicate in the vector without producing harm 

to the invertebrate while the same cannot be said for the vertebrate host that may experience 

increased morbidity and/or mortality from infection. The infection process in the arthropod (the 
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extrinsic incubation) requires the ingestion of an infectious blood meal followed by infection, 

including dissemination from the midgut, movement through the hemocoel into peripheral 

tissues including the salivary glands, and finally transmission to another host (Figure 1.1 and 

Figure 1.2) (Higgs and Beaty 2005). Interestingly, most arboviruses are ribonucleic acid (RNA) 

viruses with the exception of one DNA virus, African swine fever virus of the viral family 

Asfarviridae (Karabatsos 1985, Weaver 2006).  The RNA viruses include positive sense single 

stranded RNA (+ssRNA) viruses (families Togaviridae and Flaviviridae), negative sense single 

stranded RNA (-ssRNA) (family Rhabdoviridae), double-stranded segmented RNA viruses 

(family Reoviridae), negative-sense segmented RNA viruses (family Orthomyxoviridae) and 

negative/ambi-sense segmented RNA viruses (family Bunyaviridae) (Calisher and Karabatsos 

1988, Karabatsos 1985).    

 

 

FIGURE 1.1 ANATOMY OF THE MOSQUITO.     
The red line indicates the movement of virus through the female vector starting at the proboscis, 
into the midgut, dissemination into the hemocoel and the tissues (including the salivary glands), 
followed by transmission in the saliva.  (Adapted from Jobling, 1987).   
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Arboviruses are maintained in several unique, but frequently overlapping transmission 

cycles that usually originate in arboreal or other natural landscapes where the infected vector 

comes into incidental contact with a vertebrate host.  These transmission cycles include: 1) 

sylvatic/endemic cycles resulting from naïve contact by humans and/or agricultural livestock 

with the arboviral vector, 2) rural/savannah cycles fostering small epidemic emergence of 

endemic arboviruses in rural/remote areas such as small villages, and 3) urban/epidemic cycles 

primarily maintained by peridomestic vectors, generally mosquitoes, in which transmission is 

among viremic and uninfected humans (Figure 1.3) (Higgs and Beaty 2005).  Additionally, these 

cycles may be further divided into periods of viral maintenance or viral amplification.  The 

maintenance component applies to periods of long-term virus survival associated with 

transmission from vectors to hosts, prolonged infection of either host or vector and seasonal 

climate changes whereas the amplification component describes periods of overall increased 

virus presence in host, vectors or both (Higgs and Beaty 2005).  Both components play an 

equally important role in sustainment of the virus. 

Of these three cycles, CHIKV is known to occur in the sylvatic and urban cycles.  In the 

sylvatic maintenance cycle in Africa, CHIKV is typically associated with Ae. furcifer and Ae. 

africanus mosquitoes and transmission among non-human primates.  Thus far, no animal 

reservoir for CHIKV has been identified in Asia.  The urban maintenance of CHIKV occurs in 

both Africa and Asia and is most closely associated with Ae. aegypti (the primary vector) and Ae. 

albopictus mosquitoes.  Although the previous four vectors are most associated with CHIKV, 

other competent mosquito vectors have been identified in the Aedes, Anopheline and Culex 

genera (Diallo, et al. 2010, Gilotra and Shah 1967, Knight and Stone 1977, Reiter, et al. 2006, 

Weinbren, et al. 1958). 
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Transmission and maintenance of arboviruses may also occur within the vector; however, 

none of these mechanisms have been suggested to occur with CHIKV infection of Aedes spp. 

mosquitoes.  Maintenance of viruses includes transovarial transmission, venereal transmission 

and vertical transmission.  The first experimental documentation of transovarial transmission, 

when the virus crosses into the ovaries and enters the developing follicles, was described in 

Lutzomyia trapidoi and Lu. ylephiletrix sandflies with vesicular stomatitis virus (VSV) 

transmission to approximately 20% of both sandflies offspring (Tesh, et al. 1972).  Transovarial 

transmission has also been described with the bunyavirus, La Crosse virus (LACV), in which 

nearly 80% of progeny Ae. triseriatus mosquitoes became infected (Watts, et al. 1973).   

FIGURE 1.2 ARBOVIRUS DISSEMINATION THROUGH THE MOSQUITO.     
(I) Luminal side of the midgut infection barrier, (II) Basal lamina (BL) passage of virus through 
the midgut escape barrier, (III) dissemination throughout the hemocoel into the salivary glands, 
and (IV) transmission in the saliva of the vecoting mosquito.  (Adapted from (McGee 2009)).   



 

 27 

 

 

The occurrence of transovarial transmission has since been found to occur with numerous 

other viruses.  However, transovarial transmission of alphaviruse is rare and has only been 

described in isolates of Buggy Creek virus (BCRV) in cimicid swallow bug (Oeciacus vicarious) 

eggs (Brown, et al. 2009).  Venereal transmission of arbovirus occurs during mating and has also 

been shown to occur with LACV (Thompson and Beaty 1977).  Lastly, arbovirus transmission hs 

been shown to occur by vertical transmission to mosquito embryos during oviposition and has 

also been associated with LACV in Ae. triseriatus mosquitoes (Patrican, et al. 1985).  Currently, 

maintenance of CHIKV has not been found to occur by any of these means.     

FIGURE 1.3 ARBOVIRUS TRANSMISSION CYCLES.     
(Adapted from (McGee 2009)).   
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B. ARBOVIRUSES IN THEIR VECTORS 

Arbovirus infection and dissemination from the midgut is a complex and dynamic 

process; involving both virus and mosquito innate processes govern (Higgs and Beaty 2005, 

Mussgay 1964).  The first and most inhibitive step of arthropod infection is the establishment of 

vector competence to infection by a specific pathogen/virus.  Competence for transmission relies 

on many interactions/events, but initially and perhaps most importantly, is the interaction of 

virus with the epithelial cells in the midgut.  Vectoring competence is dependent upon the 

following successful occurrence of events: low permissive titer for infection of the midgut, 

dissemination from the luminal side of the midgut to the basal side immersed in hemocoel, 

movement of the virus throughout the hemocoel to organs and tissues competent to infection and 

viral replication to include the salivary glands and finally, transmission of the virus during blood 

meal questing of a host susceptible to infection by that virus (Higgs and Beaty 2005).  The time 

between engorgement of the virus and transmission capability is referred to as the extrinsic 

incubation period (EIP).  Naturally, the duration of the EIP is important as a shorter EIP is 

indicative of a more competent/successful vector.      

Further complicating the virus/vector interaction are the genetics of the vector and the 

impact of natural polymorphisms.  These polymorphisms can have no effect on the vector itself, 

but may constrain the capacity of that vector to become infected by a particular virus (Black and 

Severson 2005).  Interestingly, determination of the complete genome sequences of Ae. aegypti 

(Nene, et al. 2007) and An. gambiae (Holt, et al. 2002) has provided increased opportunities for 

understanding the hypothesized mosquito immune responses to pathogen infection including the 

RNA interference (RNAi) pathway (Adelman, et al. 2001, Blair, et al. 2000, Campbell, et al. 

2008, Franz, et al. 2006, Olson, et al. 2002, Olson, et al. 1996, Travanty, et al. 2004).      
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C. ANATOMY OF AN ARTHROPOD VECTOR  

“The Spanish called the mosquitoes "musketas," and the native Hispanic Americans 
called them "zancudos." "Mosquito" is a Spanish or Portuguese word meaning "little fly" 
while "zancudos," a Spanish word, means "long-legged." The use of the word "mosquito" 
is apparently of North American origin and dates back to about 1583. In Europe, 
mosquitoes were called "gnats" by the English, "Les moucherons" or "Les cousins" by 
French writers, while the Germans used the name "Stechmucken" or "Schnacke." In 
Scandinavian countries mosquitoes were called by a variety of names including "myg" 
and "myyga" and the Greeks called them "konopus." In 300 B.C., Aristotle referred to 
mosquitoes as "empis" in his "Historia Animalium" where he documented their life cycle 
and metamorphic abilities. Modern writers used the name Culex and it is retained today 
as the name of a mosquito genus.”  

(http://www.mda.state.md.us/plants-pests/mosquito_control/mosquito_info/index.php) 

 

Mosquitoes, class Insecta, order Diptera, family Culisidae, consists of more than 3,500 

species of mosquitoes found world-wide with approximately 175 of those species found in the 

United States.  The basic insect anatomy consists of a head, thorax and abdomen through which 

an open circulatory system consisting of hemocoel and a tracheal system for respiration 

(Kondratieff and Black 2005).  Progeny are produced by sexual reproduction followed by 

oviposition of between 50 and 500 eggs in various water sources (Clements 1992).  These eggs 

undergo the first three stages of morphogenesis (egg, larvae and pupae) in water prior to fracture 

of the pupal thoracic cuticle and emergence to the water’s surface by the fourth morphogenesis 

state, adult.  The duration of this maturation is varied among mosquito species and is wholly 

dependent upon ambient temperature and the available foods; generally taking ≈ 10 days for Ae. 

albopictus and Ae. aegypti mosquitoes during the warmer seasons of the year (Tsetsarkin 2011).  

While the larvae and pupae rely on aquatic microorganisms such as bacteria, diatoms, algae and 

detritus as a food source, adults feed on nectar and carbohydrate sources which is further 

supplemented by the engorgement of blood from vertebrate sources by female mosquitoes 

http://www.mda.state.md.us/mosquito/mosquito.htm
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(Clements 1992).  This additional source of sustenance facilitates vitellogenesis (nutrient 

deposition in the developing oocyte).  

As previously discussed, engorgement, or uptake, of infectious pathogens occurs when 

the female mosquito ingests blood from an infected vertebrate.  While the blood meal provides 

nutrients essential for vitellogenesis (yolk formation from blood meal nutrients deposited in the 

oocyte), the accompanying pathogen, virus in this instance, infects the midgut by through 

receptor mediated endocytosis, fusion and uncoating just before replication (Tsetsarkin 2011).  

This step is increasing important for enveloped viruses containing lipid bilayers that require 

fusion prior to viral genome insertion (Harrison 2008).  Replication of the virus lends itself to 

further dissemination; eventually infecting the salivary glands for transmission to the next host a 

blood meal is taken from (Figure 1.4).  The midgut and salivary glands are critical restriction 

points to viral infection of the mosquito.  Infection of the midgut followed by disseminate to the 

salivary glands is essential for the establishment of a competent vector. 

The Midgut 

The entirety of the midgut, from anterior to posterior, begins with the bulbous cardia, the 

slender anterior foregut proceeding to the tear-drop shaped posterior midgut (Figure 1.4, panel 

A) (Pennington and Wells 2005).  Engorgement of the blood meal is facilitated by contractual 

pumping of the cibarial and pharengial pumps in the foregut that push the incoming blood meal 

into the midgut in the abdomen of the mosquito.  Although the foregut distends minimally during 

engorgement, the posterior midgut distends widely and occupies a large portion of the abdomen.  

The luminal side of the midgut is covered by a single layer of three cell types: 1) columnar 

epithelial cells of varied shape and size (most abundant), 2) undifferentiated regenerative cells 

and 3) endocrine cells (Figure 1.4, panel B) (Brown, et al. 1985, Christophers 1960, Clements 

http://en.wikipedia.org/wiki/Oocyte
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1992).  This layer of cells is surrounded by a basal lamina encompassed by circular and 

longitudinal muscles innervated by axons originating from the ingluvial ganglia of the 

stomatogastric nervous system (Clements 1992).   

 

 

 

Engorgement of the blood meal elicits the secretion of a type 1 peritrophic matrix (PM1) 

and numerous other digestive enzymes including trypsin proteases, aminopeptidases and 

FIGURE 1.4 MOSQUITO ANATOMY AND MIDGUT MORPHOLOGY.   
(A) Macroscopic female mosquito anatomy.  (B) Microscopic detail of midgut tissues.  (Adapted 
from (McGee 2009)).   
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estrases.  The chitinous PM1 is composed of many carbohydrates and proteins forming a 

physical barrier that isolates the blood meal from epithelial cell contact and potentially 

immobilize virus particles in the forming blood clot (Higgs 2004).  The envelopment of the 

blood meal by PM1 and subsequent clot formation mitigates the potential for chemical and/or 

physical damage to the luminal wall of the midgut (Higgs 2004).  Furthermore, enzyme secretion 

and PM1 formation have been discussed as potential factors that influence arboviral infection 

processes (Chamberlain and Sudia 1961, Hardy, et al. 1983, Ludwig, et al. 1989, Molina-Cruz, 

et al. 2005, Orihel 1975).  Physical interference with viral particle attachment by the PM1 has 

been discounted as it is believed attachment occurs at a rate exceeding that of PM1 formation 

(Hardy, et al. 1983, Higgs 2004).  Support for the latter has been demonstrated with the dsRNA-

mediated inhibition of chitinase activity or chitin synthetase activity during PM1 formation.  

Essentially, this inhibition resulted in thicker or thin-to-none PM1 formation, respectively (Kato, 

et al. 2008).  These studies demonstrated that manipulation of PM1 formation did not interfere 

with dengue virus serotype 2 (DENV-2) infection or Plasmodium spp. infectivity and that these 

modification in PM1 formation did not influence the longevity or fecundity of Ae. aegypti, 

mosquitoes (Kato, et al. 2008). 

Mosquito Susceptibility to Viral Infection 

The permissive nature of arbovirus-vector interaction is strongly dependent upon the 

environmental conditions under which infection occurs.  These include, but are not limited to 

food availability, coexistence of virus and vector in a geographical location and the ambient 

temperature in that location.  Of these three factors, ambient temperature is perhaps the most 

significant as it has been demonstrated that increases in temperature correlate with reduced EIP 

while a decrease in ambient temperature lengthens the EIP (Tsetsarkin 2011).  This temperature 

correlation also agrees with the seasonality of increased and decreased epidemic outbreaks.   
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The effect of temperature regulation on the duration of the EIP has been documented in 

numerous arboviruses and their mosquito vectors.  In the alphaviruses, Eastern equine 

encephalitis virus (EEEV) and Ross River virus (RRV) have both demonstrated a reduced EIP in 

warmer conditions in Ochlerotatus triseriatus and Oc. vigilax, respectively (Chamberlain and 

Sudia 1955, Kay and Jennings 2002).  Similarly, in flaviviruses, an increase in ambient 

temperature has been shown to decrease the EIP of yellow fever virus (YFV) (Davis 1932) and 

DENV-2 (Watts, et al. 1987) in Ae. aegypti mosquitoes and West Nile virus (WNV) in Culex 

tarsalis mosquitoes (Reisen, et al. 2006).  Additionally, a decrease in the EIP at elevated 

temperatures is also seen with the bunyavirus Rift Valley fever virus (RVFV) in Cx. pipiens and 

Ae. taeniorhynchus mosquitoes (Turell, et al. 1985).      

Additional variation in susceptibility has been observed among different geographical 

strains of mosquitoes.  With Venezuelan equine encephalitis virus (VEEV), it has been 

demonstrated that South American strains of Ae. albopictus mosquitoes are far more susceptible 

to infection than most strains of Ae. albopictus from North America (Beaman and Turell 1991, 

Tsetsarkin 2011).  The exception in this study was the Gentilly strain of Ae. albopictus originally 

collected in New Orleans, LA.  This strain was not only more susceptible to VEEV infection 

than both the previously tested North and South American strains, but it was also exceedingly 

more susceptible to CHIKV infection and dissemination (Turell, et al. 1992).  This strain of Ae. 

albopictus mosquito was also shown to successfully transmit CHIKV to mice and demonstrated 

by the detection of CHIKV neutralizing antibodies by 21dpi.  Like VEEV, CHIKV susceptibility 

has been demonstrated to vary between Ae. albopictus and Ae. aegypti mosquitoes as well as 

among strains of those respective mosquito species (Banerjee, et al. 1988, Tesh, et al. 1976, 

Turell, et al. 1992).         
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Barriers to Midgut Infection and Viral Escape 

The first infection barrier or obstacle that any virus must overcome is referred to the 

midgut infection barrier (MIB).  As virus particles enter the lumen of the midgut, dispersion to 

the epithelial surfaces for binding to virus specific receptors presents the first point at which 

dissemination may be obstructed (Ludwig, et al. 1996, Mourya, et al. 1998, Yazi Mendoza, et al. 

2002).  Epithelial cells that do not possess virus specific receptors result in the mosquito being 

refractory to infection by that virus.  It has also been hypothesized that an adequate number of 

virus specific receptors are needed to permit sustainable infection.  The establishment of this 

sustainable infection is thought to be a dose dependent threshold event requiring both a sufficient 

number of virus particles and a sufficient number of receptors (Chamberlain and Sudia 1961).  

Essentially, low-to-none receptor presence and/or the presentation of limited numbers of virus 

particles reduces the potential for interaction between both (Figure 1.5). 

Work with alphaviruses has introduced some contradictions to these hypotheses.  

Experiments with Western equine encephalitis virus (WEEV) demonstrated that although 

isolated fragments of mesenteronal midgut epithelial cells from Cx. tarsalis and Cx. pipiens 

mosquitoes were refractive to viral infection, non-specific binding to the microvilli could still be 

observed (Houk, et al. 1990).  Conversely, in Cx. tarsalis mosquitoes susceptible to WEEV 

infection, this binding was found to be specific under saturation (point at which all virus binding 

sites are occupied) and competition conditions between radiolabeled and unlabeled WEEV 

(Houk, et al. 1990).  Similar occurrences were also documented in CHIKV and it was found that 

lipid composition, specifically cholesterol, plays an important function in support of midgut 

infection (Tsetsarkin 2011, Tsetsarkin, et al. 2007).  Indeed, perhaps midgut infection is receptor 

mediated, but the latter studies strongly suggest a supportive function for cholesterol in this 



 

 35 

 

FIGURE 1.5 MOSQUITO MIDGUT INFECTION BARRIER.   
(A) The viral particle content exceeds the threshold concentration accompanied by the 
appropriate microvilli midgut receptors (Blue crescents).  The yellow circle indicates an 
appropriate virus/receptor interaction.  (B) The limited number of virus particles in the presence 
of limited number of appropriate (Blue crescents) and inappropriate (Purple triangles) receptors.  
(Adapted from Steve Higgs).     
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infection process that may explain the variance of infection susceptibility observed among 

different vectors.  

Although the successful infection of the midgut is paramount for the establishment of 

viral infection in the vector, a second, and equally important barrier, referred to as the midgut 

escape barrier (MEB), must be overcome for dissemination and transmission of the virus to 

occur.  The specific mechanisms involved in the inhibition of virus particle escape from the 

midgut remain largely unknown.  Numerous hypotheses exist and include: specific loci of 

midgut infection, replication of virus resulting in cytopathological damage to the midgut, and the 

occurrence of a porous or “leaky” midgut (Higgs 2004).  

Specific Loci of Midgut Infection 

It has been hypothesized that midgut infection is preferential to specific cells in different 

anatomical portions of the midgut or that structures that traverse the midgut may preferential 

enhance viral infection (Romoser, et al. 2004, Smith, et al. 2008, Weaver, et al. 1988).  This 

tropism of infection may be non-specific and encompassing of many tissues proximal to the 

midgut epithelium.  Smith et al., (2008) and Weaver et al., (1988) reported that the infection 

processes for VEEV and EEEV both preferentially initiated infection in the posterior region of 

the posterior midgut just before the rectum.  This suggested preferential loci for the initiation of 

VEEV infection in the posterior midgut reportedly occurred in a population of ≈ 100 cells or less 

than 10% of the cells believed to constitute the number of epithelial cells of the posterior midgut 

(Houk, et al. 1990, Smith, et al. 2008).   

Immunohistochemical (IHC) analysis and transmission electron microscopy of the tissues 

that traverse the basal lamina in Oc. taeniorhynchus and Cx. pipiens mosquitoes demonstrated 

that these traversing tissues support VEEV infection offering midgut escape conduits (McGee 
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2009, Romoser, et al. 2004).  In Cx. pipiens mosquitoes, midgut muscles have the capacity to 

support viral replication and have been shown to traverse and infiltrate the posterior midgut 

epithelium (Romoser, et al. 2005).  In this capacity, these muscles have been hypothesiszed to 

afford midgut escape of VEEV, sindbis virus (SINV), RVFV and numerous baculoviruses 

(Barrett, et al. 1998, Bowers, et al. 1995, McGee 2009, Romoser, et al. 2005, Romoser, et al. 

2004).  Additionally, both circular and longitudinal midgut muscles in Cx. pipiens mosquitoes 

have been implicated in the amplification and subsequent dissemination of West Nile virus 

(Girard, et al. 2004).  Innervation of the midgut has been shown to provide tissue for the 

amplification of DENV-2, Japanese encephalitis virus and Whatoroa virus leading to subsequent 

successful infection of the salivary glands (Kuberski 1979, Leake and Johnson 1987, Miles, et al. 

1973).      

Additionally, other tissues associated with the alimentary canal of the mosquito have 

been shown to afford similar escape conduits for disseminating infection.  Proximal associations 

of the cardia and intussuscepted foregut with trachea/tracheoles, circular and longitudinal muscle 

fibers as well as ingluvial ganglia of the stomatogastric nervous system offer numerous viral 

escape conduits (Lerdthusnee, et al. 1995).  Both DENV-3 in Ae. aegypti and EEEV in Culesita 

melanura have been shown to utilize these peripheral tissues to facilitate viral dissemination 

(Linthicum, et al. 1996, Weaver, et al. 1991).      

Replication Induced Cytopathology 

Typically, arboviruses infect their mosquito, but cause no immediate harm to their 

vectors.  Cytopathological damage of the mosquito midgut is not preferential to increase in 

vector fitness and survival (Higgs and Beaty 2005), but this event has been described with EEEV 

infection of Cs. melanura mosquitoes 2-5dpi (Weaver, et al. 1988).  In these mosquitoes, 
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cytopathic lesions in the midguts with sloughing of infected cells into the luminal cavity were 

observed using both light and transmission electron microscopy (TEM).  Deleterious loss of 

brush border epithelial cells and loss of basal lamina integrity following EEEV infection were 

both believed to facilitate a more rapid egress of EEEV into the hemocoel promoting faster rates 

of viral dissemination and potentially transmission.  Although it is hypothesized that this 

mechanism promotes a shorter extrinsic incubation period of EEEV in the Cs.melanura mosquito 

of approximately 48-72hpi (Weaver 2001), this event is seldom seen in other arboviruses.  With 

CHIKV, this has not been demonstrated, although, virus has been detected in the salivary glands 

of Ae. albopictus mosquitoes a mere 48hpi (Moutailler, et al. 2009).       

Midgut Leakage 

Early detection of arboviruses in the anatomical structures of the insect or the 

hemolymph that profuses those tissues have been reported for the alphaviruses Semliki Forest 

virus (SFV), Whataroa virus (WHAV) and VEEV as well as for YFV (Boorman 1960, Miles, et 

al. 1973, Weaver 1986).  The early detection (10-60 minutes pi) of EEEV in the hemocoel has 

been found in association with the presence of midgut lesions (Weaver, et al. 1991).  The 

mechanism by which this event occurs has yet to be determined, but has been postulated to occur 

with the physical distension of the midgut upon engorgement of a blood meal.  Furthermore, it is 

believed that there is a passive egress of virus from the lumen of the midgut through intracellular 

spaces or some physical disruption in the integrity of the midgut and basal lamina with 

distension (Houk, et al. 1981).  Houk et al., (1981), utilized TEM to evaluate midgut 

permeability finding that particulate matter (including hemoglobin and latex particles) could 

traverse the midgut epithelium, but particles larger than 8 nm could not passively diffuse through 

the mosquito midgut basal lamina.  Dissection and manipulation of the fragile midgut may have 

contributed to erroneous detection of lesions large enough for particle passage and therefore 
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could not be completely eliminated from this work.  Many mature arboviruses are larger than 

these permissive gaps between midgut epithelial cells and it has been suggested that unknown 

enzymatic function may have a role in facilitating directed passage of viruses into the hemocoel 

(Houk, et al. 1981).  The enzymatic unidirectional trafficking of virus to the basal lamina has 

only been described one other time with St. Louis encephalitis virus infection of Cx. pipiens 

mosquitoes and does not appear to be a common route of midgut escape (McGee 2009, Murphy 

1975).    

The occurrence of midgut leakage appears preferential to a select group of viruses as it 

has yet to be observed with every arbovirus.  Utilization of quantitative real-time reverse 

transcriptase (qRT-PCR) with salivary glands dissected from CHIKV-infected mosquitoes 2 dpi 

has demonstrated an exceptional rate of dissemination of virus within the mosquito suggesting 

that midgut leakage occurs with this virus and that a more sensitive detection assay is needed to 

validate the presence/absence of this phenomenon with other arboviruses  (Moutailler, et al. 

2009).     

The Salivary Glands 

The mosquito salivary glands are paired alongside the esophagus and while their primary 

function is to secrete saliva and reabsorb salts, they are also responsible for the transmission of 

infection virus in mosquito saliva during engorgement of a blood meal from a host (James and 

Rossignol 1991).  The salivary glands are positioned inside the thorax on the anterior ventral side 

of the mosquito.  While the anatomy and structure of the salivary glands is very similar between 

male and female mosquitoes, the salivary glands in male mosquitoes are much smaller than those 

of their female counterparts (Clements 1992).  Among mosquito species, there is significant 

variability in form including the length and number of lobes, or acini, constituting the gland, 
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even within species (Clements 1992).  Additionally, while the sugar-feeding male salivary 

glands’ lobes appear morphologically and histochemically homogeneous, the sugar- and blood-

feeding female mosquito salivary glands’ lobes are not when compared among the lobes in each 

gland and when compared to male salivary gland lobes (James and Rossignol 1991). Generally, a 

chitin lined central duct is surrounded by each lobe that consist of single-layered secretory 

epithelium cells in proximity to the central duct (James and Rossignol 1991).  This epithelium is 

further bound by an encompassing basal lamina (Clements 1992).  The central duct for each lobe 

merge into a common lateral duct that connects the two salivary glands to the salivary valve at 

the hypopharynx (one of six piercing stylets that lie within the proboscis) (Clements 1992). 

The lobes of the salivary glands present the last infection and escape barrier within the 

mosquito prior to virus transmission.  Although, the entire salivary gland has been demonstrated 

to be susceptible to viral infection, this is, as with the midgut, dependent upon the virus and 

mosquito pairing.  Not all viruses can infect the salivary glands of every mosquito and mosquito 

salivary glands are not permissive to every virus.  The salivary gland infection and escape barrier 

processes are time, temperature and/or dose dependent events (McGee 2009).  Curiously, 

infection of the salivary glands in female mosquitoes does not necessarily occur in the lobe 

associated with the infectious meal.  While DENV infection has been found isolated in the lateral 

lobes, or the lobes involved in the engorgement of blood meals, in Ae. albopictus mosquitoes 

(Gubler and Rosen 1976, Tsetsarkin 2011), infection is not limited in this manner in other virus 

mosquito pairings.  In YFV, RVFV and WNV, infection of the salivary glands has been found to 

not only infect the lobes involved in blood meal engorgement, but also the median lobes of the 

salivary glands that are associated with sugar meal engorgement in Ae. aegypti, Cx. pipiens, and 

Cx. pipiens quinquefasciatus, respectively.   
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1.5 THE ALPHAVIRUSES 

The Alphavirus genus lies within the Togaviridae family of viruses.  This family of 25 

+ssRNA viruses included, at one time, flaviviruses, pestiviruses and rubiviruses.  These 

associations were loosely based upon the characteristics of genomic size, a positive sense, single 

stranded, non-segmented RNA genome, an icosahedral protein shell and the ability of many of 

these to replicate within the mosquito vector (Schlesinger and Schlesinger 2001).  The name 

Togaviridae (from the Latin toga meaning cloak) was derived from the identification of the 

icosahedral protein shell enclosing the nucleocapsid protein.  All but the rubiviruses and 

alphaviruses have been moved to other families of viruses as more definitive characterization of 

these viruses has been performed.  Most alphaviruses are transmitted by biting flies (primarily 

mosquitoes) between their vertebrate reservoirs and amplifying hosts with few exceptions 

(McGee 2009, Weaver, et al. 2000).  Further division of the alphaviruses is based on the 

geographical distribution (Old World and New World clades) and sero cross-reactivity dividing 

this family into seven distinct antigenic groups or complexes (Figure 1.6) (Calisher and 

Karabatsos 1988).  Old and New World distribution are typically associated with similar patterns 

of  pathogenicity; Old World alphaviruses are generally associated with rashes and polyarthralgia 

while the New World alphaviruses are typically neurotropic and capable of inducing severe 

encephalitis (Schlesinger and Schlesinger 2001, Strauss and Strauss 1994).  Although 

alphaviruses are believed to have diverged from a common ancestor, the identification of the 

geographic origins of this family by phylogenetic analysis has not provided a discernible 

ancestor.  The presence of numerous members of Old World serogroups in New World settings 

suggests numerous introductions of these viruses in an unspecified direction (Levinson, et al. 

1990, McGee 2009, Weaver, et al. 1993). 
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A. CHIKUNGUNYA VIRUS GENOME, LIFE CYCLE, AND PARTICLE ORGANIZATION 

Among alphaviruses, the homology of amino acid sequences is approximately 40% and 

60% in the structural and non-structural proteins, respectively (Schlesinger and Schlesinger 

2001).  The alphavirus virion measures approximately 70nm in diameter with a genomic size of 

9.7 to 11.8 Kb.  Surrounding the nucleocapsid is a cholesterol and sphingolipid enriched lipid 

bilayer characteristically resembling the host plasma membranes from which it is derived.  The 

alphaviruses feature an icosahedral nucleocapsid in a TN = 4 lattice enclosed within a lipid 

FIGURE 1.6 ALPHAVIRUS PHYLOGENETIC TREE AND SEROCOMPLEXES.     

Phylogentic relationships based on the capsid protein.  (Adapted from (Karlsen, et al. 2010)).   
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envelope containing E1/E2 heterodimers that twist around each other in an arranged triangular 

counter clockwise direction to form glycoprotein spikes (Figure 1.7) (Kielian 2006).  These 

glycoprotein spikes extend approximately 100 Å from the outer surface of the lipid bilayer 

(Schlesinger and Schlesinger 2001).   

The alphavirus genome consists of two open reading frames (ORF).  The 5’ two thirds of 

the alphavirus genome codes four non-structural proteins (nsP1, nsP2, nsP3 and nsP4) that are 

required for transcription and translation activities within the host cell cytoplasm and constitute 

the first ORF (Figure 1.7).  The second ORF, or last one third of the genome nearest to the 3’  

 

 

 

end, codes the structural proteins to include the capsid (C), envelope proteins (E3, E2 and E1) 

and a 6K protein (6K) that serves as a linker between E2 and E1 (Despres, et al. 1995).  The 

FIGURE 1.7 THE ALPHAVIRUS GENOMIC STRUCTURE.     

Inset is Cryo-EM reconstitution of the alphavirus particle.  (A) External view of glycoproteins, 
(B) Nucleocapsid, and (C) Cross section of the virus particle (White = viral genome, Green = 
nucleocapsid, Red = viral membrane, Blue = envelope, Yellow = glycoprotein spikes.  (Adapted 
from (Paredes, et al. 2001)).   
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nucleotide sequence between the nonstructural and structural domains encodes a sub-genomic 

promoter for the transcription of the capped and poly-adenylated 26S mRNA that is necessary 

for the translation of the structural domain.  Additionally, the 5’ end of this genome is capped 

with a 7-methylguanosine and the 3’ end is polyadenylated.   

Alphavirus causes a persistent infection within its’ arthropod hosts causing little to no 

harm to the vector while in vertebrates, this infection is typically short term with acute 

presentation of symptoms.  In vitro studies have demonstrated that mosquito, tick and most 

mammalian cell lines are susceptible to alphavirus infection (Strauss and Strauss 1994).  In this 

dual mechanism of infection, alphaviruses manage to produce low but persistent titers within 

mosquito cell lines while infected vertebrate cell lines may rapidly producing cytolytic events 

and produce high viral titers.  Attachment and entry into the host cell begins with the interaction 

of viral glycoprotein E2 and the host cell receptor (Schlesinger and Schlesinger 2001).  The 

specific receptors that facilitate alphavirus binding have been examined, but complete 

characterization of the E2-receptor interaction remains unknown (Tsetsarkin 2011).  Futhermore, 

it still remains unclear as to whether or not a single surface molecule common to numerous cells 

or multiple different molecules (individually or in cascade) facilitate this interaction (Schlesinger 

and Schlesinger 2001).  Although the host cell receptors for many alphaviruses have yet to be 

elucidated, neutralizing antibody and amino acid substitutions within the SINV E2 protein 

confirmed the receptor binding role of E2 by reducing the binding efficiency and virulence in 

vitro and in vivo using mouse models (Schlesinger and Schlesinger 2001, Schoepp and Johnston 

1993, Tucker and Griffin 1991).     

Following attachment to a host cell, alphaviruses utilize the endocytotic pathway for 

uptake into clathrin coated pits.  Subsequent acidification of these endosomes initiates fusion of 

the virus membrane with endosomal membranes releasing the nucleocapsid into the cytoplasm.  
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Many alphaviruses require the presence of cholesterol and sphingolipid in the host target 

membrane for fusion to occur (Schlesinger and Schlesinger 2001).  Once the nucleocapsid enters 

the cytoplasm, a short sequence of amino acids (amino acids 94-106 within the capsid sequence) 

known as the ribosomal binding site (RBS) interact and facilitate the binding of the nucleocapsid 

and host cell ribosomes.  The RBS has been successfully shown to be conserved in EEEV, 

O’nyong-nyong virus (ONNV), RRV, SFV, Sindbis virus (SINV), VEEV and WEEV (Wengler, 

et al. 1992).  The RBS and ribosome binding event triggers the destabilization of the 

nucleocapsid resulting in an uncoating event that releases the viral genome into the cytoplasm for 

replication (Wengler, et al. 1992).   

Replication of the alphavirus genome occurs on cellular membranes with translation of 

the genomic RNA (mRNA) to produce the nonstructural proteins and transcription of that same 

mRNA to synthesize the negative sense viral complimentary RNA (vcRNA) that will serve as 

the template for genomic and subgenomic RNAs.  Replication of the genome from the vcRNA is 

favored over transcription of the structural sequences.  From the newly synthesized and original 

positive sense genomic RNA, translation is initiated with a start codon of an ORF at the 5’ end of 

the genome which proceeds from nsP1 through to nsP4 and is stopped by three termination 

codons located downstream of the initiation sequences for the sub-genomic RNA.  Translation 

and cleavage of nsP4 is regulated by the presence of an opal termination codon immediately 

following nsP3 and the presence of a protease encoded within the nsP2 sequence.  The opal 

codon is a “leaky” termination codon observed in most, but not all alphaviruses (Strauss and 

Strauss 1994).  This codon is responsible for intermittent inhibition of the translation of nsP4 

resulting in the proteolytic processing and formation of two polyproteins, P123 and P1234.   

P123 is cleaved by the nsP2 proteases to form individual replicative enzymes each 

responsible for numerous functions.  Nonstructural protein-1 has been implicated in the 
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association of alphavirus replicases with host cell membranes, rearrangement of the actin 

filaments within the host cell cytoskeleton and initiation/continuation of negative strand 

synthesis (Schlesinger and Schlesinger 2001).  Additionally, nsP1 has been shown to diminish 

the proteolytic activity of nsP2 by inhibiting cleavage from nsP3 (de Groot, et al. 1990, Strauss 

and Strauss 1994).  Nonstructural protein 2 not only regulates the proteolytic processing of the 

nonstructural proteins, but is crucial to the initiation of subgenomic 26S RNA synthesis and 

regulation of negative strand synthesis (Schlesinger and Schlesinger 2001, Suopanki, et al. 

1998).  To date, the function of nsP3 has yet to be clearly elucidated (Tsetsarkin 2011).  

Although cleaved from P1234, nsP4 is believed to function as the RNA dependent RNA 

polymerase (RdRp) of the alphaviruses as it possesses the GDD motif that is characteristic of 

viral RNA polymerases (Kamer and Argos 1984, Strauss and Strauss 1994). 

Upon read-through of the opal termination codon, nsP4 is translated to produce P1234 

instead of P123.  nsP2 protease serves a critical function in the processing of the enzymes for the 

synthesis of positive and negative sense RNA.  Cleavage of P1234 to nsP4 and P123 occurs quite 

rapidly and has been shown to increase the efficiency of minus strand RNA synthesis during 

early alphavirus infection (Strauss and Strauss 1994).  Further cleavage of P123 and P1234 to 

P12 plus nsP3 and P12 plus P34, respectively, is in trans and occurs later in infection as nsP2 

proteinases accumulate (Shirako and Strauss 1994).  Successful proteinase cleavage of the 

nsP3/nsP4 site depends completely on the ability of the nsP1/nsP2 site to be cleaved immediately 

upon cleavage of the nsP3/nsP4 site, but not conversely (Shirako and Strauss 1990).  Once 

cleavage of P123 has begun, synthesis of minus strand RNA cannot be maintained and the 

previously cleaved products form replication complexes that begin to synthesize positive sense 

genomic RNA (Shirako and Strauss 1994).  This event prevents any further 

production/utilization of P123, completely shutting down negative strand RNA synthesis. 
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Uninterrupted synthesis of the alphavirus structural proteins is initiated by ribosomes at 

the 5’ end of the 26S sub-genomic RNA.  Translation of these proteins from the 26S sub-

genomic mRNA produces a continuous polyprotein that is cotranslationally and 

posttranslationally modified to produce capsid, pE2 (also referred to as p62 and is comprised of 

the uncleaved E2 and E3 domains), 6K and E1 (Strauss and Strauss 1994).  The capsid protein is 

the first structural polypeptide synthesized and immediately folds to form a serine-protease 

catalytic site for cleavage (Schlesinger and Schlesinger 2001).  This autoproteolytic cleavage 

leaves capsid in the cytosol while the structural proteins pE2, 6K and E1, downstream of capsid, 

are translated and sequentially translocated into the lumen of the endoplasmic reticulum (ER) by 

the signaling of apolar residues near the N-terminus of the polypeptide chain (Kapp, et al. 2009).  

This sequence will later be cleaved into what constitutes the E3 glycoprotein.  Translocation of 

pE2 occurs until a hydrophobic region near the C terminus encounters the ER membrane, halting 

insertion and anchoring the protein to the membrane.  This anchoring sequence is followed by a 

signal sequence that initiates the insertion of the 6K peptide and a signalase cleavage site that 

separates pE2 from 6K.  These events are repeated between 6K and E1, each expressing an 

anchoring sequence that tethers 6K and E1 to the ER membrane.   

This contingent of proteins progresses through the cells secretory vesicles while 

undergoing numerous posttranslational modifications leading to the formation of mature 

glycoproteins.  Significant among these modifications is the cleavage and attachment of 

oligosaccharides on pE2 and E1 that resembles cellular activity associated with the transport of 

cellular proteins to the plasma membrane (Schlesinger and Schlesinger 2001).  Additionally, the 

palmitoylation, or covalent attachment of palmitic acid to cysteine residues, occurs during the 

transport of the proteins between the ER and Golgi complex.  Although not clearly understood, it 

is believed this enhances the ability of these proteins to interact with the plasmid membrane and 

http://en.wikipedia.org/wiki/Palmitic_acid
http://en.wikipedia.org/wiki/Cysteine
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facilitate virus budding (Strauss and Strauss 1994).  Lastly, modification of pE2 through 

proteolytic cleavage results in the formation of E2 and E3 glycoproteins.  This cleavage is 

accomplished with the host cell furin enzyme that is associated with trans-Golgi vesicles 

(Schlesinger and Schlesinger 2001).  Additionally, although previously cleaved, the E3 

glycoprotein remains associated with E1 and E2 constituting the glycoprotein complex that will 

later facilitate virus assembly and budding (Kapp, et al. 2009). 

Virus assembly and budding are the last events in the replication of alphaviruses and 

typically result in cell lysis of the vertebrate host with the exception of neuronal cells in which 

persistent infection may be produced without lysis (Strauss and Strauss 1994).  In the 

invertebrate host, alphaviruses replicate without inducing cellular damage allowing for the 

establishment of a chronic and persistent infection for the life of the host vector.  The presence of 

a packaging signal with the viral RNA elicits the accumulation and binding of capsid to initiate 

the formation of the nucleocapsid.  Binding of the N-terminal domain of capsid to genomic RNA 

ensures that only viral genomic RNA is incorporated into the newly forming virus even though 

other virus replicative products may be in excess (Strauss and Strauss 1994).  Further maturation 

of the virion is hypothesized to occur with nucleocapsid contraction upon association with E2 in 

the host cell plasma membrane.   

Association of the nucleocapsid with the glycoprotein complex occurs through the 

specific interaction with the C-terminal cytoplasmic tail of the E2 glycoprotein (Strauss and 

Strauss 1994).  This interaction provides free energy to actuate the capsid through the amassed 

glycoprotein complexes forming a bilayer membrane around the virion (Strauss and Strauss 

1994).  As the membrane encompasses the entire virion, the bilayer fuses and releases a mature 

enveloped virus particle (Schlesinger and Schlesinger 2001).  Of some consequence is the 

association of the 6K polypeptide with the budding virion.  Though 6K is only incorporated into 
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the virion in minute amounts, failed association, whether through mutation or deletion, has 

proven to reduce virus yield (Strauss and Strauss 1994).   

B. CHIKUNGUNYA VIRUS  

CHIKV is an Aedes mosquito-vectored alphavirus in the family Togaviridae, genus 

Alphavirus and is the etiological agent of human chikungunya fever and the associated 

polyarthralgic disease.  “Chikungunya” is derived from the Chi makonde language of the 

Makonde people from southeast Tanzania and northern Mozambique and means “that which 

bends up”.  This meaning refers to the observed stooping posture that is observed in patients 

infected with CHIKV.  It has been postulated that the earliest recorded incidence of human 

disease caused by CHIKV occurred in Batavia-Jakarta, Cairo in 1779 with subsequent sporadic 

activity in Zanzibar, India, Hong Kong, and the West Indies through the early 1900s (Carey 

1971).  CHIKV was first isolated in Tanganyika (now Tanzania) from both acute human serum 

samples and Ae. aegypti mosquitoes and confirmed serologically by Ross in 1953 (Ross 1956).  

Mosquito-borne transmission of CHIKV by Ae. aegypti mosquitoes was demonstrated using an 

artificial blood meal and in vitro salivation technique followed by intra-cerebral inoculation of 

diluted mosquito expectorate in mice (Ross 1956).   

The sympatric distribution of CHIKV and DENV by the common Ae. aegypti mosquito 

vector and similar clinical presentation have made historical distinction of CHIKV outbreaks 

difficult.  Increased discernment of the course of infection has improved historical evaluation of 

reported outbreaks and assisted in distinguishing current CHIKV outbreaks from DENV 

outbreaks.   Modern outbreaks of CHIKV have been documented in both Africa and Asia and 

include three geographically distinct CHIKV clades: West African, Central/East African and 

Asian (Figure 1.8) (Powers and Logue 2007).  Repeated isolations of CHIKV have been 
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documented between the 1960s and 1990s in Central and Southern Africa countries including 

Sudan, Uganda, Democratic Republic of Congo (DRC, formally Zaire), the Central African 

Republic, Malawi, Zimbabwe, Kenya and South Africa (Powers and Logue 2007). Additionally, 

during the same time period, the West African countries of Senegal, Benin, the Republic of 

Guinea, Côte d’Ivoire and Nigeria have also experienced outbreaks of CHIKV (Powers and 

Logue 2007).  Similarly, in South East Asia between the 1960s and 2003, numerous outbreaks of 

CHIKV were observed in India, Malaysia, Indonesia, Cambodia, Vietnam, Myanmar, Pakistan 

and Thailand with exceptionally active sites of transmission and disease focused around the large 

cities of Calcutta and Bangkok (Halstead, et al. 1969, Pavri 1964, Powers and Logue 2007, 

Sarkar 1967).    

CHIKV resurgence has become more common since 1986 throughout these endemic 

regions with increasing numbers of confirmed cases.  Some of the factors that have supported 

these disease clusters include, but are not limited to, virus mutation that has expanded the 

vectoring capacity and range of CHIKV as well as periods of elevated rain where increases in 

Ae. albopictus and Ae. aegypti population densities are observed (Higgs 2006, Powers and Logue 

2007).  Further concern now exists with the dispersion of CHIKV associated with naïve travelers 

visiting Africa, India or affected islands in the Indian Ocean and then returning to their country 

of origin with a transmissible mosquito-borne disease (CDC 2006, Hochedez, et al. 2008, 

Hochedez, et al. 2006, Lanciotti, et al. 2007, Lim, et al. 2009, Nicoletti, et al. 2008, Panning, et 

al. 2008, Parola, et al. 2006, Pistone, et al. 2009, Powers and Logue 2007, Tanay, et al. 2008, 

Taubitz, et al. 2007, Woodruff, et al. 1978).  As such, numerous publications in the literature 

alert physicians of the distinguishing characteristics of CHIKV and to assist in distinguishing this 

febrile illness from DENV or perhaps the flu (Chen and Wilson 2008, Marano and Freedman 

2009, Mirzaian, et al. 2010, Mizuno, et al. 2010, Monsel and Caumes 2008, Oliver, et al. 2009).          
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CHIKV remains epizootic throughout much of Africa and Asia (Jupp and McIntosh 

1988, Powers and Logue 2007, Woodall 2001).  Two distinct types of mosquito-borne 

transmission cycles have been described for CHIKV.  In Africa, both sylvatic and urban 

transmission cycles have been identified, but only urban transmission cycles have been observed 

in Asia.  Sylvatic transmission has been described in West and Central Africa where it is 

believed that the epizootic cycle of transmission between Aedes spp. and non-human primates 

allow for CHIKV maintenance; again, no such occurrence has been observed in Asia (Jupp and 

McIntosh 1988, Powers and Logue 2007).  The mosquitoes involved in CHIKV transmission 

vary according to the geographical location and include Ae. luteocephalus, Ae. africanus, Ae. 

FIGURE 1.8 GEOGRAPHICAL DISTRIBUTION OF CHIKUNGUNYA VIRUS.     
(Adapted from (Powers and Logue 2007)).   
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neoafricanus, Ae. furcifer and Ae. taylori with the latter two species believed to be the primary 

vectors during observed epidemics (Diallo, et al. 1999, Jupp and McIntosh 1988, Jupp and 

McIntosh 1990, McIntosh, et al. 1977, Powers and Logue 2007).  Although field surveys have 

reliably and specifically identified mosquito vectors of CHIKV, the same cannot be said about 

the isolation of a specific vertebrate reservoir.  The presence of CHIKV specific antibodies has 

been determined by serosurveys of wild non-human primates from the African savannahs and in 

laboratory kept animals, but a specific animal reservoir remains to be elucidated (Bedekar and 

Pavri 1969, Johnson, et al. 1977, McIntosh 1961, Paul and Singh 1968, Powers and Logue 

2007). 

Although forest-dwelling mosquitoes in sylvatic cycles are the primary cause of epidemic 

transmission of CHIKV in Africa, this transmission cycle has not been elucidated in Asia.   

Instead, peridomestic Ae. aegypti are believed to be the principle vector for urban cycles of  

epidemic transmission of CHIKV in Asia among humans (Powers and Logue 2007).  This 

species is peridomestic and its anthropophillic nature strongly suggesting their culpability in 

causing the large epidemic outbreaks of CHIKV in Comoros and East Africa in 2004-2005 

(Powers and Logue 2007).  Additionally, numerous common peridomestic mosquitoes in Asia 

have also been identified as competent vectors for CHIKV including Ae. albopictus, Ae. vittatus 

and Anopheles stephensi (Powers and Logue 2007, Reiter, et al. 2006).    

Recently, epidemic transmission of CHIKV (2004-2008) has resulted in millions of 

human infections in Africa, the Indian Ocean islands, and India (Tsetsarkin 2011).  This 

epidemic activity has resulted in the importation of human cases of CHIKV into the United 

States, the Caribbean, and Europe (Townson and Nathan 2008).  This recent outbreak of CHIKV 

began in May, 2004, on Lamu Island off the coast of Kenya, just south of the horn of Africa.  

Seroprevalence assay of the islands population revealed nearly 75% of the islands population had 
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become infected with CHIKV; it is believed to have been transmitted by the Ae. aegypti 

mosquito that had also been implicated in outbreaks later that year in Mombasa, Kenya as well 

as subsequent outbreaks in Comoros and Mayotte Islands in early 2005 (Pialoux, et al. 2007, 

Sang, et al. 2008, Sergon, et al. 2008).  Southern progression of this CHIKV outbreak ensued 

with the Indian Ocean islands of Seychelles, Mauritius, Madagascar and Réunion experiencing 

significant outbreaks between May and August 2005 and again in early 2006 (Powers and Logue 

2007, Renault, et al. 2007).  On Réunion Island alone, the attack rate was nearly 35%, or 

approximately 266,000 people infected (Chen and Wilson 2010, Simon, et al. 2008).  

Additionally, 254 deaths were attributed to CHIKV infection during the progression of this 

outbreak on Réunion Island causing great concern as mortality had not been typically associated 

with CHIKV infection (Mavalankar, et al. 2008, Sourisseau, et al. 2007).  On Réunion Island, 

the presumed vector was the Ae. albopictus mosquito.  This will be discussed further below. 

In late 2005, a CHIKV outbreak also occurred in India with cases reported in 14 of 

India’s 28 states by 2006.  During this epidemic, estimates suggest that nearly 1.3 million people 

became infected with CHIKV with attack rates approaching 45% in some regions (Arankalle, et 

al. 2007, Mavalankar, et al. 2008, Pialoux, et al. 2007).  Although Ae. aegypti mosquitoes were 

considered the primary transmission vector during this epidemic, it is postulated that the Ae. 

albopictus mosquito was the primary transmission source in the state of Kerala in south western 

India (Kumar, et al. 2008, Tsetsarkin 2011, Yergolkar, et al. 2006).  Because all prior CHIKV 

outbreaks in India were caused by the Asian genotype of CHIKV, it has been hypothesized that 

the re-emergence of CHIKV after 32 years was due to a shift/mutation in the viral genotype 

(Arankalle, et al. 2007, Dash, et al. 2007, Tsetsarkin 2011).        

Genomic sequencing of CHIKV isolates prior to the outbreak on Réunion Island revealed 

no indication as to why CHIKV demonstrated increased infectivity in Ae. albopictus mosquitoes.  
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Interestingly, isolates of CHIKV collected on Réunion Island between March and June 2005 

corroborate this observation (Schuffenecker, et al. 2006, Tsetsarkin 2011).  Isolates of CHIKV 

collected between September 2005 and March 2006 from Réunion Island revealed an amino acid 

mutation of alanine (A) to valine (V) at codon 226 of the E1 glycoprotein (E1-A226V) in over 

90% of the isolates collected (Schuffenecker, et al. 2006).  The identification of this mutation in 

the Indian Ocean Lineage of CHIKV (IOL) post-outbreak and increased vector range suggests a 

microevolution of the virus occurred on Réunion Island during this outbreak (Tsetsarkin 2011).  

Essentially, this mutation enhanced the penetrance of CHIKV in the secondary vector, Ae. 

albopictus, and is believed to be the primary causative factor for the outbreaks and increased 

virulence of CHIKV in a naïve population on Réunion Island in 2005.  Additionally, although 

introduction of Ae. albopictus mosquitoes into areas previously occupied by Ae. aegypti has 

revealed that the two species can co-exist, there has been an isolated incidences were a decline in 

Ae. aegypti densities were reported which may have further contributed to the severity of this 

outbreak (Juliano, et al. 2004, Simard, et al. 2005).  Subsequent isolates from the Indian state of 

Kerala in 2007 as well as isolates collected from Sri Lanka, Singapore and Malaysia in 2008 

indicate that this mutation was a key evolutionary event that expanded the transmission potential 

and spatial distribution of CHIKV, also by Ae. albopictus mosquitoes (Hapuarachchi, et al. 2010, 

Kumar, et al. 2008).  Recent analysis of this IOL and comparison to isolates from Asia have 

indicated that an epistatic relationship between the above E1-226 and E1-98 residues is inhibitive 

factor that has limited the fitness of Asian CHIKV strains in Ae. albopictus mosquitoes 

(Tsetsarkin, et al. 2011).  The presence of a threonine (T) residue at position E1-98 has only been 

observed in sequenced endemic Asian CHIKV strains and is absent in all sequenced IOL isolates 

(Tsetsarkin, et al. 2011).  While insertion of the IOL observed E1-A226V mutation into Asian 

strains with the E1-98T residue had no effect on increased infectivity, mutation E1-T98A in 
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Asian strains of CHIKV resulted in a 100-fold increase in infectivity (Tsetsarkin, et al. 2011).  

Conversely, mutation of E1-A98T in IOL CHIKV strains with the E1A226V mutation resulted in 

a 100-fold decrease in virus infectivity (Tsetsarkin, et al. 2011).  Together, these findings 

demonstrated that the specific amino acid residue, A or T, at position E1-98 regulates the 

increase or decrease, respectively, of CHIKV infectivity with the E1-A226V mutation in both 

Asian and IOL strains (Tsetsarkin, et al. 2011).       

The above findings corroborate the observations in Kerala, India that the Ae. albopictus 

mosquito was indeed capable of CHIKV transmission (Kumar, et al. 2008).  This combination of 

mutated CHIKV and Ae. albopictus vectoring was again observed in isolates collected from an 

outbreak in Romagna, Italy (2007) where an infected individual from India introduced this 

mutated CHIKV isolate into the local Ae. albopictus mosquito population.  Eventually, this 

resulted in 248 infected individuals and one fatality in an elderly individual with underlying 

health conditions (Casolari, et al. 2008, Sambri, et al. 2008).   This potential for rapid expansion 

into previously non-endemic regions due to human/mosquito sustained transmission cycles, 

coupled with a potentially debilitating nature of infection, has resulted in renewed interest in 

CHIKV research (Wang, et al. 2008).  

Chikungunya Virus Fever 

Chikungunya virus fever (CHIKF) symptoms typically include the triad of fever, 

arthralgia and rash with the first two symptoms occurring in over 94% of all reported cases of 

CHIKF (Table 1.1) (Borgherini, et al. 2007, Staikowsky, et al. 2009, Taubitz, et al. 2007, 

Thiruvengadam, et al. 1965, Win, et al. 2010, Ziegler 2011).  Other common, but variably 

occurring symptoms include retro-orbital pain, headache, lumbar back pain, chills, photophobia, 

weakness, malaise, nausea, vomiting and myalgia (Brighton 1981, Calisher 1999, McGill 1995, 
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Powers and Logue 2007).  Additionally, according to Thiboutot et al., (2010), other severe health 

conditions can accompany CHIKV infection, from least-to-most common, include kidney 

failure, central nervous system complications, severe cutaneous effects, severe acute hepatitis, 

meningoencephalitis, cardiovascular decompensation and respiratory failure.   

CHIKV infection typically undergoes a silent incubation ranging between 1-12 days, but 

typically averaging 2-4 days before onset and clinical presentation (Pialoux, et al. 2007).  Initial 

presentation is observed with high fever (reaching 104º C in some cases) followed by rash and 

joint pain (Powers and Logue 2007).  In some instances, febrile convulsions in small children 

were reported during outbreaks prior to the 1980s (Moore, et al. 1974, Powers and Logue 2007).  

The onset of high fever, rash and polyarthralgias during acute CHIKV infection is typically 

observed in 90% of individuals infected and lasts approximately 3-5 days with a subsequent 5-7 

day recovery period (Thiboutot, et al. 2010, Tsetsarkin 2011).  While maculopapular rash, 

diffuse hyperemia and edema of the face, thorax and extremities are most commonly observed in 

patients with CHIKV infection, young children, less than 3 months old, present with bullous 

rashes with blisters containing polymerase chain reaction (PCR) detectible limits of CHIKV as 

well as pronounced sloughing with localized petechiae and gingivorrhagia (Pialoux, et al. 2007, 

Simon, et al. 2008).  Acute polyarthitis is typically observed as bilateral, symmetric, cumulative 

and particularly found to involve the hands, fingers, elbows, wrists, knees, feet, toes and/or 

ankles (Powers and Logue 2007, Simon, et al. 2008).  Additionally, minor transient mucosal 

bleeding has been observed in some cases of CHIKV infection, but this is exceptionally rare 

(Simon, et al. 2008).   
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The acute stage CHIKV infection may progress to the chronic and debilitating stage that 

is associated with prolonged reduction in dexterity, inhibited mobility and slowed reaction 

(Thiboutot, et al. 2010).  This chronic stage is associated with a polyarthralgic condition lasting 

weeks to years after the patient recovers from the acute stage (Simon, et al. 2008, Thiboutot, et 

al. 2010).  Interestingly, it has been observed that the erratic relapse of arthralgic conditions 

associated with chronic stage CHIKV rarely occurs in young children (Pialoux, et al. 2007).  

However, in a small number of CHIKV patients questioned three years post-infection (≈ 12%), 

many still reported symptoms associated with CHIKV infection that included pain, discomfort, 

effusion, non-specific stiffness and persistent joint stiffness (Brighton, et al. 1983, Simon, et al. 

2008).  

There are numerous groups of patients with elevated risk for severe symptoms upon 

CHIKV infection to include transfusion recipients, comorbidities, the elderly and neonates.  

TABLE 1.1 CLINICAL PRESENTATION OF CHIKUNGUNYA FEVER.      

(Adapted from (Ziegler 2011)).   
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Little work has been done to address the transfusion of blood products from CHIKV-infected 

persons.  Consideration for the recipients of these products is imperative as these patients 

typically present with underlying respiratory disease, hypertension or other underlying cardiac 

conditions that may cause them to fare worse during and after CHIKV infection (Petersen, et al. 

2010).  In patients with comorbidities or compromised immune systems, the expression of 

CHIKF may be atypical and may lack arthritic symptoms (Kee, et al. 2010, Staples 2011).  

Disease severity is increased in the elderly with the observations of elevated chronic 

symptoms and increased mortality.  Generally, this has been observed in elderly patients with 

underlying health conditions (Thiboutot, et al. 2010).  Chronic stage CHIKV infection of patients 

over the age of 65 constitutes more than half of all documented cases; more than 33% of these 

elderly cases resulting in death (Thiboutot, et al. 2010).  In elderly patients with pre-existing 

rheumatism, chronic stage CHIKV induces more severe and more prolonged pain or stiffness 

(Simon, et al. 2008).     

CHIKV transmission from mother to neonate has been demonstrated to occur and is of 

greatest concern during prepartum (-7 to -3 days prior to delivery) and intrapartum (-2 to +2 days 

around delivery) (Gerardin, et al. 2011, Ramful, et al. 2007).  Retrospective reviews of neonate 

infection by Ramful, et al., (2007), and Géradin, et al., (2008), were very similar in that vertical 

transmission of CHIKV occurrence during near-term deliveries regardless of vaginal birth or 

cesarean section.  However, it is worth noting that both of these studies were performed in the 

same hospital by two separate cohorts of investigators with different observation periods that 

overlapped each other by approximately 10 months.  Both studies had approximately the same 

number of mothers with CHIKV infection close to delivery (Ramful, et al., (2007) = 38 and 

Géradin, et al., (2008) = 39), but different rates of transmission were reported between the two; 

100% and 50% respectively.  For this reason, presentation of symptoms for neonates will be 
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identified based on study.  An additional report of neonatal transmission of CHIKV during the 

outbreak in Réunion Island found 30 of 35 deliveries from infected mothers transferred infection 

to the neonate and that 27 of those infections were severe in nature (Cordel 2006).   

While CHIKV infection did not appear to cause complications in infected pregnant 

women when during the second and third trimesters, three cases of early infection during the first 

16 weeks of pregnancy resulted in early termination of the pregnancy due to fetal death (Touret, 

et al. 2006).  Reverse transcriptase polymerase chain reaction (RT-PCR) analysis found CHIKV 

RNA in the amniotic fluid obtained from these pregnancies, but no other condition was found 

associated with fetal demise (Touret, et al. 2006).  In mothers infected with CHIKV that 

presented with symptoms just prior to and/or during the period immediately encompassing 

delivery, neonates were born asymptomatic, but presented with disease, on average, 4 days after 

birth (Gerardin, et al. 2011).  In both studies, approximately 50% of the neonates developed 

severe CHIKF with complications that included neurological disorders, seizures and 

hemorrhagic conditions requiring blood transfusion (Ramful, et al. 2007).  Nearly 24% of these 

cases included serious neurological conditions or multi-organ failure requiring mechanical 

ventilation (Gerardin, et al. 2008, Ramful, et al. 2007).  Additionally, brain magnetic resonance 

imaging was performed on many of these neonates revealing that approximately half of these 

infants presented with scattered white matter lesions evolving toward persistent disability 

(Ramful, et al. 2007).  Of those neonates exhibiting white matter lesions, approximately 50% 

presented with areas of intraparenchymal hemorrhage within those lesions and approximately 

25% presented with bilateral petechial lesions.  All observations of white matter lesions were 

associated with those neonates that convulsed; gray matter lesions were not observed in these 

patients (Ramful, et al. 2007).    



 

 60 

Treatment 

The availability of therapeutic treatment for CHIKF is quite limited and has been 

supportive in nature with the administration of nonsteroidal anti-inflammatory drugs (NSAIDs) 

such as ibuprofen, naproxen, and acetaminophen or paracetamol (Michault and Staikowsky 

2009, Powers 2010, Tsetsarkin, et al. 2011, Ziegler 2011).  Several antiviral drugs, including 

ribavirin, interferon, sulfated polysaccharides and corticosteroids, have been evaluated for 

potential efficacy in treating CHIKF with limited success (Powers 2010).  It has been suggested 

that a synergistic approach may be more effective, but costs, long-term effectiveness and side-

effects to this strategy have yet to be fully explored (Powers 2010).  The lysosomotropic drug 

chloroquine has been shown to improve/limit the arthralgic conditions in patients with CHIKF 

(Brighton 1984, Renapurkar 2011).  Treatment of CHIKV infection with chloroquine has been 

found to be markedly dependent upon the titer of CHIKV in cell culture and it is important to 

note that acute stage CHIKV infection titers well exceed the capabilities of this drug (de 

Lamballerie, et al. 2009).  Additionally, many of these studies failed to elicit the desired number 

of participants; both reducing the power of their findings as well as limiting the capability to 

provide a comprehensive evaluation of this drugs potential efficacy.   

Several vaccine candidates are under development and include inactivated, whole-virus, 

DNA, virus-like particles and adenovirus-vectored formulations, but none offer a cost-effective, 

single dose, rapid and long-lived immunity (Akahata, et al. 2010, Mallilankaraman, et al. 2011, 

Tiwari, et al. 2009, Tsetsarkin, et al. 2011, Wang, et al. 2011).  A more cost-effective, live-

attenuated CHIKV vaccine was found to be reactogenic causing transient arthralgic side-effects 

and failed to pass Phase II clinical trials (Edelman, et al. 2000).  Recently, the development of a 

chimeric vaccine that utilizes a picornavirus internal ribosome entry sequence with an attenuated 

wild-type CHIKV structural polyprotein has been demonstrated to not infect vectoring 
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mosquitoes and has had early success in pre-clinical trials (Kim, et al. 2011, Tsetsarkin, et al. 

2011, Wang, et al. 2008).    

1.6 THE FLAVIVIRUSES  

The Flavivirus genus is included within the Flaviviridae family of viruses.  Additionally, 

the family also includes the Hepacivirus (human hepatitis C virus) and Pestivirus (bovine viral 

diarrhea virus and classical swine fever virus) genera.  The Flavivirus genus includes 

approximately 70 +ssRNA viruses that are mostly vector-borne.  Many of these viruses can be 

further characterized by their preferred vector of transmission in the following categories: tick-

borne, mosquito-borne or vector-borne by an undetermined vector (Strauss and Strauss 2002).  

Although the flaviviruses have maintained a persistent history of endemic and epidemic activity 

resulting in millions of infections and thousands of deaths, this has only been heightened due in 

part to the increases in human global travel and encroachment into the sylvatic maintenance 

habitats of many of these viruses (Gubler 2004, Gubler 2006, Mackenzie, et al. 2004, Petersen 

and Marfin 2005).  Increases in vector competence to flavivirus infection and the incursion of 

endemic/epidemic viral transmission ranges that were once geographically isolated has 

significantly contributed to co-circulation of these viruses within populations of vectors as well 

as within individual vectors themselves (Mackenzie, et al. 2004, McGee 2009).  

A. DENGUE VIRUS GENOME, LIFE CYCLE, AND PARTICLE ORGANIZATION 

DENV is an enveloped +ssRNA virus similar to CHIKV and vectored by Aedes spp. 

mosquitoes, but it is a member of the virus family Flaviviridae (genus Flavivirus).  The 

flavivirus genome is ≈11-12 Kb, ≈50nm in diameter and contains a 5’ methyl-guanosine cap, no 

poly-adenosine tail and a single ORF encoding both the structural and non-structural proteins.  

The 5’ to 3’ encoding of these proteins occurs sequentially starting with the three structural 
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proteins (capsid (C), premembrane (prM), and envelope (E)) and seven nonstructural proteins 

(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).  The genome also includes 5’ and 3’ UTRs 

prior to the structural sequences and after the non-structural sequences, respectively (Figure 1.9, 

panel A).  The electron dense nucleocapsid core is enveloped within an ER-derived lipid bilayer 

embedded with membrane (M), the mature form of prM, and E viral proteins (Hase, et al. 1987, 

Heinz and Allison 2003, Mackenzie and Westaway 2001).   

The E protein consists of a central linker domain, a dimerization domain with membrane 

fusion loop and a receptor binding domain which are sequestered in the immature virion when 

heterodimerized with prM (Lindenbach and Rice 2001, Modis, et al. 2004).  This heterodimer 

structure sequesters the domain II fusion loop inhibiting incidental membrane insertions (Rey, et 

al. 1995).  Cleavage of prM results in the rearrangement of the outer surface of the flavivirus 

structure creating 90 E dimers in a head-to-tail orientation in a herringbone pattern parallel to the 

ER derived lipid bilayer trimeric complexes exhibited indicative of a mature virion with a 

smooth surface (Heinz, et al. 1994, Kuhn, et al. 2002, Lindenbach and Rice 2001).   

The flavivirus life-cycle is initiated by a yet to be specified receptor mediated 

endocytosis (Figure 1.9, panel B) (Lindenbach and Rice 2001).  Similar to alphavirus pH-

dependent fusion, the E protein on the surface of the mature virion undergoes conformational 

change facilitating fusion followed by the subsequent dissociation of the nucleocapsid (Kuhn, et 

al. 2002).  Immediately after entry, the infectious positive sense viral RNA associates with the 

ER and undergoes cap dependent translation from the 5’ end to the 3’ end as an un-cleaved 

polyprotein by host ribosomes (Kielian 2006).  Interestingly, many mosquito-borne flaviviruses 

contain numerous in frame start codons (AUG) requiring the induction of a ribosomal pause over 

the authentic AUG start: DENV facilitates this with a small hairpin in the capsid genome 

(Lindenbach and Rice 2001).  Subsequent cleavage of the polyprotein by host proteases (between 
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C/prM, prM/E, E/NS1 and 2K-NS4B junctions) as well as viral non-structural protein NS2B and 

NS3 (between NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/2K and NS4B/NS5 junctions) 

derived serine proteases both during and shortly following translation (Figure 1.9 C) (Arias, et 

al. 1993, Lindenbach and Rice 2001, Strauss and Strauss 2002). 

Polyprotein cleavage is initiated with the cleavage of prM and the membrane 

anchor/translocation signal sequence from the RNA binding C protein (Lindenbach and Rice 

2001).  As C protein is translated first in the viral genome, cleavage from prM occurs relatively 

early on while cleavage from the membrane anchor/translocation signal sequence is later in 

infection fostering a maturation of C protein.  Following C translation, prM is translated upon 

which it immediately folds and associates with the previously discussed immature E protein 

monomers where it enhances the stability and maturation of the folding protein (Heinz and 

Allison 2003, Lindenbach and Rice 2003, Lorenz, et al. 2002).  prM protein association with E 

protein at this point of the replication cycle maintains the previously described function of 

preventing premature pH induced conformational changes in the E protein (Li, et al. 2008, 

Zhang, et al. 2003). 

The synthesis of flavivirus nonstructural proteins is imperative as these proteins are 

directly involved in the maturation and budding processes of the mature virion (Murray, et al. 

2008).  The simultaneous, but non-symmetric replication of nonstructural proteins from both 

negative and positive sense RNA is performed by the flavivirus replicative complex associated 

with the membrane complexes (Mackenzie, et al. 1998, Murray, et al. 2008).  The translation 

and processing of flavivirus nonstructural proteins is closely associated with the regulation and 

rapid formation of highly organized intra-cellular membrane complexes that are required for 

replication (McGee 2009, Murphy, et al. 1968).  These membrane complexes are maintained 
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FIGURE 1.9 THE FLAVIVIRUS GENOME AND REPLICATION.     
(A) Flavivirus genome including structural and nonstructural proteins with indication of 
polyprotein cleavage sites and type of cleaving enzyme. (B) Flavivirus life-cycle: receptor 
binding, receptor mediated endocytosis, pH dependent fusion, RNA uncoating, translation, RNA 
replication, virion assembly, maturation, and release.  (C) Flavivirus flavivirus polyprotein 
orientation and cleavage sites (previously indicated) relative to the ER membrane.  (Adapted 
from (McGee 2009)). 
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within the membraneous web that has been observed in many flavivirus infections and thought to 

localize replicative machinery for optimization of RNA synthesis, inhibit the interferon response 

in infected cells and limit the activities of host cell nucleases and proteases (Aligo, et al. 2009, 

Egger, et al. 2002, Konan, et al. 2003).  Covalent association of  the NS4A/NS4B precursor 

protein and the subsequent NS4A and NS4B cleavage products to the membrane complexes has 

been suggested to regulate the formation of these structures (Aligo, et al. 2009, McGee 2009, 

Miller, et al. 2007, Roosendaal, et al. 2006).  Only the expression of NS4A/NS4B precursor 

protein was found to slow the rate of ER-golgi trafficking of proteins during hepatitis C virus 

infection and has been postulated as a potential means to reduce antigen presentation and 

furthering host immune response evasion (Konan, et al. 2003).   

The flavivirus nonstructural proteins, many of which are associated with the replicative 

complex, regulate numerous processes during viral RNA synthesis.  NS1 may function to anchor 

the replicative complex to the membrane complex in association with NS4A, regulates the host 

innate immune response and/or may have a role in the initiation of minus-strand RNA synthesis 

(Lindenbach and Rice 2003, Melian, et al. 2010, Miller, et al. 2007).  NS2A associates with and 

has been found to be a critical component of the viral replicase (Murray, et al. 2008).  NS2B 

functions as a protease cofactor having been found in association with NS4A and contributing to 

the NS3 protease structure (Lindenbach and Rice 2001, Murray, et al. 2008).  NS2B and NS4A 

cofactors function to anchor the NS3 protease to the membrane and play an important function in 

regulating the proteases activity (Murray, et al. 2008).  NS3 has been shown to function as the 

viral helicase responsible for maturation of the virion by providing cleavage of the flavivirus C 

protein from its membrane anchor (Murray, et al. 2008).  The precise function of NS4A remains 

to be elucidated, but is hypothesized to include the recruitment of essential viral and host factors 

to the site of viral assembly (Moulin, et al. 2007, Murray, et al. 2008).  Lastly, NS5 functions as 
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the viral RNA-dependent RNA polymerase and maintains methyltransferase activities essential 

to the synthesis and capping of viral RNA (Egloff, et al. 2002, Koonin and Dolja 1993, Murray, 

et al. 2008).     

Although a packaging signal has not been identified, C protein has been found 

aggregating with newly synthesized RNAs (Murray, et al. 2008).  The RNAs are encapsidated 

and NS3 cleaves the C protein membrane anchor and the budding virus particle enters the ER 

(Chambers, et al. 1993, Mackenzie and Westaway 2001, Murray, et al. 2008).  Egress through 

the ER exposes the maturing virion to acidic pH conditions that induce reorganization of the 

glycoproteins from trimeric spikes to dimers (Murray, et al. 2008, Zhang, et al. 2007).  Host 

furin protease cleaves the precursor envelope protein prM (functioning to protect the E protein as 

the virion ascends through the golgi network) and the mature virus is exocytosed (Lindenbach 

and Rice 2001, Murray, et al. 2008).    

B. DENGUE VIRUS 

The distribution of CHIKV is somewhat sympatric with that of the dengue viruses 

(DENV), because they share the same transmission vectors: Aedes aegypti and Aedes albopictus 

(Figure 1.10) (Dash, et al. 2008, de Lamballerie, et al. 2008, Higgs, et al. 2006, Nawtaisong, et 

al. 2009, Powers, et al. 2000, Randolph and Rogers , Tsetsarkin, et al. 2007, Weaver and Reisen 

2010).  The diagnosis and differentiation of CHIKV from DENV is complicated in that they 

share endemic regions and by the fact that clinical presentations of the two virus infections are 

indistinguishable leading to the notion that CHIKV has been under-diagnosed and 

underappreciated as a significant arbovirus in public health (Carey 1971, Kuniholm, et al. 2006, 

Powers, et al. 2000, Thaung, et al. 1975, Weaver and Reisen 2010).  Due to the confounding 

factors leading to precise discrimination between these two viruses, it has been suggested that the 
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first, accurate description of a DENV outbreak was by Benjamin Rush in Philadelphia, PA, in 

1780 (Carey 1971).  Complicating this issue is the recent increase in the detection of travelers 

co-infected with both CHIKV and one of the four serotypes of DENV (Chahar, et al. 2009, 

Chang, et al. , Chen and Wilson , Kularatne, et al. 2009, Kuniholm, et al. 2006, Leroy, et al. 

2009, Myers and Carey 1967, Nayar, et al. 2007, Schilling, et al. 2009, Tappe, et al. , Thaung, et 

al. 1975).  

Dengue epidemics and epidemics where the illness strongly suggests DENV or a DENV-

like illness have been reported since approximately 992 A.D. in China (Gubler and Kuno 1997).  

The impact of DENV and the spread of infection impeded military actions and combat 

maneuvers during World War II when naïve forces moved into endemic regions (Kuno 2007, 

Sabin 1952).  Additionally, the socio-economic impact and personnel movement inherent to 

combat operations increased the spread of DENV within the native populations.  

DENVs constitute four serologically distinct etiological drugs (DENV-1, DENV-2, 

DENV-3 and DENV-4) known to cause dengue fever (DENF) and dengue hemorrhagic 

fever/dengue shock syndrome (DHF/DSS).  Prototype strains for all four serotypes have been 

collected and these are: DENV-1 (Hawaii, 1944), DENV-2 (New Guinea C, 1944), DENV-3 (H-

87, 1956) and DENV-4 (H-241, 1956) (Hammon, et al. 1960, Sabin 1952).  Additional genotypic 

distinction within these four serological drugs has been described as well as associated with 

increased human virulence (Leitmeyer, et al. 1999, Rico-Hesse 2003, Rico-Hesse 2007, Twiddy 

and Holmes 2003, Twiddy, et al. 2003, Twiddy, et al. 2002).   
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Infection with any one of the DENVs may initially produce the flu-like DENF that 

includes fever, rash, abnormal taste sensation, headache, eye pain, bone and joint pain, nausea, 

vomiting and prostration (Gubler and Kuno 1997).  This can further progress to one of four 

grades of DHF (grades I and II are considered mild and without shock, grades III and IV are 

much more severe and accompanied by shock) which includes DENF symptoms plus 

hemorrhagic manifestation, thrombocytopenia and increased vascular permeability (Martina, et 

al. 2009).  As defervescence transpires, dengue shock syndrome (DSS) occurs with the 

presentation of rapid and weak pulse, hypotension and cold, clammy skin that without immediate 

medical treatment, results in death (Martina, et al. 2009).   

FIGURE 1.10 WORLDWIDE DISTIBUTION OF DENGUE VIRUS, 2008.   
 (Adapted from http://blogs.cdc.gov/publichealthmatters/2010/04/dengue-the-key-west-tour/).   
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Further complications can arise with secondary infections of a heterologous serotype 

resulting in higher incidence of advancement to and development of DHF/DSS.  Under these 

conditions, prior infection with a DENV serotype initiates a heterotypic humoral response 

leading to an antibody dependent enhancement (ADE) of infection that has been associated with 

increased severity of infection (Chareonsirisuthigul, et al. 2007).  Initial studies of ADE found 

this occurrence to be supported by significant levels of homotypic and heterotypic infection-

enhancing IgG in non-human primates post-infection with DENV-2 resulting in increased 

infections of mononuclear phagocytes (Halstead and O'Rourke 1977).  ADE has also been found 

to decrease intracellular defense mechanisms and solicit immune-suppressing cytokines that 

appear to be associated with the observed severity and increased viral load (Chareonsirisuthigul, 

et al. 2007).  Additionally, the expression of pro-inflammatory cytokines during non-neutralized 

secondary DENV infection has been suggested to facilitate the increased vascular permeability 

and plasma leakage associated with DHF/DSS (Rothman 2003, Rothman and Ennis 1999).         

DENV is endemic in Asia, Africa and tropical America,  placing > 2.5 billion people at 

risk of exposure and causing 50-100 million cases of DENF, 500,000 cases of DHF/DSS and 

greater than 20,000 deaths annually (Higgs, et al. 2006, Nawtaisong, et al. 2009).  Interestingly, 

all four serotypes have been isolated in Asia while only DENV-2 has been documented in Africa 

strongly suggesting and Asian origin of DENV evolution (Gubler and Kuno 1997).  Globally, 

endemic  circulation of DENV occurs in at least 100 tropically and sub-tropically located 

countries in the Americas, Africa, Asia, Australia, the Caribbean, India, the Middle East and the 

Philippines (Mackenzie, et al. 2004, Siddiqui, et al. 2009).  According to phylogenetic analysis, 

it is believed that the divergence of DENV into the four serological groups recognized today all 

originated from the Asian-Oceanic region (McGee 2009, Wang, et al. 2000).  
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Overlapping transmission cycles for DENV include an enzootic cycle or arboreal cycle in 

non-human primates and canopy dwelling Aedes spp. mosquitoes, a rural epizootic transmission 

cycle in Aedes spp., and an urban cycle sustained in humans and peridomestic mosquitoes to 

include both CHIKV vectors, Ae. aegypti and Ae. albopictus (Gubler 2006, Rudnick, et al. 1967, 

Weaver and Barrett 2004).  Recent epidemics have been associated with introduction of infected 

vectors into a non-endemic region or where the endemic population of mosquitoes had been 

replaced by the Ae. aegypti, the primary vector of DENV (Randolph and Rogers 2010) .  

1.7 ENDOCYTOSIS AND FUSION   

Endocytosis is the cumulative association of cellular membrane function to maintain cell 

homeostasis.  These functions include, but are not limited to, the uptake of extracellular 

nutrients, regulation of cell-surface receptor expression, maintenance of cellular polarity, antigen 

presentation by degraded antigenic drugs and as a cellular access point for viruses, toxins and 

symbiotic microorganisms (Gruenberg and Maxfield 1995, Mukherjee, et al. 1997).  The four 

general mechanisms utilized for endocytosis are phagocytosis, pinocytosis, clathrin-mediated 

endocytosis and clathrin-independent endocytosis.  Alphaviruses enter permissive cells by 

receptor mediated endocytosis through clathrin-coated pits followed by a pH-triggered fusion to 

the endosomal membrane (Helenius, et al. 1980, White and Helenius 1980).  Interestingly, while 

alphavirus fusion has been demonstrated to be cholesterol-dependent in SFV and SINV fusion, 

CHIKV and VEEV fusion has been shown to occur regardless of cholesterol sequestration 

indicating that significant variation of alphavirus entry and fusion exists within this family of 

viruses (Kolokoltsov, et al. 2006, Lu, et al. 1999, Nieva, et al. 1994, Phalen and Kielian 1991, 

Tsetsarkin, et al. 2007).  Additional alphavirus fusion events with particular descriptions among 

viruses in this family of viruses is further discussed in Chapter 3.     
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Clathrin-coated pits are approximately 150 nm invaginated structures that occupy 

approximately 2% of the cells complete surface area and have the capacity to clear 10-50% of 

surface interacting drugs in under one minute (Mukherjee, et al. 1997).  Upon invagination of 

these clathrin-coated pits, an early endosome (EE) is formed to support the creation of a slightly 

acidic environment (pH 6.3-6.8) leading to the eventual formation of the more acidic late 

endosome (LE) or lysosome (pH 6.3 or lower) (Mellman 1996).  Enveloped viruses utilize the 

acidic environment of the endosome with two potential outcomes: 1) the endosome can be 

recycled, returning internalized components to the cell surface, or 2) the occurrence of endosome 

to membrane fusion leading to the uncoating of the envelope and eventual insertion of the viral 

genome into the cell (Bernard, et al. , Gruenberg and Maxfield 1995).  Manipulation of the EE 

associated GTPase Rab5 (receptor recycling and EE transport along microtubules) and LE 

associated GTPase Rab7 (ligand delivery to the lysosome) during CHIKV infection 

demonstrated that successful CHIKV infection rely on a functional EE and had limited need for 

the formation of the LE (Bernard, et al. , Solignat, et al. 2009).   

1.8 SPECIFIC AIMS OF THE PROJECT 

The E1-A226V mutation has made the Ae. albopictus mosquito a competent vector of 

CHIKV in India and many of the Indian Ocean islands to include Réunion Island.  Although 

CHIKV has not been isolated in the United States, mosquitoes have been identified that are 

capable of vectoring this virus in North America (Gratz 2004, Turell, et al. 1992).  Recent U.S. 

military focus has been shifted from the Middle East to Asia and it is important to fully 

understand the vectoring capabilities of Ae. albopictus and Ae. aegypti mosquitoes and potential 

viral inhibitory mechanisms that may be employed to minimize the loss of combat strength due 

to disease non-battle injury (DNBI).  This information will assist in the assessment and potential 

efficacy of current chemoprophylaxis anti-malarial drugs for the inhibition of CHIKV infection 
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in ground forces operating in these regions.  The results described here will further elaborate on 

the potential for dual virus vectoring and transmission of CHIKV and DENV in Aedes spp. 

mosquitoes; lending itself to focused vector control policies. The specific aims of the project are: 

Specific Aim #1: Determine the effect of in vitro and in vivo prophylactic treatment of 

ammonium chloride, chloroquine or monensin against chikungunya virus.   

Aim 1a: Demonstrate prophylactic treatment of C6/36 with lysosomotropic drugs inhibits 

CHIKV infection. 

Aim 1b: Demonstrate prophylactic treatment of ex vivo and in vivo Aedes albopictus midguts 

with lysosomotropic drugs inhibits CHIKV infection similar to that observed in vitro.   

Specific Aim #2:  Examine the patterns of CHIKV infection of Aedes albopictus LR and 

Aedes aegypti WE mosquito midgut epithelium for homologous interference and/or specific 

subset(s) of midgut epithelial cells uniquely susceptible to early CHIKV infection.     

Aim 2a: Determine the susceptibility of midgut epithelial cells to multiple CHIKV replicons by 

oral exposure.      

Aim 2b: Determine and contrast the susceptibility of mosquito midgut epithelial cells to 

CHIKV-GFP infection by enema inoculation and oral infection. 

Specific Aim #3:  Evaluate the salivary expression of CHIKV and DENV-2 infected Aedes 

albopictus LR and Aedes aegypti WE mosquitoes.   

Aim 3a: Determine the number of both CHIKV and DENV-2 NGC genomic copies in 

mosquitoes where both viruses are delivered by engorgement of infectious blood meal in 

sequential order or simultaneously. 
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Aim 3b: Determine if genomic copies of CHIKV and DENV-2 NGC in the mosquito saliva 

correlates with the expression of viral genomic copies in the mosquito head. 

Aim 3c: Examine the expression of CHIKV and DENV-2 NGC genomic copies in the saliva of 

Aedes albopictus LR and Aedes aegypti WE mosquitoes. 
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CHAPTER 2: COMPREHENSIVE MATERIALS AND METHODS 

2.1 INTRODUCTION 

Unless the application is described in a specific manner unique to the content of a 

specific chapter, this section addresses all methods and techniques utilized to accomplish this 

body of research.  Only a brief overview of the general experimental design will be presented 

within the text of each chapter, with refined and concise protocols presented here.  This 

consolidated approach mitigates repetition and offers comprehensive detail to the techniques 

utilized in a progressive and orderly fashion. 

CELLS 

Baby hamster kidney (BHK-21) cells (provided by Dr. Ilya Frolov), utilized for 

electroporation and production of CHIKV stocks, were stored in Nunc CryoTubes™ (Nalge 

Nunc International, Fairport, NY) in liquid nitrogen as 1ml cell suspensions containing ≈ 900µL 

fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) and 100µL dimethyl sulfoxide (DMSO; 

Sigma-Aldrich, , St. Louis, MO).  The parental lineage of these cells was originally derived from 

the kidneys of unsexed 1d old hamsters (Macpherson and Stoker 1962).  Prior to experimental 

utilization, tubes where removed from liquid nitrogen, rapidly thawed in a 37º C water bath and 

suspended in 10ml of minimal essential medium-alpha (MEMα; Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (FBS; Invitrogen), 1% L-glutamine (L-glu; 

Invitrogen), 1% penicillin-streptomycin (P/S; Invitrogen), and 1% minimal essential media 

vitamins (MEMα; Invitrogen).  This suspension was then centrifuged for 5min, 1200 RPM and 

the supernatant removed.  The cells were then resuspended in 15ml of MEMα and transferred to 

a 75cm
2
 tissue culture flasks and maintained at 37° C in the presence of 5% CO2.  When 
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confluent, cells were transferred to 175cm
2
 tissue culture flasks for use in electroporation and 

creation of viral stocks.   

African Green Monkey kidney (Vero) cells (provided by Dr. David Beasley), utilized for 

titration of virus stocks and homogenized mosquitoes, were also stored in liquid nitrogen and 

prepared for cell culture in the same manner as previously described for BHK-21 cells with the 

exception of a different maintenance media.  The parental lineage of these cells was originally 

derived from the kidneys of normal adult African Green Monkeys by Y. Yasumura and Y. 

Kawakita in 1962 (Bunsiti and Toyoso 1988).  Revival and resuspension of these cells was 

performed in a similar manner as described for BHK-21 cells with the exception of a different 

medium.  Vero cells were revived and maintained in Liebovitz L-15 media (L-15; Invitrogen) 

supplemented with 10% tryptose phosphate broth (TPB; Sigma-Aldrich, St. Louis, MO), 10% 

FBS, 1% L-glu and 1% P/S and incubated at 37°C.   

Aedes albopictus (C6/36) cells (provided by Dr. Robert Tesh), utilized for 

lysosomotropic infection inhibition assays, were also stored in liquid nitrogen and prepared for 

cell culture in the same manner as previously described for BHK-21 cells also in a different 

medium.  The parental lineage of these cells was originally derived from whole larval 

homogenates of Ae. albopictus mosquitoes (Singh 1967).  C6/36 cells were maintained in L-15 

supplemented with 10% FBS, 10% tryptose phosphate broth (Sigma-Aldrich, St. Louis, MO), 

1% L-glu, 1% P/S and maintained at 28º C in the absence of CO2.   

PLASMIDS   

For the following discussion, plasmid constructs nomenclature is as follows: the unique 

plasmid (p) followed by descriptive nature of the construct with an associated unique p# that is 

indicated in parenthesis the first time that the full plasmid is mentioned).  The full-length CHIKV 
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La Réunion infectious clones (pCHIKV-LR i.c.) (p142) utilized for these experiments were 

developed and designed by Konstantin Tsetsarkin (Tsetsarkin, et al. 2006) using a pSinRep5 

plasmid backbone (Invitrogen, Carlsbad, CA).  All constructs were originally derived from the 

RNA of CHIKV LR2006 OPY1 strain maintained by the World Reference Center for 

Arboviruses at the University of Texas Medical Branch, Galveston, TX (UTMB) under Dr. 

Robert Tesh.  Using standardized molecular techniques (Sambrook, et al. 1989), a green 

fluorescent protein (GFP) (Clontech, Mountainview, CA) or cherry fluorescent protein (Cherry) 

(Clontech) expressing gene was inserted 5’ to the structural genes of the CHIKV cDNA with a 

second subgenomic promoter creating pCHIKV-LR-5’-GFP i.c. (p145; CHIKV-GFP) and 

pCHIK-LR-5’-Cherry i.c. (p188; CHIKV-Cherry) (Figure 2.1) (Tsetsarkin, et al. 2006).  

Although 5’ and 3’ insertion of GFP into the pCHIKV-LR i.c. expressed a slightly lower 

infectivity than the CHIKV LR2006 OPY1 strain and pCHIKV-LR i.c. as measured by reduced 

kinetics of GFP loss in serial passages of BHK-21 and C6/36 cells, the 5’ insertion of GFP to the 

structural viral components proved optimal as the 3’ insertion and subsequent attempts at 

infection of Ae. aegyptyi mosquitoes with this i.c. failed (Tsetsarkin, et al. 2006).  To confirm 

that no erroneous mutations were introduced into the infectious clone throughout the cloning 

process, plasmids were sequenced at the Protein Chemistry Core, UTMB.  

ESCHERICHIA COLI MC1061 TRANSFORMATION AND AMPLIFICATION  

Aliquots of p145 that were acquired from Konstantin Tsetsarkin for transformation into 

E. coli (MC1061) were utilized to generate working stocks of plasmid for subsequent 

electroporation and generation of CHIKV-LR-5’-GFP virus stocks.  Transformations were 

performed by heat shock and are described in more detail below.   

 



 

 77 

 

 

MC1061 E. coli cells were derived from stocks of Dr. Charlie McGee.  Original stocks 

were maintained at -80º C, slightly thawed and then streaked by inoculation loop onto plates with 

2xYT agar (13g tryptone, 6.5g yeast extract, 5g NaCl per 1L molecular grade water (Cellgro, 

Manassas, VA)  with 13.3g bacteriological grade agar (Fisher, Fair Lawn, New Jersey) and 

autoclaved).  Streaked plates were incubated at 32º C for 12-16hr to isolate single colonies.  An 

FIGURE 2.1 CHIKUNGUNYA VIRUS GFP AND CHERRY INFECTIOUS CLONES.   
Representative maps of CHIKV GFP and Cherry fluorophore i.c. derived from the pCHIKV-LR 
i.c. Each fluorescent protein gene has been inserted 5’ to the structural genes with its own 
subgenomic promoter.  nsP1/nsP2/nsP3/nsP4 – non-structural proteins/viral genome, C – capsid, 
E1/E2 – envelope glycoproteins, E3/6K – accessory proteins, i.c. – infectious clone, LR – La 
Reunion, Ori – origin of plasmid replication, SGP – subgenomic promoter, UTR – untranslated 
region. 
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isolated colony was then used to inoculate 3ml of 1.5XYT medium (13g tryptone, 6.5g yeast 

extract, 5g NaCl per 1L molecular grade water) and placed on an orbital shaker (Thermo-Fisher 

Scientific, Waltham, MA) at 37º C for 12-16hr, 300 RPM.  Upon completion, culture was 

combined with 3ml 1.5XYT medium with 15% glycerol and transferred to 1.5ml tubes for 

storage at -80ºC. 

Overnight cultures of MC1061 cells for transformation were derived from an inoculum of 

glycerol stocks into 3ml of 2xYT medium.  This was subsequently shaken at 37º C for 12-16hr, 

300 RPM.  At the conclusion of this incubation, 1ml of the overnight culture was pipetted into 

50ml 1.5XYT medium and grown to a density of 0.6-0.8 OD600 at which time the culture was 

transferred to ice for 10min.  At this point, 3ml aliquots of bacteria were pelleted by 

centrifugation for 5min at 4º C, 4000 RPM.  Medium was then removed by aspiration and the 

cells were washed in ice cold Buffer #1 (B1; 0.01M MOPS, 0.01M RbCl, pH 7.0), mixed by 

vortex and pelleted by centrifugation as above.  B1 was removed from the pellet and cells were 

washed in 5ml of ice cold Buffer #2 (B2; 0.1M MOPS, 0.05M CaCl2, 0.01 RbCl, pH 6.5) with a 

15min incubation on ice followed by another pelleting of bacteria by centrifugation as above.  

Subsequently, the supernatant was removed and the pellet dissolved in 200µL of B2, 3ml DMSO 

and < 20µL of desired plasmid; all the time being maintained on ice.  The solution was mixed 

well and incubated on ice for up to 30min at which time cells were heat shocked for 45sec at 

43.5ºC.  Immediately following this heat shock, the cells were placed on ice for 5min followed 

by the addition of 3ml of 1.5XYT medium.  The solution was then put back on the shaker for 1h 

at 37ºC, 300 RPM followed by centrifugation for 5min at 4ºC, 4000 RPM.  The supernatant was 

then removed until approximately 50µL of 1.5XYT medium remains for the suspension of the 

bacterial pellet by pipetting.   
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The homogenized suspension was transferred onto a 100sm
2
 Petri dish where it was 

streaked on 2xYT agar (13g tryptone, 6.5g yeast extract, 5g NaCl per 1L molecular grade water 

was mixed with 13.3g bacteriological grade agar and autoclaved using the liquid cycle; solution 

temperature was then decreased to 60ºC prior to the addition of 100µg/ml ampicillin and plates 

were poured on the bench-top using sterile technique followed by cooling down and 

solidification of the agar media) for amplification of the desired plasmid containing bacteria; a 

genetic insertion selective for antibiotic resistance to ampicillin has been engineered into the 

parental pCHIKV-LR i.c. and maintained throughout the subsequent design of CHIKV infectious 

clone progeny.  MC1060 bacteria were cultured overnight at 37ºC for amplification and isolation 

of desired colonies.      

CESIUM CHLORIDE PURIFICATION OF PLASMIDS   

Isolated colonies of bacteria with the desired amplified plasmid were grown overnight on 

2xYT agar plates.  Plasmids were then purified utilizing the cesium-chloride purification method 

(Sambrook, et al. 1989); favored for its ability to  eliminate biological macromolecules from the 

transformed MC1060 cells that might make restriction endonuclease digestion of the desired 

plasmid less than optimal.  This technique is described in greater detail here.  The desired colony 

of MC1061 was one that is distinct and completely isolated from any other on the 2xYT agar.  

By inoculation loop or pipette tip, this colony was collected and inoculated into 250ml of 2xYT 

medium with 100µg/ml ampicillin and another overnight culture on a shaker was performed at 

37ºC, 300 RPM.  Bacteria were then pelleted the next morning by centrifugation for 10min at 

4ºC, 6,500 RPM.  Upon completion, the supernatant was discarded and replaced with an 8ml 

aliquot of Buffering Formula #1 (BF1; 12.5ml of 1M Tris, pH 7.5, 10ml of 5M NaCl and 10ml 

of 0.5M EDTA).  Bacteria were re-suspended in BF1 by alternating between vortex and 

pipetting.  Once a homogenous solution was produced, 16ml of Buffering Formula #2 (BF2; 
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20ml 1M NaOH,10ml 10% SDS and 70ml molecular grade water) was added and the entire 

solution shaken gently to again homogenize the solution and also to lyse the MC1061 cells for 

release of the plasmid DNA.   

This solution was incubated on ice for 5min followed by the addition of a 12ml aliquot of 

Buffer Formula #3 (BF3; 150g KAc, 100ml glacial acetic acid in 500ml molecular grade water) 

and immediate gentle shaking.  The solution was left on ice for another 5min prior to 

centrifugation and pelleting of the cellular debris from the lysed bacteria for 10min at 4º C, 

12,000 RPM.  The supernatant was then transferred to a clean 50ml conical tube through sterile 

gauze to capture bacterial debris that remained in suspension.  Immediately following transfer, 

ice cold isopropanol (≥70%) was added to the top of the conical tube; the tube was sealed and 

placed at -20ºC for a minimum of 15min, though longer is desirable.  This was done to 

precipitate plasmid DNA which was subsequently pelleted by centrifugation for 10min at 4ºC, 

4,000 RPM.  The supernatant was then discarded and the conical tube inverted on a paper towel 

for 2min to facilitate the removal of residual isopropanol.   

After this wicking period, the plasmid DNA pellet was dissolved into 2ml of TE buffer 

(2.5ml 1M Tris, 0.5ml of 0.5M EDTA in 250ml molecular grade water).  Additionally, 2ml of 

5M lithium chloride was added to precipitate RNA to be discarded and the entire solution was 

placed in an ice bath for no less than 10min and up to several hours.  Following this incubation, 

the solution was centrifuged for 10min at 4ºC, 4,000 RPM to pellet the unwanted RNA 

precipitate.  The supernatant was then transferred to a 15ml conical tube and an 8ml aliquot of 

100% ethanol was added, the tube capped and the solution mixed by slow, complete inversion of 

the tube.  This solution was then transferred to a -20ºC freezer for a 1hr incubation.  During this 

one hour incubation, a solution of 4.8g cesium chloride, 3.3ml TE and 40µL ethidium bromide 

(10mg/ml) was prepared in another 15ml conical tube and thoroughly mixed to produce a 
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homogenous solution and set aside for later use.  After the 1hr incubation in the -20ºC freezer, a 

distinct cloud of plasmid DNA is observed.  The solution was then centrifuged for 10min at 4º C, 

4,000 RPM.   

The supernatant was then aspirated and discarded while the DNA pellet was gently 

dissolved in 1ml of TE buffer by pipetting.  Once in solution, the plasmid preparation was 

transferred into the previously described cesium chloride solution, gently mixed and then 

transferred to a 3ml ultracentrifuge tube (Beckman Coulter, Inc., Irving, TX) utilizing a 5ml 

syringe with an 18 gauge needle.  All prepared ultracentrifuge tubes were weighed to achieve a 

final weight of ≈ 9.1g for balance of the ultracentrifuge rotor.  Tubes were then heat sealed and 

centrifuged for 16-18hrs at 20ºC, 65,000 RPM.  Ultracentrifuge tubes were then carefully 

removed from the centrifuge rotor to avoid disturbing the ethidium bromide labeled bands that 

had formed during the centrifugation process.  The lower band consisting of the plasmid DNA 

was removed by puncturing the tube with a 1ml tuberculin syringe needle to permit the 

aspiration of the entirety of the band.   

The aspirate was immediately mixed with 1ml TE and 3.5ml of 100% ethanol in a 15ml 

conical tube and incubated for 1hr at -20ºC followed by centrifugation for 10min at 4º C, 4000 

RPM.  The supernatant was discarded and the pelleted plasmid DNA was resuspended in 0.4ml 

TE, and transferred to a 1.5ml eppendorf tube.  This was followed by the addition of 0.4ml of 

phenol-chloroform and a 15sec vortex with subsequent centrifugation for 5min, 13,000 RPM.  

The upper phase of the supernatant was transferred to another 1.5ml tube where 0.4ml of 

chloroform was added.  Again, this was mixed by vortexing and then centrifuged for 2min, 

13,000 RPM.  The upper phase was again transferred to another 1.5ml tube and 0.1ml of 5M 

NaCl and 1ml of 100% ethanol were added for 15min incubation at -20º C.  After this 

incubation, the plasmid DNA was pelleted by centrifugation for 10min, 13,000 RPM.  After 
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centrifugation, the supernatant was discarded and 0.5ml of 70% ethanol was carefully added so 

as not to disturb the pellet and followed by centrifugation for 5min, 13,000 RPM.  The 

supernatant was removed after centrifugation and the remaining plasmid DNA pellet was 

dissolved in TE to a final concentration of 1µg/ml using a SmartSpec™ (BioRad, Hercules, CA).       

TRANSCRIPTION AND TRANSFECTION OF PCHIKV-LR-5’ INFECTIOUS CLONES   

Cesium chloride prepared pCHIKV-LR-5’-GFP DNAs were initially linearized using the 

restriction enzyme NotI prior to in vitro transcription.  This was performed using 3µg of plasmid, 

1µL of NotI–High Fidelity restriction enzyme (New England Biolabs, Inc. (NEB), Ipswich, 

MA), 4µL of NEBuffer #3, 4µL 10X bovine serum albumin and 28µL Ambion
®
 RT-PCR Grade 

water (Ambion, Applied Biosystems, Foster City, CA) mixed and incubated for 60min at 37º C.  

Immediately following linearization, linearized plasmids were purified utilizing a phenol-

chloroform extraction requiring the addition of 60µL water to the previous reaction followed by 

the addition of 100µL of phenol-chloroform, a 15sec vortex and immediate centrifugation for 

5min, 13,000 RPM.  After phase separation, the aqueous phase containing the linearized DNA 

plasmid was transferred to a new 1.5ml tube and 100µL of chloroform-isoamyl alcohol (24:1) 

was added.  The solution was vortexed and another phase separation was done by centrifugation 

for 3min, 13,000 RPM.  Again, the upper phase was removed to a new 1.5ml sterile tube where 

ethanol precipitation was performed.  Next, 10µL of 3M, pH 5.2 sodium acetate and 220µL of 

100% ethanol were added, mixed by slow inversion and then incubated at -80ºC for at least 

20min.  Upon removal from the freezer, centrifugation was performed for 20min, 13,000 RPM.  

The supernatant was carefully removed leaving the DNA pellet undisturbed.  Slowly, 300µL of 

70% ethanol was gently added to the tube so as not to disturb the pellet and another 

centrifugation was performed for 3min, 13,000 RPM.  Lastly, the supernatant was entirely 
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removed from the pelleted linearized plasmid which was then eluted in 12µL of Ambion
®

 RT-

PCR Grade water.       

The mMESSAGE mMACHINE Sp6 Kit (Ambion, Applied Biosystems, Foster City, CA) 

was utilized to perform the in vitro transcription of the linearized plasmid in accordance with 

manufacturer protocols.  A brief description of this reaction by volume is described as follows:  

12µL of linearized plasmid DNA, 4µL 10x Sp6 reaction buffer, 4µL 20mM GTP, 20µL 

dNTP/Cap buffer (10mM each ATP, CTP, UTP; 2mM GTP; 8mM Cap analogue) and ≈ 3µL Sp6 

enzyme mix providing enough in vitro transcribed RNA for four 10µL electroporations.  The 

reaction was then incubated for 60min at 37ºC.  After a 15min of incubation, a 1µL aliquot was 

collected for evaluation of RNA integrity by 1% agarose gel electrophoresis.  At the conclusion 

of this incubation, the reaction was divided into four 10µL reactions and either utilized 

immediately for transfection of BHK-21 cells or stored at -80ºC for later use. 

The transfections performed for these experiments were performed by electroporation of 

the eukaryotic cell BHK-21 using a cell specific protocol.  As previously described above, BHK-

21 cell culture was performed in 175cm
2
 tissue culture flasks to an optimal electroporation 

confluence of  ≈85% (≈1x10
7
 cells) was achieved.  Maintenance MEMα was removed and the 

cell monolayer was quickly washed with 10ml of ice cold 1X Dulbecco’s phosphate buffered 

saline (DPBS; without Ca
2+

 and Mg
2+

, pH range of 7.0 to 7.6; Cellgro).  The DPBS was then 

aspirated and 3ml of Trypsin-EDTA, 0.25% (Invitrogen) was applied for 5min at 37ºC.  Post-

incubation, cells were abruptly dislodged from the surface of the tissue culture flask and put into 

solution with the addition of 7ml of MEMα and vigorous aspiration to break up any aggregates 

of cells.  This suspension was transferred to 15ml conical tubes and centrifuged for 5min at 4ºC, 

1200 RPM to pellet the cells.  The supernatant was discarded and the cellular pellet suspended in 

1X DPBS followed by centrifugation at the above parameters for a total of three washes.  After 
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the third wash, the cells were put into suspension with 400µL of 1X DPBS.  Very quickly, the 

prepared RNA from the in vitro transcription reaction (≈ 10µL) was added to the cell suspension, 

mixed 3-4 times, transferred to a 2mm gap cuvette and electroporated with a Gene Pulser Xcell 

Electroporation System (BioRad).  This electroporation was a single pulse at 140Volts for 25ms 

after which the cuvette was immediately transferred back on ice.  Removal of electroporated 

BHK-21 cells from the cuvette was done with the addition of 600µL of MEMα to the cuvette, 

repeated aspiration by pipette to mix well and transfer of 600µL into a 75cm
2
 tissue culture 

flasks.  This was repeated twice with the remaining volume removed with the smaller 200µL 

resulting in the cumulative transfer of ≈ 2mL to the tissue culture flask.  An appropriate volume 

of MEMα was added to the flask to bring the final volume up to 12ml and the flask was 

immediately placed in a secondary container and transferred immediately to the appropriate 

Biosafety Level-3 laboratory.  Optimal incubation for growth of cells and virus was 37ºC with 

5% CO2 for 48hrs, as determined by previous titration and growth curve analysis by Konstantin 

Tsetsarkin and validation of my own stocks.  Virus stocks were collected into 1ml and 0.5ml 

aliquots and stored at -80ºC for later use.  

CHIKV CELL CULTURE AND MOSQUITO TITRATIONS     

Tissue culture infectious dose 50% endpoint titers, Log10TCID50/ml, (TCID50/ml) using a 

standard protocol (Higgs et al., 1997) was utilized for the titration of all collected infectious cell 

culture aliquots and mosquito infection assays.  While tissue culture samples could be directly 

assessed utilizing TCID50/ml assay, whole mosquito titration required homogenization of the 

mosquito in a 2.0ml round bottom safe-lock microcentrifuge tube (Eppendorf, Hauppauge, NY) 

containing a 4.5mm steel ball bearing (Daisy
®
 Rogers, AR), 1ml of L-15 medium previously 

described and supplemented with 250µg/ml amphotericin-B (Invitrogen).  Trituration was 
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performed on a TissueLyser II platform (Qiagen, Valencia, CA) for a period of 4min at 26 Hz.  

Upon completion, samples were centrifuged for 5min, 10,000 RPM.   

Triturated samples and cell culture supernatant aliquots of 100µL were pipetted into the 

first column of a 96-well plate with subsequent 10-fold serial dilutions across the plate.  Plates 

were then seeded with Vero cells, incubated for 7 days at 37ºC and evaluated for the presence of 

GFP/Cherry fluorophore expression using an Olympus IX-70 compound epifluorescence 

microscope (Olympus, Center Valley, PA).  Lastly, plate fixative stain (0.1% napthol blue black 

(amido black), 10% acetic acid and 25% isopropanol in water) was applied for the confirmation 

of titration as observed by the presence/absence of cytopathic effect (CPE).     

DENV-2 NGC CELL CULTURE TITRATION  

Dengue virus-2, New Guinea C strain (DENV-2 NGC) was titrated utilizing focus 

forming assay on 6-well tissue culture plates with Vero cells grown to 80% confluency and in 

supplemented L-15 at conditions previously described above.  Ten-fold serial dilutions of virus 

stock were prepared and 200µL aliquots placed in the wells for a 1hr adsorption at 37ºC with 5% 

CO2.  At 1hr, 2ml/well of overlay was added to each well and return to the incubator for 7 days 

at 37ºC with 5% CO2.  The overlay consisted of opti-minimal essential media reduced serum 

medium, no phenol red (Opti-MEM; Invitrogen) supplemented with 3% FBS, 1% L-glu, 1% P/S 

and 0.8% methyl-cellulose.  After a 7d incubation period, infected plates were removed from the 

incubator and fixed using 4ml/well of -20ºC acetone for 10min.  At completion of fixing, all 

supernatant was discarded and plates allowed to dry on the bench-top for 2hrs prior to storage at 

-20ºC and subsequent indirect immunofluorescence antibody (IFA) staining. 

IFA was performed using a 200-fold dilution of 4G2 primary antibody in 1X PBS 

(Cellgro).  4G2 monoclonal antibody was derived from lymphocytic hybridomas in mouse 
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ascitic fluid and directed against DENV-2 NGC (Gentry, et al. 1982).  Diluted 4G2 was applied 

in 300µL aliquots with subsequent incubation for 40min at 37ºC.  Next, wells were washed 2x 

with 1X PBS followed by the addition of the secondary antibody Alexa
®
 Fluor 488 (Invitrogen), 

goat anti-mouse also in a 200-fold dilution in 1X PBS.  Aliquots of 300µL were applied followed 

by incubation for 40min at 37ºC.  At the conclusion of this incubation, another 1X PBS wash 

was performed followed by a wash with deionized water.  Lastly, wells were overlaid with 

250µL of 9:1 glycerol:1X PBS and stored at 4ºC in the dark prior to focus forming unit (FFU) 

analysis.  The FFU/ml were determined using the equation: (# observed foci/well) x (5) x 

(dilution factor of well).    

IN VITRO REPLICATION OF CHIKV   

Mosquito cells (C6/36) were maintained as previously described above at 28ºC in 96-well 

plates and incubated to ≈ 80% confluency.  Cells in experimental wells were infected with a 

multiplicity of infection (MOI) of 0.5 using thawed frozen stocks of CHIKV collected from 

BHK-21 electroporation.  Virus adsorption was allowed to proceed for 1hr at 28ºC at the 

conclusion of which, infectious medium was removed and replaced with maintenance medium.  

Lastly, an 8hr incubation was performed prior to final removal of medium and fixing in 10% 

formalin overnight.  

Determination for the optimal time post-electroporation to collect CHIKV stocks from 

BHK-21 cells was performed by collection and subsequent replacement of 200µL aliquots at 

12hr intervals post-electroporation.  Aliquots were collected up to 72hpi and immediately frozen 

at -80ºC until titration.  Titration was performed by TCID50/ml as previously described.  From 

these experiments, it was determined that the optimal time point for the collection of CHIKV 

stocks post-electroporation into BHK-21 cells was ≈ 48hpi.   
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IN VITRO REPLICATION OF DENV-2 NGC   

DENV-2 NGC stocks were prepared by infecting C6/36 cells at an MOI of 0.0001.  

Briefly, 150cm
2
 tissue culture flasks with C6/36 cells were grown to 70-80% confluence, prior to 

infection, in Dulbecco's Modified Eagle Medium high glucose (Invitrogen, Carlsbad, NM) 

supplemented with 10% FBS, 10% TPB, 1% L-glu, 1% P/S and maintained at 28ºC with 5% 

CO2.  Infected cell culture medium were collected at 5dpi and centrifuged for 10min at 4º C, 

3,000 RPM to remove cellular debris.  Aliquots of 0.5ml were placed in 1.5ml ultracentrifuge 

tubes and immediately mixed with defibrinated sheep blood (DSB; Colorado Serum Company, 

Denver, CO) to prepare blood meals for per os (oral) mosquito infection, discussed in greater 

detail later. 

MAINTENANCE AND INFECTION OF AEDES MOSQUITOES    

Both Aedes aegypti (Higgs White-Eyed) and Aedes albopictus (La Réunion) mosquitoes 

were utilized for all alphavirus and flavivirus experiments encompassed by this body of work.  

Both mosquito species reside within the overlapping endemic regions of CHIKV and DENV and 

while Ae. aegypti is the primary vector of both viruses, Ae. albopictus mosquitoes have recently 

played an increasingly important role with their proven vectoring capacity for CHIKV 

(Tsetsarkin, et al. 2006, Tsetsarkin, et al. 2009, Tsetsarkin, et al. 2007).  Generation F≥5 

mosquitoes were utilized from mosquito colonies maintained at UTMB in an arthropod 

containment level-2 (ACL-2) insectary in accordance with standard rearing practices at a 

temperature of 28ºC with a 16:8hr light:dark photoperiod with transitional lighting between 

periods to imitate dusk/dawn (Vanlandingham, et al. 2004).  Sustenance for the larval stage was 

provided in a 1:1 mixture of  ground Prolab® RMH 2500 (PMI Nutrition International
 
LLC, 

Brentwood, MO) and TetraMin® tropical flakes (Doctors Foster and Smith, Inc., Rhinelander
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WI) while adult colonies were sustained by the administration of wicked 10% sucrose in water.  

In accordance with NIH and UTMB humane laboratory practices and with full approval of the 

UTMB Institutional Animal Care and Use Committee, anesthetized hamsters were provided on a 

weekly basis for haematophagous stimulation of vitellogenesis and subsequent oviposition on 

moistened paper towels for sustainment of the colony. 

ORAL INFECTION OF MOSQUITOES  

Per os (oral) infection of female mosquitoes was performed once screened containers of 

specific mosquito numbers were transferred and maintained in an arthropod containment level-3 

(ACL-3) insectary.  Per os infection typically involved the 1:1 combination of DSB with inocula 

previous collected from infected cell culture.  In some instances, a 1:1:1 combination was 

utilized when more than one virus was offered to female mosquitoes for engorgement.  

Regardless of the final constitution of the per os blood meal, all were presented to mosquitoes in 

a sealed glove box through screen lined cartons using a Hemotek arthropod feeder (Discovery 

Workshops, Accrington, Lancashire, United Kingdom) covered by a de-haired murine skin and 

warmed to 37ºC (Figure 2.2).  Mosquitoes were offered the infectious blood meal ad libitum up 

to 1hr, after which the entire carton of mosquitoes were cold anesthetized, placed on a 6” plastic 

petri dish on ice in the glove box and sorted by those that had engorged an infectious blood meal 

and those that had not (Pilitt and Jones 1972).  Engorged mosquitoes were returned to the 

screened carton with taped seams to prevent release/escape while those that had failed to imbibe 

a blood meal were killed by immersion in ≥70% ethanol.  Cartons with infected mosquitoes were 

labeled appropriately, situated in humidified containers and offered wicked 10% sucrose water 

for continued sustenance for the duration of the experiment.  Humidified containers were further 

secured in a Precision model 818 environmental chamber (Precision, Winchester, VA) with 

optimal conditions maintained at 28ºC with a 16:8hr light:dark photoperiod.  For infected 
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populations of mosquitoes experimentally designed to receive a second infectious or non-

infectious blood meal per os, damp paper towels in a 3ml medicine cup with water allowing for 

oviposition and priming of the mosquitoes for a second haematophagous feeding.  

 

 

 

Following this protocol, the second blood meal could efficiently be offered as early as four days 

after the initial per os infection.  At the conclusion of each infection, aliquots of infectious meal 

and engorged female mosquitoes were collected and stored at -80ºC for titration by TCID50/ml.    

FIGURE 2.2 ORAL INFECTIONS OF MOSQUITOES WITH CHIKUNGUNYA VIRUS.   
Cartons containing female mosquitoes are permitted to imbibe non-infectious and infectious 
blood meals from hemotek arthropod feeders covered by a de-haired murine skin and warmed to 
37ºC while contained in a glove box in an ACL-3 laboratory. 
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ENEMA INFECTED MOSQUITOES       

Enema infected mosquitoes were cold anesthetized prior to manipulation and inoculation 

with infectious medium.  Unlike per os infected mosquito blood meals, the inoculum was void of 

DSB to minimize abrasion/damage to the terminal end of the digestive tract but diluted in a 1:1 

ratio with MEMα for administration of equivalent tittered virus.  Chilled mosquitoes were placed 

on platforms fashioned from modelers clay with a slight depression for stabilizing the female 

mosquito, minimizing abdominal movement and orienting the legs up (Figure 2.3, panel A).  

Another fine band of clay transversed the thorax and was utilized to secure the mosquito to the 

platform to receive the enema inoculum (Figure 2.3, panel B, C & D).  Under  

 

 

FIGURE 2.3 ENEMA INOCULATIONS OF AE. ALBOPICTUS LR MOSQUITOES.  
Mosquitoes were cold anesthetized prior to being restrained in a concave clay platform and 
secured by a separate, smaller band of clay, panel A.   Manual pressure delivery injection system 
with glass capillary tubes heat pulled to fine needle points.  Needles were placed proximal to the 
mosquitos’ anus (panel B) with gentle pressure applied to administer the enema inoculum, panel 
C.  Midgut distension is observed with increasing volumes up to approximately 3-5µL, panel D.     



 

 91 

observation, 2-3µL of virus stock was gently administered into the anus of the mosquito utilizing 

a manual pressure delivery injection system with Calibrated Microcaps
®

 (100µL) (Drummond 

Scientific Company, Broomall, PA) that were pulled to needle tips in a PC-10 Puller (Narishige, 

Tokyo, Japan) at a temperature of 73.6°C. Injected mosquitoes were returned to screened cartons 

and maintained as previously described above.   

INFECTION, DISSEMINATION AND TRANSMISSION POTENTIAL    

General determination of whole mosquito infection was performed by collection of 

samples at specific time points post-infection for titration on Vero cells by TCID50/ml in 

accordance with the protocol previously described above.  In separate experiments, Ae. aegypti 

and Ae. albopictus mosquitoes were analyzed using qRT-PCR (discussed later) to evaluate viral 

genome quantification in whole mosquito infection and head for specific dissemination of virus 

throughout the mosquito and lastly, in the saliva of these mosquitoes to evaluate transmission 

potential.  Collection of these samples in preparation for qRT-PCR analysis will be discussed 

here.  Whole mosquitoes were collected, cold anesthetized and individually placed in a 2.0ml 

round bottom safe-lock microcentrifuge tubes containing a 4.5mm steel ball bearing and 400µL 

of lysis solution supplemented with beta-mercaptoethanol (BME) from an Aurum™ Total RNA 

96 kit (BioRad) in accordance with manufacturer’s protocols.  Samples were then triturated on a 

TissueLyser II platform for 2min at 26 Hz, pulse centrifuged with subsequent 200µL aliquots 

placed in Aurum™ kit growth blocks (deep-well 96-well plates) for RNA extraction.  Both the 

original samples and the 96-well plates were immediately stored at -80ºC until the RNA 

extraction could be performed.   

Mosquito heads and corresponding saliva samples were collected for evaluation of virus 

dissemination and transmission potential, respectively.  Saliva was collected from cold 
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anesthetized de-legged and de-winged mosquitoes with the insertion of the infected mosquito’s 

proboscis into 50µL glass capillary tubes (Drummond Scientific Co., Broomall, PA) containing 

≈ 10µL type B immersion oil (Cargille Laboratories, Inc., Cedar Grove, NJ) to elicit salivation as 

previously described (Figure 2.4) (Kamrud, et al. 1997).  After 1hr, the contents of the capillary  

 

 

 

tubes were dispensed into microcentrifuge tubes containing 200µL of the Aurum™ lysis solution 

supplemented with BME while the corresponding heads were severed from the mosquito’s 

thorax and placed into another microcentrifuge tube contain containing 100µL of the Aurum™ 

lysis solution supplemented with BME.  Only capillary tubes containing a visually discernible 

secretion of saliva in the immersion oil in and around the proboscis, as previously described by 

FIGURE 2.4 MOSQUITO SALIVA COLLECTION.     
Cold anesthetized mosquitoes were de-legged and de-winged with subsequent insertion of their 
proboscis into capillary tubes containing immersion oil.  The immersion oil induces salivation.  
Mosquitoes were allowed to express saliva for 1hr prior to dislocation of the head for correlative 
analysis of both the head and saliva by qRT-PCR for CHIKV and/or DENV.  
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Smith, et al., 2005, were collected.  As above, all samples were immediately stored at -80ºC until 

RNA extraction could be performed.   

Lastly, in yet another set of experiments, mosquito legs were collected for evaluation and 

comparison of virus dissemination.  Legs were collected from cold anesthetized mosquitoes and 

immediately placed in microcentrifuge tubes containing 200µL of the above Aurum™ lysis 

solution supplemented with BME and immediately stored at -80º C until RNA extractions could 

be performed.           

MOSQUITO MIDGUT DISSECTION AND TISSUE PROCESSING    

Many experiments required the evaluation of infection within the tissues of the mosquito; 

more specifically, the midgut.  Mosquitoes were cold anesthetized at -20ºC for ≈90sec before 

submersion in 70% ethanol for 30sec to allow surface decontamination.  Next, mosquitoes were 

transferred to 1X PBS where they remained shortly until the dissection was performed.  

Dissections were performed on stereomicroscopes using Rubis fine point tweezers, style #5-SA 

(Rubis, Switzerland) and scalpel when head excision was required.  Leg removal was generally 

less tedious than head removal and legs were easily removed without concern for extraneous 

tissues accompaniment.   Midguts were dissected from the abdomen by making a small incision 

in the anterior ventral abdomen, then displacing the abdomen from the thorax by pulling gently 

from the posterior abdomen on the terminal abdominal tergum (Figure 2.5).  Separation in this 

manner offered complete extraction of the midgut including the Malpighian tubules allowing for 

orientation of the posterior and anterior midgut.  Some experiments required presentation of the 

midgut in a manner that exposed the mesenteronal epithelial cells of the interior or luminal 

midgut (later referred to as “open midgut”) for comparison to an unaltered and intact midgut 

(later referred to as “closed midgut”). Occasionally, midguts were reviewed for confirmation of  
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FIGURE 2.5 ANATOMY OF THE DISSECTED MIDGUT.   
The mosquito anatomy consists of three major anatomical segments: head, thorax and abdomen, 
panel A.  The midgut in panel B was dissected from the abdomen segment of an Ae. albopictus 
LR mosquito  infected with CHIKV-GFP, 14dpi.   Blue fluorescence is DAPI stain.  Midguts are 
oriented with the anterior to the left of each image at 20x.  (Scale = 500µM).  (Adapted from 
Jobling, 1987).   
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GFP or Cherry fluorescent protein expression utilizing the Olympus IX-70 compound 

epifluorescence microscope available in the ACL-3.  Otherwise, upon dissection, midguts were 

immediately transferred to 12-well plates covered in foil containing chilled BD Cytofix (BD 

Biosciences, San Jose, CA) and then placed at 4°C for 24hrs.  Midguts were immersed in 

SlowFade® Gold Antifade reagent (Invitrogen) on microscope slides, coverslips were applied 

and slides were placed in a slide box to protect from light until imaging was performed.  Digital 

epifluorescent images were captured with a Nikon Eclipse Ti – Perfect Focus system inverted 

microscope with NIS-Elements software in the Department of Microbiology and Immunology, 

UTMB.  Further image enhancement and refinement of fluorophore expression was performed 

using Autoquant x2.2 software (Media Cybernetics, Bethesda, MD). 

LYSOSOMOTROPIC DRUGS CHEMOPROPHYLAXIS TO INVESTIGATE VIRAL ENTRY 

MECHANISMS    

When applicable, the lysosomotropic drug chloroquine, ammonium chloride or monensin 

were prophylactically utilized for in vitro, in vivo or ex vivo virus infection inhibition 

experiments.  While in vitro and ex vivo experiments utilizing C6/36 cell culture and midguts 

excised by dissection from the abdomen of Ae. albopictus, respectively, permitted the 1hr 

chemoprophylactic administration of these drugs prior to virus adsorption, in vivo experiments 

utilizing per os infected Ae. albopictus mosquitoes required concurrent treatment with the 

previously mentioned drugs.  In all three applications, drug effects on the morbidity and 

mortality of the specified experimental model were closely monitored throughout application 

with specific impact at any concentration annotated in the results.              
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QUANTIFICATION OF CHIKV AND DENV GENOMES    

qRT-PCR analysis of samples was performed at the Assay Development Services 

Division of the Galveston National Laboratory, UTMB.  Quantification of CHIKV and DENV-2 

NGC is exceptionally difficult in samples where both viruses are present, due largely in part to 

CHIKV relatively rapid rate of replication when compared to DENV, or when both viruses are 

present, but below the level of detection of protocols utilizing cell culture for titration.  The 

typical incubation period for CHIKV is 3-5d while the typical incubation period for DENV is 8-

14d (Mourya and Yadav 2006).  Without antibody binding, or neutralization of CHIKV in these 

samples, DENV infection and subsequent detection would quickly be overcome by the more 

rapid replication of CHIKV.  For this purpose, quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) was utilized on whole body, head and leg specimens collected during 

necropsy or on saliva collection that met these criteria.  As previously mentioned samples were 

collected and processed in the specified volumes of Aurum™ lysis solution and stored at -80º C. 

RNA extraction for qRT-PCR analysis was performed using the Aurum™ Total RNA 96 

kit according to the manufacturer’s protocol and optimized to meet the specific requirements 

required of mosquito derived specimens to include the homogenization of heads and whole 

mosquito bodies.  While whole mosquito processing required homogenization of the mosquito in 

a 2.0ml round bottom safe-lock microcentrifuge tubes containing a 4.5mm steel ball bearing and 

400µL of Aurum™ lysis solution with trituration on a TissueLyser II platform for 4min at 26 Hz, 

mosquito heads were less resistant to anatomical degradation in the lysis buffer, only requiring 

200µL of lysis buffer and no trituration.   

If not previously collected and stored in deep-well 96-well plates during collection, 

samples were quickly thawed, maintained on ice and transferred immediately prior to RNA 
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extraction.  While maintained on ice, an equal amount of 70% ethanol with the RNase inhibitor 

diethylpyrocarbonate (DEPC), was added to each sample (whole mosquito = 200µL, head = 

100µL, legs = 200µL and saliva = 200µL).  Using a multi-channel pipette, samples were 

transferred to an Aurum™ total RNA binding plate in 150µL aliquots and centrifuged for 2min; 

4,000 RPM.  This was repeated until the entire sample had been passed through the RNA binding 

plate with all liquid waste that passed through the filter discarded between repeats.  Next, 700µL 

aliquots of low stringency wash solution was added to each well followed by centrifugation for 

3min; 4,000 RPM.  Again, waste was discarded and 80µL aliquots of DNaseI were added to each 

well followed by 20min incubation at ambient temperature.  Post incubation, samples were 

centrifuged for 1min; 4,000 RPM, waste discarded and 700µl aliquots of high stringency wash 

solution added to each well and centrifuged for 3min; 4,000 RPM.  A repeat application of 

700µL aliquots of low stringency wash solution was applied with repeated centrifugation for 

3min; 4,000 RPM, with removal of filtered waste in between repeats.  Final elution of RNA into 

an Aurum™ microtiter collection plate was done with repeated addition of 75µL aliquots of 

elution solution followed each time by centrifugation for 1min; 3,000 RPM; with a final volume 

of 150µL of eluted RNA for cDNA synthesis.  If not utilized immediately, samples were sealed 

with plate tape and stored at -80ºC. 

Complementary deoxyribonucleic acid (cDNA) was prepared with BioRad’s iScript™ 

cDNA Synthesis kit as optimized for these experiments as follows.  RNA samples stored at -

80ºC were thawed on ice prior to initiating synthesis.  For each plate, a master mix including a 

216µL aliquot of 5x iScript reaction mix and a 54µL aliquot of iScript Reverse transcriptase was 

prepared.  In an iQ5 96-well PCR plate (BioRad), 7.5µL of RNA from each sample was mixed 

with 2.5µL of the prepared master mix.  Plates were then sealed with foil plate tape and pulse 

centrifuged to draw samples into their respective wells.  Next, the plates were placed on an 
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iCycler thermal cycler (BioRad) using the following thermo-cycling parameters:  25ºC for 5min, 

42ºC for 30min, 85ºC for 5min and 4ºC indefinitely.  Upon completion, prepared plates were 

stored at -20ºC. 

To quantify genomic targets, an optimized quantitative real time PCR was performed.  

The CHIKV qRT-PCR reaction total volume was 25µL consisting of 3µL cDNA template, 

12.5µL iQ SYBR Supermix (BioRad), 7.5µL DNase-free water and 1µL each of 5µM forward 

and reverse primers; forward 5’-TCCTGACCACCCAACACTCCTG-3’ (nucleotides 9405-

9426) and reverse 5’-ATACTTATACGGCTCGTTG-3’ (nucleotides 9538-9556).  Amplification 

was performed on the C1000™ thermal cycler (BioRad) utilizing the following thermo-cycling 

parameters: one cycle at 95ºC for 2min; 40 cycles at 95ºC for 30sec, 59ºC for 30sec and 72ºC for 

20sec; 71 cycles at 81-95ºC with an increase in set point temperature by 0.2ºC after the 2
nd

 cycle; 

one cycle at 4ºC indefinitely.  A 0.2ºC increment was utilized to obtain a precise estimation of 

the melt peak which translates into the melt temperature. The melt temperature was the metric 

used to confirm that CHIKV was amplified and not something off-target. A standard curve of 

genome copy numbers was established utilizing 10-fold serial dilutions of a pre-quantified 

CHIKV-LR insert cloned into a TOPO TA plasmid vector (Invitrogen).   

Although very similar, the DENV-2 NGC qRT-PCR reaction is described here for clarity.  

The qRT-PCR reaction volume was 25µL consisting of 3µL cDNA template, 12.5µL iQ 

Supermix (BioRad), 6µL DNase-free water, 1.5µL of 5µM dengue virus fluorescent probe 5’-

HEX-CTGTCTCCTCAGCATCATTCCAGGCA-BHQ1-3’ and 1µL each of 5µM forward and 

reverse primers; forward 5’-CATATTGACGCTGGGAAAGA-3’ and reverse 5’-

CATTCCATTTTCTGGCGTTCT-3’ (Houng, et al. 2001).  Again, amplification was performed 

on the C1000™ thermal cycler utilizing the following two-step thermo-cycling parameters: one 

cycle at 95ºC for 1.5min; 40 cycles at 95ºC for 10sec, 62ºC for 30sec.  A standard curve of 
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genome copy numbers was established utilizing 10-fold serial dilutions of a pre-quantified 

DENV-2 insert into a TOPO TA plasmid vector.   

Mosquito-derived specimens were normalized utilizing the 12s ribosomal RNA 

ribosomal RNA housekeeping gene.  Recent work in the field of qRT-PCR has evolved past the 

immediate quantification of pathogens requiring a reference of that quantification to a known, or 

relatively constant measure (Guenin, et al. 2009).  The utilization of housekeeping genes 

facilitates this activity by standardizing the volume or mass of sample by quantification of a 

consistent gene within that sample allowing for correlation between samples of various sizes 

and/or content.  The 12s ribosomal RNA gene, a mitochondrial gene fragment that codes for 

ribosomal RNA, is considered a housekeeping gene that has been universally identified in insects 

and other related groups (Kambhampati and Smith 1995).  Because the 12s ribosomal RNA gene 

has been found universally in mosquitoes, it offered the capability to normalize our samples 

accounting for variation in the amount of tissue collected, the varied sizes of mosquitoes and the 

varied cellular content within each sample.  While normalization assists in accounting for 

variation in sample size to provide comparative quantification of viral genomic copies detected, 

the following empirically based assumptions have been made and must receive consideration 

when evaluating the qRT-PCR data.  They are: the larval derived C6/36 cells are an adequate 

representative of diverse cell population that constitute the entirety of the mosquito, mosquito 

cells express similar amounts of the 12s ribosomal RNA gene that we have chosen as a 

housekeeping gene and that the specialized and differentiated cells in different anatomical loci of 

the mosquito express similar amounts of 12s ribosomal RNA gene.  Until further work is done to 

more specifically evaluate the differentiated expression of 12s ribosomal RNA gene in the 

various cellular and tissue components of multiple mosquito species, this was determined to be 

the best alternative to meet the demand for specimen normalization of pathogen quantification.     
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Normalization of samples was performed by quantification of 12s ribosomal RNA gene 

in triplicate samples of known quantities of C6/36 cells.  While samples containing cellularized 

mosquito components (i.e. whole body, head and legs) could be normalized with this 

information, saliva samples are typically devoid of cells with the exception of errant occurrences 

and thus normalization was not applicable.  The 12s ribosomal RNA gene qRT-PCR reaction 

total volume was 25µL consisting of 1µL cDNA template, 12.5µL iQ Supermix (BioRad), 8.5µL 

DNase-free water, 1µL of 7.5µM mosquito 12s ribosomal RNA gene Cy5 fluorescent probe 5’-

CY5-CCTGTAATTGATAATTCACATTGAACC-BHQ2-3’ and 1µL each of 5µM mosquito 

12s ribosomal RNA gene forward and reverse primers; forward 5’-

CCATCTCTACTTAAATATAAACTG-3’ and reverse 5’-GGCGGTGTTTTAGTCTAT-3’ 

(Kambhampati and Smith 1995).  Again, amplification was performed on the C1000™ thermal 

cycler utilizing the following two-step thermo-cycling parameters: one cycle at 95ºC for 1.5min; 

40 cycles at 95ºC for 15sec, 58ºC for 1min.  A standard curve of genome copy numbers was 

established utilizing 10-fold serial dilutions of a pre-quantified cloned mosquito 12s ribosomal 

RNA gene plasmid insert into a TOPO TA plasmid vector.    



 

 101 

CHAPTER 3: ANALYSIS OF THE IN VITRO, EX VIVO AND IN VIVO 
EFFECT OF LYSOSOMOTROPIC DRUGS ON CHIKUNGUNYA VIRUS 

INFECTION 

3.1 INTRODUCTION 

While the pH-dependent entry of CHIKV into the cytoplasm of HEK293T and Vero cells 

from the endosome has been characterized with the use of the common lysosomotropic drugs 

chloroquine, ammonium chloride or monensin, (Bernard, et al. 2010, Khan, et al. 2010) the 

mechanism of entry into mosquito cells has not been well studied.  Examination of these drugs’ 

effects on CHIKV infection of C6/36 cells provides a unique opportunity to evaluate this model 

in a cell line derived from the larvae of the CHIKV mosquito vector, Ae. albopictus (Singh 

1967).  Evaluation of the translation, if any, to ex vivo midguts taken from the Ae. albopictus 

mosquito or in vivo in Ae. albopictus mosquitoes has yet to be discerned.   

The use of lysosomotropic drugs has demonstrated to be an effective tool to inhibit 

endosome acidification and to interrupt the endosomal trafficking of many alphaviruses (and 

other viruses), facilitating a better understanding of the details of entry pathways.  In vitro 

experiments utilizing mammalian cell lines demonstrate that CHIKV enters cells via clathrin-

independent, Eps 15-dependent and Rab5-dependent early endocytosis (Bernard, et al. 2010).  

Once the endosome has formed around the virus particle, acidification exposes the E1 peptide 

through dissociation of the E1/E2 dimers, facilitating viral membrane fusion with the endosomal 

membrane followed by release of the nucleocapsid core and insertion of the viral genome into 

the cytoplasm to initiate replication (Figure 3.1) (Sanchez-San Martin, et al. 2009, Schwartz and 

Albert 2010).   While the membrane fusion events are conserved among the alphaviruses, the 

kinetics of the alphavirus infectious process in response to lysosomotropic pre-treatment or 

treatment is not.  As previously mentioned but to briefly revisit, both ammonium chloride and 
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chloroquine have proven effective at inhibiting SINV infection of BHK-21 cells, (Cassell, et al. 

1984) but in mosquito cells, only ammonium chloride inhibits SINV infection of cells, while 

chloroquine actually increases infection (Hernandez, et al. 2001).  Our experiments with CHIKV 

investigated the concurrent in vivo treatment of Ae. albopictus mosquitoes and the prophylactic 

treatment of C6/36 cells and ex vivo Ae. albopictus midguts with chloroquine, ammonium 

chloride or monensin, and whether or not these treatments inhibit the replication of a GFP-

expressing infectious clone of CHIKV LR2006 OPY1 strain (Figure 3.2). 

FIGURE 3.1 CHIKUNGUNYA VIRUS ENDOCYTOSIS AND MEMBRANE FUSION.   
Alphavirus receptor mediated (A) endocytosis.  Within the endosome (B), pH is lowered by 
increasing concentration of hydrogen facilitating dissociation of the E2 
(gray)/E1(yellow/red/blue) heterodimer(1&2).  Dissociation permits E1 insertion (3) into the 
endosome membrane forming an E1 homotrimer with a “hairpin”, folded back confirmation 
brings the virus and endosome membranes together (4) enable fusion (5).  (Adapted from 
Schwartz and Albert, 2010 and Dr. Margaret Kielian) 
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Lysosomotropic drugs preferentially accumulate within the lysosome effectively 

mitigating the acidification processes of this endocytic organelle by lowering the availability of 

hydrogen (H+) ions (Caplan, et al. 1987, Maxfield 1982, Mollenhauer, et al. 1990, Poole and 

Ohkuma 1981).  The name for these drugs was coined by de Duve et al., 1974, when it was 

believed that lysosomes were the only acidic compartment believed to exist in the cell.  

However, identification of other acidic intracellular compartments, to include endosomes, coated 

vesicles and the Golgi complex, also regulated by their own ATP-dependent proton pumps for 

pH regulation, makes this a misnomer (Oda, et al. 1986).  Regardless, the name remained.  The 

lysosomotropic weak bases include, but are not limited to, methylamine, amantadine, 

tributylamine, chloroquine, ammonium chloride and monensin; the latter three being utilized for 

these experiments.  These drugs have been shown to perturb cellular processes such as enzyme 

delivery, receptor-mediated endocytosis of extracellular ligands and viral entry to include 

alphaviruses (Oda, et al. 1986, Strous, et al. 1985).   

FIGURE 3.2 CHIKUNGUNYA VIRUS GFP INFECTIOUS CLONE.   
Representative maps of CHIKV GFP fluorophore i.c. nsP1/nsP2/nsP3/nsP4 – non-structural 
proteins/viral genome, C – capsid, E1/E2 – envelope glycoproteins, E3/6K – accessory proteins, 
i.c. – infectious clone, LR – La Reunion, Ori – origin of plasmid replication, SGP – subgenomic 
promoter, UTR – untranslated region. 
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Ammonium chloride and chloroquine affect endocytic pH levels by accumulating in 

protonated forms within the acidic compartments of cells; effectively binding H+ ions, raising 

the pH of the lysosome compartment and inhibit pH-dependent viral membrane fusion to the 

endosome (Colpitts, et al. 2007, Oda, et al. 1986).  The accumulation and sequestering of these 

drugs within the endosome is primarily driven by the fact that the protonated (hydrogen bound) 

form of these drugs becomes less membrane-permeable than the deprotonated form lacking a 

bound hydrogen atom.  Chloroquine, and other drugs in the 4-aminoquinoline family of drugs, is 

utilized as prophylaxis for malarial infection and in many cases, for treatment of acute infection 

(White 1996).  The therapeutic effect of chloroquine again relies on the accumulation of the drug 

in the digestive vacuole of the Plasmodium parasite; interrupting the parasites capacity to 

detoxify the digestive by-product, hematin (Chou, et al. 1980, Dorn, et al. 1998).  Hematin 

accumulates in the digestive food vacuole of the parasite as it consumes and digests hemoglobin 

(Wellems and Plowe 2001).  This by-product is then bound by chloroquine which prevents the 

polymerization of hematin into innocuous hemozoin crystals and is further interrupted by the 

binding of these chloroquine:hematin compounds to the surfaces of already formed hemozoin 

crystals (Dorn, et al. 1998, Pagola, et al. 2000, Sullivan, et al. 1996, Zhang, et al. 1999).  

Although this process kills many Plasmodium by creating the accumulation of toxins in the 

digestive vacuole, Pl. falciparum and Pl. vivax have both developed resistance to chloroquine; 

the prior is associated with genetic polymorphisms of two genes; Pl. falciparum CQR 

transporter and Pl. falciuarum multi-drug resistant1 genes (Ruetz, et al. 1996, Temu, et al. 

2006).   

Recent work utilizing the sequenced genome of the Anopheles gambiae mosquito and its 

immunity related genes (Christophides, et al. 2002, Holt, et al. 2002) has prompted research into 

the effects that engorgement of a blood meal with chloroquine has on soliciting an immune 
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responses both with and without the presence of Pl. berghei (Abrantes, et al. 2008, Abrantes, et 

al. 2005).  Utilizing both Quantitative real-time PCR and microarray analysis, 126 genes were 

found to be regulated when mosquitoes where exposed to non-infectious blood meals containing 

chloroquine: 94 were down-regulated while 32 were up-regulated (Abrantes, et al. 2008).  Of 

those genes down-regulated, this included numerous serine proteases that are typically associated 

with the serine protease cascade associated with immune signaling pathways in infected An. 

gambiae mosquitoes (Abrantes, et al. 2005, Dimopoulos 2003).  Interestingly, work with the 

prototypical alphavirus, SINV, found serine protease activity to be elevated as early as 24h post-

infection (Sanders, et al. 2005).  These levels decreased as SINV infection progressed in the 

mosquito, but the effect that lysosomotropic drugs have on alphavirus infection, if any, in light of 

these findings has yet to be elucidated in the mosquito. 

Monensin is a cationic ionophore with the capacity to collapse Na
+
 and H

+
 gradients by 

exchange of the cations through the lysosomal membrane (Mollenhauer, et al. 1990).  This is 

efficiently done because monensin maintains a 10x affinity for Na
+
 rather than K

+
 in the cytosol 

and once the ionophore-ion complex is assembled, confers high solubility in nonpolar solvents or 

the lipid components of the lysosomal membrane by presentation of a nonpolar hydrocarbon 

external structure (Pressman 1976, Reed 1982, Taylor, et al. 1982).  Once the monensin-ion 

complex migrates through the lysosomal membrane, Na
+
 dissociates and a H

+
 is quickly bound.   

The now dissociated complex re-traverses the membrane in effect lowering the endosomes pH 

by conducting a trans-membrane exchange where the monovalent metal Na+ ion translocates 

into the endosome in exchange for protons (Mollenhauer, et al. 1990, Pressman 1976).  

In cell culture, alphaviruses demonstrate significant inter- and intra-clade differences 

regarding the regulation of their specific mechanisms of endocytosis/fusion into mammalian and  
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mosquito cells (Table 3.1) (Colpitts, et al. 2007, Coombs, et al. 1981, Ferreira, et al. 2000, 

Hernandez, et al. 2001, Khan, et al. 2010, Kolokoltsov, et al. 2006).  As such, it is necessary to 

determine the mechanistic processes used by specific viruses to better understand the etiology of 

different infections.  Generally, Old World alphaviruses require less acidic early endosomes as 

opposed to the more acidic late endosomes utilized by New World alphaviruses (Colpitts, et al. 

2007, Kolokoltsov, et al. 2006, Sieczkarski and Whittaker 2003).  Further examples of this 

difference can be observed in the chloroquine pre-treatment of the mammalian BHK-21 cells and 

Ae. albopictus cells prior to infection with SINV (Coombs, et al. 1981).   In these experiments, it 

was observed that this lysosomotropic drug exhibited no efficacy and/or actually fostered 

increased infection of Ae. albopictus cells while the contrary was observed in the BHK-21 cells 

(Coombs, et al. 1981, Hernandez, et al. 2001).  Lastly, variation among the time during the 

infection process that these drugs are applied and their therapeutic efficacy strongly suggests that 

while some alphaviruses fuse with the endosomal membrane quite rapidly, others are less 

expeditious (Helenius, et al. 1982, Khan, et al. 2010). 

3.2 AIMS AND HYPOTHESES    

The aim of these studies was to conduct a comprehensive comparative analysis of the 

inhibition of CHIKV infection utilizing the lysosomotropic drugs chloroquine, ammonium 

chloride and monensin in (1) chemoprophylaxis treated in vitro C6/36 cells derived from Ae. 

albopictus larvae, (2) chemoprophylaxis treated ex vivo midguts dissected from Ae. albopictus 

LR mosquitoes and (3) concurrently treated in vivo Ae. albopictus LR midguts dissected post 

infection.  The hypotheses of these studies were as follows: 

A. Lysosomotropic drug treatment and prophylactic treatment of cells and tissues should not 

impede the initial infection processes of CHIKV prior to endosome/virus fusion. 
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B. Lysosomotropic drugs, in a dose dependent manner, should impede CHIKV infection of 

C6/36 cells by inhibiting acidification of the early endosome; an essential infectious 

process of Old World alphaviruses. 

C. Non-toxic, prophylactic application of the lysosomotropic drugs chloroquine, ammonium 

chloride or monensin to C6/36 cells should effectively inhibit the fusion and subsequent 

progression of infection similar to that observed with CHIKV in Vero and HEK293T 

cells.  

D. Non-toxic, prophylactic application of the lysosomotropic drugs chloroquine, ammonium 

chloride or monensin to the dissected and intact Ae. albopictus LR midgut or to the 

transversely dissected midgut with exposed mesenteronal epithelial cells of the midgut 

should effectively inhibit CHIKV infection of these tissues.  

E. Co-administration of CHIKV and the lysosomotropic drugs chloroquine, ammonium 

chloride or monensin to Ae. albopictus LR mosquitoes per os should induce no toxic 

effect or increased mortality. 

F. Administration of lysosomotropic drugs in the CHIKV infectious blood meals of Ae. 

albopictus LR mosquitoes should inhibit early infection within the mosquitoes midgut. 

G. Efficacy of lysosomotropic drug inhibition in cell culture derived from the experimental 

species of mosquitoes utilized in these experiments should suggest, or strongly correlate 

to results observed in the in vivo and ex vivo experiments. 
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3.3 SPECIFIC METHODS 

A.  IN VITRO C6/36 CELLS 

The brief explanation of unique methods here supplements those previously discussed in 

Chapter 2.  Importantly, it is worth mentioning here that this in vitro work was done in 

collaboration with the laboratory of Rob Davey and the collaborative efforts of Alex McAuley 

(graduate student).  In vitro CHIKV fusion experiments were performed in 96-well plates 

containing C6/36 cells in L-15 medium incubated at 28
º
C with no CO2 overnight to 

approximately 80% confluence.  Ammonium chloride, chloroquine, or monensin (initial 

dilutions of 20mM, 50µM and 5µM respectively with sequential 2-fold dilutions) was applied to 

rows of C6/36 cells and incubated for one hour at 28
º 
C as previously described by Colpitts et al., 

2007.  Administration of lysosomotropic drugs concurrent with CHIKV infection or at any point 

post-infection were not considered for these experiments since it has been demonstrated that any 

form of therapeutic treatment other than prophylactic is less effective at inhibiting CHIKV 

infection (Helenius, et al. 1982, Khan, et al. 2010).   

Following chemical pre-treatment of cells for 1hr with ammonium chloride, chloroquine, 

or monensin, CHIKV-GFP (1.2 x 10
5
 PFU/ml) was added to all wells at a MOI of 5 with the 

exclusion of the negative controls (Tsetsarkin, et al. 2006).  All negative controls were not 

infected with CHIKV and consisted of those cells that were either pre-treated with these drugs or 

not pre-treated with these drugs.  Plates were incubated with virus for 1hr at 28
º 
C and then 

medium was removed and replaced with fresh medium.  An 8hr incubation at 28
º 
C was 

performed followed by a final removal of medium and fixing in 10% formalin overnight.  After 

fixation, plates were washed three times with Dulbecco’s phosphate buffered saline (DPBS) 

followed by application of Alamar Blue (Invitrogen, Carlsbad, CA) to assess cell survival and 
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monitor for deleterious drug treatment effects on the C6/36 cells.  Alamar Blue is a water 

soluble, red fluorescent vital stain (monitored at 530-560 nm excitation wavelength; 590nm 

emission wavelength).  Live, healthy cells reduce resazurin to the fluorescent resorufin molecule, 

while dead cells do not.  Colormetric analysis can therefore be utilized to differentiate live cells 

(expressing red fluorescence) from dead cells (exhibiting no fluorescence at all).  Toxic 

conditions, or those in which normal cellular activity is impaired in some manner, 

reduce/eliminate the capacity for viable cells to reduce resazurin providing a means to quantify 

cell viability.  Three more DPBS washes were performed and 4', 6-diamidino-2-phenylindole 

(DAPI) was applied.  Plates were then imaged using the Nikon Eclipse Ti – Perfect Focus system 

inverted microscope and images analyzed with Cell Profiler software to quantify degree of 

infection.  Data were analyzed using a one-way ANOVA with a Tukey’s post-hoc test in PASW 

Statistics 18 (IBM, Armonk, NY).  

B.  EX VIVO AE. ALBOPICTUS LR MIDGUTS 

Prior to performing of these ex vivo experiments, a proof of concept experiment was 

performed to ensure midgut tissues were not only sustainable, but also able to be infected by 

CHIKV-GFP.  Briefly, midguts were dissected from female mosquitoes, splayed open and 

placed in L-15 media with 250µg/ml amphotericin-B and incubated at 28
º
C without CO2 for up 

to 7 days post dissection.  Immediately after dissection, CHIKV-GFP was added to wells at a 

MOI of 5 with the exclusion of the negative control wells of midguts.  At 4dpi, images were 

captured in the ACL-3 utilizing an Olympus IX-70 compound epifluorescence microscope 

validating this procedure (Figure 3.3).   
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Ex vivo CHIKV fusion experiments were performed on midguts excised from the 

abdomens of female Ae. albopictus LR strain mosquitos.  In their open and closed conditions 

(refer to Chapter 2), midguts were washed in L-15 media with 250µg/ml amphotericin-B.  This 

 

 

 

medium was aspirated and replaced with clean L-15 medium with 250µg/ml amphotericin-B 

with the concentrations of ammonium chloride, chloroquine or monensin equivalent to those 

utilized in the above in vitro experiments.  Briefly, initial concentrations equaled 20mM, 50µM 

or 5µM respectively with sequential 2-fold dilutions.  Midguts were infected with CHIKV-GFP 

(1.2 x 10
5
 PFU/ml) for a 1hr adsorption, with an MOI = 0.5 calculated using an estimated 10,000 

FIGURE 3.3 PROOF OF CONCEPT EX VIVO INFECTION OF MOSQUITO MIDGUTS WITH 

CHIKUNGUNYA VIRUS.   
Mosquito midguts at 96hrs in culture. A, B Aedes aegypti negative controls; C, D. Ae.aegypti 
exposed to CHIKV-GFP; E, F Anopheles gambiae exposed to CHIKV-GFP. Upper panels (A, C, 
E) are bright field, lower panels (B, D, F) are identically exposed for 1.5 sec (ASA 200, F8 
equivalent).   
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cells per midgut as previously described by Smith et al., 2008 (Houk, et al. 1990).  After the 1hr 

adsorption, infectious media was removed and replace with clean L-15 media with 250µg/ml 

amphotericin-B and incubated at 28
º
C without CO2.  Midguts were analyzed at 24hpi and 48hpi 

for GFP expression.  Data were analyzed using a Fishers exact test for count data in R statistical 

software (Bell Laboratories, New Providence, NJ). 

C.  IN VIVO AE. ALBOPICTUS LR MOSQUITOES 

In vivo CHIKV fusion experiments were performed utilizing 10
5.52

 TCID50/ml titers of 

CHIKV-GFP infectious blood meals with lysosomotropic drugs that were administered per os to 

female Ae. albopictus LR strain mosquitos.  Blood meals were prepared as previously described 

in Chapter 2 with the following concentration of lysosomotropic drugs.  The first experiments 

utilized blood meals containing 20mM ammonium chloride, 50µM chloroquine or 5µM 

monensin.  Based upon the findings of ineffective inhibition of CHIKV in the first in vivo 

experiments, a subsequent experiment utilized blood meals containing 60mM ammonium 

chloride, 150µM chloroquine or 15µM monensin.  Infected mosquitoes were maintained in an 

ACL-3 laboratory as previously described in Chapter 2.  For the first experiment, whole 

mosquitoes for TCID50/ml analysis were collected on 0, 1, 2, 3, 4 and 7dpi and dissected midgut 

specimens were collected and prepared for fluorescent imaging at 1, 3 and 7dpi (Chapter 2).  For 

the second experiment with higher drugs, the same specimens and analysis were performed on 0, 

1, 3 and 7dpi only.   Whole mosquito titrations by TCID50/ml were analyzed comparing drug-

treated and CHIKV-infected mosquitoes to those that were only infected with CHIKV at the 

same time point using a student using an un-paired student’s t-test in Graphpad Prism v.5 

(GraphPad Software, Inc., La Jolla, CA).  
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3.4 RESULTS 

A.  IN VITRO ANALYSIS OF C6/36 LYSOSOMOTROPIC CHEMOPROPHYLAXIS  

In these experiments, C6/36 cells were pre-treated for 1hr with a range of 2-fold 

concentrations of ammonium chloride (0.156-20mM), chloroquine (0.781-100µM) or monensin 

(0.156-20µM) followed by a one-hour absorption of CHIKV LR2006-OPY1 GFP.  Prophylactic 

treatment of C6/36 cells with ammonium chloride and chloroquine was generally well tolerated 

at all concentrations tested.  Monensin pretreatment was also tolerated well by the C6/36 cells 

with the exception of the two highest concentrations tested (10 and 20µM).  A significant 

decrease in the level of infection (p<0.05) was seen with ammonium chloride greater than 

1.25mM, concentrations greater than 25μM for chloroquine and those greater than 1.25μM for 

monensin (Figure 3.4). The effective dose50 (ED50) (defined as the amount of drug that results in 

a 50% reduction of CHIKV-infected C6/36 cells) of treated C6/36 cells was approximately 

0.85mM, 26.5µM and 0.95µM for ammonium chloride, chloroquine and monensin, respectively.  

The concentrations utilized for ammonium chloride and monensin were below the highest 

concentrations previously used on mosquito cells by Colpitts et al., 2007 (30mM and 50µM 

respectively) and thus were considered to be non-toxic.  While no adverse-effects were observed 

at any concentrations of ammonium chloride tested, monensin treated cells began to present with 

significantly increased mortality (p<0.05) at concentrations greater than 5µM.   

The concentration of chloroquine used in these experiments exceeded those previously 

used by Colpitts et al., 2007, (20µM) and appeared to induce adverse effects on C6/36 viability 

at 50µM and 100µM.  However, the approximate ED50 of 26.5µM for cells in this treatment 

group was below the highest concentration previously used by Hernandez et al., 2001 on 

mosquito cells.  Control cells exposed to all concentrations of ammonium chloride remained  
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viable; however, the C6/36 cells pre-treated with chloroquine or monensin exhibited 

adverse reactions similar to the experimental groups at the highest concentrations of both 

drugs.   

Upon infection with CHIKV at an MOI of 0.5, cells without lysosomotropic drug 

treatment were an average of 38.6% (standard deviation (SD) ± 14.8) infected. These 

same cell cultures exhibited an average mortality of 13.7% (SD ± 16.1) when compared 

to the untreated, uninfected controls.  This mortality observation confirms that while 

C6/36 cells are susceptible to CHIKV infection, the infective process induces little 

cytopathic effect and is generally accepted as not detrimental to cell viability (Igarashi 

1978, Vanlandingham, et al. 2005). 

B.  EX VIVO ANALYSIS OF MIDGUT LYSOSOMOTROPIC CHEMOPROPHYLAXIS  

Prophylactic lysosomotropic treatment was well tolerated by ex vivo Ae. 

albopictus LR mosquito midguts under both open and closed conditions.  As with the 

C6/36 cells, Alamar Blue was utilized to assess the general cell survivability of the 

midgut with exposure to lysosomotropic drugs and monitor for deleterious effects.  

Midgut tissues remained viable throughout the procedure.  Although midguts were 

carefully examined at both 24 and 48hpi, there were no significant differences observed 

between the two time-points and thus, only 48hrs data was analyzed and presented here.  

Midguts that became grossly contaminated and over-grown by contaminants 

accompanying the knowingly unsterile dissection procedure were discarded and excluded 

from the analysis.  Comparison of prophylactically treated open and closed midguts was 

performed also using Fisher’s exact test for count data to assess potential variation of 
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drug efficacy and CHIKV-GFP infection on either tissue condition.  Only one 

concentration of ammonium chloride (2.5mM) proved to exhibit statistical significance 

(p<0.05) when comparing the number of midguts positive for CHIKV-GFP between open 

and closed midguts.  

Open midguts prophylactically treated with ammonium chloride exhibited a 

significant decrease (p<0.05) in CHIKV-GFP infection when compared to positive 

controls at drug concentrations ranging from 1.25-20mM (Figure 3.5; panel A).  

Similarly, closed midguts, also treated prophylactically, had a significant decrease 

(p<0.05) in CHIKV-GFP infection at all concentrations tested (0.625-20mM).  For 

midguts prophylactically treated with chloroquine, both open and closed midguts had 

significant inhibition (p<0.05) of CHIKV-GFP infection at concentrations of 6.25-50µM 

(Figure 3.5; panel B).  Lastly, monensin prophylaxis appeared less efficacious at the 

ranges tested, only significantly inhibiting (p<0.05) CHIKV-LR infection in open and 

closed midguts at concentrations of 1.25-5µM and 5µM, respectively (Figure 3.5; panel 

C).   

C.  IN VIVO ANALYSIS OF MOSQUITO LYSOSOMOTROPIC TREATMENT 

Concurrent treatment with lysosomotropic drugs of female Ae. albopictus LR 

mosquitoes within the CHIKV-GFP infectious blood meal, administered per os, was well 

tolerated by the mosquitoes.  During the initial feeds performed utilizing ammonium 

chloride (20mM), chloroquine (50µM) or monensin (5µM), no statistical significance 

was observed between the experimental mosquitoes receiving a CHIKV-GFP blood meal 

with the drugs and those mosquitoes administered blood meal with only CHIKV-GFP  



 

 117 

 

F
IG

U
R

E
 3

.5
 E

F
F

E
C

T
 O

F
 L

Y
S

O
S

O
M

O
T

R
O

P
IC

 D
R

U
G

S
 O

N
 E

X
 V

IV
O

 C
H

IK
U

N
G

U
N

Y
A

 V
IR

U
S

 I
N

F
E

C
T

IO
N

. 

A
m

m
o
n
iu

m
 c

h
lo

ri
d
e 

(A
),

 c
h
lo

ro
q
u
in

e 
(B

) 
an

d
 m

o
n
en

si
n
 (

C
) 

in
h
ib

it
io

n
 o

f 
C

H
IK

V
 i

n
fe

ct
io

n
 o

f 
o
p
en

 a
n
d
 c

lo
se

d
 m

id
g
u
ts

 d
is

se
ct

ed
 f

ro
m

 

fe
m

al
e 

A
e.

 a
lb

o
p
ic

tu
s 

L
R

 m
o
sq

u
it

o
es

. 
 S

ig
n
if

ic
an

t 
re

d
u
ct

io
n

 (
p
<

0
.0

5
) 

in
 C

H
IK

V
-G

F
P

 i
n
fe

ct
io

n
s 

w
er

e 
o
b
se

rv
ed

 o
n
 b

o
th

 o
p

en
 a

n
d
 c

lo
se

d
 

m
id

g
u
ts

 a
t 

co
n
ce

n
tr

at
io

n
s 

o
f 

1
.2

5
-2

0
m

M
, 
6
.2

5
-5

0
µ

M
 a

n
d
 5

µ
M

, 
re

sp
ec

ti
v
el

y
. 
 G

en
er

al
ly

, 
n
o
 s

ig
n
if

ic
an

t 
d
if

fe
re

n
ce

s 
b

et
w

ee
n
 t

h
e 

o
p
en

 

an
d
 c

lo
se

d
 m

id
g
u
t 

co
n
d
it

io
n
s,

 u
n
d
er

 t
re

at
m

en
t,

 w
er

e 
o
b
se

rv
ed

. 
  

 

 



 

 118 

(Figure 3.6).  Additional confirmation of this was observed in the GFP expression 

observed in the midguts dissected from mosquitoes at 1dpi (Figure 3.7), 3 (Figure 3.8) 

and 7dpi (Figure 3.9).   

As the highest concentrations of lysosomotropic drugs utilized in the in vitro and 

ex vivo experiments appeared to have little effect on CHIKV-GFP infection in vivo, the 

drug concentrations were then tripled to determine the potential for mosquitoes to imbibe 

a blood meal with that volume of drug and evaluate infection titers as well as midgut GFP 

expression.   Although previous work with mosquito engorgement of ammonium chloride 

at concentrations of 80mM have been successfully performed (Scaraffia, et al. 2005), 

similar studies have not been done with increased concentrations of chloroquine or 

monensin.  Thus, the use of chloroquine and monensin at these concentrations became a 

calculated risk.  Interestingly, no increase in mosquito morbidity or mortality was 

observed utilizing chloroquine or monensin at these higher concentrations.  Additionally, 

although not visually  documented or quantified by weight, mosquitoes that imbibed 

monensin, and to some extent ammonium chloride, appeared to uptake a larger volume of 

blood as was observed by a distinct increase in the distension of their abdomens post 

feed.      

A subsequent evaluation of the CHIKV-GFP infectious blood meal with elevated 

concentrations of ammonium chloride (60mM), chloroquine (150µM) or monensin 

(15µM) did not decrease the titer of CHIKV-GFP in mosquitoes (Figure 3.10).  While 

significant inhibition (p<0.05) of CHIKV-GFP infection was observed in the ammonium 

chloride treated mosquitoes immediately after engorgement of the infectious blood meal, 
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this trend was not maintained throughout subsequent time points post-infection.  The 

decrease in infection was not corroborated by the observation of increased GFP 

fluorescence foci in midguts dissected from the mosquitoes in this same group (Figure 

3.11, panel A).  Midguts dissected from mosquitoes receiving lysosomotropic drugs with 

 

 

FIGURE 3.6 EFFECT OF LYSOSOMOTROPIC DRUGS ON IN VIVO CHIKUNGUNYA VIRUS 

INFECTION. 
Ammonium chloride (20mM), chloroquine (50µM) or monensin (5µM) had no 
statistically significant effect on the decrease of CHIKV-GFP infection of Ae. albopictus 
LR mosquitoes when administered in the infectious blood meal.  No statistically 
significant (p<0.05) differences were observed.  N (No Drug/Ammonium 
Chloride/Chloroquine/Monensin): 0dpi = 8/9/11/7, 1dpi = 8/10/12/9, 2dpi = 3/6/6/7, 3dpi 
= 5/6/5/2, 4dpi = 2/3/5/5 and 7dpi = 5/5/6/2.  Error bars represent the standard error of the 
mean (SEM). 
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FIGURE 3.7 MIDGUT GFP EXPRESSION 1DPI IN AE. ALBOPICTUS LR MOSQUITOES 

TREATED WITH LYSOSOMOTROPIC DRUGS.   
Midguts infected with CHIKV-GFP and treated with ammonium chloride (20mM) (A), 
chloroquine (50µM) (B) monensin (5µM) (C) and no drugs (D).  Panel E is negative 
control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the anterior to the 
left of each image at 20x.  (Scale = 500µM) had no statistically significant effect on the 
decrease of CHIKV-GFP infection of Ae. albopictus LR mosquitoes when administered 
in the infectious blood meal.   
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FIGURE 3.8 MIDGUT GFP EXPRESSION 3DPI IN AE. ALBOPICTUS LR MOSQUITOES 

TREATED WITH LYSOSOMOTROPIC DRUGS.   
Midguts infected with CHIKV-GFP and treated with ammonium chloride (20mM) (A), 
chloroquine (50µM) (B) monensin (5µM) (C) and no drugs (D).  Panel E is negative 
control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the anterior to the 
left of each image at 20x.  (Scale = 500µM) had no statistically significant effect on the 
decrease of CHIKV-GFP infection of Ae. albopictus LR mosquitoes when administered 
in the infectious blood meal.   
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FIGURE 3.9 MIDGUT GFP EXPRESSION 7DPI IN AE. ALBOPICTUS LR MOSQUITOES 

TREATED WITH LYSOSOMOTROPIC DRUGS.   
Midguts infected with CHIKV-GFP and treated with ammonium chloride (20mM) (A), 
chloroquine (50µM) (B) monensin (5µM) (C) and no drugs (D).  Panel E is negative 
control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the anterior to the 
left of each image at 20x.  (Scale = 500µM) had no statistically significant effect on the 
decrease of CHIKV-GFP infection of Ae. albopictus LR mosquitoes when administered 
in the infectious blood meal.   
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FIGURE 3.10 EFFECT OF INCREASED CONCENTRATIONS OF LYSOSOMOTROPIC 

DRUGS ON IN VIVO CHIKUNGUNYA VIRUS INFECTION. 
Ammonium chloride (60mM), chloroquine (150µM) and monensin (5µM) had no 
statistically significant impact on CHIKV-GFP infection of per os infected Ae. albopictus 
LR mosquitoes.  Although mosquitoes collected at the conclusion of the oral infection 
accompanied by ammonium chloride presented with significant decrease (p<0.05) in viral 
titer (*) when compared to those infected with no drugs, this affect was not long lived 
and was not found to be significant in mosquitoes tittered at subsequent time points post-
infection.  N (No Drug/Ammonium Chloride/Chloroquine/Monensin): 0dpi = 4/7/8/8, 
1dpi = 7/14/13/14, 3dpi = 6/7/10/12 and 7dpi = 8/13/12/12.  Error bars represent the 
SEM. 

* 
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FIGURE 3.11 MIDGUT GFP EXPRESSION 1DPI IN AE. ALBOPICTUS LR MOSQUITOES 

TREATED WITH LYSOSOMOTROPIC DRUGS.   
Midguts infected with CHIKV-GFP and treated with ammonium chloride (60mM) (A), 
chloroquine (150µM) (B), monensin (15µM) (C) and no drugs (D).  Panel E is negative 
control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the anterior to the 
left of each image at 20x.  (Scale = 500µM) had no statistically significant effect on the 
decrease of CHIKV-GFP infection of Ae. albopictus LR mosquitoes when administered 
in the infectious blood meal.   
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FIGURE 3.12 MIDGUT GFP EXPRESSION 3DPI IN AE. ALBOPICTUS LR MOSQUITOES 

TREATED WITH LYSOSOMOTROPIC DRUGS.   
Midguts infected with CHIKV-GFP and treated with ammonium chloride (60mM) (A), 
chloroquine (150µM) (B) monensin (15µM) (C) and no drugs (D).  Panel E is negative 
control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the anterior to the 
left of each image at 20x.  (Scale = 500µM) had no statistically significant effect on the 
decrease of CHIKV-GFP infection of Ae. albopictus LR mosquitoes when administered 
in the infectious blood meal.   
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FIGURE 3.13 MIDGUT GFP EXPRESSION 7DPI IN AE. ALBOPICTUS LR MOSQUITOES 

TREATED WITH LYSOSOMOTROPIC DRUGS.   
Midguts infected with CHIKV-GFP and treated with ammonium chloride (60mM) (A), 
chloroquine (150µM) (B) monensin (15µM) (C) and no drugs (D).  Panel E is negative 
control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the anterior to the 
left of each image at 20x.  (Scale = 500µM) had no statistically significant effect on the 
decrease of CHIKV-GFP infection of Ae. albopictus LR mosquitoes when administered 
in the infectious blood meal.   
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CHIKV-LR infection, indicated by GFP expression, clearly demonstrated an increased 

number of GFP foci when compared to midguts dissected from mosquitoes only 

receiving CHIKV-GFP without any drug at 1dpi (Figure 3.11).  Additionally, the 

expression of GFP in these midguts was more distinct and brighter in the ammonium 

chloride and monensin treated midguts as compared to chloroquine treated midguts or 

midguts with no drug treatment.  Interestingly, the increased number of foci and 

brightness of these two groups coincides with the observation of increased engorgement 

volume that was observed in mosquitoes from these two groups during infection.  

Persistence of GFP expression that appeared increased in brightness was also observed in 

the ammonium chloride, chloroquine and monensin treated mosquitoes at 3dpi (Figure 

3.12).  By 7dpi, the expression of GFP is less distinct and more similar to mosquitoes 

infected with CHIKV-GFP without lysosomotropic drug treatment (Figure 3.13). 

3.5 DISCUSSION     

Every year a variety of arthropod-borne pathogens such as DENV, Japanese 

encephalitis virus (JEV) and CHIKV cause millions of human infections. Although 

almost all of these infections are initiated by a simple event: feeding by an infected 

mosquito, the interactions between the viruses and the mosquito vector that facilitate 

successful infection and transmission are still not fully understood.  It has been 

demonstrated that an overwhelming infection of CHIKV nullifies the potential 

therapeutic efficacy of chloroquine treatment in patients with acute CHIKV disease (de 

Lamballerie, et al. 2008, de Lamballerie, et al. 2009).  Research concerning the potential 

therapeutic uses of chloroquine in a clinical setting continues, albeit with only marginal 
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reports of success (Brighton 1984, Renapurkar 2011).  Additionally, it is worth 

mentioning that in all reports we considered related to the efficacy of chloroquine 

treatment during acute CHIKV infection, most trials failed to obtain enough or sufficient 

participants and/or maintain participants throughout the study making assessment 

difficult.   

Here we describe early CHIKV infectious events in cells of the CHIKV vector, 

Aedes albopictus LR, in the midgut isolated from the vector and finally in the mosquito 

itself.    Inclusion of the vector and its in vivo midgut infection dissemination in these 

studies presents the opportunity to evaluate the potential for transmission inhibition 

between a CHIKV-infected patient receiving lysosomotropic drug treatment and the 

vectors next source of blood meal containing both drug and pathogen.  As observed in 

mammalian cells, this sequence of experiments has demonstrated that CHIKV infection 

of mosquito cells depends on acidification of the endosome as indicated by significant 

inhibition by prophylactic treatment with the lysosomotropic drugs ammonium chloride, 

chloroquine and monensin.   

While all three drugs inhibited CHIKV infection in C6/36 cells, ammonium 

chloride appeared to have the least impact on cell mortality.  Both chloroquine and 

monensin demonstrate efficacy in C6/36 cells, but at concentrations closely associated 

with toxicity.  The efficacy of these drugs’ utilization during in vitro, ex vivo and in vivo 

experiments proved somewhat variable; strongly suggesting the effective inhibition of 

CHIKV infection does not translate among the three models.  While significant inhibition 

of CHIKV infection of C6/36 cells was observed using all three drugs, similar results at 
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similar concentrations were only observed in ex vivo midguts and not in vivo.  The 

disparity observed might be due to the active processes involved in the digestion of the 

imbibed blood meal with the timely secretion of trypsin, multiple proteases and other 

digestive enzymes upon engorgement (Billingsley and Hecker 1991).   

Interestingly, with the increase rate of digestion of the blood meal observed in 

mosquitoes reared in a tropical environment (2-3days) as opposed to a more temperate 

environment (5-8days), efficacy may be simply mitigated by the short digestive period 

with significantly elevated enzyme activity (Clements 1992).   Lastly, while these results 

demonstrate inhibition of CHIKV infection of C6/36 cells and ex vivo midgut tissues is 

similar to that observed in mammalian cell lines, it also reaffirms the variability of entry 

pathways utilized by the Alphavirus as well as the varied potential for effective 

application outside of cell culture.  These results lead us to question whether or not the 

lysosomotropic drugs remain effective; potentially due to dilution effects or mosquito 

blood meal digestion processes.  Administration of lysosomotropic drugs in 3% sucrose 

solution has been shown to elicit enzymatic responses for the metabolic break down of 

these drugs suggesting that mosquitoes do respond to the presence of these drugs, but the 

rate at which this occurs and whether or not this impacts efficacy has not been 

determined (Scaraffia, et al. 2005).  Further analysis by microarray and validation by 

qRT-PCR has demonstrated that chloroquine administration to Anopheles gambiae 

mosquitoes per os from BALB/c mice that had previously been injected with a 

therapeutic dose down-regulates immune-related serine proteases and other antimicrobial 

peptides (Abrantes, et al. 2008).  This is interesting in that at the highest dosages of 

ammonium chloride, chloroquine or monensin administered with CHIKV in vivo 
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demonstrated an increase in virus titer at 7dpi when compared to mosquitoes infected 

with CHIKV only (Figure 3.10).  This might be interesting in that mosquito engorgement 

of blood meal from a CHIKV-infected patient receiving lysosomotropic drug therapy 

might actually facilitate greater infectivity and/or transmission by altering the 

mosquitoe’s immune response to pathogens in the presence of lysosomotropic drug 

treatment.  With the down-regulation of the mosquitoes’ immune response potentially 

associated with these drugs, an increased transmission potential may occur by either 

shortened extrinsic incubation or increased saliva titers of CHIKV due to increased 

replication in the midgut.  The efficacy of lysosomotropic drug effects in inhibiting 

midgut infection by inhibiting endosome acidification should be further analyzed 

utilizing acridine orange to verify whether or not this occurs in the tissues of the midgut.  

Acridine orange has been used in infection inhibition experiments of Vero cells with 

West Nile virus (WNV) under lysosomotropic drug pretreatment to confirm the inhibition 

of pH change in the endosome and may have application here (Chu and Ng 2004).     

Pre-treatment, and to a lesser degree, concurrent treatment with lysosomotropic 

drugs by other investigators has proven to produce a neutral to basic endosomal pH, 

inhibition of cell-virus interactions that allow for membrane fusion and alphavirus 

genomic insertion into the cytoplasm (Helenius, et al. 1982, Khan, et al. 2010).  

Additionally, the trend appears to indicate that the titer of alphavirus presented to cell 

culture in the accompaniment of lysosomotropic drugs has no impact on infection 

progression past endosomal fusion.  Khan et al., 2010, further evaluated this recently by 

infecting Vero cells with CHIKV at a constant MOI = 0.1 with increasing concentrations 

of chloroquine from 5-20µM.  Coombs et al., 1981, had previously inhibited SINV (MOI 
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= 5,000) infection progression in BHK-21 cells under constant concentrations of 

chloroquine, although large numbers of virus particles were observed within the confines 

of endosomal compartments.  Together, these results suggest that a diminished alphavirus 

pH-dependent infection process (specifically those that rely on early endosome 

trafficking) in cell culture is influenced more by drug concentration rather than the 

number of virus particles.   

Our findings in C6/36 cells and ex vivo midguts are in agreement with this and 

demonstrate that at a constant MOI, pre-treatment with ammonium chloride, chloroquine 

or monensin can all limit CHIKV fusion.  This was not true in our in vivo infections in 

which even the highest concentrations of drugs administered concurrent to infection 

(three times that use on both the in vitro and ex vivo models) had no effect on CHIKV 

infection.  Interestingly, and possibly more similar to observations made by Abrantes et 

al., 2008 relating to chloroquine impediment of mosquito immune responses to mitigate 

Plasmodium infection, higher concentrations or lysosomotropic drugs appeared to 

enhance, although not statistically significantly, CHIKV infection titers of Ae. albopictus 

LR mosquitoes collected at 7dpi (Figure 3.10).     

We have demonstrated that with non-cytotoxic doses of ammonium chloride, 

chloroquine and monensin can inhibit the infection processes of CHIKV in vitro and ex 

vivo.  Interestingly, the use of ammonium chloride and chloroquine for the inhibition of 

CHIKV infection presents optimal therapeutic conditions, as the highest concentrations 

used in these experiments did not appear to induce cytotoxic events in any of the models 

evaluated.  Although monensin inhibited CHIKV infection as well, the ED50 was 
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observed at concentrations close to those at which increased C6/36 mortality was 

observed.  This was not observed ex vivo and mosquito viability never appeared altered in 

any way at this or higher concentrations.  Together, these suggest the Ae. albopictus 

derived C6/36 cells are more tolerant to the chemical mechanisms that ammonium 

chloride and chloroquine utilize.  The similarity of the C6/36 response, and to a lesser 

extent ex vivo midguts, to these drugs was as predicted because both are known to cross 

the endosomal membrane to prevent acidification, while monensin interrupts the ionic 

pump that regulates proton flow through the sodium/potassium gradient and into the 

endosome.     

The administration of lysosomotropic drugs has not been shown to induce 

extracellular changes on CHIKV or other alphaviruses that might inhibit their infective 

capacity to bind, undergo endocytosis and distribute intracellularly in various cell types 

(Helenius, et al. 1980).  Although adjustment of the pH of the medium to ranges of six or 

less has been shown to drive direct fusion of virus and plasma membranes (Hase, et al. 

1989, White and Helenius 1980), interference of the induction of alphavirus into the early 

endosomal pathway during the therapeutic application of lysosomotropic drugs has not 

been observed (Colpitts, et al. 2007, Helenius, et al. 1982, Khan, et al. 2010).  

Additionally, chloroquine has been shown to impair terminal glycosylation of cell surface 

receptors for severe acute respiratory syndrome corona virus and while this was 

demonstrated in Vero cells, consideration for further investigation to confirm the lack of 

this activity in C6/36 cells, but not in ex vivo or in vivo midguts, would be warranted 

(Vincent, et al. 2005).  Hase et al., 1989, demonstrated that elevated pH medium on 

C6/36 cells increased the absorption of SFV by increasing the uptake of alphavirus 
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particles directly through the plasma membrane.  Modification of this technique would 

include the prophylactic administration of lysosomotropic drug under these conditions to 

confirm the absence of cell surface inhibition and steady state absorption when compared 

to controls.  Consideration for the addition of lysosomotropic drugs at various points of 

the infection process were not considered necessary because Khan et al., 2010, found that 

the addition of chloroquine at 3hpi had no effect.  Additionally, lysosomotropic drug 

treatment other than prophylactically has a decreased effect on the inhibition of pH-

dependent entry mechanisms as determined by various virus expression techniques 

utilized on both Old World and New World alphaviruses, and appears to be a 

commonality among this family of viruses with regard to these drugs (Helenius, et al. 

1982, Khan, et al. 2010, Kolokoltsov, et al. 2006).  Future work with lysosomotropic 

drugs should include the development of prophylactic administration of drugs to 

mosquitoes prior to infection as well as evaluation as to whether or not these drugs 

effectively modulate the endosomes of the mosquito midgut mesenteronal epithelial cells 

in vivo.   

Old World alphavirus fusion have typically been associated with early endosome 

activity (Kolokoltsov, et al. 2006).  An exception to this exists with Mayaro virus 

(MAYV) which has demonstrated association of mature virus particles within late 

endocytotic vacuoles (Ferreira, et al. 2000).  This has not been confirmed with the recent 

use of dominant negative forms of Rab5 and/or Rab7; key genes responsible for 

trafficking of cell surface ligands to the early endosome or biogenesis of the late 

endosome/lysosome, respectively.  The assessment of early or late endosome function 

during CHIKV has been performed in mammalian cells and found to be dependent on 
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functional Rab5, or early endosome function (Bernard, et al. 2010).  Future evaluation of 

CHIKV fusion in C6/36 cells should isolate whether or not fusion and insertion of the 

viral genome is an early or late endocytosis event.  The results presented in the in vitro 

experiments above suggest CHIKV fusion is dependent on early endosome acidification, 

but further experimental confirmation, similar to that of Colpitts et al., 2007, and 

Kolokoltsov et al., 2005, should be performed to specifically determine if CHIKV enters 

C6/36 cells through early or late endosomes.   

In conclusion, inhibition of CHIKV infection with ammonium chloride, 

chloroquine or monensin in C6/36 at MOIs between 0.1-5 PFU/cell is similar to that 

observed in Vero and HEK293T cells (Bernard, et al. 2010, Khan, et al. 2010).  Whether 

or not the fusion of CHIKV in C6/36 cells is an early or late endocytotic event has yet to 

be determined.  Although it is likely that SINV and SFV (both of the Semliki Forest 

antigenic complex) fusion have both been found to be dependent on early endosome 

formation, MAYV (also found in the  Semliki Forest antigenic complex) findings are 

contrary to this and are dependent on late endosome formation (Ferreira, et al. 2000, 

Kolokoltsov, et al. 2006).  Both C6/36 cells and ex vivo midguts, in their open and closed 

conditions, exhibited similar inhibition of CHIKV infection under lysosomotropic 

treatment in these experiments.  The inhibition of CHIKV in vivo does not appear occur 

at the concentrations tested.  The differences between in vitro and in vivo can be many 

fold but include the origin of the cells, in vitro are larval whereas the midgut contains 

mature/differentiated cells, and/or the active metabolic processes that occur in the lumen 

of the midgut during digestion of the engorged blood meal.  Similarly, translation of 

inhibition of CHIKV between ex vivo and in vivo application may be impeded by the 
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active digestion processes that occur in the in vivo midgut.  Lastly, both the in vitro and 

ex vivo models permit chemoprophylaxis treatment with these drugs while the in vivo 

model prohibits this technique by current and foreseeable experimental design.  Although 

the effects of these drugs is relatively quick to occur in vitro (Helenius, et al. 1982, Khan, 

et al. 2010), enzymatic activity or physical impediment due to formation of the blood 

meal clot may degrade the effects of these drugs in the in vivo midgut. 
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CHAPTER 4: ANALYSIS OF IN VIVO INFECTION PATTERNS OF 
AEDES ALBOPICTUS LR MIDGUTS WITH CHIKUNGUNYA VIRUS 

4.1 INTRODUCTION 

CHIKV ENEMA INFECTION 

The basic model for mosquito infection by CHIKV in nature, and in the 

laboratory setting, is per os (oral) infection.  The vector imbibes an infectious blood meal 

filling the midgut from posterior to anterior,  midgut epithelial cells are infected by the 

virus in that blood meal and then virus disseminated throughout specific tissues of the 

mosquito until the salivary glands become infected and the vector is capable of 

transmission (Clements 1992, Guptavanij and Venard 1965, Romoser, et al. 2004).  

While this is the accepted model for viral infection of the mosquito and subsequent 

transmission to its next host, the specific mechanisms and key aspects of how individual 

virus particles overcome hypothetical innate infection barriers to infect the mosquito 

remain to be elucidated (Hardy 1988).  It is unknown if a specific population, or 

subpopulation, of mesenteronal epithelial cells are more susceptible to early infection by 

CHIKV by means of increased virus specific receptors and/or by anatomical orientation 

and subsequent proximal exposure to the infectious blood meal as it enters the lumen of 

the midgut.  As discussed by Higgs, 2004, some published observations have reported 

that infections of the mosquito midgut following the natural per os infection route, are 

initiated in the posterior midgut (Doi 1970, Doi, et al. 1967, Kuberski 1979) and then 

progress anteriorly prior to dissemination. It is unclear if this reported pattern is due to 

the presence of a subpopulation of susceptible cells in the posterior midgut or if it is due 
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to some aspect (physical/physiological) of the blood entering the midgut. The infections 

that are initiated in just a few cells (Girard, et al. 2004, Smith, et al. 2008, Weaver, et al. 

1988) can be seen to spread throughout the midgut over time. It is unclear why even with 

high titer blood meals, so few cells are initially infected. One possible explanation is that 

cell susceptibility to infection may increase over time, perhaps as a result of blood meal 

digestion, which is associated with many physiological and hormonal changes in the 

mosquito, for example ovarian development.  This work focuses on the initial infection 

process. Delivery of the virus by enema mimics some aspects of blood feeding, for 

example, midgut distention, but provides an opportunity to examine the effect of viral 

distribution since delivery is via the hindgut, with the midgut filling from anterior to 

posterior. We therefore explored the question of whether or not enema delivery of a GFP-

expressing CHIKV results in a similar or different distribution of infected cells 

comparable to per os infected mosquitoes.   

The administration of enemas, although rarely used, has been successfully utilized 

to avoid mosquito innate physiological barriers and/or host seeking behaviors providing a 

unique opportunity to observe vector response to toxins or parasites (Briegel 1975, 

Briegel and Lea 1975, Smith, et al. 2008, Weaver, et al. 1988).  Previous applications of 

this technique were less successful at examining viral infection of arbovirus vectors (both 

ticks and mosquitoes) as opposed to the standard per os infection or the more invasive 

technique of IT injection inherently known to be unsuccessful at infecting interior 

mesenteronal epithelial cells of the midgut.  With some modifications, we have 

successfully delivered CHIKV-GFP to Ae. albopictus LR in a manner that closely 

resembles the natural patterns of mosquito infection and dissemination while also 
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providing commensurate levels of virus titer.  With the use of a GFP expressing CHIKV 

infectious clone, infected cells in the midgut of the mosquitoes were readily identified 

soon after infection.  In these experiments, there was no overt detriment to the normal 

activities of the mosquito’s physiological processes as a result of enema administration.    

4.2 AIMS AND HYPOTHESES    

The aim of these studies was to conduct a comprehensive comparative analysis 

of per os and enema-inoculation of CHIKV to evaluate infection patterns in Ae. 

albopictus LR mosquitoes and discern whether or not a subset of cells in any part of the 

midgut is particularly susceptible to CHIKV infection.  Utilization of CHIKV-GFP 

provided the capacity to evaluate the distribution of CHIKV by oral administration and 

enema-inoculation when administered in equivalent dosage.  The hypotheses of these 

studies were as follows: 

A. During per os infection, CHIKV will not selectively infect specific regions or 

populations of cells within the midgut suggesting elevated susceptibility, but 

rather general and non-specific distribution. 

B. Enema infection of Ae. albopictus LR mosquitoes will present with similar CHIKV 

titers when compared to per os infected mosquitoes. 

C. CHIKV infection by enema will present with similar midgut infection 

patterns/pathogenesis to those observed in per os infections. 

D. CHIKV enema infections will demonstrate that CHIKV infection is not prone to a 

specific sub-population of posterior midgut mesenteronal epithelial cells. 
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4.3 SPECIFIC METHODS  

CHIKV ENEMAS 

 The actual techniques utilized for administration of CHIKV enemas and per os 

infections are specifically described in Chapter 2.  The viral inoculum was prepared in a 

1:1 mixture of CHIKV-GFP stock and MEMα (10
6.95

 TCID50/ml) to be administered at 

volumes of 2-3 µL through micro-capillary tubes heated and pulled to a needle point.  

Infectious blood meals containing CHIKV-GFP were also prepared in a 1:1 ratio of virus 

stock and DSB (10
6.52

 TCID50/ml) instead of MEMα.  In order to administer enemas, cold 

anesthetized mosquitoes were secured in grooved platforms constructed from modeling 

clay, secured by a small transverse band of putty and carefully administered an enema 

containing CHIKV (Figure 4.1).      

Additionally, qRT-PCR, also described in Chapter 2, was performed on leg 

collections taken post-infection from both enema-infected and per os infected mosquitoes 

for analysis of virus dissemination from the mosquito midgut into the hemocoel.  The 

data describing the dissemination of CHIKV in the legs of post-infected mosquito was 

normalized to offer perspective on the amount of virus collected per cellular content of 

the specimen collected.  This normalization was performed testing a homogenous and 

easily counted mosquito derived cell (C6/36) to establish the average number of copies of 

12s ribosomal RNA per cell.  As previously described in Chapter 2, the 12s ribosomal 

RNA gene is the ribosomal RNA housekeeping gene selected for the normalization of our 

data.  The resulting number of 12s ribosomal RNA copies, ≈ 800/cell, was then utilized to 

determine the estimated number of cells present in each experimental sample based upon 
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the amount of 12s ribosomal RNA gene found in each qRT-PCR sample.  Normalization 

was performed recognizing the following empirically based assumptions: 1) the larval 

derived C6/36 cells are an adequate representative of diverse cell population that 

constitute the entirety of the mosquito, 2) mosquito cells express similar amounts of the 

12s ribosomal RNA gene that we have chosen as a housekeeping gene and 3) that the 

specialized and differentiated cells in different anatomical loci of the mosquito express 

similar amounts of 12s ribosomal RNA gene.  Obviously, this is not the optimal method 

for determining the differentiated amounts of 12s ribosomal RNA gene per cell in 

different anatomical loci of the mosquito, but in light of not having clean single cell 

FIGURE 4.1 AE. ALBOPICTUS LR MOSQUITO RECEIVING AN ENEMA INOCULATION.   
The mosquito was cold anesthetized prior to being restrained in a concave putty platform 
and secured by a separate, smaller band of putty.  Inset panel displays the ideal response 
to enema administration with partial secretion of the inoculum coming out of the anus as 
opposed to any other location in the abdomen.   
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dissociated samples with accurate cell counts from each tissue of the mosquito to 

determine specific amounts of 12s ribosomal RNA gene per differentiated cell, the 

method utilized was regarded to be adequate for these experiments.  Data were analyzed 

using an un-paired student’s t-test in Graphpad Prism v.5 for both whole body titration 

and qRT-PCR analysis of dissemination. 

4.4 RESULTS 

CHIKV INFECTION BY ENEMA VS. PER OS (ORAL)  

Infection rates between per os and enema infected mosquitoes were determined 

by titration of mosquitoes collected at 0, 3, 7 and 14dpi.  Infected and uninfected 

mosquitoes were collected at the same time points for statistical analysis excluding those 

mosquitoes that fell below the limit of detection (10
1.06

 TCID50/ml) (Figure 4.2 and 

Table 4.1).  Negative control per os and enema mosquitoes displayed no increased 

morbidity for the duration of these experiments.  The average infectious titers for CHIKV 

enema-infected mosquitoes collected 0, 3, 7 and 14 dpi were 10
3.44

, 10
5.15

, 10
4.72

 and 

10
4.26

 TCID50/ml respectively.  The corresponding titers for CHIKV fed mosquitoes were 

10
3.39

, 10
4.45

, 10
4.32

 and 10
4.26

 TCID50/ml, respectively.  For the time periods sampled, 

there were no statistical differences (p<0.05) in the infection rates and viral titers of the 

enema administered and per os fed mosquitoes.  In a manner previously described for this 

infectious clone by Tsetsarkin, et al., 2006, both oral and enema infected mosquitoes 

experienced an elevation in CHIKV titer at 3dpi, indicative of viral replication (Table 

4.1).  Subsequent mosquito titer levels slightly decreased after 3dpi as previously 

reported (Tsetsarkin, et al. 2006).  While mosquitoes administered CHIKV infectious 
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enemas displayed a slower decline in viral titer at 14dpi when compared to mosquitoes 

infected by CHIKV blood meal, this was not statistically significant.     

To determine if enema administration influences the course of infection within the 

midgut of enema inoculated mosquitos, comparison with per os infections utilizing 

fluorescent imaging of dissected midguts was performed.  The use of a GFP expressing 

infectious clone has greatly enhanced the capability to visualize the infection processes of 

CHIKV as it spreads through the midgut of the mosquito, into the hemocoel and then 

salivary glands of the mosquito during the extrinsic incubation period (Tsetsarkin, et al. 

2006).  At 3dpi, it was observed that enema-infected mosquitoes demonstrated a greater 

dispersion of CHIKV-GFP across the entirety of the midgut as opposed to the more 

isolated foci of per os infected mosquitoes (Figure 4.3).  This can perhaps be attributed 

to the opposing direction of infectious material administered during enema inoculation.  

At 14dpi, the dispersion pattern became less distinguishable between the two infection 

techniques at 14dpi (Figure 4.3, panels G & H) suggesting that while the enema process 

introduced a greater dispersion of CHIKV particles to the midgut initially, CHIKV-GFP 

fed mosquitoes where just as likely to present with similar dispersion patterns as the 

infection process progressed.   

Interestingly, 14dpi enema-infected mosquitoes had GFP-expressing foci of 

greater intensity as compared to per os-infected mosquitoes in mesenteronal epithelial 

cells located in the anterior portion of the midgut at the same exposure time (Figure 4.4).   
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Infection    Day p.i.   Infected/total (%) 
Average titer  
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/ml)  

per os CHIKV
a 

 
0 

 
15/15 (100) 10

3.39 

  
3 

 
16/16 (100) 10

4.45 

  
7 

 
14/15 (93) 10

4.32 

  
14 

 
15/15 (100) 10

3.87 

        Enema
b 

 
0 

 
13/17 (76) 10

3.44 

  
3 

 
14/15 (93) 10

5.15 

  
7 

 
 11/13 (85) 10

4.72 
    14   11/11 (100) 10

4.26 
a

Titer of CHIKV-LR blood meal fed to Ae. albopictus: 10
6.52

 TCID
50

/ml. 

 
b

Titer of CHIKV-LR enema administered to Ae. albopictus: 10
6.95

 TCID
50

/ml. 

 

FIGURE 4.2 WHOLE BODY TITRATIONS OF CHIKV ENEMA AND PER OS INFECTED 

AE. ALBOPICTUS LR MOSQUITOES.   
Mosquito homogenates were analyzed for CHIKV-GFP titers at 0, 3, 7 and 14dpi.  No 
significant difference (p<0.05) was observed between fed and enema infected mosquitoes 
at any time point post-infection.   Error bars represent the SEM.   

TABLE 4.1 INFECTION RATES AND AVERAGE TITER OF AE. ALBOPICTUS LR 

MOSQUITOES INFECTED PER OS AND BY ENEMA WITH CHIKV-GFP.   
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While similar areas were also observed in anterior midguts of CHIKV-GFP fed 

mosquitoes 14dpi, the observed presence of these foci was less substantial in GFP 

expression.   With the inherent differences associated with the mechanical administration 

of CHIKV-GFP by enemas, it is possible that the opposing movement of virus particles 

through the midgut lumen might induce elevated deposits of virus particles in sub-

populations of epithelial cells.  In both CHIKV-GFP fed and enema-infected mosquitoes, 

there was GFP expression in the anterior midgut with a diminished amount of CHIKV-

GFP progressing up to the foregut/midgut junction.  While this was true for both enema 

and fed, it was more clearly pronounced in the enema infected mosquitoes.  This data 

clearly indicates that initial CHIKV-GFP infection, whether by per os or enema injection, 

is not restricted to cells in the posterior midgut of the Ae. albopictus mosquito and that 

the cells of the anterior midgut are equally susceptible confirming observations 

previously suggested by Higgs, 2006 and Tsetsarkin, et al., 2006.  Additionally, these 

images suggest that the physical impact of the imbibed infectious blood meal to the 

posterior midgut does not appear to promote increased infection of the posterior midgut 

as significant increase of GFP expression in the epithelial cells of this area were not 

observed (Figures 4.3, panels C, E & G). 

No increase in mortality was observed in mosquitoes that received enemas when 

compared with mosquitoes administered blood meals.   Imaging of enema infected 

midguts demonstrated accurate delivery of virus injections through the anus of the 

mosquito with clear progression of infection proceeding along the rectum and into the 

midgut at 7dpi (Figure 4.5, panel A).  Infection of the lower digestive tract (rectum to 

anus) of the CHIKV-GFP fed mosquitoes presented with similar patterns, but again, this  
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FIGURE 4.3 EPIFLUORESCENT IMAGES OF FEMALE AE. ALBOPICTUS LR MOSQUITO 

MIDGUTS INFECTED WITH CHIKV-GFP.   
Midguts in panels A and B are negative controls having only been fed with DSB or 
inoculated with MEMα enema, respectively.  Panels C, E and G were dissected from 
mosquitoes that were fed blood meals with CHIKV-GFP at a titer of 10

6.52
 TCID50/ml at 

3, 7 and 14dpi.  Panels D, F and H were dissected from mosquitoes that were injected 
with enemas with CHIKV-GFP at a titer of 10

6.95
 TCID50/ml at 3, 7 and 14dpi.     Blue 

fluorescence is DAPI stain.  Midguts are oriented with the anterior to the left of each 
image at 20x.  (Scale = 500µM) 
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FIGURE 4.4 EPIFLUORESCENT IMAGES OF CHIKV-GFP ENEMA INOCULATED 

MIDGUTS AT 7 AND 14DPI.   
Ae. albopictus LR midguts at 7dpi (A & B) and 14dpi (C & D).  For comparison, panel E 
was dissected from a CHIKV-GFP fed mosquito at 14dpi and panel F was dissected from 
MEMα enema inoculated mosquito.  The day seven and day 14 midguts reveal 
concentrated foci of GFP expression in the anterior midgut indicating a concentration of 
CHIKV infection.  Similar observations can be seen, to a lesser extent, in the anterior 
midguts of infectious fed mosquitoes (E).    Blue fluorescence is DAPI stain.  Midguts are 
oriented with the anterior to the left of each image at 20x.  (Scale = 500µM) 
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was not observed until later in the course of the per os  infection technique at 14dpi 

(Figure 4.5, panel B). 

To quantify the amount of virus in the hemocoel post-infection, qRT-PCR was 

performed on legs collected from Ae. albopictus LR mosquitoes infected by enema 

inoculation or per os with CHIKV (Figure 4.7).  Interestingly, infectious blood meal fed 

mosquitoes expressed definitive numbers of CHIKV genomic copies in the hemocoel 

immediately upon engorgement of the blood meal strongly reinforcing the hypothesis that 

a midgut leakage occurs and dissemination of the virus can occur immediately within the 

vector. The only significant difference (p<0.05) between fed and enema-inoculated 

mosquitoes was observed on legs pulled from mosquitoes at 0dpi.  The significant 

increase observed in the enema-inoculated mosquitoes may simply be attributed to over  

FIGURE 4.5 EPIFLUORESCENT IMAGES OF CHIKV-GFP FED (A) AND ENEMA 

INOCULATED (B) AE. ALBOPICTUS LR MOSQUITOES.   
Fed midgut image were captured at 14dpi.  GFP dissemination into the rectum/anus of 
the mosquito midgut was not observed in infectious mosquitoes earlier than this time 
point.  Midguts dissected from enema injected mosquitoes exhibited trace amounts of 
GFP expression as early as 3dpi with confluent distribution throughout the lower 
digestive tract by 7dpi.    Blue fluorescence is DAPI stain.  Midguts are oriented with the 
anterior to the left of each image at 20x.  (Scale = 500µM) 
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expansion of the midgut facilitating increased midgut leakage directly into the hemocoel.  

Regardless, both groups fostered a sustained dissemination of CHIKV in tissues outside 

of the midgut through 14dpi. 

4.5 DISCUSSION     

ENEMA INFECTION 

The delivery  of viruses,  by IT inoculation  into mosquitoes, is a commonly used 

technique, but it bypasses the midgut infection processes, and so offers  limited 

FIGURE 4.6 QRT-PCR: CHIKV DISSEMINATION IN MOSQUITO LEGS.   
Normalized to approximate the amount of CHIKV per cell per sample with 12s ribosomal 
RNA housekeeping gene.  Significant dissemination (p<0.05) was only observed at the 
0dpi time point.  N (Fed/Enema) = 3/6, 6/6, 9/9 and 8/6.   Error bars represent the SEM.   
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comparability  to natural mechanisms of infection (Higgs, et al. 1993).  Furthermore, 

intrathoracic (IT) inoculation has been found to offer limited infection of midgut 

epithelial cells that typically are some of the first to become infected when an infectious 

blood meal is imbibed by a mosquito (Romoser, et al. 2004).  Enema delivery of viruses 

to their vectors has been reported (Putnam and Scott 1995, Turell, et al. 1997), but is 

technically challenging and labor intensive. As with IT inoculation, it does not fully 

mimic per os infection, however, as used for this comparative study, the technique offers 

the ability to investigate some aspects of per os infection, because midgut cells are 

targeted.  Putnam and Scott, (1995) and Turell, et al., (1997) reported that infections 

developed following the administration of drugs by enema were significantly different 

when compared to vectors that were infected by blood meal. Both studies found average 

virus titers in enema-infected vectors were significantly higher when compared to per os 

infected groups.  Additionally, both studies found infection rates in the enema-infected 

groups to be elevated when compared to per os infected vectors or more comparable to 

those receiving IT injection.  These observations suggested that enemas offered a poor 

method for analyzing viruses in their vectors; however, contrary to their conclusions, our 

results demonstrate that the technique has merit.   

Our average whole mosquito titers between CHIKV fed and enema injected 

mosquitoes at specific time points was not significantly different (Figure 4.2, Table 4.1).  

While this technique has been examined in a limited capacity for arbovirus/vector 

interaction, numerous other enema applications have been successfully employed for 

physiology, toxicology and parasitology studies (Higgs, et al. 1993, Klowden 1981, 

Klowden, et al. 1983, Romoser, et al. 1987, Takken, et al. 1998).  These studies, as well 
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as our own, demonstrate that delivery of drugs/compounds directly to the mosquito 

midgut provides a practical, and perhaps more realistic, alternative to IT injection.    

Using enemas allows delivery of precise viral inocula directly to the midgut 

epithelial cells. Further enhancements of the technique, for example by using blood as the 

delivery medium, would provide  the opportunity to demonstrate natural mosquito 

physiological responses including formation of the peritrophic matrix (PM) and induction 

of oogenesis; responses not stimulated by  IT injection.  Stimulation of PM is significant 

in that the presence of a PM may influence the mosquito’s susceptibility to infection by 

some parasites although it does not influence viral infection (Chamberlain and Sudia 

1961, Hardy, et al. 1983, Kato, et al. 2008, Mariani 1961, Orihel 1975).  Recent work has 

shown that the presence or absence of PM does not affect DENV-2 infection or the 

formation of Plasmodium spp. oocysts (Kato, et al. 2008).  IT inoculation also may 

induce immune responses in arthropods since it involves cuticle penetration and these 

responses may influence infection dynamics. Administration of the enemas in these 

studies was optimized to deliver passive injections at a low enough pressure and volume 

(2-4 µL) in order to minimize unnatural over-distension of the midgut or induce sheering 

damage.  These volumes were within the ranges utilized by Briegel and Arden, 1975 and 

found not to rupture the midgut due to over-expansion.  The success of this strategy was 

verified by qRT-PCR or mosquito legs post-infection that demonstrated a similar 

dissemination pattern between the two procedures.  Passive injection of virus simply 

means that inoculating needles were only placed at the tip of the mosquito anus with 

minimal insertion to avoid physical damage.  This technique demonstrated progressive 
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dispersion of virus (by GFP expression) along the lower digestive tract with no observed 

abrasion during administration under stereomicroscope.         

The composition of the enema solution can influence the actual administration of 

mosquito enemas both during injection and afterwards.  Although previously published 

reports on enemas utilized media with blood dilutions, we found this technique 

obstructive to the successful administration of enemas.  At dilutions containing 30% 

DSB, we found an increased incidence of digestive tract abrasion.  This observation was 

easily made with the appearance of red tinged media intermixing with the mosquito’s 

hemocoel upon inoculation.  Additionally, a significant elevation in mortality (<80%) in 

populations receiving these solutions was observed (Data not shown).  The consequence 

of using enema solutions without blood components may include reduced protease 

activity and aberrant vitellogenesis that is almost exclusively dependent upon blood meal 

digestion (von Dungern and Briegel 2001).  These physiological changes were not 

considered significant factors for these experiments because CHIKV is not vertically 

transmitted and this was not an objective of the study.  Additionally, there is no 

indication that the administration of a blood-free enema solution, as long as it is 

osmotically correct, will have any ill effect on PM formation (personal communication 

with Marc Klowden).  Both Berner, et al., 1983 and Briegel and Lea, 1975 observed a 

diminished PM formation in mosquitoes correspondent to the total concentration of 

protein in the administered enema.  Granted, the MEMα based solutions administered by 

enema contained only a minimal volume of protein derived from the 10% FBS content, 

but no ill affect was observed and by seven dpi, digestion/absorption of all contents of the 

midgut was observed. 
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Both CHIKV fed and enema-infected mosquitoes revealed profuse infections in 

the posterior midgut no later than 14dpi.  For the enema infected group, this indicated 

that the inoculation process successfully infected cells of the digestive tract from the anus 

to the anterior midgut and that the exposure did not damage these tissues with the force 

associated with this technique.  This result, and the lack of infected tissues outside of the 

digestive tract also corroborates that the infection process was initiated from the luminal 

side of the midgut.  As reported for other Alphaviruses, for example EEEV and VEEV, 

CHIKV clearly infects the posterior midgut of the infected mosquito whether by feed or 

enema inoculation (Figure 4.3, panels D, F and H; Figure 4.5, panel B) (Smith, et al. 

2008, Weaver, et al. 1988).  In contrast to the work done with EEEV and VEEV, we 

found that enema delivery elucidates populations of anterior midgut epithelial cells that 

appear highly susceptible to CHIKV infection (Figure 4.4).  The intensity of brilliant foci 

observed at 14dpi in the enema-infected mosquitoes imply an early and sustainable 

CHIKV infection in the mesenteronal epithelial cells of the anterior midgut.  These 

observations correlate with previous studies suggesting that virus dissemination can occur 

in the anterior midgut and tracheal cells of vectors competent to specific viruses 

(Romoser, et al. 1987, Romoser, et al. 2004).  These results in no way imply a uniformity 

of distribution of cells susceptible to all Alphaviruses, rather, that like VEEV, CHIKV 

can successfully, and non-specifically, infect the entirety of the midgut facilitating 

potentially rapid dissemination with little deference to an innate midgut infection barrier.  

Due to the opposing movement of infectious solution across the midgut expected with 

enema delivery, it is not surprising that a higher concentration of virus particles deposited 

on the anterior midgut resulting in the observed increase of GFP expression and would 
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suggest that the direction of virus entering the midgut might be more significant in 

isolating the anatomical foci of infection.  These observations do not isolate the anterior 

midgut as the exclusive location CHIKV escapes the mosquito midgut.       

Dissemination of CHIKV genomic copies into the hemocoel, as evaluated qRT-

PCR, revealed expression of CHIKV in hemocoel-bathed tissues almost immediately 

upon engorgement of the blood meal and enema inoculation.  The fact that this 

dissemination is sustained in the fed mosquitoes is unremarkable.  The immediate 

presentation shortly after engorgement is significant and strongly supports the previous 

notion that midgut leakage occurs (Higgs 2004).  This technique has suggested, because 

of the sensitivity and specificity innate to qRT-PCR, that dissemination through midgut 

leakage may occur much earlier than previously described in other viruses to include 

yellow fever virus, SFV, WHAV, VEEV and EEEV (Boorman 1960, Hardy, et al. 1983, 

Miles, et al. 1973, Weaver 1986, Weaver, et al. 1991).  This is in agreement with earlier 

studies that have found CHIKV dissemination in Ae. albopictus mosquitoes to be rapid 

and significant copies of viral RNA can be detected within the tissues of the salivary 

glands within 2d of oral infection (Moutailler, et al. 2009).  Further explanation of the 

significant difference between disseminating CHIKV genomic copies observed at 0hpi 

can further explained by understanding that with increased volume (i.e. that which was 

administered by enema) an increased volume of virus is administered which in and 

among itself could influence the rate of dissemination through the mesenteron 

(Chamberlain, et al. 1959, Hardy, et al. 1983, Thomas 1963).     
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This report is the first to describe enema delivery of a virus to Ae. albopictus LR 

mosquitoes and the observation of immediate dissemination of virus upon engorgement 

of the blood meal.  The identification of whether or not a population of midgut 

mesenteronal epithelial cells in the anterior or posterior sections of the midgut is more 

susceptible to CHIKV infection has been an unanswered question.   We clearly provide 

evidence that demonstrate the presence of a subpopulation of cells in the anterior midgut 

that are prone to CHIKV infection, but that the infection is certainly not limited to that 

region of the midgut.  The provided images demonstrate a cohesive infection process in 

which minimal intrusion and little to no damage was done to the intestinal tract of the 

mosquito.  The application of qRT-PCR, though somewhat cost prohibitive, is an optimal 

technique to further analyze the viral dissemination rates in mosquitoes.   

Future studies utilizing the administration of enemas to mosquitoes should take 

measure of vector survivability post-inoculation as well as the transmission potential of 

the enema infected vector(s) and repeats of virus dissemination should be performed for 

conclusive analysis of this occurrence.  Additionally, it would be interesting to study the 

effect that this technique has on peritrophic matrix (PM) development and whether or not 

an artificial protein solution might elicit authentic PM development to more accurately 

mimic the natural infection process.  This technique has clearly been shown to have 

numerous applications in the manipulation of arbovirus vectors such as ticks and 

mosquitoes and offers a clear advantage to IT injection where the injected material 

bypasses midgut and directly infects secondary target tissues in the hemocoel.  The 

techniques described here would be well suited to the infection process of other viruses 
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and other pathogens such as Plasmodium spp; as the interaction between the parasite and 

midgut cells in the context of the vectors innate physiologic response.     
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CHAPTER 5: HOMOLOGOUS AND HETEROLOGOUS 

EXCLUSION ANALYSIS OF IN VIVO INFECTION PROCESSES OF 

AEDES ALBOPICTUS LR AND AEDES AEGYPTI WE WITH 

CHIKUNGUNYA VIRUS AND DENGUE VIRUS 

 

5.1 INTRODUCTION 

HOMOLOGOUS CHIKUNGUNYA VIRUS MIDGUT INFECTION 

Viral Superinfection 

Both Ae. aegypti and Ae. albopictus mosquitoes have been associated with the 

transmission of numerous arboviruses including CHIKV, DENV and YFV.  Furthermore, 

Ae. aegypti mosquitoes also transmit SINV while Ae. albopictus mosquitoes have been 

shown to transmit La Crosse virus (LACV), WNV and St. Louis encephalitis virus 

(SLEV).  Although exceptionally rare, dual infections of mosquitoes with different 

arboviruses does occur (Andreadis, et al. 1998).  The frequency of dual infection is quite 

low (Higgs 2004), but the potential for dual infection remains since Aedes spp. 

mosquitoes are both capable of vectoring various viruses and have also been 

demonstrated to engorge blood meals multiple times from multiple hosts over their 

lifetime  (Beaty, et al. 1983, Richards, et al. 2006).  The evaluation of dual infection 

events had been embarked upon to analyze the potential for recombinant virus activity in 

the vectoring mosquitoes (Borucki, et al. 1999, Sundin and Beaty 1988).           
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Homologous interference, also known as superinfection exclusion, is the 

occurrence in which cells of vertebrate or invertebrate origin do not permit the 

establishment of a homologous secondary challenge virus infection in the presence of a 

related interfering virus’ productive infection (Karpf, et al. 1997).  Homologous 

homotypic exclusion describes viral exclusion events that occur among variants of the 

same virus while heterologous heterotypic exclusion describes infection exclusion events 

among distinctly different viruses that may or may not be in the same family (Eaton 

1979).  The exact mechanism(s) that superinfection exclusion utilizes to prevent/inhibit 

secondary viral infection remains to be elucidated.  The exclusion of challenge virus is 

certainly not limited within families of virus since SFV has been found to interfere with 

RNA synthesis, and ultimately the replication of VSV, fowl plaque virus and Newcastle 

disease virus (Rott, et al. 1972).   Evaluation of this mechanism’s specific activity has 

been problematic/difficult thus far.  Postulated mechanisms potentially include: 1) non-

specific cell surface expression of budding progeny virus spike-glycoprotein interfering 

with virus binding, 2) time between primary virus infection and exposure to challenge 

virus and its RNA replication and/or 3) vacuolar proton ATPase failure to acidify the 

early endosome to induce fusion and endosomal release of the genome into the cytoplasm 

due to interference by accumulating nonstructural viral proteins on the organelle (Singh, 

et al. 1997).  Although these suggested interference mechanisms focus on  viral 

attachment and entry, endosomal fusion and un-coating, they fail to explain the 

occurrence of superinfection exclusion of transfected infectious RNA (Zebovitz and 

Brown 1968), suggesting that inhibition of the superinfecting virus is due to inhibition of 

RNA replication (Eaton 1979, Johnston, et al. 1974, Stollar and Shenk 1973, Zebovitz 
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and Brown 1968).  The most recent work to discuss the mechanism that regulates 

superinfection exclusion is in agreement with the latter argument and suggests that the 

synthesis of the nsP2 protease of the interfering virus interrupts/halts sequential 

alphavirus infection by degrading the nsP123 polyprotein precursor during the 

superinfecting negative strand synthesis (Karpf, et al. 1997).  Additionally, superinfection 

inhibition may also be interrupted by the dual competition of both viruses for the limited 

host factors that support replication (Strauss and Strauss 1994).    

In vitro Superinfection Events 

One of the first published evaluations of superinfection exclusion of alphaviruses 

was performed in vitro with heterotypic infections using VEEV and WEEV (Zebovitz 

and Brown 1968).   These experiments demonstrated that superinfection exclusion of 

WEEV in vitro occurred when VEEV (interfering virus) was given the advantage of 

increased time of infection or increased MOI, prior to challenge with WEEV.  

Additionally, Johnston, et al., (1974), further evaluated this with homotypic infections of 

SINV showing that superinfection exclusion was maximally established at about 1hr, or 

the amount of time believed needed for the interfering virus to establish optimal cell 

culture infection.  Active interference of challenge virus infection could only be 

established with active viral genomes during early stages of the viral replication cycle.  

Continued assessment of superinfection exclusion in alphaviruses has been complicated 

by many unexplained factors to include: time the challenge virus is introduced after 

primary infection, an MOI affect in which the challenge virus’ titer overcomes the 

inhibitive process permitting successful secondary infection, exclusion capacity among 
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heterogeneous viruses is limited in duration and may be eventually overcome, variation 

in the family of alphaviruses in terms of homotypic and heterotypic exclusion and 

variation among virus strains may result in differential expression of superinfection 

exclusion (Eaton 1979, Karpf, et al. 1997, Zebovitz and Brown 1968).   

Both Stollar and Shenk, (1973), and Eaton, (1979), found SINV homotypic 

exclusion to be indefinitely expressed and Eaton, (1979), found this to also be true in 

CHIKV infection.  Using SFV, contradictory homotypic exclusion observations were 

made by Singh, et al., (1997), in which the introduction of challenge SFV adsorbed at an 

MOI 10-fold that of the interfering virus within 3hpi of the initial infection was able to 

overcome homotypic exclusion.  Additionally, while homotypic exclusion induces long-

lasting exclusion of secondary challenge, heterotypic exclusion is much shorter in nature 

(≈ 8dpi), but also limited to sub-populations of 8-10% of the initially infected cells as 

observed in CHIKV-infected Ae. albopictus cells challenged with SINV (Eaton 1979).  

Additionally, observations by Karpf, et al., (1997), demonstrated that three cloned lines 

of Ae. albopictus cells (U4.4, C6/36 and C7-10) that had been persistently infected with 

SINV for over year were shown to maintain heterotypic exclusion of Aura virus, SFV 

and RRV; decreasing replication of each peak titer by >10
3
.   

Additional superinfection work has been done with bovine viral diarrhea virus 

(BVDV), a flavivirus in the genus pestivirus, regarding homotypic and heterotypic 

infections in Madin-Darby bovine kidney (MDBK) cells.  In these experiments, 

homologous exclusion was found to establish within 30-60min of primary BVDV 

infection while inhibition of heterologous virus, VSV, was not observed (Lee, et al. 
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2005).  Homologous exclusion of BVDV in these experiments occurred at the point of 

viral entry during passive infection while the block of transfected virus occurred at 

replication of the challenge virus, not translation (Lee, et al. 2005). Another approach 

utilized to further understand viral interference and host cell response to bunyaviruses 

includes the generation and accumulation of defective interfering virus by serial passage 

of high MOI virus (Kascsak and Lyons 1978, Pirkooh, et al. 2012).  The primary 

infection of BHK-21 and Vero cells with defective interfering stocks of Bunyamwera 

virus were refractory to homologous infection while MDBK and Ae. albopictus cells 

were not (Kascsak and Lyons 1978).   

Superinfection exclusion is not limited to alphaviruses and bunyaviruses.  More 

recently, this phenomenon has been demonstrated in poliovirus and reovirus infection, 

both known to coinfect the alimentary tract (Pirkooh, et al. 2012).  Evaluation of these 

viruses in Vero cells demonstrated that infection with reovirus with challenge of 

poliovirus at 2hpi resulted in markedly decreased titers of poliovirus by TCID50/ml while 

the inverse order of infection had no effect on reovirus titers (Pirkooh, et al. 2012).  

Additionally, other work performed with porcine kidney (PK) cells persistently infected 

with the tick-borne flavivirus, louping ill virus (LIV) demonstrated heterologous 

superinfection resistance to secondary viral challenges with Central European tick-borne 

encephalitis virus (CEEV), Negisbi virus (NEGV), Langat virus (LGTV), WNV, JEV, 

Powassan virus (POWV), yellow fever French visceroptropic virus (YF FWV) and 

yellow fever (17 D) vaccine virus (YFV-17D) (Venugopal and Gould 1992).  The 

secondary challenge with yellow fever French neurotropic virus (YF FNV) of PK cells 
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previously infected with LIV demonstrated that dual flavivirus infection occurs in this 

cell line when infected in this order (Venugopal and Gould 1992).  

Studies of Superinfection Events in Mosquitoes 

Numerous instances of mosquito transmission of dual alphaviruses have been 

hypothesized; including the possible co-infection of ancestral “eastern-equine-

encephalitis-like” and “Sindbis-like” viruses, 1600 years ago, that possibly led to the dual 

recombination event resulting in the emergence of WEEV (Hahn, et al. 1988, Strauss and 

Strauss 1997, Weaver, et al. 1997).  Dual transmission of alphaviruses by Cx. tarsalis 

mosquitoes infected per os with EEEV and subsequently by WEEV 7 days later clearly 

demonstrates vector capability for co-circulation, and in some cases, dual transmission of 

these viruses (Chamberlain and Sudia 1957). In this instance, heterotypic interference did 

not occur because by 20d post initial infection, 67% of these mosquitoes were able to 

transmit only the challenge virus (WEEV) while 20% were able to successfully transmit 

both alphaviruses.  Additionally, this dual infection had little impact on detected virus 

titers for either virus.  Analysis of these mosquitoes revealed titers comparable to those 

observed in mosquitoes infected individually with either virus.  Additional work with 

SINV and SFV in mosquito vectors Ae. aegypti and Cx. annulirostris, respectively, has 

demonstrated homotypic exclusion of the challenge virus if sequential adsorption was 

more than 24hrs after the interfering virus’ adsorption (Davey, et al. 1979, Peleg 1975).   

Superinfection exclusion has also been demonstrated in mosquitoes with 

bunyaviruses, flavivurses and rhabdoviruses (Beaty, et al. 1983, Borucki, et al. 1999, 

Sundin and Beaty 1988).  IT inoculation of Ae. triseriatus mosquitoes with a 
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temperature-sensitive LACV followed by homotypic inoculation with wild-type (wt) 

LACV at 7dpi resulted in the inhibition of challenge wt virus titer (Beaty, et al. 1983).  

Heterotypic challenge of LACV infection with wild-type California serogroup 

bunyaviruses, also performed 7dpi primary infection, including snowshoe hare virus 

(SSHV), Tahyna virus (TAHV) and trivittatus virus (TVTV) all resulted in significant 

decreases of recovered virus titers when compared to primary infection of these challenge 

viruses (Beaty, et al. 1983).  Additional heterotypic exclusion studies were also 

performed using the Bunyamwera sergroup Guaroa virus (GROV), WNV and VSV, 

however, limited to no inhibition of the challenge virus titer was observed (Beaty, et al. 

1983).  Interestingly, bunyavirus per os superinfection of Ae. triseriatus mosquitoes 

appears to be time-dependent as superinfection can occur when challenge virus is offered 

4-24hpi of the primary infecting virus, but then refractory to establishment of 

superinfection at 72hpi (Sundin and Beaty 1988).  Furthermore, transovarial transmission 

of LACV has been shown to be less refractive to the establishment of per os secondary 

LACV and SSHV superinfections in progeny mosquitoes (Borucki, et al. 1999).   

The ability to genetically engineer alphaviruses combined with the development 

of fluorescent markers provides a new and innovative opportunity to investigate the 

phenomenon of superinfection resistance and to study early infections events in the 

mosquito vector.  The purpose of this set of experiments was to evaluate potential in vivo 

homotypic superinfection exclusion of CHIKV infectious clones in Ae. albopictus LR and 

Ae. aegypti WE mosquitoes.  This was performed utilizing simultaneous introduction of 

CHIKV-GFP and CHIKV-Cherry delivered per os in infectious blood meal to determine 

if a dual infection indicated by simultaneous fluorophore expression takes place in the 
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mosquito midgut.  To date, published evaluation of heterotypic or homotypic 

superinfection exclusion of CHIKV has been limited to in vitro experiments in Ae. 

albopictus cells, epithelial cells of African Green Monkey kidney origin (BSC-1 cells) 

and chick embryo fibroblast (CEF) cells (Eaton 1979).  Both hetero- and homotypic 

exclusion of superinfected SINV, CHIKV, SFV and Una virus was found to occur within 

1hpi of these cells with SINV or CHIKV.  Eaton (1979) found homotypic exclusion of 

these alphaviruses to be indefinitely persistent while heterotypic superinfection in this 

same model revealed significant increase in the superinfecting virus’s titer from 8dpi and 

on. Although significant increases in titers were observed in heterotypic infections, the 

superinfecting virus titer remained 10- to 50-fold less than that collected from cells that 

had not been infected prior to the second virus’s adsorption.   

Since superinfection exclusion by CHIKV has been shown to occur merely 1hpi 

in Ae. albopictus derived cell culture (Eaton 1979), simultaneous introduction of CHIKV-

GFP and CHIKV-Cherry viruses  appeared to present the best opportunity to both 

evaluate this yet to be understood phenomenon in the vectors of CHIKV.  Evaluation was 

performed by whole mosquito titers of these differentially expressing fluorophore virus 

constructs and in vivo imaging of the midgut for the presence of midgut epithelial cells 

that may be dual infected.  This approach is also similar to that utilized by Singh, et al., 

1997, in BHK-21 cells in which dual infection with recombinant and wt SFVs at 

equivalent titers provided the most optimal period for potential observation of dual 

alphavirus infected cells.    
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DUAL TRANSMISSION POTENTIAL OF CHIKV AND DENV 

Although increases in the reporting of dual, discernible arboviral infections are 

becoming more commonplace as a result of increased surveillance, current reports only 

represent a small portion of total cases believed to exist (Jentes, et al. 2010).  The limited 

availability of molecular epidemiological tools in the field complicates the identification 

and occurrences of these events.  Field collection of patient serum in Africa, often 

complicated by geopolitical instability and civil unrest, has been followed by clinical 

evaluation of the specimen within the safe confines of a laboratories, sometimes far 

removed from these regions.  Interestingly, patient samples from these studies often 

reveal serologic data suggesting exposure to a multitude of arboviral infections from 

numerous viral families to include Flaviviridae, Togaviridae and Bunyaviridae (Jentes, et 

al. 2010, Kuniholm, et al. 2006).  The serologic identification of multiple viral infections 

is indeed of great interest, but limited by repeated and continuous access to patients 

sometimes due to the previously mentioned hazards.  Although conflict and other hazards 

limit access to some regions of sympatric arboviral presence, the activities and behaviors 

of serologically naïve travelers to these regions, as well as to areas that are less 

contentious, have provided numerous opportunities for evaluation of dual infection 

phenomena’s.   

The first report of a patient coinfected with both CHIKV and DENV occurred in 

Vellore, South India in 1967 (Myers and Carey 1967).  Following the 2005-2007 

outbreaks of CHIKV, subsequent occurrences of dual CHIKV and DENV infections have 

been identified in numerous patients from India, Sri Lanka, Malaysia and Gabon (Chahar, 
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et al. 2009, Hapuarachchi, et al. 2008, Kularatne, et al. 2009, Leroy, et al. 2009, Nayar, 

et al. 2007).  The observation of dual infection, as previously discussed, has not been 

limited to patients that reside within these endemic regions.  More frequently, travelers to 

areas where both CHIKV and DENV co-circulate are becoming infected with both 

viruses (Chang, et al. 2010, Schilling, et al. 2009).  Interestingly, while the traveler from 

the Schilling, et al., 2009, report spent nearly a month in India prior to becoming dual 

infected, the traveler discussed by Chang, et al., 2010, spent merely three days in 

Singapore before becoming co-infected.  Because this occurrence of dual infection 

transpired over such a short period of time, this suggests numerous hypothetical scenarios 

for infection that must also consider the presence of mosquitoes vectoring both viruses.      

The overlap of endemic ranges and presentation of numerous patients with dual 

CHIKV and DENV infections questions the potential for dual vectoring of these viruses 

by Aedes spp. mosquitoes.  The principle vector for both of these viruses is the Ae. 

aegypti mosquito (Mourya and Yadav 2006).  In the last decade, the Ae. albopictus 

mosquito has become both a commensurate vector of both CHIKV and DENV 

pathogens; exceeding the CHIKV vectoring capacity of Ae. aegypti mosquitoes in cooler 

geographical regions where the virus is not endemic (Beltrame, et al. 2007, Paupy, et al. 

2009).  Furthermore, the aggressive displacement of Ae. aegypti mosquitoes in the 

southeastern United States, Brazil, Mayotte and La Réunion has been observed with the 

latter location associated with the most recent epidemic outbreak of CHIKV in 2005 

(Bagny, et al. 2009a, Bagny, et al. 2009b, Juliano and Lounibos 2005, Kamgang, et al. 

2010, Lounibos 2002).  
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Dual infection of Ae. aegypti mosquitoes with simultaneous engorgement of 

artificial blood meals containing both CHIKV and DENV has been performed and shown 

these mosquitoes refractory to co-infection by both viruses (Rohani, et al. 2009).  In these 

experiments, RT-PCR amplification with universal dengue and specific chikungunya 

primers demonstrated that either CHIKV or DENV was detected in individual mosquito 

sample, but not both.  Results contradictive to this have been observed in Ae. albopictus 

mosquitoes.  Through dual presentation of CHIKV and DENV-2 in an artificial blood 

meal, qRT-PCR was utilized to determine that both viruses successfully infected the 

midgut and disseminated to salivary gland tissues of Ae. albopictus mosquitoes 

(Moutailler, et al. 2009).  Utilizing the same infection technique on the same species of 

mosquito, dual infection with CHIKV and DENV-1 was also successfully performed with 

dual dissemination exhibited in the head squashes of these mosquitoes as well positive 

IFA in C6/36 cells infected with the saliva collected from these mosquitoes (Vazeille, et 

al. 2010).  Both of these studies failed to sequentially offer infectious blood meals with 

either virus, but instead, attempted to inoculate Ae. albopictus mosquitoes with DENV-1 

via IT injection followed by the presentation of CHIKV in blood meal.  Not surprisingly, 

the injected mosquitoes were not receptive to this secondary infection and only a very 

small portion (<10%) engorged the blood meal with merely three mosquitoes surviving 

for evaluation of dissemination by head squash; all three were positive for both viruses 

(Vazeille, et al. 2010).  These techniques only consider the potential occurrence for 

engorgement and simultaneous co-infection and not the potential for viable, sequential 

heterotypic infection.  qRT-PCR utilized to determine midgut and salivary gland 

infection rates failed to utilize a stably expressed gene for normalization of the data 
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which might be adversely skewed due to the varied amounts of either tissue analyzed 

(Guenin, et al. 2009).  Additionally, the use of pilocarpine, a parasympathomimetic 

alkaloid used to enhance saliva production, has been utilized in forced saliva experiments 

and led to the detection of CHIKV as early as 2dpi (Dubrulle, et al. 2009).  As previous 

studies have demonstrated that saliva collection can occur in the absence of this saliva 

antagonist, this technique was not utilized in these experiments to provide a more natural 

collection of saliva volume and viral content (Kamrud, et al. 1997, Smith, et al. 2005).              

The objective of our experiments was to determine the vector transmission 

capability of CHIKV and DENV-2 NGC in both Ae. albopictus LR and Ae. aegypti WE 

mosquitoes.  As the incubation periods for both viruses are remarkably dissimilar, 3-5 

days for CHIKV and 8-14 days for DENV in ideal laboratory conditions (Mourya and 

Yadav 2006), several strategies were utilized to evaluate saliva, mosquito heads and 

whole mosquitoes post engorgement for the presence of either/both viruses (Mourya and 

Yadav 2006).  qRT-PCR was utilized with reference to standards of both CHIKV and 

DENV-2 with known levels of infectivity because of the disparity between incubation 

periods would make cell culture assessment of DENV titer implausible in most cases 

(Vanlandingham, et al. 2004).  Essentially, cells would succumb to CHIKV infection and 

die before detectible levels of DENV replication could be observed.  The utilization of 

this technique is warranted as the collection of saliva volumes are limited by the 

exceedingly small volume of secretion, the low titer of virus in that saliva and the 

contamination of specimen by bacteria on the mosquitoes mouthparts (Clements 1992, 

Devine, et al. 1965, Hurlbut 1966, Vanlandingham, et al. 2004).   

http://en.wikipedia.org/wiki/Parasympathomimetic
http://en.wikipedia.org/wiki/Alkaloid
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5.2 AIMS AND HYPOTHESES    

The aim of these studies was to was to conduct a comprehensive comparative 

analysis of the of CHIKV infection patterns in Ae. aegypti WE and Ae. albopictus LR 

mosquitoes utilizing a dual fluorophore system where two CHIKV-LR i.c. (CHIKV-GFP 

and CHIKV-Cherry, refer to Chapter 2) were administered at equivalent titers in blood 

meal per os.  Additionally, we sought to evaluate, by qRT-PCR, the vectoring and 

transmission of CHIKV and/or DENV-2 NGC in Ae. aegypti WE and Ae. albopictus LR 

mosquitoes  dually infected in (1) per os CHIKV-infected mosquitoes subsequently 

infected with DENV-2 NGC, (2) per os DENV-2 NGC infected mosquitoes subsequently 

infected with CHIKV and (3) mosquitoes simultaneously infected per os with CHIKV 

and DENV-2 NGC.  The hypotheses of these studies were as follows: 

A. In vivo infection of Aedes species mosquitoes with two CHIKV i.c. with unique 

fluorophores will not present a superinfection event within the midgut of the 

mosquito.  

B. CHIKV infection of the midgut is a long lasting, non-terminal event that 

maintains persistent infection of the mosquito midgut. 

C. Primary CHIKV infection of Aedes spp. mosquitoes will inhibit/interfere with 

secondary infection/transmission of DENV-2 NGC in the saliva of Ae. aegypti WE 

and Ae albopictus LR mosquitoes.    
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D. Secondary infection with CHIKV will not be deterred from salivary transmission 

when subsequently administered per os to Ae. aegypti WE and Ae albopictus LR 

mosquitoes. 

E. Dual or heterotypic infection of Ae. aegypti WE and Ae albopictus LR mosquitoes 

will result in heterotypic exclusion of DENV-2 NGC resulting in diminished to 

non-existent transmission in saliva. 

F. Amidst sequential infection with either virus, Ae. albopictus LR mosquitoes will 

exhibit no change in potential to transmit CHIKV. 

5.3 SPECIFIC METHODS  

IN VIVO DUAL FLUOROPHORE INFECTIONS WITH CHIKV 

Per os infection of mosquitoes was previously discussed in Chapter 2 and will 

only briefly be discussed.  Female Ae. albopictus LR and Ae. aegypti WE mosquitoes 

were exposed to blood meals containing equivalent volumes to homogeneity of DSB, 

CHIKV-GFP virus stock and CHIKV-Cherry virus stock warmed to 37º C.  These were 

mixed, transferred to the Hemotek arthropod feeder and presented to the mosquitoes ad 

libitum for 1hr after which mosquitoes were sorted and engorged females maintained for 

further analysis at up to 21dpi.  Midgut fluorophore imaging and whole mosquito analysis 

were performed as previously described, Chapter 2.  Data were analyzed using a 2-way 

ANOVA in SPSS Statistical Software (IBM, Armonk, NY) for comparison of CHIKV-

GFP and CHIKV-Cherry titers in Ae. albopictus LR versus Ae. aegypti WE mosquitoes.  

Two-way ANOVA in SPSS Statistical Software was also utilized to analyze CHIKV-
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GFP versus CHIKV-Cherry titers in each species of mosquito.  Lastly, 2-way ANOVA in 

SPSS Statistical Software was again utilized to evaluate the combined titers of CHIKV-

GFP and CHIKV-Cherry in Ae. albopictus LR versus Ae. aegypti WE mosquitoes.    Two-

way ANOVA was specifically used to discern variance in virus expression among 

mosquitoes, variance between mosquitoes and/or whether any interaction effect exits (the 

difference of any result is the effect of the level of another result).   

CONCURRENT AND SEQUENTIAL INFECTION OF CHIKV AND DENV 

Oral infections of CHIKV and DENV-2 NGC per os have already been described 

in Chapter 2 and will only be discussed briefly here.  Infectious blood meals containing 

both CHIKV and DENV-2 NGC were offered to both Ae. albopictus LR and Ae. aegypti 

WE mosquitoes in a prepared solution of 1:1:1 ratios containing DSB, CHIKV (1.2 x 10
5
 

PFU/ml) and DENV-2 NGC (3.2 x 10
6
 FFU/ml).  As previously described, this infectious 

blood meal was offered to containerized female mosquitoes for 1hr after which only 

engorged females were maintained for analysis.  The mosquitoes fed in this manner were 

maintained in a Precision model 818 environmental chamber at 28º C with a 16:8hr 

light:dark photoperiod for 17d prior collection of saliva and heads.  Additionally, samples 

of both Ae. albopictus LR and Ae. aegypti WE mosquitoes were collected post-feed for 

qRT-PCR analysis of whole body titers of both CHIKV and DENV-2 NGC and provided 

only for comparison (Table 5.1).  

Sequential oral infections of Ae. albopictus LR and Ae. aegypti WE mosquitoes 

were performed by preparing infectious blood meals containing either CHIKV or DENV-

2 NGC in a 1:1 ratio with DSB.  For per os CHIKV infections with subsequent DENV-2 
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NGC infection, engorged females from the initial CHIKV infection were maintained in 

screened cartons containing a 3ml medicine cup with dampened cotton swabs and 

protruding paper towel (Pesko and Mores 2009).  This medicine cup was provided as a 

receptacle for oviposition for the 4d period between CHIKV and DENV-2 NGC 

infection.  The promotion of oviposition was key to facilitating rapid digestion of the 

engorged blood meal and the increased protein consumption that occurs during 

vitellogenesis (von Dungern and Briegel 2001). In this manner, the incubation period of 

CHIKV and digestion of blood meal in the mosquito prior to per os infection with 

DENV-2 NGC was kept to the shortest period of time possible.  This was done to provide 

optimal conditions, under these circumstances, for secondary infection of the mosquito 

with DENV-2 NGC.  The mosquitoes fed in this manner were maintained in a Precision 

model 818 environmental chamber at 28º C with a 16:8hr light:dark photoperiod for 19d 

prior collection of saliva and heads.   

Secondary infection with CHIKV in DENV-2 NGC infected mosquitoes was 

performed much in the same manner.  Following per os infection with DENV-2 NGC, 

the promotion of oviposition and digestion of blood meal was extended to 8d.  This was 

performed to accommodate for the slower incubation period of DENV-2 NGC and 

account for the observed more rapid incubation period of CHIKV.  The mosquitoes fed in 

this manner were maintained in a Precision model 818 environmental chamber at 28º C 

with a 16:8hr light:dark photoperiod for 16d prior collection of saliva and heads.  Again, 

samples of both Ae. albopictus LR and Ae. aegypti WE mosquitoes were collected post-

feed for qRT-PCR analysis of whole body titers of initial DENV-2 NGC infectious 

copies engorged in the blood meal.  Additionally, another collection was made 
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immediately prior to the secondary infection with CHIKV to assess DENV-2 NGC 

infection progress prior to secondary challenge (Table 5.1). 

QRT –PCR ANALYSIS OF SALIVA, HEADS AND WHOLE MOSQUITO  

The protocol for qRT-PCR analysis of CHIKV and DENV-2 genomic copies in 

saliva and heads has already been described in Chapter 2.  Normalization of this data, 

discussed in Chapter 4, was performed on head specimens and whole mosquitoes and not 

saliva.  Though qRT-PCR of the 12s ribosomal RNA housekeeping gene was performed 

on saliva specimens, 12s ribosomal RNA gene expression was only observed in a few 

samples at scant levels.  This is not surprising as displacement or shedding of mosquito 

salivary glands has not been reported elsewhere nor has this phenomenon been implicated 

in any current viral infection processes.  Because of these findings, saliva samples were 

not normalized utilizing the previously described technique.   

During analysis of qRT-PCR results, efforts were taken to account for sampling 

error potentially attribute to, but not limited to, diminished viral load in collected 

specimens and subsequent aliquots derived from those specimens, incomplete break-

down and release of virus particles from the mosquito tissues collected, presence of virus 

below the limits of detection and simple mislabeling of correlated samples.  To achieve 

this, results that were below the detectable limit of our assay obtained from the first run 

of qRT-PCR were evaluated against the correlating sample (i.e. head specimens with 

saliva collected from that head) as well as among specimens collected in a similar manner 

from the same species of mosquito.  When warranted, the remaining cDNA utilized for 

these specimens was re-analyzed by qRT-PCR to rule out the previously mentioned 
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sampling errors.  This was performed when a sample was expected to be positive, but for 

some reason was not (i.e. the saliva of a mosquito was positive for a virus but the head 

came up negative).  Samples treated in this manner were not considered for quantitative 

analysis and only utilized for qualitative analysis.  The samples in this group ended up 

having approximately 25% test positive for the specific virus tested.  After repeat of qRT-

PCR analysis was conducted, any samples that were again below the detectable limit of 

our assay and did not positively express detection of a specific viral genome were 

considered discordant outliers and not considered for any statistical analysis.     

The data were analyzed from this experiment in both a quantitative and qualitative 

manner.  First, normalized quantitative genomic copies of CHIKV and/or DENV-2 in 

collected mosquito heads and non-normalized saliva samples were analyzed in both Ae. 

albopictus LR and Ae. aegypti WE mosquitoes by 2-way ANOVA in SPSS Statistical 

Software.  Additional qualitative analysis of the numbers of mosquitoes that expressed 

CHIKV and/or DENV-2 in saliva and heads were analyzed using using a Fishers exact 

test for count data in R statistical software.  Comparison for analysis by Fishers exact test 

were performed with consideration for the mosquito species infected (Ae. albopictus LR 

or Ae. aegypti WE) and the manner in which they were fed (CHIKV then DENV-2, 

DENV-2 then CHIKV or CHIKV and DENV-2 simultaneously).  For example, Ae. 

albopictus LR mosquitoes infected with CHIKV followed by DENV-2 were compared to 

Ae. albopictus LR mosquitoes infected with DENV-2 only to determine if difference in 

DENV-2 expression in heads or saliva exist.  Ae. albopictus LR mosquitoes infected with 

CHIKV and DENV-2 simultaneously were compared to Ae. aegypti WE mosquitoes 

infected in the same manner while Ae. albopictus LR mosquitoes infected with CHIKV 
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and DENV-2 were not compared to Ae. aegypti WE mosquitoes infected with DENV-2 

only as the species of mosquito is different and the technique of infection is not similar.              

5.4 RESULTS 

CHIKV SUPERINFECTION OF MOSQUITO MIDGUTS 

Co-infection of mosquito midguts was initially analyzed in the midguts of Ae. 

albopictus LR mosquitoes administered infectious blood meals with equivalent portions 

of CHIKV-GFP (10
5.95

 TCID50/ml), CHIKV-Cherry (10
5.95

 TCID50/ml) and DSB with 

subsequent dissections at 0, 3, 6, 9, 12, 18 and 24hrs post-infection.  Whole mosquito 

titrations for these preliminary experiments were not performed.  Fluorophore expression 

associated with the replication of one virus, not both, was a typical observation at time 

points prior to 12hpi (Figure 5.1) while dual fluorophore presentation usually presented 

at 12hpi or later (Figure 5.2).   

Subsequent experiments were thus performed in both Ae. albopictus LR and Ae. 

aegypti WE strain mosquitoes with infected mosquitoes collected at 0, 3, 6, 9, 12, 24, 48, 

120(5dpi), 336(14dpi) and 504hpi(21dpi) for titration by TCID50/ml while other 

mosquitoes were collected from the corresponding groups at 24, 48, 120, 336 and 504hpi 

for dissection and removal of the midgut for fluorescent imaging.  Statistical analysis was 

inclusive of mosquitoes that expressed both CHIKV-GFP and CHIKV-Cherry above the  
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FIGURE 5.1 PRELIMINARY MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR 

MOSQUITOES 6HRS POST-INFECTION.   
Mosquitoes were dual infected with equivalent titers of CHIKV-GFP and CHIKV-
Cherry.  Typical fluorophore expression at 0, 3, 6 and 9hrs post-infection was of one 
CHIKV (predominantly GFP) prior to 12hrs post-infection.    Blue fluorescence is DAPI 
stain.  Midguts are oriented with the anterior to the left of each image at 20x.  (Scale = 
500µM) 

FIGURE 5.2 PRELIMINARY MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR 

MOSQUITOES 12HRS POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores (B) at 12hpi in a midgut infected per os 
with CHIKV-GFP and CHIKV-Cherry viruses.  Panel A is negative control.   Blue 
fluorescence is DAPI stain.  Midguts are oriented with the anterior to the left of each 
image at 20x.  (Scale = 500µM) 
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lower limits of detection (10
1.06

 TCID50/ml).  As discussed above, imaging of dissected 

midguts began at 24hpi midguts as no immediate difference was observed during 

preliminary experiments warranting earlier examination.  Dissection at 24hpi allowed the 

progression of digestion of the engorged infectious blood meal resulting in easier 

manipulation of the tissues; potentially due to clotting of the blood meal and formation of 

the peritrophic matrix type-I.  Additional consideration was also given to the fact that the 

thickness of a blood-filled midguts offered limited assessment of the entire midgut due to 

the opaque nature of the tissue in this condition and the limited availability of fluorophore 

expressing tissues within the same plane of focus on the inverted epi-fluorescent 

microscope. 

Whole mosquito titrations of the CHIKV-GFP and CHIKV-Cherry infectious 

clones were analyzed within replicates of Ae. albopictus LR and Ae. aegypti WE 

mosquitoes utilizing a 2-way ANOVA in SPSS Statistical Software. While both 

infectious clones successfully infected both mosquito species as assessed by their 

respective fluorophores expression, the CHIKV-GFP infectious clone established a 

higher titer infection at every time point measured in both mosquito species with the 

exception of the 9hpi and 12hpi time points in the Ae. albopictus LR mosquitoes (Figure 

5.3 and Figure 5.4).  The elevated titer of CHIKV-GFP over CHIKV-Cherry in Ae. 

albopictus LR mosquitoes was not statistically significant while CHIKV-GFP expression 

in Ae. aegypti WE mosquitoes was significantly higher (p<0.05) than CHIKV-Cherry 

expression.  Further analysis of the 9hpi and 12hpi time points in Ae. albopictus LR 

mosquitoes with Tukey’s Post Hoc test determined that the increase in virus expression at 

the 12hpi time point proved to be statistically significantly (p<0.05), although statistical 
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significance between CHIKV-GFP and CHIKV-Cherry was not present at this time point.  

Tukey’s Post Hoc analysis of the time points for the Ae. aegypti WE mosquitoes infected  

 

 

 

with CHIKV-GFP and CHIKV-Cherry revealed that the 120hpi time point was 

significantly different (p<0.05) when compared to time points at 0, 3, 9, 12 and 504hpi.  

Time points 6, 24, 48 and 336hpi were found to not be significantly different to any of 

the other time points analyzed in the Ae. aegypti WE mosquitoes.  Interestingly, both 

mosquitoes obtained peak titers of virus at different times; the Ae. aegypti WE mosquito 

achieved these peak titers at different time points for the two infectious clones used.  Ae. 

FIGURE 5.3 TITERS OF CHIKV-GFP AND CHIKV-CHERRY IN AE. ALBOPICTUS LR 

WHOLE MOSQUITOES.   
Titrations of whole mosquitoes dual infected with CHIKV-GFP and CHIKV-Cherry, 
homogenized and titrated with TCID50/ml.  Samples were collected at 0, 3, 6, 9, 12, 24, 
48, 120, 336 and 504hpi; N = 9, 8, 10, 10, 10, 9, 8, 9, 8 and 8 mosquitoes, respectively.    
Increase in virus expression at the 12hpi time point proved to be statistically significantly 
(p<0.05), although statistical significance between CHIKV-GFP and CHIKV-Cherry was 
not present at this time point.  Error bars represent the SEM. 
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albopictus LR mosquitoes attained average peak titers of CHIKV-GFP and CHIKV-

Cherry at 12hpi at 10
5.93

 and 10
6.01

 TCID50/ml, respectively while Ae. aegypti WE 

mosquitoes reached average peak titers of CHIKV-GFP at 120hpi at 10
5.75

 TCID50/ml and 

CHIKV-Cherry at 48hpi at 10
5.26

 Log10 TCID50/ml (Figure 5.3 and Figure 5.4).  The 

observance of an eclipse phase of the extrinsic incubation period was observed in the 

decrease in viral titers at 9hpi and 12 hpi in Ae. aegypti WE, but no such observation was 

made in the Ae. albopictus LR mosquitoes. 

 

 

 

FIGURE 5.4 TITERS OF CHIKV-GFP AND CHIKV-CHERRY IN AE. AEGYPTI WE 

WHOLE MOSQUITOES.   
Titrations of whole mosquitoes dual infected with CHIKV-GFP and CHIKV-Cherry, 
homogenized and titrated with TCID50/ml.  Samples were collected at 0, 3, 6, 9, 12, 24, 
48, 120, 336 and 504hpi; N = 10, 11, 10, 10, 10, 8, 8, 8, 8 and 8 mosquitoes, respectively.    
CHIKV-GFP expression in Ae. aegypti WE mosquitoes was significantly higher (p<0.05) 
than CHIKV-Cherry expression.  Error bars represent the SEM. 
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Assessment of cumulative virus titers (CHIKV-GFP plus CHIKV-Cherry) in each 

mosquito species (Figure 5.5) reveals a higher titer of CHIKV in Ae. aegypti WE 

mosquitoes at all time points but 9hpi and 12hpi where there is a sharp increase in 

CHIKV titer.  The measurement of virus at 12hpi in Ae. albopictus LR mosquitoes is 

significantly different (p<0.05) at this time point, but due to the detection of an 

interaction effect by 2-way ANOVA analysis, it cannot be determined if this is attributed 

to the virus titer at this time point or differences in the mosquito species.    

Additional analysis was performed utilizing 2-way ANOVA to directly compare 

Ae. albopictus LR and Ae. aegypti WE mosquitoes and the differences in CHIKV-GFP 

and CHIKV-Cherry between the two mosquitoes when presented in blood meal in 

equivalent volumes.  This analysis was performed by TCID50 at 0, 3, 6, 9, 12, 24, 48, 120, 

336 and 504hpi (Figure 5.6 and Table 5.2).  At 0hpi, there was a significant difference 

(p<0.05) between virus titers and mosquito species; however, there was an interaction 

effect which makes specific isolation of the differences complicated and assignment of 

statistical significance impossible.  In these mosquitoes at these time point, CHIKV-GFP 

and CHIKV-Cherry were elevated in the Ae. aegypti WE mosquito, exceedingly more so 

for CHIK-GFP both in the Ae. aegypti WE and in comparison to its expression in the Ae. 

albopictus LR mosquito.  In the Ae. albopictus LR mosquito, CHIKV-GFP and CHIKV-

Cherry behaved in a similar manner at this time point. 

There was no interaction effect detected at 3hpi and 504hpi, but significant 

(p<0.05) differences among the two CHIKV viruses and the two mosquito species.  

Because there is no interaction effect at these time points, statistical significance can be 
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clearly delineated.  Both CHIKV-GFP and CHIKV-Cherry behaved very similarly in Ae. 

albopictus LR mosquitoes while the same was not observed in Ae. aegypti WE.  CHIKV-

GFP in Ae. aegypti WE was significantly higher (p<0.05) than CHIKV-Cherry and 

significantly higher (p<0.05) than CHIKV-GFP in Ae. albopictus LR mosquitoes.  There 

is also significant difference (p<0.05) in the overall infection titers of CHIKV between 

the two mosquito species.  

 

 

 

 

FIGURE 5.5 COMBINED CHIKV-GFP AND CHIKV-CHERRY TITERS IN AE. 
ALBOPICTUS LR AND AE. AEGYPTI WE WHOLE MOSQUITOES.   
Combined titrations of CHIKV-GFP and CHIKV-Cherry in whole dual infected 
mosquitoes, homogenized and titrated with TCID50/ml.  Samples were collected at 0, 3, 6, 
9, 12, 24, 48, 120, 336 and 504hpi; N (Ae. albopictus LR/Ae. aegypti WE) = 9/10, 8/11, 
10/10, 10/10, 10/10, 9/8, 8/8, 9/8, 8/8 and 8/8 mosquitoes, respectively..   Error bars 
represent the SEM. 
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TABLE 5.2 STATISTICAL SUMMARY OF COMPARISON BETWEEN AE. ALBOPICTUS LR 

AND AE. AEGYPTI WE MOSQUITOES DUAL INFECTED WITH CHIKV-GFP AND 

CHIKV-CHERRY. 
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At 336hpi, there was also no interaction effect observed, but the overall virus titer 

in Ae. aegypti WE mosquitoes was significantly higher (p<0.05).  CHIKV-GFP infection 

was again significantly higher (p<0.05) than that of CHIKV-Cherry in Ae. aegypti WE 

mosquitoes and also significantly higher (p<0.05) than that present in Ae. albopictus LR 

mosquitoes.  CHIKV-GFP and CHIKV-Cherry titers were also similar in Ae. albopictus 

LR mosquitoes.  For time points 6, 9, 12, 24 and 120hpi, no statistical significance and no 

interaction effect was observed among mosquitoes or their respective viral titers.     

Visualization of the midgut at 24hpi reveals it is quite distended by the blood 

meal contents, but CHIKV infection is well underway with the distribution of GFP and 

Cherry fluorophores clearly indicating elevated levels of infection in the Ae. albopictus 

LR mosquitoes (Figure 5.6) and to a somewhat lesser degree of fluorophore expression, 

in the Ae. aegypti WE mosquitoes (Figure 5.7).  Increased fluorophore distribution in Ae. 

albopictus LR mosquito midguts suggests a more rapid infection and dissemination 

within the midgut tissues of the CHIKV LR2006 OPY1 strain derived infectious clones 

in that mosquito species.   

Dual expression of GFP and Cherry fluorophores (indicated by the combination 

of GFP and Cherry fluorophores yielding a yellow fluorescence) was not observed.  

Although a disseminated yellow fluorescence can generally be observed in some images, 

this was attributed to the brightness of fluorescence with the close proximity at which 

CHIKV-GFP and CHIKV-Cherry cells were infected.  The dual infection of GFP and 

Cherry fluorescent CHIKV i.c. was not observed in any of the dissected midguts at any 
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FIGURE 5.6 MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR MOSQUITOES 24HRS 

POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores at 24hpi in three separate mosquito 
midguts infected per os with CHIKV-GFP and CHIKV-Cherry viruses.   Blue 
fluorescence is DAPI stain.  Midguts are oriented with the anterior to the left of each 
image at 20x.  (Scale = 500µM) 
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time point.  Interestingly, Figure 4.4, panel B, demonstrates the proximity by which the 

opposing fluorophore CHIKV i.c. infect the luminal columnar epithelial cells as the 

FIGURE 5.7 MIDGUT DISSECTIONS FROM AE. AEGYPTI WE MOSQUITOES 24HRS 

POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores at 24hpi in a mosquito midgut (A) 
infected per os with CHIKV-GFP and CHIKV-Cherry viruses.   Panel B is a 40x image 
of the opposing side of panel A midgut as marked by the asterisk.  Blue fluorescence is 
DAPI stain.  Panel A midgut is oriented with the anterior to the left of the image at 20x.  
Both images include moderate white light to delineate the midgut tissues and their 
borders.  (Scale = 500µM) 
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infection progresses through cells proximal to those initially infected.  Similar 

observations of an infection center or focal expansion to adjacent cells of CHIKV were 

previously observed in per os infection images presented in Chapter 3.  Although early 

infection (those prior to 24hpi), in many cases, demonstrated the lack of one fluorophore 

containing i.c. or the other, a single pattern or specific foci of CHIKV-infected/target 

midgut epithelial cells could not be identified.   

As the opaque blood meal contents diminished, more comprehensive imaging of 

the midguts became available.  Although complete digestion of the blood meal typically 

occurred at 72hrs under the climatic conditions mosquitoes were maintained, the images 

taken at 48hpi (Figure 5.8 and Figure 5.12, panel A) begin to elucidate not only the 

proximal distribution of CHIKV-GFP and CHIKV-Cherry, but also dispersion throughout 

the entirety of the midgut with diminished expression in the distal luminal tissues of both 

mosquitoes.  This is contrary to the observations made by Tsetsarkin, et al., 2006, in 

which Ae. aegypti WE exhibited localized infection primarily in the posterior midgut and 

Ae. albopictus LR exhibited dispersion of GFP throughout the midgut to include posterior 

tissues.  The fluorescent pattern of expression, representing replication of both viruses, is 

random with both viruses infecting midgut epithelial cells adjacent to each without any 

co-infection observed.  Caution must be emphasized in the analysis of these tissues at this 

point as the remnants of blood still create a yellowish auto-fluorescence (Figure 5.8, 

panel A) and the overlapping of GFP and cherry fluorescence in separate, folding or 

overlapping tissues can be misleading (Figure 5.8, panel B).   
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Midguts were also collected at 120hpi from Ae. albopictus LR mosquitoes to 

monitor progression of CHIKV infection as well as sustainability of fluorophore activity 

(Figure 5.9).  Images of numerous midguts are presented here to demonstrate the 

homogeny among the midguts dissected from Ae. albopictus LR mosquitoes.  At this 

point in the infection process, the blood meal has typically been entirely digested causing 

limited yellow auto-fluorescence.  The dispersion of GFP and cherry fluorophores is still 

random and non-specific to the dominance of either i.c. at 120hpi.  Interestingly, although 

posterior infection of the midgut has been suggested with other alphaviruses and would  

 

 

 

be indicated by pronounced expression of GFP or cherry fluorophores in this section of 

the midgut, the opposite is actually presented with an almost complete lack of 

FIGURE 5.8 MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR MOSQUITOES 48HRS 

POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores at 48hpi in two separate mosquito 
midguts infected per os with CHIKV-GFP and CHIKV-Cherry viruses.  Blue 
fluorescence is DAPI stain.  Midguts are oriented with the anterior to the left of each 
image at 20x.  (Scale = 500µM) 
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fluorophore expression in the posterior midgut while the mid to anterior midgut are 

abundant with fluorophore expression.     

Additional analysis of CHIKV-GFP and CHIKV-Cherry infection was performed 

in both Ae. albopictus LR  (Figure 5.10) and Ae. aegypti WE (Figure 5.12, panel B) 

mosquitoes at 336hpi(14dpi) and 504hpi(21dpi).  At 336hpi, all specimens exhibited 

random dispersion of CHIKV-GFP and CHIKV-Cherry infection throughout the entirety 

of the midgut to now include the posterior tissues of the midgut and the cuticle lined 

rectum and anus tissues (Figure 5.10, panel D).  Additionally, characteristic  

 

FIGURE 5.9 MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR MOSQUITOES 120HRS 

POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores at 5dpi in five (Davis, et al.) separate 
mosquito midguts infected per os with CHIKV-GFP and CHIKV-Cherry viruses.  Panel 
F is negative control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the 
anterior to the left of each image at 20x. (Scale = 500µM) 
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dissemination of CHIKV throughout the network of circular arranged visceral muscle 

overlaying the basal lamina of the midgut can now be observed by linear presentation of 

GFP expression along the junctures of these tissues (Figure 5.10, panel A and C-F).   

 

 

 

FIGURE 5.10 MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR MOSQUITOES 336HRS 

POST-INFECTION.   

Dual expression of GFP and Cherry fluorophores at 14dpi in six (A-F) separate mosquito 
midguts infected per os with CHIKV-GFP and CHIKV-Cherry viruses.  Blue 
fluorescence is DAPI stain.  Midguts are oriented with the anterior to the left of each 
image at 20x.  (Scale = 500µM) 
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Interestingly, no such pattern of expression was observed with the CHIKV-Cherry i.c. 

which still presented in focused patterns of infection.  At 504hpi, though faint, GFP and 

cherry fluorescence is still present in both species of mosquito reaffirming that CHIKV, 

once acquired by these vectors, is a sustained infection that fails to clear the midgut 

tissues of these mosquitoes (Figure 5.11 and Figure 5.12, panel C).  This was further 

corroborated by CHIKV-GFP and CHIKV-Cherry titrations of 21dpi (Figure 5.13).   

 

 

FIGURE 5.11 MIDGUT DISSECTIONS FROM AE. ALBOPICTUS LR MOSQUITOES 504HRS 

POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores at 21dpi in two separate mosquito 
midguts infected per os with CHIKV-GFP and CHIKV-Cherry viruses.  Blue 
fluorescence is DAPI stain.  Midguts are oriented with the anterior to the left of each 
image at 20x.  (Scale = 500µM) 



 

 191 

 

 

QRT–PCR ANALYSIS OF CHIKV AND DENV INFECTED MOSQUITOES  

Samples of both Ae. albopictus LR and Ae. aegypti WE mosquitoes were collected 

post-feed for qRT-PCR analysis of whole body titers of initial CHIKV infectious copies 

engorged in the blood meal.  Additionally, another collection was made immediately 

prior to the secondary infection with DENV-2 NGC to assess CHIKV infection progress 

prior to secondary challenge (Table 5.1).  

FIGURE 5.12 MIDGUT DISSECTIONS FROM AE. AEGYPTI WE MOSQUITOES AT 48, 336 

AND 504HRS POST-INFECTION.   
Dual expression of GFP and Cherry fluorophores at 48(A), 336(B) and 504hpi(C) in 
mosquito midguts infected per os with CHIKV-GFP and CHIKV-Cherry viruses.  Panel 
D is negative control.  Blue fluorescence is DAPI stain.  Midguts are oriented with the 
anterior to the left of each image at 20x.  (Scale = 500µM) 
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Ae. albopictus LR and Ae. aegypti WE mosquito heads and saliva samples 

analyzed by qRT-PCR for the presence of CHIKV and DENV-2 NGC genomic copies.  

As previously discussed, values obtained in the heads of mosquitoes were normalized 

with the 12s ribosomal RNA housekeeping gene prior to statistical analysis.  Saliva 

samples were not normalized as a majority of these samples were found to not contain 

any cellular content for the basis of normalization.   

TABLE 5.1 AVERAGE GENOMIC COPIES OF CHIKV AND DENV-2 NGC FED AE. 
ALBOPICTUS LR AND AE. AEGYPTI WE MOSQUITOES.  
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Analysis of CHIKV and DENV-2 genomic copies was performed with 2-way 

ANOVA in SPSS Statistical Software.  Data was arranged for analysis of CHIKV or 

DENV-2 genomic copies by comparison of similar specimens between mosquitoes 

dually-infected by one of three approaches: (1) fed CHIKV with subsequent DENV-2 at 

4dpi, (2) fed DENV-2 with subsequent CHIKV at 8dpi or (3) fed CHIKV and DENV-2 

separately.  Analysis of CHIKV in the heads of Ae. albopictus LR mosquitoes compared 

to CHIKV in the heads of Ae. aegypti WE mosquitoes between the three dual infection 

techniques found the number of CHIKV genomic copies to be significantly higher 

(p<0.05) in the Ae. albopictus LR mosquitoes.  There was no statistically significant 

difference among the three routes of dual infection.   

Comparison of the number of genomic copies of DENV-2 in the heads of Ae. 

albopictus LR mosquitoes compared to DENV-2 in the heads of Ae. aegypti WE 

mosquitoes between these three infection techniques found no statistically significance 

difference in the numbers of DENV-2 genomic copies or the technique utilized for dual 

infection.  Similarly, individual analysis of CHIKV and DENV-2 in saliva collected from 

Ae. albopictus LR and Ae. aegypti WE mosquitoes also resulted in no statistically 

significant difference in the number of either virus in either mosquito species infected by 

any of the three dual infection techniques utilized in these experiments. 

Next, qualitative analysis was performed on the number of mosquitoes that were 

positive for CHIKV, DENV-2 or both viruses in either the head of the mosquito or the 

saliva collected.  A summary of the positive samples meeting these criteria is below 

(Table 5.3).  Fisher’s exact test for count data was utilized to compare these results and is 
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summarized for CHIKV expression, DENV-2 expression and dual expression of both 

viruses (Table 5.4, Table 5.5 and Table 5.6).  Results were qualitatively compared 

among similar and dissimilar mosquito species as follows: 1) similar techniques of dual 

infection, 2) similar content of infectious blood meal or 3) similar infectious drug, but 

offered in an alternative sequence.  Qualitative analysis utilizing Fisher’s exact test was 

performed on every appropriate comparison as described above.  Table 5.3  

 

 

TABLE 5.3 SUMMARY OF CHIKV AND DENV-2 DUAL INFECTED MOSQUITOES. 
Dual infection techniques are briefly described.  The number of mosquitoes that 
expressed any detectable amount of CHIKV or DENV-2 genomic copies were considered 
qualitative positves.  The percentages represent a portion of the whole number (N) of 
mosquitoes sampled.  Saliva and head samples are from the same mosquito and were 
analyzed by qRT-PCR.   
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Group #1: Mosquito species and Dual Infection 

Technique

Group #2: Mosquito species and Dual Infection 

Technique

Head

      Saliva

Ae. albopictus LR mosquitoes infected per os with 

CHIKV with subsequent DSB blood meal 4dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DSB blood meal 4dpi

 SS

      NS

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

Ae. aegypti WE mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

 SS

      NS

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV & DENV-2 blood meal 8dpi

 SS

      NS

Ae. aegypti WE mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV & DENV-2 blood meal 8dpi

 SS

      NS

qRT-PCR Analysis in 

Dual Infected 

Mosquitoes with  

CHIKV Expression

 

 

only present those comparisons where statistical significance was observed.  A summary 

of trends identified by Fisher’s exact test and discussed in the following text is presented 

below (Table 5.7).   

Qualitative analysis of the number of positive CHIKV saliva samples revealed no 

statistical significance.  Qualitative analysis of the number of positive CHIKV heads of 

Ae. albopictus LR and Ae. aegypti WE mosquitoes were found to be statistically 

significant (p<0.05) in the following four comparisons (the number in parenthesis 

represents the percentage of heads positive for CHIKV in each mosquito species per 

infection technique) (Table 5.4).  The number of Ae. albopictus LR mosquitoes infected 

TABLE 5.4 QUALITATIVE ANALYSIS OF CHIKV EXPRESSION IN DUAL INFECTED 

MOSQUITOES. 
Upper left of the box represents comparison of the positive CHIKV heads in the 
respective mosquito species.   Lower right of box represents comparison of the positive 
CHIKV saliva samples in the respective mosquito species.   
NS = Not significant.  SS = Statistically significant (p<0.05).  
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with CHIKV and fed DSB at 4dpi (100%) were significantly higher (p<0.05) than the 

number of Ae. aegypti WE mosquitoes infected with CHIKV and fed DSB at 4dpi (62%).   

 

Group #1: Mosquito species and Dual Infection 

Technique

Group #2: Mosquito species and Dual Infection 

Technique

Head

      Saliva

Ae. albopictus LR mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

 NS

       SS

Ae. albopictus LR mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

 NS

       SS

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent DSB blood meal 8dpi

 SS

       SS

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

 SS

       SS

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. albopictus LR mosquitoes infected per os with 

CHIKV & DENV-2 blood meal

 NS

       SS

Ae. aegypti WE mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

 SS

       SS

Ae. aegypti WE mosquitoes infected per os with 

CHIKV & DENV-2 blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

 NS

       SS

qRT-PCR Analysis in 

Dual Infected 

Mosquitoes with  DENV-

2 NGC Expression 

 

 

The number of Ae. aegypti WE mosquitoes infected with CHIKV and then DENV-2 at 

4dpi (100%) were significantly higher (p<0.05) than the number of Ae. aegypti WE 

mosquitoes infected with DENV-2 and then CHIKV at 8dpi (88%).  The number of Ae. 

TABLE 5.5 QUALITATIVE ANALYSIS OF DENV-2 EXPRESSION IN DUAL INFECTED 

MOSQUITOES. 
Upper left of the box represents comparison of the positive DENV-2 heads in the 
respective mosquito species.   Lower right of box represents comparison of the positive 
DENV-2 saliva samples in the respective mosquito species.   
NS = Not significant.  SS = Statistically significant (p<0.05).  
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aegypti WE mosquitoes infected with CHIKV and then DENV-2 at 4dpi (100%) were 

significantly higher (p<0.05) than the number of Ae. aegypti WE mosquitoes infected 

simultaneously with CHIKV and DENV-2 (48%).  The number of Ae. aegypti WE 

mosquitoes infected with DENV-2 and then CHIKV at 8dpi (88%) were significantly 

higher (p<0.05) than the number of Ae. aegypti WE mosquitoes infected with CHIKV and 

DENV-2 (48%).   

Qualitative analysis of the number of positive DENV-2 heads of Ae. albopictus 

LR and Ae. aegypti WE mosquitoes were found to be statistically significant (p<0.05) in 

the following three comparisons (the number in parenthesis represents the percentage of 

heads positive for DENV-2 in each mosquito species per infection technique) (Table 

5.5).  The number of Ae. albopictus LR mosquitoes infected with DENV-2 and then 

CHIKV at 8dpi (60%) were significantly higher (p<0.05) than the number of Ae. 

albopictus LR mosquitoes infected with DENV-2 and fed DSB at 8dpi (20%).  The 

number of Ae. albopictus LR mosquitoes infected with DENV-2 and then CHIKV at 8dpi 

(60%) were significantly higher (p<0.05) than the number of Ae. aegypti WE mosquitoes 

infected with DENV-2 and then CHIKV at 8dpi (12%).  The number of Ae. aegypti WE 

mosquitoes infected with CHIKV and then DENV-2 at 4dpi (56%) were significantly 

higher (p<0.05) than the number of Ae. aegypti WE mosquitoes infected with DENV-2 

and then CHIKV at 8dpi (12%). 

Qualitative analysis of the number of positive DENV-2 saliva samples of Ae. 

albopictus LR and Ae. aegypti WE mosquitoes were found to be statistically significant 

(p<0.05) in the following seven comparisons (the number in parenthesis represents the 
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percentage of saliva samples positive for DENV-2 in each mosquito species per infection 

technique) (Table 5.5).  The number of Ae. aegypti WE mosquitoes infected with CHIKV 

and then DENV-2 at 4dpi (56%) were significantly higher (p<0.05) than the number of 

Ae. albopictus LR mosquitoes infected with CHIKV and then DENV-2 at 4dpi (6%).  The 

number of Ae. albopictus LR mosquitoes infected with DENV-2 and then CHIKV at 8dpi 

(44%) were significantly higher (p<0.05) than the number of Ae. albopictus LR 

mosquitoes infected with CHIKV and then DENV-2 at 4dpi (6%).  The number of Ae. 

albopictus LR mosquitoes infected with DENV-2 and then CHIKV at 8dpi (44%) were 

significantly higher (p<0.05) than the number of Ae. albopictus LR mosquitoes infected 

with DENV-2 and fed DSB at 8dpi (20%).  The number of Ae. albopictus LR mosquitoes 

infected with DENV-2 and then CHIKV at 8dpi (44%) were significantly higher (p<0.05) 

than the number of Ae. aegypti WE mosquitoes infected with DENV-2 and then CHIKV 

at 8dpi (8%).  The number of Ae. albopictus LR mosquitoes infected with DENV-2 and 

then CHIKV at 8dpi (44%) were significantly higher (p<0.05) than the number of Ae. 

albopictus LR mosquitoes simultaneously infected with CHIKV and DENV-2 (12%).  

The number of Ae. aegypti WE mosquitoes infected with CHIKV and then DENV-2 at 

4dpi (56%) were significantly higher (p<0.05) than the number of Ae. aegypti WE 

mosquitoes infected with DENV-2 and then CHIKV at 8dpi (8%).The number of Ae. 

aegypti WE mosquitoes infected with CHIKV and then DENV-2 at 4dpi (56%) were 

significantly higher (p<0.05) than the number of Ae. aegypti WE mosquitoes 

simultaneously infected with CHIKV and DENV-2 (17%). 

Qualitative analysis of the number of positive CHIKV and DENV-2 heads of Ae. 

albopictus LR and Ae. aegypti WE mosquitoes were found to be statistically significant 
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(p<0.05) in the following three comparisons (the number in parenthesis represents the 

percentage of heads positive for DENV-2 in each mosquito species per infection 

technique) (Table 5.6).  The number of Ae. albopictus LR mosquitoes infected with 

DENV-2 and then CHIKV at 8dpi (60%) were significantly higher (p<0.05) than the 

number of Ae. aegypti WE mosquitoes infected with DENV-2 and then CHIKV at 8dpi 

(8%).  This comparison among these two groups was also significant in the analysis of 

heads positive for DENV-2 expression.  The number of Ae. aegypti WE mosquitoes 

infected with CHIKV and then DENV-2 at 4dpi (57%) were significantly higher (p<0.05) 

than the number of Ae. aegypti WE mosquitoes infected with DENV-2 and then CHIKV 

at 8dpi (8%).  The number of Ae. aegypti WE mosquitoes infected with CHIKV and then 

DENV-2 at 4dpi (57%) were significantly higher (p<0.05) than the number of Ae. aegypti 

WE mosquitoes simultaneously infected with CHIKV and DENV-2 (14%). 

Qualitative analysis of the number of positive CHIKV and DENV-2 saliva 

samples of Ae. albopictus LR and Ae. aegypti WE mosquitoes were found to be 

statistically significant (p<0.05) in the following four comparisons (The number in 

parenthesis represents the percentage of saliva samples positive for DENV-2 in each 

mosquito species per infection technique) (Table 5.6).  The number of Ae. albopictus LR 

mosquitoes infected with DENV-2 and then CHIKV at 8dpi (24%) were significantly 

higher (p<0.05) than the number of Ae. aegypti WE mosquitoes infected with DENV-2 

and then CHIKV at 8dpi (0%).  The number of Ae. albopictus LR mosquitoes infected 

with DENV-2 and then CHIKV at 8dpi (24%) were significantly higher (p<0.05) than the 

number of Ae. albopictus LR mosquitoes simultaneously infected with CHIKV and 

DENV-2 (4%).  The number of Ae. aegypti WE mosquitoes infected with CHIKV and 
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then DENV-2 at 4dpi (33%) were significantly higher (p<0.05) than the number of Ae. 

aegypti WE mosquitoes infected with DENV-2 and then CHIKV at 8dpi (0%).  The 

number of Ae. aegypti WE mosquitoes infected with CHIKV and then DENV-2 at 4dpi 

(33%) were significantly higher (p<0.05) than the number of Ae. aegypti WE mosquitoes 

simultaneously infected with CHIKV and DENV-2 (0%). 

 

Group #1: Mosquito species and Dual Infection 

Technique

Group #2: Mosquito species and Dual Infection 

Technique

Head

      Saliva

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

 SS

       SS

Ae. albopictus LR mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. albopictus LR mosquitoes infected per os with 

CHIKV & DENV-2 blood meal

 NS

       SS

Ae. aegypti WE mosquitoes infected per os with 

DENV-2 with subsequent CHIKV blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

 SS

       SS

Ae. aegypti WE mosquitoes infected per os with 

CHIKV & DENV-2 blood meal 8dpi

Ae. aegypti WE mosquitoes infected per os with 

CHIKV with subsequent DENV-2 blood meal 4dpi

 SS

       SS

qRT-PCR Analysis in 

Dual Infected 

Mosquitoes with 

CHIKV & DENV-2 

NGC Co-expression  

 

 

When comparing different dual infection strategies for the establishment of 

CHIKV infection in either mosquito species, CHIKV infection followed by DENV-2 

infection or DENV-2 infection followed by CHIKV infection afforded significantly 

higher (p<0.05) numbers of CHIKV positive heads when compared to mosquitoes 

TABLE 5.6 QUALITATIVE ANALYSIS OF DUAL EXPRESSION OF CHIKV AND DENV-2 

IN DUAL INFECTED MOSQUITOES. 
Upper left of the box represents comparison of the positive dual infected heads in the 
respective mosquito species.   Lower right of box represents comparison of the positive 
dual infected saliva samples in the respective mosquito species.   
NS = Not significant.  SS = Statistically significant difference (p<0.05).  
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infected simultaneously with CHIKV and DENV-2.  This data suggests that dual 

infection with CHIKV and DENV-2 in Ae. aegypti WE mosquitoes diminished 

establishment of CHIKV infection in the head of the mosquito.   

 

Mosquito Species
Technique of 

Dual Infection
Sample

Virus 

Detected

Statistical 

Signifigance 

(p<0.05)

Technique of Dual 

Infection

Ae. aegypti WE
DENV-2 then 

CHIKV
Head CHIKV Significantly Higher

CHIKV & DENV-2 

Simultaneously

Ae. aegypti WE
CHIKV then 

DENV-2
Head CHIKV Significantly Higher

CHIKV & DENV-2 

Simultaneously

Ae. aegypti WE
CHIKV then 

DENV-2
Head DENV-2 Significantly Higher DENV-2 then CHIKV

Ae. aegypti WE
CHIKV then 

DENV-2
Saliva DENV-2 Significantly Higher DENV-2 then CHIKV

Ae. aegypti WE
CHIKV then 

DENV-2
Saliva DENV-2 Significantly Higher

CHIKV & DENV-2 

Simultaneously

Ae. aegypti WE
CHIKV then 

DENV-2
Saliva CHIKV Significantly Higher

CHIKV & DENV-2 

Simultaneously

Ae. albopictus LR
DENV-2 then 

CHIKV
Saliva CHIKV Significantly Higher

CHIKV & DENV-2 

Simultaneously

Ae. albopictus LR
DENV-2 then 

CHIKV
Saliva DENV-2 Significantly Higher

CHIKV & DENV-2 

Simultaneously

Ae. albopictus LR
DENV-2 then 

CHIKV
Saliva DENV-2 Significantly Higher CHIKV then DENV-2

Ae. albopictus LR
DENV-2 then 

CHIKV
Saliva DENV-2 Significantly Higher DENV-2 then DSB

 

 

DENV-2 expression in Ae. albopictus LR mosquito heads infected with DENV-2 

followed by CHIKV infection 8dpi resulted in significantly higher (p<0.05) numbers of 

TABLE 5.7 SUMMARY OF TRENDS OBSERVED WITH FISHER’S EXACT TEST 

ANALYSIS. 
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positive heads when compared to Ae. albopictus LR mosquitoes infected with DENV-2 

and offered DSB 8dpi.  Similarly, significantly higher (p<0.05) numbers of positive 

heads were observed when compared to Ae. aegypti WE mosquitoes infected in the same 

manner.  Additionally, when comparing the last two infection patterns as well as Ae. 

albopictus LR mosquitoes infected by CHIKV then DENV-2 or by simultaneous 

infection with both viruses,  Ae. albopictus LR mosquitoes infected with DENV-2 then 

CHIKC have a significantly higher (p<0.05) incidence of expressing DENV-2 in their 

saliva.  This trend suggests that sequential infection of Ae. albopictus LR mosquitoes with 

DENV-2 followed by CHIKV may play a role in enhancing DENV-2 expression in the 

saliva of these mosquitoes.   

Similar patterns of significantly higher (p<0.05) numbers of mosquitoes 

expressing DENV-2 in their heads and saliva were observed when comparing Ae. aegypti 

WE mosquitoes infected with CHIKV and then DENV-2 to Ae. aegypti WE mosquitoes 

infected in the inverse order.  Additionally, significantly higher (p<0.05) numbers of Ae. 

aegypti WE mosquitoes expressed DENV-2 in their saliva when compared to Ae. aegypti 

WE mosquitoes that were simultaneously infected with CHIKV and DENV-2, or when 

comparing them to AE. albopictus LR mosquitoes infected with CHIKV and then DENV-

2.  In an inverse manner described above for Ae. albopictus LR mosquitoes, it appears the 

sequential infection of DENV-2 in CHIKV-infected Ae. aegypti WE mosquitoes may 

enhance saliva expression of DENV-2.  Interestingly, these trends appear to be very 

similar in elucidating discussed for increasing DENV-2 expression in the heads and 

saliva of Ae. albopictus LR and Ae. aegypti WE mosquitoes were very similar to the 
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significantly higher (p<0.05) number of observations made in head and saliva samples 

infected with both CHIKV and DENV-2. 

5.5 DISCUSSION     

HOMOLOGOUS CHIKV-GFP AND CHIKV-CHERRY INFECTION 

Dual infection with VEEV replicons expressing GFP or Cherry fluorophores has 

been previously described to infect a small number (<100) of midgut epithelial cells in 

the Aedes taeniorhynchus mosquito (Smith, et al. 2008) and as such, warranted 

consideration for similar evolution occurrence with other alphaviruses in their respective 

vectors to determine if this was a virus-specific mechanism or characteristic of other 

virus-mosquito interactions.  These experiments were designed to evaluate the presence, 

or lack thereof CHIKV dual infection of midgut epithelial cells within Ae. albopictus LR 

and Ae. aegypti WE mosquitoes.  These results have demonstrated that dual per os 

primary infection of Ae. albopictus LR and Ae. aegypti WE  mosquitoes with CHIKV-

GFP and CHIKV-Cherry exhibits non-specific homotypic exclusion within the midgut 

epithelial cells, but not within the midgut itself.  These observations are based on the 

absence of dual fluorophore expression within any of the midguts dissected and the 

presence of both infectious clones’ titrations when equivalent titers of both are 

administered to mosquitoes per os.  Interestingly, although both viruses were presented in 

blood meal at equivalent titers, the CHIKV-GFP virus typically appeared in the midgut 

earlier than the CHIKV-Cherry virus and the presence of both was not observed in any 

midguts dissected prior to 12hpi suggesting an increased fitness of the GFP clone within 

the midguts.  Although the Cherry fluorophore is much brighter than the GFP 
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fluorophore, the earlier detection of the GFP virus strongly suggest a significant 

difference between the two viruses.  Also, although dual infection is observed with dual 

fluorophore expression and the presence of detectible titers is observed with both viruses, 

CHIKV-GFP was more pronounced in fluorophore presentation and titer in most cases.  

Additionally, infection and dissemination within the tissues of the Ae. albopictus LR 

mosquitoes at time points prior to 14dpi were much more pronounced and abundant in 

GFP foci than those observed in the midguts of Ae. aegypti WE mosquitoes at these early 

time points.  Again, this expression alone suggests the CHIKV-GFP infects midgut 

tissues more rapidly and with increased prevalence within the Ae. albopictus LR 

mosquito than in Ae. aegypti WE mosquitoes and this is in agreement with previous 

observations (Tsetsarkin, et al. 2006).  This data also suggests that the extrinsic 

incubation (discussed in Chapter 1) of CHIKV LR2006 OPY1 strain may be shorter in 

duration in the Ae. albopictus LR mosquitoes as compared to the Ae. aegypti WE 

mosquitoes.  Interestingly, this abbreviated extrinsic incubation may also be supported by 

the lack of observation of an eclipse phase (immediate decrease in viral titer shortly after 

engorgement of an infectious blood meal).  Although a small decline was observed in the 

Ae. aegypti WE mosquitoes at 9hpi and 12hpi that might resemble such a decline, this 

was not observed in the Ae. albopictus LR mosquitoes utilized for these experiments.  

The eclipse phase is followed by transition into the replication phase of the extrinsic 

incubation period where virus replication exponentially increases.  This phase was 

observed in both Ae. albopictus LR (9hpi) and Ae. aegypti WE (120hpi) mosquitoes, 

albeit earlier in the prior mosquito species.  These two results suggest that while the 

primary vector (Ae. aegypti WE) undergoes a “normal” extrinsic incubation period, 



 

 205 

meeting the criteria for a decrease in viral titer followed by exponential increase, the 

same does not occur in the expanded vector (Ae. albopictus LR).   These observations, 

under these experimental conditions could perhaps suggest that the E1 A226V point 

mutation may not have only facilitated adaptivity to a new vector, but that this vector 

virus arrangement presents a more optimal model for an increased rate of viral 

transmission.  These observations concur with the rapid rate by which CHIKV infects cell 

culture and mosquitoes experimentally in the laboratory.  Future work is warranted to 

further delineate whether or not an eclipse phase occurs in the Ae. albopictus LR 

mosquitoes infected with CHIKV.  This would easily be duplicated by increased time 

point collections during the earlier times post-infection.  However, this was not 

performed in the experiments here to provide for mosquito collections at 14dpi and 21dpi 

to analyze the potential for long-lasting CHIKV infection in these mosquitoes.       

Interestingly, regardless of the point at which the titer peaked in either mosquito 

species, long lasting, persistent CHIKV infection of the midgut was observed by 

fluorophore expression at 21dpi (Figure 5.11 and Figure 5.12, panel C) suggesting that 

this is not a transient event as previously described with SINV in the anterior and 

posterior midgut (Bowers, et al. 1995).  GFP and Cherry fluorophore brightness was 

diminished at 21dpi, and appeared to coincide with the diminishing titer of CHIKV in 

these species of mosquitoes, but this was not observed at a rate that would indicate the 

virus is cleared prior to the end of the typical 31 day life span of laboratory reared Aedes 

spp. mosquitoes (Xavier, et al. 1991).  Future experiments with CHIKV-infected 

mosquitoes collected at time points after 21dpi would certainly confirm this.    
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Two-way ANOVA was utilized to consider and identify any significant 

differences between Ae. albopictus LR and Ae. aegypti WE mosquitoes and/or CHIKV-

GFP and CHIKV-Cherry.  The interaction effects observed in 2-way ANOVA analysis at 

0hpi confounded the capability to perform statistical analysis at this time point.  This is 

not completely surprising as variance in the volume of blood meal imbibed among 

individual mosquitoes and even among species can be significantly different (Clements 

1992).  Additionally, although the viruses introduced to the blood meal is mixed well, 

engorgement, like a random sampling event, offers little guarantee that equivalent 

numbers of both viruses will infect the vector. 

Two-way ANOVA analysis identified a statistically significant difference in virus 

titer at 12hpi in Ae. albopictus LR mosquitoes (Figure 5.3).  This observation correlated 

exactly with the statistically significant increase in cumulative virus titer observed among 

the two mosquitoes species, also at 12hpi (Figure 5.5).  Coincidence of these two 

observations at 12hpi suggests that under these conditions, the CHIKV LR2006 OPY1 

strain further indicates that this virus may replicate at a considerably higher rate in the Ae. 

albopictus LR mosquitoes when compared to Ae. aegypti WE mosquitoes.  Interestingly, 

the observation of a significantly increased (p<0.05) titer at this time point coincides with 

the increased abundance and earlier appearance of GFP in the midguts of Ae. albopictus 

LR mosquitoes (Figure 5.1) prior to 12hpi.  Increased titers of virus at 12hpi in 

homogenized mosquitoes must still take into account those virus particles which have 

become “trapped” within the confines of the blood meal clot and are not able to replicate 

and those that have successfully infected the mesenteron epithelial cells (Higgs 2004).  

This would merely suggest that the number of “trapped” virus particles might correlate 
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with the amount of blood engorged.  Thus, it is logical to suggest that the larger the blood 

meal engorged would correlate with the increased likelihood of engorging more virus 

particles. 

Although CHIKV infection in Ae. albopictus LR mosquitoes peaked earlier and 

produce higher titers than that observed in Ae. aegypti WE mosquitoes, the latter species 

sustained higher titers of CHIKV at 24 and 120hpi and significantly higher (p<0.05) titers 

at 48, 336 and 504hpi.  Perhaps the early surge in virus replication is necessary in the Ae. 

albopictus LR in order to ensure its vectoring capability while this strain of CHIKV 

behaves in a more tempered manner in Ae. aegypti WE mosquitoes to ensure longevity of 

vectoring potential.  Fluorescent images of midguts from both mosquitoes at 21dpi both 

contain the presence of GFP and Cherry fluorophores (Figure 5.11 and Figure 5.12, 

panel C) confirming the presence of CHIKV, but no distinct difference in the brightness 

of fluorophore expression is observed between these two species of mosquito.               

Specific target epithelial cells, or mesenteronal cells within a specific anatomical 

location of the midgut, for CHIKV infection were not observed during midgut analysis of 

GFP or cherry fluorescence.  Although it has been postulated that preferential sites or 

specific loci for infection by certain alphaviruses may exist within the lumen of the 

midgut (Smith, et al. 2008, Weaver, et al. 1988), this was not observed in midguts 

dissected from Ae. albopictus LR at 6hpi (Figure 5.1) or 12hpi (Figure 5.2) infected with 

CHIKV.  Similar observations were made in Ae. aegypti WE mosquitoes at 24hpi (Figure 

5.7), also infected with CHIKV.  These observations are in agreement with in vitro 

studies performed in Ae. albopictus derived cell lines which exhibit homotypic exclusion 
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of CHIKV in cells previously infected with CHIKV (Eaton 1979).  The results of this 

study suggest that a subset of cells specifically susceptible to dual infection by CHIKV 

does not exist in the midguts of these two mosquito species. 

Future work to better understand the kinetics for the potential of dual CHIKV 

infection within the vector should be similar to those performed in vitro on BHK-21 cells 

by Singy, et al., 1997, and include concurrent and sequential infections with CHIKV, but 

at lower and higher titers of the challenge CHIKV to determine if the occurrence of this 

epithelial cell homotypic exclusion can be overcome by higher titered challenge virus.  

Additionally, temporal variation between superinfecting CHIKV and challenge CHIKV 

must be considered to determine if homotypic exclusion is a temporal, permanent or 

transient activity within the mosquito midgut and/or epithelial cells.  The observation of 

persistent alphavirus infections in vertebrate macrophage cells suggests the potential for 

multiple viral infections in unsuspecting hosts may occur (Labadie, et al. 2010, Way, et 

al. 2002).  Further exploration of dually infected vectors should be inclusive of 

heterotypic viruses known to be transmitted by a mosquito species.  Additionally, 

consideration for the evaluation of secondary challenge by heterotypic viruses that are not 

known to be transmitted by specific mosquito vectors should be considered under the 

auspices that the primary infecting virus may permit atypical infection to occur.     

HETEROLOGOUS CHIKV AND DENV INFECTION                     

These experiments describe the first comprehensive analysis of Ae. albopictus LR 

and Ae. aegypti WE mosquitoes dually-infected with heterologous CHIKV and DENV-2 

in sequential blood meals.  Although previous experiments with Ae. albopictus 
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mosquitoes engorging blood meals containing both CHIKV and DENV-2 have been 

previously performed (Moutailler, et al. 2009, Rohani, et al. 2009), mixed observations 

have been presented concerning whether or not this species of mosquito can in fact 

become infected with both CHIKV and DENV-2.  Although Moutailler, et al., (2009), 

evaluated the salivary glands of dual infected Ae. albopictus mosquitoes, saliva was not 

collected to determine transmission potential.  Corresponding analysis was not performed 

in the primary vector of these diseases, the Ae. aegypti mosquito. 

In our experiments, we demonstrated that Ae. albopictus LR (23%) and Ae. 

aegypti WE (13.8%) mosquito heads may become successfully infected with CHIKV and 

DENV-2 when engorged at the same time.  We also found that in the Ae. albopictus LR 

mosquito, 3.8% of these dual infected mosquitoes are able to transmit detectible levels of 

both CHIKV and DENV-2 by qRT-PCR.  However, it does appear the some form of 

heterologous exclusion may occur in simultaneously infected Ae. aegypti WE mosquitoes.   

A major shortcoming of previous attempts to dual infect mosquitoes with CHIKV 

and DENV has been that the primary infection has been administered by IT inoculation 

and the mosquitoes were not receptive to engorgement of a blood meal containing the 

second virus (Vazeille, et al. 2010).  This challenge was successfully overcome by these 

experiments in which sequential infection was performed by oral engorgement of a blood 

meal containing one virus and then a second blood meal containing the other virus.  Ae. 

albopictus LR and Ae.aegypti WE mosquitoes infected with CHIKV and then DENV-2 at 

4dpi exhibited infection of both viruses in the head of these mosquitoes at rates of 37.5% 

and 55.6%, respectively.  Collection of saliva from these same mosquitoes demonstrated 
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that 6.3% and 33.3%, respectively, were successfully able to transmit both CHIKV and 

DENV-2 in saliva (Table 5.3).   

To contrast our previous infection order and demonstrate that dual infection from 

sequential infectious blood meals could occur, the inverse of the above infection order 

was also performed in both Ae. albopictus LR and Ae. aegypti WE mosquitoes.  Both 

species were offered DENV-2 per os and then CHIKV at 8dpi.  Dual infection of the 

heads in Ae. albopictus LR and Ae. aegypti WE mosquitoes was 60% and 7.7%, 

respectively.  Collection of saliva was also performed on these mosquitoes with dual 

expression observed at 24% in the Ae. albopictus LR mosquitoes.  Cumulatively, these 

results strongly suggest that the potential to vector both viruses by Ae. albopictus LR 

mosquitoes is possible, but perhaps dependent on the order of infection.  Dual expression 

of CHIKV and DENV-2 was not observed in Ae. aegypti WE mosquitoes infected in this 

manner.  The repeated exclusion or diminishment of dual virus expression in the saliva of 

Ae. aegypti WE mosquitoes infected in either manner suggests that simultaneous or 

subsequent infection of CHIKV interferes with DENV infection.   

Interestingly, 2-way ANOVA only elucidated that there was a significantly higher 

(p<0.05) number of CHIKV genomic copies in the heads of Ae. albopictus LR 

mosquitoes as compared to Ae. aegypti WE mosquitoes.  No other significant differences 

between mosquito species or number of genomic copies of either CHIKV or DENV-2 in 

mosquito saliva were detected.  However, analysis with Fisher’s exact test considering 

count date, or the number of positive and negatives in one group versus another, revealed 

trends in the numbers of mosquitoes that became dual infected under certain dual 
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infection techniques.  Additionally, the ability of one virus to successfully infect the 

mosquito midgut under sequential infection conditions as opposed to simultaneous 

infection of both CHIKV and DENV-2 was observed in many cases.     

In Ae. aegypti WE, simultaneous infection with CHIKV and DENV-2 was 

significantly lower in the number of CHIKV-infected mosquito heads when compared to 

mosquitoes infected with CHIKV or DENV-2 followed by secondary infection with the 

other virus.  Similarly, the expression of DENV-2 in Ae. albopictus LR mosquitoes 

sequentially infected with DENV-2 then CHIKV and in Ae. aegypti WE mosquitoes 

sequentially infected with CHIKV then DENV-2 exhibited significantly higher (p<0.05) 

numbers of positive saliva samples when compared to the same species of mosquito that 

was simultaneously infected with both viruses.  This might indicate that competition 

between simultaneously introduced viruses decreases the transmission potential of 

DENV-2 when compared to their sequentially infected counterpart mentioned above.  

Future work should include analysis of the salivary glands of these mosquitoes to 

determine if the dual infection inhibition or heterologous interference is occurring in the 

salivary glands of these mosquitoes.     

Another trend that was presented upon analysis with Fisher’s exact test occurred 

when comparing Ae. aegypti WE mosquitoes that were infected with CHIKV and then 

DENV-2 against Ae. aegypti WE mosquitoes infected with DENV-2 and then CHIKV.  In 

the latter, there were significantly fewer (p<0.05) numbers of DENV-2 positive heads and 

saliva samples than in the Ae. aegypti WE mosquitoes infected with CHIKV and 

subsequently DENV-2.  This suggests the presence of heterologous interference, but is 
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abnormal in the fact that the interference occurred as a result of the second virus’ 

introduction.  Primary CHIKV infection followed by secondary challenge with DENV-2 

in Ae. aegypti WE mosquitoes resulted in higher numbers of mosquitoes with 

disseminated DENV-2 than those infected with DENV-2 first.  These same mosquitoes 

also displayed a higher number of mosquitoes capable of transmitting DENV-2.  It is well 

know that CHIKV replicates much faster than DENV-2, however, given an 8d incubation 

with DENV-2 infection followed by CHIKV infection, one might assume DENV-2 

would be able to sustain a productive infection and dissemination of virus for 

transmission.  Interestingly, this same trend was not observed in Ae. albopictus LR 

mosquitoes suggesting that this may be unique to the Ae. aegypti WE mosquitoes.  

However, in Ae. aegypti WE mosquitoes infected with CHIKV and then DENV-2, a 

significant increase (p<0.05) in saliva samples positive for CHIKV is also observed when 

compared to the same species of mosquito that are simultaneously infected with both 

viruses.  It would appear that under this specific order of sequential infection, Ae. aegypti 

WE mosquitoes may be able to transmit both viruses. 

Similar to the previous trend, but occurring in Ae. albopictus LR mosquitoes, 

sequential infection of DENV-2 followed by CHIKV presented with significantly higher 

(p<0.05) numbers of DENV-2 positive saliva samples when compared to the same 

species of mosquito infected with CHIKV and then DENV-2 or the same species of 

mosquito infected with DENV-2 and then offered DSB.  In this case, secondary infection 

with CHIKV appears to enhance the number of DENV-2 positive saliva samples in Ae. 

albopictus LR mosquitoes.  Additional work will be required to determine if this may be 

attributed to a shift in immune response within the mosquito to address the secondary 
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CHIKV infection allowing the primary DENV-2 infection to persist unabated to the 

salivary glands for transmission.  In Ae. albopictus LR mosquitoes infected with DENV-2 

and then CHIKV, a significant increase (p<0.05) in saliva samples positive for CHIKV is 

also observed when compared to the same species of mosquito that are simultaneously 

infected with both viruses.  If there is any redirection of mosquito immune response to 

secondary CHIKV infection, it fails to decrease the number of mosquitoes infected in this 

way from expressing both CHIKV and DENV-2 in their saliva.  

Future work on this topic should focus on sequential infection events of CHIKV 

followed by DENV-2 in Ae. aegypti WE mosquitoes and sequential infection events of 

DENV-2 followed by CHIKV in Ae. albopictus LR mosquitoes.  It was disappointing 

that more statistical significance was not observed in these experiments; however, the 

two previously mentioned infection patterns appear to offer the most likely opportunity to 

observe dual transmission of CHIKV and DENV-2.  It will be significantly important to 

discern whether or not secondary CHIKV somehow amplifies DENV-2 replication in the 

Ae. albopictus LR mosquito.  Although CHIKV infection followed by DENV-2 infection 

in Ae. aegypti WE mosquitoes demonstrated significantly higher numbers of mosquitoes 

with both viruses in the saliva, it would be more interesting to determine if DENV-2 

infected Ae. aegypti WE mosquitoes actually undergo a decrease incidence of mosquitoes 

with DENV-2 in their saliva when secondary infection of CHIKV occurs.  Heterologous 

interfence of DENV-2 transmission by the secondary challenge of CHIKV would be 

quite remarkable.   
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CHAPTER 6:  GENERAL DISCUSSION AND CONCLUSIONS 

“But however secure and well-regulated civilized life may become, bacteria, 
Protozoa, viruses, infected fleas, lice, ticks, mosquitoes, and bedbugs will always 
lurk in the shadows ready to pounce when neglect, poverty, famine, or war lets 
down the defenses.”  

Hans Zinsser in Rats, Lice and History (1934)  

 

The understanding of vector-borne diseases is critical in shaping the activities of a 

global community.  Mosquitoes have been the culprit of many failed military endeavors, 

societal hardships and disease sustainment since ancient times (Lockwood 2012, Pages, 

et al. 2010, Tolle 2009).  The pathogens transmitted by these vectors are the cause of 

significant global morbidity and mortality with a disproportionate burden placed upon 

children, adolescents and those that live in depressed socio-economically conditions in 

the tropical and sub-tropical regions of the world.  Arboviral costs to humanity include 

lost production within societies, communities and households as a result of the 

debilitating/deadly health state, thereby justifying the research costs to better understand 

the mechanisms that enhance these viruses in their vectors.  Mosquito-borne viruses and 

disease prevention resonate throughout the military as pre-deployment and deployment 

operations are immensely focused on immunization and preventative measures that 

troops can utilize to avoid becoming infected (Pages, et al. 2010). In previous conflicts or 

military endeavors, failure to make such arrangements or consider these threats have 

resulted in the demise of military forces prior to arrival at the theater of operations or 

while engaged with the enemy (Lockwood 2012).  Recent  preventative measures 

include, but are not limited to, the distribution of insecticides and mesh nets, chemical 

treatment of combat uniforms, distribution of equipment to limit rodent populations in 

http://www.todayinsci.com/Z/Zinnser_Hans/ZinnserHans-Quotations.htm
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proximity to military unit’s immediate operational areas and assignment of field 

preventative disease teams to the area of operations to assist command elements in 

keeping their soldiers healthy.  The military spends millions of dollars per year on these 

measures to avoid spending millions more on the care of personnel experiencing disease 

non-battle injuries resulting in a loss of manpower; the crippling drug of any military 

unit’s potential success.  Although CHIKV presents little immediate threat in the U.S. 

Army’s current theater of operations, political instabilities and regional unrest make this 

virus a very real danger to armed forces if military presence/force should be required. 

LYSOSOMOTROPIC DRUGS AND CHIKUNGUNYA VIRUS INFECTION 

Although infection process within the mosquito midgut and subsequent 

dissemination to the salivary glands is broadly understood, the exact mechanisms that 

each virus or families of viruses utilize remain largely unknown.  Since the observed E1-

A226V mutation and recently identified co-expression of the E1-98A residue in the 

Indian Ocean Lineage strains have been closely associated with the 2005-2006 outbreaks 

on Réunion Island that found expanded vectoring capabilities of Ae. albopictus 

mosquitoes (Tsetsarkin, et al. 2011, Tsetsarkin, et al. 2007), the immediacy for cure, 

treatment or prevention of CHIKF became abundantly important.  The initial approaches 

for treatment of the arthralgia associated with this disease was the use of non-steroidal 

anti-inflammatory drugs and/or other classes of drugs targeting the mitigation of an 

inflammatory response typically associated with the arthralgic condition (Powers and 

Logue 2007, Ramful, et al. 2007).  Furthermore, early attempts by the U.S. Army to 

develop a live-attenuated vaccine demonstrated early promise in Phase I and II clinical 
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trial, however, one observed side effect was the observation of acute arthralgia in 

otherwise healthy individuals (Levitt, et al. 1986, Thiboutot, et al. 2010).  The limited 

success of these drugs has prompted research and study into the potential efficacy of 

providing lysosomotropic drugs post-infection to the arthralgic response in patients and 

chemoprophylactically to potentially interrupt the circulation of CHIKV among infected 

patients and the mosquitoes that engorge infected blood from them (Brighton 1984, de 

Lamballerie, et al. 2009, Renapurkar 2011).  Because this type of drug is already in use in 

an anti-malarial capacity in many of the areas where CHIKV is endemic, this offers an 

ease of application with somewhat marginal cost.  However, in studies where chloroquine 

has been administered to CHIKV-infected patients shortly after infection, only limited 

efficacy in the reduction of arthritic conditions has been observed and the capabilities of 

the drug are markedly dependent on the amount of virus expressed in the patient (de 

Lamballerie, et al. 2009).  

Cell culture experiments performed with the lysosomotropic drugs chloroquine, 

ammonium chloride or monensin revealed alphavirus infection in vertebrate and 

mosquito cells is inhibited with the administration of these drugs (Bernard, et al. 2010, 

Colpitts, et al. 2007, Ferreira, et al. 2000, Helenius, et al. 1982, Khan, et al. 2010, 

Kolokoltsov, et al. 2006, Marsh and Bron 1997, Talbot and Vance 1980).  The 

administration of these drugs prior to alphavirus infection was found to be optimal as it 

was suggested by Helenius, et al., (1982), that alphaviruses maneuver through 

endocytosis rapidly and administration of these drugs post-infection was less inhibitive in 

cell culture.  Administration of chloroquine to Vero cells prior to CHIKV infection has 



 

 217 

demonstrated a similar inhibition of virus fusion to the endosome but also that this action 

is inhibited in a dose-dependent manner (Khan, et al. 2010). 

Unlike in vitro cell culture models where lysosomotropic drug treatment has 

successfully inhibited alphavirus fusion and subsequent infection, this has not been 

demonstrated with in vivo models.   This has been demonstrated in BALB/c male mice 

that were injected with 200µg of chloroquine and 10x lethal dose50 (LD50) SFV inoculum 

intra-peritoneal (IP) simultaneously which resulted in a lower mean survival time (MST) 

of 5.8d when compared to mice that only received the SFV inoculum and had an MST of 

7.8d (Maheshwari, et al. 1991).  LD50 is the amount of virus necessary to kill 50% of the 

population of animals in these experiments.  Additional experimentation with various 

dosages of chloroquine (10, 50, 100 and 200µg) with simultaneous 1xLD50 SFV 

inoculum IP resulted in a 4d decrease in the MST in the animals receiving 50, 100 and 

200µg of chloroquine when compared to those that only received virus (Maheshwari, et 

al. 1991).  Interestingly, the mice that received 10µg of chloroquine with 1xLD50 SFV 

only had a 1d decrease in MST when compared to those only receiving viral inoculum 

(Maheshwari, et al. 1991).  These experiments suggest that the efficacy of chloroquine in 

vivo may be quite limited, if not detrimental. 

Our work was performed with the intention of exploring the potential for 

inhibition of CHIKV infection in Ae. albopictus derived cell culture, ex vivo midguts and 

in vivo with the lysosomotropic drugs chloroquine, ammonium chloride or monensin.  

Although similar experiments had been performed in vitro with other alphaviruses and 

these drugs (Table 3.1), this had not been demonstrated in CHIKV-infected C6/36 cells.  
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Our findings indicated that all three lysosomotropic drugs effectively inhibit CHIKV 

infection of C6/36 cells.  In terms of toxicity, ammonium chloride was not found to be 

cytotoxic at any of the concentrations utilized while both chloroquine and monensin were 

found to be cytotoxic at concentrations just higher than the ED50 concentrations observed.  

While the mechanism of action in regulating lysosomal pH activity between ammonium 

chloride and chloroquine is very similar, monensin is dissimilar and suggests that the 

binding of hydrogen atoms in the endosome is more effective and less toxic than the 

uncoupling of the sodium/potassium gradient across the endosomal membranes of C6/36 

cells that is induced with monensin.  The toxicity disparity among ammonium chloride 

and chloroquine suggests that perhaps the single, double or triple protonated form(s) of 

chloroquine may be more toxic to C6/36 cells than the protonated form of ammonium 

chloride.  

Inhibition of CHIKV infection in ex vivo Ae. albopictus LR mosquito’ midguts 

was less profound than those observed in Ae. albopictus larval derived C6/36 cells.  

Midguts were kept in L-15 medium for 48h without any indication of decreased viability.  

Alamar Blue staining of these tissues indicated the midgut tissues were still viable at this 

time.  The ex vivo open and closed Ae. albopictus LR mosquito midguts responded to 

lysosomotropic drug treatment, but at different concentrations than those observed in 

C6/36 cells.  Typically, ex vivo midguts pretreated with lysosomotropic drugs inhibited 

CHIKV infection at concentration that were higher for ammonium chloride and monensin 

and lower for chloroquine.  Cumulatively, these results suggest a decrease in the 

pretreatment efficacy of lysosomotropic drugs in ex vivo mosquito midguts and that 

disparity exists between in vitro C6/36 and other Ae. albopictus derived tissues.   
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Subsequent experiments with in vivo Ae. albopictus LR mosquito midguts with 

60mM ammonium chloride, 150µM chloroquine or 15µM monensin confirmed this 

difference.  Even at three times the highest concentration utilized in vitro, inhibition of 

CHIKV infection did not appear to occur.  Interestingly, at these concentrations of 

ammonium chloride, chloroquine and monensin, increases in CHIKV titers were 

observed in whole mosquito homogenates at 7dpi (Figure 3.10).  In Ae. aegypti 

mosquitoes, the up-regulation of ammonia processing pathways in the fatbody have been 

shown to result in increased amounts of glutamine and proline as well as marked 

increases in excretion of uric acid indicating a capacity to process high concentrations of 

engorged ammonia (including ammonium chloride which dissolves in solution into: NH4
+
 

+ Cl
-
 + NH3 + H

+
) (Scaraffia, et al. 2005).  Essentially, this may render the administration 

of this drug, as well as similar drugs, useless.  Additionally, the reduced efficacy of these 

drugs may also be due to the active digestive processes within the live mosquito within 

the live mosquito or (Billingsley and Hecker 1991), or perhaps more interestingly, these 

drugs may down-regulate the mosquitoes immune response to CHIKV infection and 

indeed support an increase in the infection of the midgut.  Abrantes, et al., (2008) 

observed such responses to chloroquine during Pl. berghei infection of An. gambiae and 

proposed that this as an alternate mechanism for enhanced infectivity of the mosquito 

midgut as opposed to enhanced parasite virulence.  If such an occurrence was transpiring 

in the presence of these drugs, it might suggest that, at some level, increased epidemic 

transmission of CHIKV may be associated with the use of anti-malarial drugs.  For 

example, multiple mosquito species engorge numerous blood meals in their lifespan.  If 

an Ae. aegypti or Ae. albopictus mosquito engorged a lysosomotropic drug in one blood 
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meal and then CHIKV in a subsequent blood meal, this may enhance the CHIKV 

infection of the midgut and therefore transmission of the virus.  Alternatively, if a 

CHIKV-infected individual was using lysosomotropic drugs in a malaria endemic region 

and a mosquito engorged a blood meal from that individual, this might cause an enhanced 

infection of the mosquito with CHIKV.  Further work will most certainly need to 

consider these factors.  Sequential or simultaneous engorgement of high concentrations of 

lysosomotropic drugs, even higher than those utilized in these experiments, before or 

during engorgement of a CHIKV infectious blood meal would address the potential for 

this occurrence.  Also, these experiments should consider evaluation of volume of blood 

meal consumed during these feeds.  Lysosomotropic drugs may “sweeten” the blood 

meal or alter engorgement processes in such a manner that the mosquito engorges a larger 

blood meal.  This was observed in the mosquitoes that were fed ammonium chloride and 

monensin in our repeated in vivo experiments, but not documented for further analysis 

and consideration.  Measurement and analysis of the volume engorged may demonstrate 

that these drugs induce a larger engorgement and with that, an increase number of virus 

particles. 

MOSQUITO ENEMAS 

The administration of viruses by enema-injection to the anus of female 

mosquitoes has only been performed in a limited number of studies and with limited to 

no success (Putnam and Scott 1995, Turell, et al. 1997).  While staying mindful of the 

shortcomings described in others previous experiments, we were able to successfully 

administer and sustain viable infections within Ae. albopictus LR mosquitoes at levels 
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commensurate with that of Ae. albopictus LR mosquitoes that engorged infectious blood 

meals prepared with equivalent titers of CHIKV.  Enema-inoculation of mosquitoes and 

ticks has previously  been performed to examine physiological, toxicology and 

parasitology within the alimentary canal of these vectors (Klowden 1981, Klowden, et al. 

1983, Romoser, et al. 1987, Takken, et al. 1998).  The administration of enema-inoculum 

rather than IT injection offers a higher degree of comparability to natural infection 

process and offers the opportunity to examine the virus or parasite under conditions more 

similar to those that occur with engorgement.  This procedure, although it is presumed to 

fill the midgut in an opposing manner as previously described, still requires pathogens to 

interact with the luminal side of the midgut and overcome the MIB and MEB in order to 

successfully infect and disseminate throughout the mosquito (Clements 1992, Guptavanij 

and Venard 1965).   

Although our enema inoculums did not contain blood, this did not appear to 

induce any negative effects on the mosquitoes.  Additionally, there is no mention in the 

literature of ill-effects associated with inoculum absent of blood and/or how this may 

impact PM formation.  Additional personal communications with Marc Klowden, the 

subject matter expert in the field of enema administration to mosquitoes, confirmed that 

injection inoculum may be of almost any content as long as it is osmotically correct (i.e. 

not water).  Although this is not ideal for viruses that are vertically transmitted and 

vitellogenesis requires the nutrient content of blood for ovum development, this is not a 

concern with regards to CHIKV that has not been shown to be vertically transmitted in 

mosquitoes.   
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Midgut dispersion of CHIKV infection observed by GFP expression was similar 

in both enema-inoculated and per os infected mosquitoes by day 14.  However, 7dpi and 

14dpi enema-inoculated midguts had bright foci of CHIKV infection associated GFP in 

the anterior midgut.  These results are perhaps the most remarkable of this experiment as 

they differ from previous studies performed with VEEV and EEEV (Smith, et al. 2008, 

Weaver, et al. 1988).  These prior studies suggest that as the midgut fills from posterior 

to anterior, as described by Clements , (1992), and Guptavanij and Vernard, (1965), there 

may be a  subset of cells (≈ 10% of the total midgut) that are preferentially susceptible to 

infection.  This does not appear to be the case with CHIKV that readily infects cells in the 

posterior midgut by either enema or engorgement and/or the anterior midgut more 

specifically during enema inoculation.  Granted, that VEEV and EEEV are both New 

World alphaviruses, but CHIKV, in recent epidemics, has induced encephalitic 

conditions (albeit rarely and in the presence of underlying health conditions) in some 

patients and has also been shown to be as rapidly transmissible by detection in salivary 

glands within 2dpi (Weaver 1986, Weaver, et al. 1991).  Also, the Gentilly strain of 

mosquito found in New Orleans, LA has been found capable of transmitting VEEV and 

CHIKV suggesting some infection similarity may exist between these two viruses and 

that this vector contains the one or multiple mechanisms that foster this event (Turell, et 

al. 1992).          

Additionally, qRT-PCR for the detection of CHIKV was performed on legs 

removed from enema-infected and per os infected mosquitoes.  Mosquito legs contain 

hemocoel and have been shown to be an excellent source of detection of viral 

dissemination from the mosquito midgut (Brackney, et al. 2011, Smith, et al. 2007).  In 



 

 223 

our experiments, detection of genomic copies of CHIKV in the hemocoel of Ae. 

albopictus LR mosquitoes infected by either technique was as early as 0hpi.  The 

sensitivity and specificity of qRT-PCR permitted this early detection and suggests that 

midgut leakage of CHIKV occurs immediately upon engorgement of an infectious blood 

meal (Figure 4.6).  A statistically significant difference was only observed between 

enema-infected and per os infected mosquitoes at 0hpi.  However, perhaps more 

importantly is the observation that CHIKV is found in the hemocoel at this early point of 

infection.  This is in agreement with previous studies that have found CHIKV in the 

salivary glands of mosquitoes within 2dpi (Moutailler, et al. 2009).     

Future work using enemas should include survivability studies for longer periods 

of time with CHIKV and other viruses.  We were able to successfully administer these 

enemas without DSB, but future efforts should be made to include DSB with other 

viruses that are vertically transmitted.  Additionally, development of enema-inoculation 

of drugs aimed at inhibiting viral infection or other pathogen processes prior to 

engorgement of infectious blood meals may facilitate further understanding of these 

processes to include receptor binding or midgut escape.    

HOMOLOGOUS INFECTIONS WITH CHIKUNGUNYA VIRUS 

CHIKV infection of the midgut with CHIKV-GFP and CHIKV-Cherry viruses 

revealed homotypic exclusion of CHIKV occurs within the cells of the midgut of Ae. 

albopictus LR and Ae. aegypti WE mosquitoes, but not the midgut itself.  Essentially, 

there were no cells observed to express both the GFP and Cherry fluorophore proteins in 

either mosquito species.  GFP expression was typically observed earlier in the Ae. 
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albopictus LR mosquitoes although viral titers at the same time point were higher in the 

Ae. aegypti WE mosquitoes.  Additionally, the CHIKV-GFP virus was generally 

maintained at a higher titer than the CHIKV-Cherry virus in both mosquitoes at all time 

points analyzed.  Cumulatively, these results strongly suggest that the CHIKV-GFP has a 

higher fitness than the CHIKV-Cherry virus and that although the E1-A226V mutation 

and co-expression or E1-98A residue in these two viruses has expanded the vectoring 

capacity, observed infective titers remain higher in the primary vector, Ae. aegypti WE. 

Observation of an eclipse phase of the EIP was not observed in the Ae. albopictus 

LR mosquitoes and only marginal eclipse phase was observed in the Ae. aegypti WE 

mosquitoes between 9hpi and 12hpi.  Although this seems strikingly unusual, the rate of 

dissemination of CHIKV has been shown to be less than two days (Moutailler, et al. 

2009) suggesting that the short incubation of CHIKV may not present in circumstances 

where single or multiple CHIKV viruses are introduced into the midgut.  The results from 

our qRT-PCR performed on legs pulled from mosquitoes immediately following 

engorgement of CHIKV suggests this virus may escape the midgut promptly after 

feeding; facilitating rapid dissemination, increased replication in secondary tissues and 

perhaps, increased transmission potential.  However, the objective of our studies was to 

observe this dual infection with focused scrutiny at early (0-12hpi) and late (21dpi) stage 

of the infection.  Repeat experiments should be considered with time point specimen 

collections occurring daily between 1dpi and 31dpi to more accurately characterize the 

EIP in these mosquitoes under dual CHIKV infection parameters. 
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Also of interest in these experiments was the presentation of long lasting CHIKV 

infection of the midgut as indicated by the continued expression of GFP and Cherry 

fluorophores.  Again, in both mosquitoes, GFP expression was more profuse, but Cherry 

expression was brighter.  We do not believe that the brightness of the Cherry fluorophore 

(excitation peak wavelength of 587nm, emission peak wavelength of 610nm) at these 

later time points is indicative of a higher titer, but may be merely associated with the fact 

that this fluorophore is typically brighter than GFP (excitation peak wavelength of 

475nm, emission peak wavelength of 505nm).  Although fluorophore expression levels 

can be influenced by insertion position, that was negated in these experiments as both 

viruses utilized in these experiments had fluorophore genes inserted in a similar position 

5’ to the CHIKV structural proteins.  Regardless, unlike previous reports of SINV 

infection being transient in the mosquito midgut (Bowers, et al. 1995), CHIKV infection 

did not resolve in the midguts analyzed both by Epifluorescent microscopy or TCID50/ml.  

Unlike VEEV and EEEV, CHIKV infection of both Ae. albopictus LR and Ae. aegypti 

WE mosquitoes presented with dispersed fluorophore expression throughout the midgut 

and was not found to specifically infect the posterior midguts of these mosquitoes (Smith, 

et al. 2008, Weaver, et al. 1988).    

These results correlate well with those previously presented with homotypic 

exclusion of CHIKV in Ae. albopictus derived cell lines already infected with CHIKV 

(Eaton 1979), but further work should be performed to determine if these events were 

truly exclusionary.  Our experiments focused on concurrent delivery of both CHIKV 

strains rather than sequential infection with one or the other.  Future work on this project 

should include sequentially engorgement with CHIKV-GFP then CHIKV-Cherry and 
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CHIKV-Cherry then CHIKV-GFP to determine if there is a fitness event occurring and 

whether or not both viruses maintain the exclusion activity.  Superinfection events in 

bunyaviruses have been found occur in sequential infections occurring within 4-24hpi of 

the initial infection, but not after 72hpi (Sundin and Beaty 1988).  Repeat presentation of 

sequential CHIKV feeds should be performed in a similar manner at various time points 

(4, 7, 10 and 14dpi) after the initial infection to determine the longevity of this exclusion.  

Additionally, if these experiments demonstrate exclusion at these time points, earlier 

experiments of sequential infection could be performed.  However, these earlier 

sequential feeds begin to encroach on the undigested initial infectious blood meal, 

partially resembling dual presentation of virus.  The validity of such experiments begins 

to be questioned as the number of mosquitoes that engorge a second blood meal while 

digesting the first blood meal constitutes a small portion of the population.  While some 

mosquitoes may engorge a partial blood meal and return for complete engorgement, this 

still represents co-presentation.  Under these premises, it would be optimal to permit 

complete digestion of the initial infectious blood meal prior to exposure to the next 

infectious blood meal.  Dependent upon climatic/environmental conditions, this may take 

2-3d, but is more relevant to events that may occur in nature.   

Lastly, the determination of whether sequential CHIKV homotypic exclusion 

occurs should include the assessment of whole mosquito titer at 7dpi of the secondary 

CHIKV infection.  Assessment in this manner would be important in determining 

whether or not a secondary infection with CHIKV boosts the infection titer of mosquitoes 

and/or perhaps increases the transmission potential of CHIKV in these mosquitoes.  

Collection of saliva from these sequential infection groups would be valuable in assessing 
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the impact multiple CHIKV exposure events has on the overall transmission rates in the 

mosquito vector.          

HETEROLOGOUS INFECTIONS WITH CHIKUNGUNYA VIRUS 

Heterotypic infection of Ae. albopictus LR and Ae. aegypti WE mosquitoes was 

performed with CHIKV and DENV-2 NGC.  These per os experiments were performed 

utilizing three approaches: 1) CHIKV infection with subsequent DENV-2 NGC infection 

at 4dpi, 2) DENV-2 NGC infection with subsequent CHIKV infection at 8dpi, and 3) 

simultaneous infection with CHIKV and DENV-2 NGC.  The analysis of trends observed 

in these experiments is presented in Table 5.7. 

Simultaneous infection of CHIKV and DENV-2 NGC resulted in limited to no 

infection of the mosquito heads and even lower rates of detection in the saliva collected 

from these mosquitoes.  These results are in agreement with previously described 

experimental dual infection of mosquitoes with CHIKV and DENV (Moutailler, et al. 

2009, Rohani, et al. 2009) and suggest that engorgement of a blood meal from a dual 

infected host offers little threat for further transmission to another host.  These repeated 

results highly suggest that little concern be given to transmission of CHIKV and/or 

DENV in situations where a preponderance of dually infected patients may exist.     

Numerous reports of dual infected patients are being documented and is not 

limited to the residents of endemic CHIKV and DENV regions, but also travelers that 

spend days to months in these regions (Chahar, et al. 2009, Chang, et al. 2010, 

Hapuarachchi, et al. 2008, Kularatne, et al. 2009, Leroy, et al. 2009, Nayar, et al. 2007, 
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Schilling, et al. 2009).  These occurrences, suggest that scenarios may occur in which a 

single mosquito may transmit both viruses to a host during engorgement of a blood meal.   

Ae. aegypti WE mosquitoes that were infected with DENV-2 NGC followed by 

CHIKV only demonstrated  significantly higher (p<0.05) numbers of mosquitoes with 

CHIKV detected in the head when compared to the same species of mosquito infected 

simultaneously with CHIKV and DENV-2.  Since CHIKV has been shown to maintain a 

shorter incubation than DENV-2 NGC and simultaneous infection found to be limiting in 

the infection capabilities of both viruses, this did not seem unusual.  In no other instance, 

when Ae. aegypti WE mosquitoes were fed in this sequential order, was statistically 

significant observed suggesting the significance of this observation may be limited.  

In Ae. aegypti WE mosquitoes, the most observed instances of statistical 

significance over other routes of dual infection was observed when the dual infection 

technique was the infection of CHIKV followed DENV-2 NGC.  When compared to 

simultaneously infected Ae. aegypti WE mosquitoes, these mosquitoes had significantly 

higher (p<0.05) numbers of mosquitoes with CHIKV infection of the head and CHIKV 

and DENV-2 NGC in the saliva.   When compared to Ae. aegypti WE mosquitoes 

infected with DENV-2 NGC followed by CHIKV infection, these mosquitoes had 

significantly higher (p<0.05) numbers of mosquitoes with DENV-2 NGC infection of the 

head and saliva.  Cumulatively, these results suggest that CHIKV infection of Ae. aegypti 

WE mosquitoes with CHIKV prior to infection with DENV-2 NGC may enhance the 

infection and transmission of DENV-2 NGC within these mosquitoes.   
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The mechanism(s) by which this occurs is unknown, but may include a 

compromised immune response that is responding to infection with CHIKV.  The 

immune response in mosquitoes is only just starting to be elucidated with the sequencing 

projects of An. gambiae and Ae. aegypti mosquitoes (Abrantes, et al. 2008, Abrantes, et 

al. 2005, Fragkoudis, et al. 2009).  DENV infection of Ae. aegypti mosquitoes has been 

shown to be regulated by the Toll pathway and RNA interference (RNAi) (Sanchez-

Vargas, et al. 2009, Xi, et al. 2008).  Furthermore, the naturally occurring microbiota, or 

gut flora, have also been suggested to induce a basal level of immune activity in order to 

enhance the mosquitoes innate immune responses to viral infection (Xi, et al. 2008).  

Mosquito innate responses to CHIKV have yet to be determined.  However, it would not 

be too difficult to conclude that the immune response to CHIKV might be very similar, at 

least with regards to an RNAi response which has been demonstrated to control SINV 

and WNV infection in Drosophila melanogaster (Fragkoudis, et al. 2009).    

Sequential infection of Ae. albopictus LR mosquitoes with DENV-2 NGC 

followed by CHIKV presented fewer statistically significant results, but was curiously 

similar in its enhancement of DENV-2 NGC expression.  Comparison of the sequential 

infected mosquitoes to the same species of mosquito that were simultaneously infected 

with CHIKV and DENV-2 NGC, revealed that the sequentially infected Ae. albopictus 

LR mosquitoes displayed a significantly higher (p<0.05) number of mosquitoes with both 

CHIKV and DENV-2 NGC in their saliva.  Additional comparison of the Ae. albopictus 

LR mosquitoes infected with DENV-2 NGC followed by CHIKV to the same species of 

mosquito that were either infected with CHIKV followed by DENV-2 NGC or Ae. 

albopictus LR mosquitoes infected with DENV-2 NGC and then fed an uninfected DSB 
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blood meal found a significantly higher (p<0.05) number of mosquitoes with DENV-2 

NGC infection of the saliva.  Again, DENV-2 NGC infection is enhanced within the 

mosquito during a dual infection with CHIKV.  Unlike the Ae. aegypti WE mosquitoes, 

this enhancement occurs when CHIKV is the second virus to infect the Ae. albopictus LR 

mosquitoes.   Manipulation of the innate immune response must be considered in this 

case, but with the consideration that the rate by which CHIKV replicates in the mosquito 

may be of significant importance.  Ae. albopictus mosquitoes have been shown to be 

resistant to DENV-2 NGC infection and dissemination (Moore, et al. 2007).   

 In our experiments, infection and dissemination of DENV-2 NGC was clearly 

observed in this population of mosquitoes sequentially infected with CHIKV, albeit in a 

different strain of Ae. albopictus mosquito.  One can hypothesize that perhaps DENV-2 

NGC successfully initiates a fulminating infection within the midgut tissues of the Ae. 

albopictus mosquito, but fails to disseminate.  In this situation, CHIKV may compromise 

the immune response lending to increased levels of DENV-2 NGC escape from the 

midgut followed by secondary infection of the salivary glands leading to transmission.  

Future work on this hypothesis should include qRT-PCR analysis of legs pulled from 

DENV-2 NGC infected Ae. albopictus LR mosquitoes prior to and after secondary 

infection with CHIKV.  This would allow the evaluation of the possibility that CHIKV 

enhances DENV-2 NGC dissemination in Ae. albopictus LR mosquitoes.     

Assessment of these homologous and heterologous exclusion studies may perhaps 

be performed more rapidly and with greater ease with the development of Ae. albopictus 

cell line derived from the midgut epithelial cells of these mosquitoes.  Obvious 
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drawbacks exist and have been demonstrated within the works of this dissertation that 

demonstrate the limitations of translating results observed in the C6/36 cells derived from 

Ae. albopictus larvae with results observed in the adult mosquito.  A functional and 

viable midgut epithelial cell line would offer ease of evaluation of not only dual infection 

events within the mosquito, but analysis of drug efficacy, pathogen interaction with these 

cells and a model for evaluating vector toxicity/control strategies.  

In conclusion, the research described in this dissertation accomplished the goal of 

adding to our understanding of CHIKV infection in mosquitoes. It generated data that 

may be applicable to other virus-vector relationships, and so may enable future research. 
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