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In order for a mosquito-borne virus to be transmitted from an infected mosquito to 
a vertebrate host, virus must disseminate from the mosquito midgut- the initial site of 
infection following uptake of an infectious bloodmeal- to infect the salivary glands and 
enter the saliva. The genetic determinants of viral dissemination from the midgut were 
characterized using the flavivirus yellow fever virus (YFV) in the Aedes aegypti 
mosquito as a model system. Fifteen chimeric viruses were generated between infectious 
clones of genotypically and phenotypically distinct YFV strains: the wild-type, 
disseminating Asibi strain, and the attenuated, non-disseminating 17D vaccine strain. 
These viruses were characterized in vitro in Vero green monkey kidney cells and C6/36 
Ae. albopictus mosquito cells. and in vivo for virus production, infection and 
dissemination in orally infected Ae. aegypti. Data from these studies map the YFV 
genetic determinants of dissemination from the midgut to position 36 in the membrane 
(M) structural protein gene, domain III of the envelope (E) protein gene, non-structural 
protein gene 2A (NS2A), and position 95 in non-structural protein gene 4B (NS4B).  

The virus distribution and tissue tropisms Asibi, 17D, and a chimera 17D/Asibi 
M-E were evaluated in whole-sectioned Ae. aegypti by immunohistochemistry to 
characterize the temporal and spatial aspects of YFV dissemination. Data from these 
studies suggest the following sequence of events takes place after infection of the 
posterior and anterior midgut: virus travels through the basal lamina underlying the 
midgut epithelium to the hemocoel and infects the abdominal and thoracic fat body 
tissues. Virus then may infect the salivary glands following amplification in the fat body 
tissues or infect and amplify in the intussuscepted foregut, cardia, and thoracic ganglia 
and return to the hemocoel to infect the salivary glands. Successful completion of these 
events is dependent on efficient receptor binding, replication, and virus packaging, 
maturation and release from infected cells, events which are mediated by the M, E, 
NS2A, and NS4B protein genes. This information contributes to our fundamental  
understanding of mosquito-virus interactions and may be used in the rational design of 
live attenuated flavivirus vaccines which are not transmitted by mosquitoes. 
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CHAPTER 1: 

INTRODUCTION TO MOSQUITO-BORNE VIRUSES 

1.1 EPIDEMIOLOGY AND ECOLOGY OF MOSQUITO-BORNE VIRUSES 

A. Brief Overview of Arbovirology 
 The official definition of an arbovirus from the World Health Organization 

(WHO, 1967) is as follows: 

 

Arboviruses are viruses which are maintained in nature principally, or to an important 

extent, through biological transmission between susceptible vertebrate hosts by 

haematophagus arthropods; they multiply and produce viraemia in the vertebrates, 

multiply in the tissues of arthropods, and are passed on to new vertebrates by the bites of 

arthropods after a period of extrinsic incubation. 

.  

  Arthropods are classified in the kingdom Animalia, phylum Arthropoda, class 

Arachnida or Insecta. Arthropod groups known to transmit viruses include: ticks (class 

Arachnida, order Ixodida, families Ixodidae and Argasidae); lice (class Insecta, order 

Phthiraptera, family Echinophthiriidae); fleas (class Insecta, order Siphonaptera, family 

Pulicidae); biting midges (class Insecta, order Diptera, family Ceratopogonidae); black 

flies (class Insecta, order Diptera, family Simuliidae); sand flies (class Insecta, order 

Diptera, family Psychodidae); and mosquitoes (class Insecta, order Diptera, family 

Culicidae) (Compiled from Biology of Disease Vectors, 2005). These arthropods transmit 

a variety of different human and/or zoonotic viral pathogens in a wide range of habitats.  

Transmission of viruses from arthropod vectors to suitable hosts may be either 

non-biological (direct or mechanical) or biological. Direct transmission of virus from an 

arthropod to a host occurs by oral transmission when insectivorous mammals such as bats 

may become infected by consuming mosquitoes infected with virus, which has been 

documented to occur with Rift Valley Fever virus (RVFV), yellow fever virus (YFV), 
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and Japanese encephalitis virus (JEV) (Kuno, 2001; Kuno and Chang, 2005). Mechanical 

transmission occurs when an arthropod vector transfers virus from one host to another 

without actually becoming infected by the virus and requires high viremia levels in the 

host and a short period of time between feeding on an infected and a naïve host. The 

vector is equivalent to a “flying syringe” carrying virus on its mouthparts directly from 

one host to the next. Mechanical transmission, which is not limited exclusively to 

arboviruses, has been documented to occur with a number of dipteran insects and EEEV 

(Chamberlain and Sudia, 1961), RVFV (Hoch et al., 1985), and various swine viruses 

such as vesicular stomatitis virus New Jersey (Otake et al., 2002; Stallknecht et al., 

1999). Although there is the possibility of viral transmission by a non-competent insect 

vector by this means, mechanical transmission is not thought to be as important as 

biological transmission, the subsequent focus of this introduction and referred to simply 

as “transmission” in subsequent sections. Biological transmission requires that the 

arthropod vector become infected by a virus, which then replicates within the vector and 

is transmitted to a new host after a suitable period of time has elapsed, known as the 

extrinsic incubation period (Higgs and Beaty, 2005; Kuno and Chang, 2005), discussed 

below.  

The first identification of transmission of an infectious agent by an arthropod was 

that of Sir Patrick Manson, who found that the filarial nematode which causes human 

lymphatic filariasis was transmitted by mosquitoes in 1876 (Eldridge, 2005). 

Subsequently, Ronald Ross established a connection between the malaria parasite and 

mosquitoes in 1898 (reviewed by Higgs, 2004). Carlos Finlay first proposed a link 

between YFV and mosquitoes in 1881 but was unable to prove the association as he 

failed to take into account the necessity for an extrinsic incubation period (Finlay, 1881). 

As discussed below, the Yellow Fever Commission composed of Drs. Reed, Agramonte, 

Carroll, and Lazear, established the transmission of the agent which causes YF by 

mosquitoes in 1900 (Agramonte, 1915; Reed, 1900), and further studies confirmed that 

the agent of YF disease was filterable, i.e. not bacterial (Reed, 1901). Thus, YFV was the 

first known “arbovirus.” Other viruses were subsequently found to be transmitted by 
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mosquitoes and other arthropods, and greater than 500 arboviruses have been identified 

to date (Karabatsos, 1985).  

It would be impossible to present an up-to-date, comprehensive list of topics of 

research in the broad field of arbovirology, but several major foci stand out in current 

research. One goal shared by many involved in infectious disease research is the 

identification of novel infectious agents and subsequent characterization of the basic 

biology, epidemiology, ecology, and pathogenesis of those agents. Since a large number 

of epidemiologically significant diseases are arthropod-borne, this is a major area of 

research within the broad field of arbovirology. Complementary to the identification and 

characterization of novel viruses is the characterization of arthropod vectors of disease. 

Recently, considerable time and expense were devoted to full sequencing of the 

Anopheles gambiae genome (Holt et al., 2002), and the sequencing of the full Ae. aegypti 

and Culex pipiens genomes are nearing completion (www.tigr.org). Data from these and 

related projects are being used to develop novel strategies to block transmission of 

infectious agents through the use of RNA interference, in the case of a recently developed 

dengue virus serotype-2 (DENV-2)-resistant strain of Ae. aegypti (Franz et al., 2006) or 

for the engineering of transposable elements into vector genomes for the expression of 

effector genes which may block vector infection or transmission of an arbovirus by an 

insect vector (James, 2005). Finally, detailed understanding of not only the virus and the 

arthropod vector but also the interactions between the two which lead to transmission is 

critical to the development of countermeasures to reduce the impact of arbovirus diseases 

on affected populations. The characterization of vector-virus interactions is thus a large 

area of research within arbovirology, and more attention is devoted to this subject below. 

 

B. Mosquito-borne viruses 
 Within the groups listed above, mosquitoes, specifically subfamilies Anophelinae 

and Culicinae, are arguably the most important arthropods in terms of human and 

veterinary impact. Various species of Anopheline mosquitoes are most commonly 

associated with transmission of the parasites which cause malaria, which kills over 1 
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million people annually (www.who.int), but mosquitoes of this genera are also capable of 

transmitting a few viruses including the alphavirus O’nyong-nyong virus (ONNV; 

Johnson et al., 1981; Vanlandingham et al., 2005, 2006), and the flaviviruses Japanese 

encephalitis virus (JEV; Olson et al., 1985) and West Nile virus (WNV; Andreadis et al., 

2005). Mosquitoes in the Culicinae subfamily include those of the Aedes, Culex, Culiseta, 

Haemogogus, Ochlerotatus, Mansonia, and Sabethes genera, which transmit a number of 

viruses primarily in the Alphavirus (family: Togaviridae), Bunyavirus, and Phlebovirus 

(family: Bunyaviridae), and Flavivirus (family: Flaviviridae) genera, detailed below. A 

list of selected mosquito-borne viruses of human and/or veterinary importance is 

presented in Table 1.1. The vast majority of mosquito-borne viruses are enveloped RNA 

viruses. Diseases caused by these viruses can be placed into three different groups: 

systemic febrile disease (such as DEN, ONN, CHIK); hemorrhagic fevers (such as YF 

and DEN); and encephalitides [such as WNV, Venezuelan, Western and Eastern equine 

encephalitides (VEE, WEE, EEE), La Crosse virus (LAC)]. Disease caused by some 

viruses such as DENV and CHIKV can fall into more than one group depending on 

disease severity (WHO, 1967). Mosquitoes are found in diverse environments on every 

continent except Antarctica, thus mosquito-borne viruses exist in many parts of the world 

(Table 1.2). These viruses are maintained and amplified in cycles involving transmission 

of virus from the mosquito to one or more host species, which may include small 

mammals, amphibians, birds, equines, and/or non-human primates. Virus is then 

amplified in the vertebrate host, from which another mosquito may become infected by 

feeding. With the exception of a few viruses such as DENV and YFV, humans are often 

characterized as dead-end hosts as they are unable to mount viremia levels sufficient to 

infect a mosquito.  

 

C. Vaccines and vaccine candidates against mosquito-borne viruses 
 No specific therapeutic treatment exists for diseases caused by any of the 

mosquito-borne viruses, making vaccination an important control measure. The only 

vaccines currently licensed for human use in the United States are the live-attenuated 



 

 5

17D vaccine for YFV (detailed in Section 1.5C) and the inactivated JE-VAX vaccine for 

JEV (www.cdc.gov). A large number of live-attenuated virus vaccines are currently in 

developmental stages or in clinical trials, and those in advanced stages of testing are 

emphasized here. The majority of published data for vaccines against mosquito-borne 

viruses is concentrated on the flaviviruses. The mosquito-borne flaviviruses YFV, DENV 

serotypes 1-4, JEV, and WNV cause millions of infections and tens of thousands of 

deaths each year (Petersen and Marfin, 2005; WHO, 2003). The lack of effective anti-

viral measures and the failure of mosquito-control programs in many affected areas make 

vaccination the primary means of prevention, and in the case of YFV, the control of 

human outbreaks of these diseases (Hombach et al., 2005). The YFV 17D vaccine virus 

was used by Acambis, Inc. as the backbone for the insertion of the membrane (M) and 

envelope (E) structural protein genes of DENV-2 (wild-type strain PUO-318), WNV 

(wild-type strain NY99), and JE (vaccine strain SA14-14-2) to produce the ChimeriVax 

vaccine candidates, and each of these is currently in Phase I or II clinical trials (reviewed 

by Monath, 2005; Pugachev et al., 2005). Vaccination against DENV is complicated by 

existence of four virus serotypes, and the chance for the development of dengue 

hemorrhagic fever (DHF) or dengue shock syndrome (DSS) during secondary infection 

with a different serotype than the first infection is therefore increased (reviewed by 

Halstead et al., 2005; Hombach et al., 2005). Thus an effective DENV vaccine should be 

tetravalent or at least confer protective immunity against all four serotypes 

simultaneously. Several candidates, in addition to the ChimeriVax vaccines, include 

DENV/DENV chimeric tetravalent vaccine based on the DEN-2 PDK-53 attenuated virus 

being developed by CDC and Sanofi-Pasteur, other DENV/DENV chimeras containing a 

30 nucleotide (nt) deletion in the 3’non-coding region first developed at the National 

Institutes of Health (NIH), and a subunit (E and nonstructural protein 1) tetravalent 

vaccine from Hawaii Biotech, Inc. (reviewed by Blaney et al., 2006; Hombach et al., 

2005; Pugachev et al., 2005). In addition to the ChimeriVax-JE vaccine, a Chinese live 

attenuated vaccine JE-SA14-14-2 has shown success in field trials, and two inactivated 

JE vaccines produced by Japanese manufacturers have entered Phase III clinical trials. 
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Additional WNV vaccine candidates include another subunit vaccine from Hawaii 

Biotech, Inc., and a DENV/WNV chimeric vaccine from NIH which also contains the 30 

nt deletion in the 3’NCR (reviewed by Hombach et al., 2005; Pugachev et al., 2005). 

 Among the alphaviruses, both live attenuated and inactivated VEEV vaccines 

(TC-83) are available only for laboratory personnel, but they are not highly efficacious 

(Weaver et al., 2004), and another live attenuated VEEV vaccine, V3526, has shown 

promise in pre-clinical trials (Rao et al., 2006). An inactivated investigational new drug 

(IND) vaccine against WEEV was described by Turrell et al. (2003), and a live 

attenuated CHIKV vaccine was reported by Edelman et al. (2000) be in Phase II clinical 

trials, but no further information on these vaccines are available. In the case of the 

bunyaviruses, a RVFV DNA vaccine developed and tested at the United States Army 

Medical Research Institute of Infectious Diseases (USAMRIID) was recently reported to 

be immunogenic and protective in mice (Spik et al., 2006). No vaccines are available for 

another important bunyavirus, LACV, although several studies have reported the 

development and testing of animal models for the characterization of vaccine candidates 

(Pavlovic et al., 2000; Schuh et al., 1999). 

 Live attenuated vaccine viruses have an advantage over other strategies in that 

they are able to replicate in a human following administration, generally eliciting a more 

rapid and robust immune response and often require only a single dose rather than 

multiple doses. However, in the case of vaccines against mosquito-borne viruses, one 

aspect of safety evaluation is characterization of vaccine candidates in mosquitoes to 

ensure that the vaccine virus is not able to disseminate and be transmitted. Although 

infected mosquitoes could theoretically serve as efficient vaccine “administrators,” 

transmission of live vaccine viruses could result in unchecked spread and the possibly of 

reversion to virulence of the vaccine virus. The possibility of recombination between co-

circulating viruses may also be enhanced, as suggested by Seligman and Gould (2004). 

However, this view is extremely controversial, and a number of groups subsequently 

pointed out that any potential risks associated with live virus vaccines, though 

recombination or other means, are outweighed by the benefits of their use (Hombach et 
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al., 2004; Monath et al., 2005; Murphy et al., 2004). Numerous studies have been 

undertaken to determine the transmissibility of live attenuated vaccine constructs, and 

data generated from these studies provide important insight into the role of viral genetics 

in viral infection and dissemination processes in mosquitoes. A number of these studies 

are detailed in Section 1.2D.      

 

1.2 MOSQUITO-VIRUS INTERACTIONS 

A. Basic mosquito biology  
 The order Insecta, of which the mosquito is a member, is distinguished on the 

basis of several morphological characteristics. Mosquitoes have three main body regions, 

the head, thorax, and abdomen, and adults possess three pairs of legs and a pair of wings 

attached to the thorax. These insects possess an open circulatory system within the body 

cavity called the hemocoel and respire via a tracheal system (Kondratieff and Black, 

2005). Mosquito reproduction is sexual, and mosquitoes go through four morphologically 

distinct life stages, egg, larvae, pupae, and adult, during development. The length of each 

life stage depends on environmental conditions such as ambient temperature and 

availability of food sources, but the complete developmental cycle (egg to adult) in for 

example Ae. aegypti, takes approximately 10 days during warmer months. Adult 

mosquitoes feed on nectar or other carbohydrate sources, and females feed on the blood 

of vertebrates to facilitate egg production (Eldridge, 2005). The anatomy of a female 

adult mosquito is depicted in Figure 1.1. Selected organs of biological significance are 

described in below in the context of important findings related to viral dissemination. The 

most important organs with respect to viral transmission are the mosquito midgut and the 

salivary glands. The temporal and spatial kinetics of viral infection and dissemination in a 

mosquito are described in more detail for selected studies in Section 1.2C.  

Midgut 
The mosquito midgut is a tubular organ comprised mainly of columnar epithelial 

cells with an underlying basement membrane, or basal lamina. This organ is divided into 
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anterior and posterior sections, and it is the posterior midgut which collects and digests 

the bloodmeal (Pennington and Wells, 2005). Viral infection of the midgut epithelium is 

most likely a receptor-mediated event which follows virus attachment, penetration, and 

uncoating. However, no receptors have been identified to date in the mosquito midgut, 

although putative receptors for VEEV and DENV have been identified in C6/36 (Ae. 

albopictus) mosquito cells (Ludwig et al.., 1996; Yazi Mendoza et al., 2002). 

Associated with the midgut epithelial cells are visceral muscles and tracheae, 

which are hypothesized to be a route of dissemination of virus from the midgut, as 

arboviruses are larger than the pore sizes of the basal lamina (Romoser et al., 2004). 

Following uptake of a bloodmeal, a number of enzymes are secreted to facilitate 

digestion, such as the protease trypsin, which may affect infection of the midgut 

epithelial cells by some or all viruses (Hardy et al., 1983; Ludwig et al., 1989, 1991; 

Molina-Cruz et al., 2005). Also secreted in response to feeding is a peritrophic matrix 

made up of a number of compounds including chitinase that surrounds the bloodmeal 

several hours after feeding. It has been hypothesized by some that this matrix inhibits 

virus infection by blocking adsorption of virions by the midgut epithelium (reviewed by 

Chamberlain and Sudia, 1961; Hardy et al., 1983; and Higgs, 2004). However, dsDNA-

mediated inhibition of chitinase activity or chitin synthetase activity (resulting in thicker 

or thinner-to-no peritrophic matrix formation, respectively) had no effect on DENV-2 

infection or dissemination rates in Ae. aegypti, indicating that the peritrophic matrix does 

not interfere with arbovirus infection processes, at least for this virus-mosquito pair 

(McElroy and Higgs, unpublished data).  

Fat body  
The fat body is a diffuse tissue found in each of the body segments involved in 

metabolism and in storage of lipids, carbohydrates, and proteins. This tissue is thought to 

be one site of viral amplification for some viruses. Weaver et al. (1990) suggested that 

the FB is the source of EEEV infection of Cs. melanura salivary glands, respectively, and 

Girard et al. (2004) also found this to be the case with WNV infection of the Cx. p. 

quinquefasciatus salivary glands, respectively. This is contrary to observations of DENV-
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infected Ae. albopicus, in which the fat body was poorly infected (Sriurairatna and 

Bhamarapravati, 1977). 

Cardia/Intussuscepted foregut  
The cardia is composed of midgut tissue and the intussuscepted foregut of forgut 

tissue, and these are located at the foregut-midgut junction. The cardia was implicated in 

mediating amplification and dissemination of RVFV as it was consistently infected in Cx. 

pipiens with disseminated infections (Lerdthusnee et al., 1995). Infection of this tissue 

has also been observed at early timepoints in EEE-infected Cs. melanura (Weaver et al., 

1991). 

Nervous tissue  
Nervous tissue is found in each of the body segments in the mosquito and consists 

primarily of the abdominal, thoracic, and cephalic ganglia. Each of these organs is made 

up of nucleated cell bodies where virus may replicate and tissue of the neuropile, which 

may also be infected. Nervous tissue has been suggested to be the source of JEV infection 

of the Cx. tritaeniorhynchus SG (Leake and Johnson, 1987) and DENV infection of the 

Ae. albopicus SG (Sriurairatna and Bhamarapravati, 1977). 

Salivary glands  
The most important organ in the mosquito with respect to transmission is the pair 

of salivary glands located in the thorax of Culicine mosquitoes. Each salivary gland 

consists of a median and two lateral lobes, and each lobe is further divided into proximal 

and distal sections of acinar cells resting on a basement membrane. While the sections 

have different functions concerned with blood- versus sugar-feeding, all sections appear 

to be susceptible to virus infection, although the sections infected vary by virus-mosquito 

pair. For example, DENV infection of Ae. albopictus SG appears to confined to the 

lateral lobes (Gubler and Rosen, 1976), which are involved in blood-feeding, wheras 

YFV, RVFV and WNV are also able to infect the median lobes of Ae. aegypti, Cx. 

pipiens, Cx. p. quinquefasciatus salivary glands, respectively, which are involved in 

sugar-feeding (Miller and Mitchell, 1991; Romoser et al., 1992; Girard et al., 2004).  
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B. Viral infection processes in a permissive mosquito vector 
 Hematophagy, or bloodfeeding, has evolved independently multiple times in the 

order Diptera, which includes mosquitoes in the family Culicidae. It is through 

bloodfeeding that female may transmit viruses to susceptible hosts. Many mosquitoes live 

near their hosts and use a variety of cues including odor (CO2 and lactic acid) and heat 

for host location. Different mosquito species feed at different times of the day. Ae. 

aegypti, for example, feed primarily in the early morning and late afternoon. Upon 

location of a suitable host, a mosquito land on the skin and will probe multiple times until 

blood is found (Black and Kondratieff, 2005). An infected host with sufficient viremia 

level in the blood may infect a mosquito which feeds upon it. Conversely, an infected 

mosquito may transmit virus to a naïve host through bloodfeeding. Once feeding has 

commenced, a number of steps must be completed successfully in order for a mosquito to 

become infected and capable of virus transmission. This cycle is depicted in Figure 1.2. 

During bloodfeeding, the meal is deposited in the midgut. Following uptake of an 

infectious bloodmeal, virus must infect epithelial cells of the midgut and replicate. To 

develop a disseminated infection, virus must then escape the midgut, probably through 

the basal lamina, the membrane which lies underneath the epithelium, and enter the 

hemocoel. Virus must ultimately infect secondary tissues such as the fat body, nervous 

tissue, and most importantly, the salivary glands. This step is critical in allowing 

transmission of virus from a mosquito to a susceptible host. Transmission may then occur 

through deposition of virus-containing saliva when the mosquito feeds on a new host. 

The time between uptake of an infectious bloodmeal from a viremic vertebrate by a 

mosquito and transmission of virus to a susceptible host is defined as the extrinsic 

incubation period. There are a number of potential barriers to successful completion of 

this infection process in the vector, including midgut infection barriers, when the virus 

fails to infect or replicate in epithelial cells of the midgut; midgut escape barriers, when 

the virus fails to egress from the midgut epithelial cells into the hemocoel or fails to 

infect secondary tissues; and transmission barriers, when the virus fails to infect the 

salivary glands or reach the saliva. These processes are governed by viral, vector, and 
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environmental factors (Hardy et al., 1983; Higgs, 2004). The vector factors include the 

genetic control of susceptibility to virus infection, which is discussed in Section 1.6B in 

the context of YFV and Ae. aegypti. Environmental factors include temperature, 

availability of food sources, and co-existence of a virus circulation in nature and a 

susceptible vector. Of these, the effect of ambient temperature on the extrinsic incubation 

period has been well documented, with higher temperatures resulting in more rapid 

dissemination of virus in a mosquito, therefore shorter extrinsic incubation, and lower 

temperatures resulting in longer extrinsic incubation. These effects have been 

documented for YFV in Ae. aegypti (Davis, 1931), EEEV in Oc. triseriatus (Chamberlain 

and Sudia, 1955), RVFV in Cx. pipiens (Turell et al., 1985), DENV-2 in Ae. aegypti 

(Watts et al., 1987), WNV in Cx. tarsalis (Reisen et al., 2006). The effect on temperature 

has obvious consequences for viral transmission in nature, the seasonality of outbreaks of 

some viruses, and virus distribution in nature. Finally, the viral factors are discussed in 

subsequent sections of this chapter with particular emphasis on viral genetics 

(Section1.2D). A number of studies relating to viral genetic factors have attempted to 

lessen the effects of vector and environmental factors on viral transmission by using 

laboratory colonized mosquitoes maintained at a constant temperature throughout the 

experiments. 

 

C. Microscopic analyses of virus-mosquito interactions 
 A number of studies have been undertaken to define the roles of tissues other than 

the midgut in the amplification and dissemination of virus, and a few are detailed below 

for viruses in four genera of three families: Flavivirus (family Flaviviridae), Alphavirus 

(family Togaviridae), and Bunyavirus and Phlebovirus (family Bunyaviridae). These 

studies characterize the distribution of virus in a whole mosquito following intrathoracic 

(i.t.) inoculation or oral infection of mosquitoes with virus using immunohistochemical 

(IHC), immunofluorescence (IFA), and/or electron microscopic (EM) techniques. While 

i.t. inoculation does not necessarily reflect events occurring naturally in a virus-mosquito 

cycle (i.e. spatial, or especially temporal aspects of infection), this technique is often 
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employed as it maximizes infection rate and thus prevents processing of large numbers of 

negative samples. This review will concentrate on oral infection processes where 

possible. Although there are some differences in the findings reported for different 

mosquito-virus pairs by both infection methods, these studies represent an important 

contribution to defining mosquito-virus interactions. 

Flaviviruses  
Miller et al. (1989) examined the tissue tropisms of YFV in orally-infected Ae. 

albopictus by IFA and found that viral antigen was first detected in the posterior midgut 

at 4 days post-infection (dpi) where cell-to-cell spread occurs, followed by the brain at 6 

dpi, fat body at 7 dpi, and the salivary glands at 11 dpi. Virus was never detected in the 

ovaries following oral infection, nor was it found in the midgut following i.t. inoculation. 

DENV-3 infection of Ae. aegypti was characterized following i.t. inoculation (Linthicum 

et al., 1996). The first tissue infected was the thoracic fat body, followed by the 

intussuscepted foregut and cardia, salivary glands, nervous tissue, and anterior midgut. 

Consistent with the results reported by Miller et al. (1989) for YFV, infection of the 

posterior midgut was never detected, nor was muscle infection. In the salivary glands, 

infection of all three lobes was possible, although the authors noted that infection of the 

lateral lobes was more common and more intense than infection of the median lobe. This 

result was also recorded for DENV-2-infected Ae. albopictus (Kuberski et al., 1979) and 

for JEV-infected Cx. tritaeniorhynchus (Takahashi and Suzuki, 1979). As noted 

previously, following i.t. inoculation of Cx. tritaeniorhynchus with JEV, nervous tissue 

was thought to be the source of salivary gland infection, as these tissues were consistently 

found to be infected before the salivary glands. However, inconsistent with studies of 

DENV-3 and YFV i.t. inoculated Ae. aegypti or Ae. albopictus, sporadic infection of the 

posterior midgut was noted in this study (Leake and Johnson, 1987). Girard et al. (2004) 

described the distribution and tissue tropisms of WNV-infected Cx. p. quinquefasciatus 

by IHC following oral infection. In this study, virus antigen was first detected in the 

posterior midgut and abdominal fat body at 2 dpi, followed by anterior midgut and more 

extensive fat body infection at 5 dpi. The salivary glands and nervous tissues were 
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consistently infected at 8 dpi, and the intussuscepted foregut and cardia were consistently 

infected by 10 dpi. Amplification of virus to facilitate dissemination was thought to occur 

in the abdominal and thoracic fat body, as infection of the nervous tissue, intussuscepted 

foregut, and cardia occurred at the same time as the salivary glands. Infection of all three 

lobes of the salivary was noted, as was infection of the posterior midgut muscle at later 

timepoints. An additional study by Scholle et al. (2004) characterized the initial site of 

infection of Cx. p. quinquefasciatus using WNV virus-like particles. Following oral 

infection, WNV antigen was detected in the posterior midgut at 2 dpi and persisted until 8 

dpi. In this study, no specific cells within the posterior midgut were targeted for infection, 

and the posterior midgut was the only organ infected. Following i.t. inoculation of the 

WNV virus-like particles, WNV antigen was detected in the fat body, salivary glands, 

and posterior midgut-associated muscle and tracheal cells, indicating that these tissues 

can be infected without viral amplification, but infection of the posterior midgut 

epithelium was not observed, consistent with previous i.t. inoculation studies in which the 

posterior midgut is not infected following i.t. inoculation. In some cases, it seems that the 

outer surface of the midgut basal lamina that is exposed to the hemocoel is refractory to 

infection, possibly due to a lack of appropriate viral receptors, therefore blocking viral 

spread from the hemocoel into the midgut. 

Alphaviruses  
Within this genus, the viruses VEEV and EEEV have been best characterized 

with respect to infection processes in their principal vectors. Scott and Burrage 

determined that EEEV was localized in the hindgut, nervous tissue and salivary glands 

following replication in the posterior midgut, and they hypothesized that salivary gland 

infection occurred via the hemolymph (1984). Weaver defined the processes of VEEV 

infection of Cx. taeniopus (1986), and found that virus accumulates in the abdominal fat 

body within 1 hr after the bloodmeal by some unknown mechanism and without any 

evidence of mechanical disruption of the posterior midgut. However, it was not 

determined whether virus was actively replicating in the fat body, the nervous tissues 

were not heavily infected, and virus was not thought to disseminate via the posterior 
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midgut. Interactions between EEEV and Cs. melanura were first defined by Weaver et al. 

in 1990 following oral infection. Rapid dissemination of virus to secondary tissues was 

observed in this study as well, and the hemolymph was hypothesized to be the source of 

salivary gland infection with the nervous tissues again playing little or no role in virus 

amplification. Weaver et al. (1991) also characterized early infection processes of EEEV 

in Cs. melanura following oral infection with radiolabeled virus and found that the 

posterior midgut was most heavily infected, while the anterior midgut was also infected 

at a low rate 1-2 hr p.i. and virus was deposited in the folds of the cardia. Dissemination 

was hypothesized to be facilitated by virus trapped in the cardia which could then spread 

to the intussuscepted foregut. Rapid dissemination of virus in this study, also observed in 

other alphavirus studies, was hypothesized to have been facilitated in this case by a 

physical break in the posterior midgut, described as “leaky midgut.”  

Bunyaviridae  
In Oc. triseriatus which have been orally infected with LACV, virus antigen was 

detected in the posterior midgut first, followed by infection of the cardia, ovaries, 

abdominal ganglia, and fat body tissues by 14 dpi (Beaty and Thompson, 1978). 

Mosquitoes were hypothesized to have developed a disseminated infection via the 

hemolymph (i.e. virus egress from the posterior midgut to the hemocoel) as infection of 

secondary tissues was sporadic following posterior midgut infection. The ovaries of 

LACV-infected mosquitoes were consistently infected in this and another study 

(Chandler et al., 1998), in which infection of the ovary preceded that of the salivary 

glands. Tropisms of RVFV in Cx. pipiens have been well characterized in several IHC 

and electron microscopic studies published by Lerdthusnee et al. (1995) and Romoser et 

al. (1992, 2004, 2005). The first study defined the sequence of events after infection of 

the posterior midgut as follows: intussuscepted foregut/cardia, fat body, salivary glands, 

thoracic ganglia, and ommatidia of the eyes; and infection of the posterior and anterior 

midgut was more common than cardial infection. Virus spread within the posterior 

midgut was hypothesized to occur cell-to-cell. Additionally, all three lobes of the salivary 

glands were observed to be infected, while the ovaries were always antigen negative. As 



 

 15

the fat body was heavily infected, this diffuse tissue was suggested to by a source of viral 

amplification (Romoser et al., 1992). Another study of the same virus-vector pair found 

the intussuscepted foregut to be important in viral amplification and dissemination to the 

salivary glands, as these tissues were infected before the salivary glands. Virus was 

observed in the intussuscepted foregut and cardia following both oral infection and i.t. 

inoculation, suggesting that infection can occur from the lumen (originating from the 

PMG) and from the hemocoel (Romoser et al., 1995). Romoser et al. (2004) 

characterized early events in infection using VEEV replicons, which infected the 

posterior midgut epithelium following oral infection but only infected the posterior 

midgut muscles and tracheae following i.t. inoculation. The basal lamina was 

hypothesized to be the barrier to posterior midgut epithelium infection following i.t. 

inoculation. Ultrastructural characterization of the Cx. pipiens midgut revealed an 

association between posterior midgut muscle cells and tracheae and the posterior midgut 

epithelium. Based on this observation, Romoser et al. (2004, 2005) hypothesized that 

viral dissemination from the midgut may occur via infected muscle or tracheal cells in 

addition to direct egress of virus from the posterior midgut to the hemocoel through the 

basal lamina. Tracheae were observed to be infected by RVFV, further supporting this 

hypothesis.    

 

D. Role of viral genetics in infection processes 
 Viral genetics play an important role in the processes of infection and 

dissemination within an individual mosquito species and in vector specificity, and 

therefore in the transmission barriers described in Section 1.2B. Viruses within three 

genera, Flavivirus, Alphavirus, and Bunyavirus, have been relatively well-studied with 

respect to the role of viral genetics in infection processes within their primary or 

alternative mosquito vectors. Some of these studies were executed in order to define the 

viral genetics of mosquito infection and/or dissemination and others were executed to 

determine the infection and dissemination characteristics of live virus vaccine candidates 

in potential mosquito vector species. It has been observed numerous times that different 
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strains of the same virus are able to infect and disseminate in the same mosquito at very 

different frequencies, even those virus pairs containing very few amino acid differences. 

Despite obvious differences in the genome organization between these three genera, a 

number of studies, primarily those of the alphaviruses and bunyaviruses share in common 

the observation that the viral structural protein genes play an important role in infection, 

dissemination, and/or vector specificity. Results for the flaviviruses appear to suggest a 

role for the non-structural protein genes and/or 3’NCR.  

Flaviviruses  
The role of the virus strain in infection and dissemination in a mosquito has been 

studied for YFV, DENV, WNV, and JEV. In the case of YFV, the most well-

characterized viruses are the attenuated 17D vaccine virus and, to a lesser extent 

attenuated French neurotropic vaccine virus (FNVV). YFV 17D, developed by multiple 

in vitro passages of the prototype wild-type Asibi strain (Theiler, 1951), is not 

transmitted by Ae. aegypti (Jennings et al., 1994; McElroy et al., 2006a; Miller and 

Adkins, 1988; Whitman, 1939). The barrier to transmission has been found to be at the 

level of midgut escape, as 17D infects the salivary glands at a rate of 100% following i.t. 

inoculation (Jennings et al., 1994; McElroy et al., 2006a). This is most likely the result of 

aa substitutions accumulated by YFV 17D, as discussed in more detail in Sections 1.5C 

and 1.7. FNVV, which was developed by multiple passages of the YF French 

viscerotropic virus (FVV) strain, is also not transmitted by Ae. aegypti. Although not all 

of the sequence differences are shared between Asibi/17D and FVV/FNVV pairs, similar 

mechanisms of attenuation in mosquitoes likely operate for 17D and FNVV, as numerous 

sequence differences have been identified between FVV and FNVV (Barrett, 1997; Wang 

et al., 1995). Dunster et al. (1999) characterized a YFV mutant, Asibi-LP-CDC HeLa p6, 

which was produced by six passages of the YFV prototype wild-type strain Asibi in HeLa 

cell culture. This virus had 29 nt and 10 aa substitutions compared to its wild-type parent, 

including a valine to isoleucine mutation at nonstructural protein 4B (NS4B)-95 shared in 

common with YFV 17D and FNVV. Like YFV 17D and FNVV, Asibi-LP-CDC HeLa p6 

lost the ability to be transmitted by Ae. aegypti.  
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 Miller et al. (1982) compared the DENV-2 vaccine candidate S-1 to its parental 

virus strain for infection dissemination and transmission in Ae. aegypti following oral 

infection at different viral doses. At the highest dose, there was no difference in infection 

and dissemination rates of the parental and vaccine viruses, but the difference between 

these rates increased dramatically at the lower virus doses with infection and 

dissemination occurring at lower rates for the vaccine strain. At the two lowest doses, the 

vaccine infected 3 to 7% and disseminated in 2 to 5% of Ae. aegypti, whereas the parent 

strain infected 32 to 67% and disseminated in 23 to 67%. None of these mosquitoes 

infected with the vaccine strain were able to transmit virus. Although full sequences of 

these viruses have not been published to date, the vaccine virus had also been found to be 

temperature sensitive and attenuated in mice, non-human primates, and humans likely 

due to genetic differences between the parental and vaccine viruses. Another DENV 

vaccine candidate, PDK35-TD3 FRhL p3 for DENV-4, was attenuated for infection and 

replication in Ae. aegypti and Ae. albopictus, but the same study found that a DENV-1 

candidate retained the wild-type phenotype of its parental virus in Ae. aegypti and Ae. 

albopictus (Schoepp et al., 1991). A JEV vaccine candidate JE 2-8 was attenuated in Cx. 

tritaeniorhynchus, only infecting 11% of mosquitoes compared to a 100% infection rate 

for the parent SA-14 virus (Chen and Beaty, 1982). 

Numerous studies have been executed on the effects of a 30 nt deletion in the 

3’NCR of DEN virus strains in mosquitoes. Troyer et al. (2001) characterized a DENV-4 

variant containing the ∆30 mutation (2A∆30) in Ae. albopictus following oral infection 

and found that compared to the DENV-4 parent rDEN4, 2A∆30 was restricted in 

infection of the midgut (69% vs. 92% at the highest infecting dose) and, to a greater 

extent, in dissemination from the midgut (13% vs. 81%) in infected mosquitoes. 

Additionally, none of the mosquitoes fed on viremic human vaccinees became infected. 

The addition of a proline to leucine substitution at position 101 in NS4B completely 

blocked infection and dissemination in Ae. aegypti (Hanley et al., 2003), indicating a role 

for NS4B in these processes. Substitution of the New Guinea C strain DENV-2 M and E 

structural protein genes into the rDEN4∆30 recombinant virus [to produce 
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rDEN2/4∆30(ME)] completely blocked infection of Ae. aegypti (Whitehead et al., 2004). 

A different, non-chimeric DENV-2∆30 virus was unable to infect any Ae. aegypti tested, 

but the wild-type DENV-2 Tonga/74 strain on which the vaccine was based was equally 

refractory (Blaney et al., 2004a). While rDEN-3∆30 was not found to be attenuated in 

mosquitoes, replacing the M and E structural protein genes of this virus with those of 

DENV-4 [(rDEN3/4∆30(ME)] resulted in a significantly lower infection rate in Ae. 

aegypti and no dissemination. However, as was observed for rDEN2/4∆30(ME) 

compared to rDEN2/4(ME), the same result was noted for [(rDEN3/4∆30(ME)] and 

rDEN3/4(ME) which does not contain the ∆30 deletion. The authors concluded that in 

these studies, chimerization was the major attenuating factor for dissemination, rather 

than the 30 nt deletion (Blaney et al., 2004b).  

Chimerization of heterologous flaviviruses has also been studied. Hanley et al. 

(2005) characterized chimeras which replaced the M and E of rDEN4 and of rDEN4∆30 

with the M and E of WNV to produce WN/DEN4 and WN/DEN4∆30. These viruses 

were evaluated for infection and dissemination in Cx. tarsalis, which transmits WNV but 

not DENV; in Ae. aegypti, which transmits DENV but is not an important vector of 

WNV; and in Ae. albopictus, which is able to transmit both viruses. WN/DEN4 and 

WN/DEN4∆30 were able to infect Cx. tarsalis and Ae. aegypti at low rates but did not 

disseminate. In contrast, while the infection rates in Ae. albopictus were low for both 

viruses, they were equivalent to each other and to that of DEN4, both viruses were able to 

disseminate at equal rates and equivalent to that of DEN4. Chimerization of DENV and 

WNV therefore resulted in a loss of vector competence in Ae. aegypti and Cx. tarsalis but 

had did not attenuate virus for infection and dissemination in Ae. albopictus. 

Furthermore, these results together indicated that the ∆30 mutation had no effect on 

phenotype of the chimeras in mosquitoes, but chimerization of heterologous flaviviruses 

was more likely the cause of attenuation in Ae. aegypti and Cx. tarsalis. The authors 

hypothesized that determinants of vector specificity are localized throughout the genome 

rather than just in the structural protein genes as suggested by studies of VEEV (Brault et 

al., 2002; Hanley et al., 2005). 
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 The effect of chimerization of heterologous flaviviruses on infection and 

dissemination was also evaluated for ChimeriVax-DEN2, ChimeriVax-WN, and 

ChimeriVax-JE. ChimeriVax-DEN2 was evaluated following oral infection of 3 strains 

of Ae. aegypti and one strain of Ae. albopictus. Whereas infection and dissemination rates 

of the DENV-2 parental virus were very high in all three Ae. aegypti strains (80-100%), 

ChimeriVax-DEN2 infected a significantly lower proportion of mosquitoes (6-32%) and 

did not disseminate. This was comparable to the infection and dissemination rates 

observed for YFV 17D in these studies (0 to 24% and 0%, respectively). In Ae. 

albopictus, DENV-2 infected 84% of mosquitoes and disseminated in 36%, compared to 

24% infection and no dissemination recorded for both ChimeriVax-DEN2 and YFV 17D. 

The authors concluded that the inability of ChimeriVax-DEN2 to disseminate in 

mosquitoes indicates that this virus would be a good vaccine candidate; however, no 

conclusions were made with respect to the mechanism of ChimeriVax-DEN2 attenuation 

in mosquitoes (Johnson et al., 2002). The infection and dissemination capability of  

ChimeriVax-WN was characterized in Cx. tritaeniorhynchus, Cx. p. quinquefasciatus, 

Ae. aegypti and Ae. albopictus mosquitoes following oral infection. Whereas the WNV 

parent infected and disseminated in 100% of Cx. tritaeniorhynchus, Cx. p. 

quinquefasciatus, Ae. aegypti and infected 79% and disseminated in 50% of Ae. 

albopictus, ChimeriVax-WN only infected Ae. aegypti at a rate of 8% and did not 

disseminate. YFV 17D in this study infected 10% of Ae. aegypti and 8 % of Ae. 

albopictus and did not disseminate. The authors of this study concluded that the source of 

ChimeriVax-WN attenuation was the presence of the 17D non-structural protein genes 

(Johnson et al., 2003). Finally, ChimeriVax-JE was tested for infection of Cx. 

tritaeniorhynchus, Ae. aegypti and Ae. albopictus. Neither ChimeriVax-JE nor 17D was 

able to infect or replicate in any of the mosquitoes tested following oral infection, 

whereas the JEV parent was able to replicate in all three species (Bhatt et al., 2000). In all 

three studies, the authors concluded that the attenuated nature of the ChimeriVax vaccine 

candidates in mosquitoes, most if not all of which were infected by titers higher than are 
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likely to be mounted by vaccinees, contributed to the safety of these vaccine candidates 

for eventual use in humans.     

Alphaviruses  
 The alphaviruses have been particularly well studied with respect to the viral 

genetic determinants of infection, dissemination, and especially vector specificity. 

Several studies of VEEV in mosquitoes are of note. Weaver et al. (1984) evaluated the 

ability of epizootic (subtype I-AB) and enzootic (subtype IE) VEEV strains to infect and 

disseminate in Cx. (Melanoconion) taeniopus, an enzootic vector. The two epizootic 

strains were able to infect mosquitoes at a low rate (17 to 20%) following oral infection 

and did not disseminate, compared with 100% infection following i.t. inoculation. The 

enzootic viruses, in contrast, efficiently infected mosquitoes even at low doses (> 90%), 

but a midgut escape barrier was identified at lower infecting doses. The authors 

hypothesized that the enzootic viruses absorb more efficiently to Cx. (Melanoconion) 

taeniopus posterior midgut epithelial cells than do the epizootic viruses, accounting for 

the low infection rate. Another hypothesis put forth was that escape from the midgut was 

dependent of virus titer reached in that organ, which explains the inability of the 

epizootic virus strains to disseminate. Subsequent studies of VEEV focused on the role of 

the E2 glycoprotein in infection processes. Woodward et al. (1991) identified a single aa 

change, Ile207Phe, in the envelope glycoprotein E2 of a VEEV monoclonal antibody-

resistant (MAR) variant 1A3B-7 compared to its wild-type parent that was sufficient to 

decrease the infection rate from 80% to 60% and the dissemination rate from 38% to 0% 

in Ae. aegypti. The epitope in which this mutation resides had been identified as 

participating in early virus-host cell interactions, and it is possible that the substitution at 

position 207 altered the conformation of that epitope, which accounts for the decreased 

ability of the MAR variant to infect and disseminate in mosquitoes. Chimeric viruses 

generated between IAB and IC subtype epizootic and ID and IE subtype enzootic VEEV 

strains were evaluated for their ability to infect the epizootic vector Ae. taeniorhynchus 

following oral infection (Brault et al., 2002). The chimeras are as follows: IAB/IE, IE 

structural protein genes and IAB non-structural proteins genes; IE/IAB reciprocal 
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chimera; IE/IAB-PE2, IAB E2 envelope glycoprotein precursor gene in IE; IAB/ID-PE2, 

ID E2 structural protein gene in IAB; and IC/ID-PE2, ID E2 envelope glycoprotein 

precursor gene in IC. The viruses with the IAB full structural protein genes or PE2 only 

infected mosquitoes at the same rate (56% and 54%, respectively), which was higher than 

the viruses containing the ID-PE2 or IE full structural protein genes (16-36%). This 

indicates that the determinants of infection of Oc. taeniorhynchus are found in E2. A 

subsequent study localized enhanced mosquito infection capacity to a single aa 

substitution, Ser218Asn in E2, by incorporating aa substitutions found in IE epizootic 

strains into a IE enzootic infectious clone and testing the phenotype. Of four aa 

substitutions tested alone or in combination, viruses containing the Ser218Asn mutation 

demonstrated significantly higher infection rates than the IE enzootic parent in Oc. 

taeniorhynchus. This mutation was hypothesized to be involved in the emergence of IE as 

an epizootic strain as a result of the increased ability of virus containing this mutation to 

infect an epizootic vector (Brault et al., 2004). Additional evidence for the role of the 

alphavirus E2 in infection and dissemination came from a study by Myles et al. (2003), 

who found that deletion of a portion of the Sindbis virus (SINV)  E2 thought to be the 

cell-receptor binding domain decreased infection rates in Ae. aegypti from 100% for the 

wild-type parent to 23-35% for the variant viruses. Dissemination also decreased from 

93-100% to 2-20% at equivalent titers. Following i.t. inoculation, however, the variant 

viruses disseminated at 100%, indicating that the E2 partial deletion resulted in midgut 

infection and escape barriers.      

 The viral genetics of vector specificity were characterized using ONNV/CHIKV 

chimeric infectious clones, as ONNV is able to infect both Anopheles sp. and Aedes sp. 

mosquitoes whereas CHIKV is only able to infect Aedes sp. mosquitoes (Vanlandingham 

et al., 2005, 2006). Three chimeras containing all or part of the ONNV structural protein 

genes in CHIKV along with three reciprocal chimeras were tested in Ae. aegypti and An. 

gambiae mosquitoes. Whereas all of the chimeras were able to infect Ae. aegypti (56-

100%), the only chimera capable of infecting An. gambiae contained the full structural 

protein genes of ONNV in the CHIKV non-structural protein genes (38% infection rate). 
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Additionally, the presence of the CHIKV non-structural genes decreased the infection 

rate of this chimera in An. gambiae compared to the parental ONNV. Therefore, whereas 

the non-structural genes play a role in infectivity, vector specificity of these viruses is 

encoded by the full structural genes.     

Bunyaviruses 
 A number of studies of the California group bunyaviruses [LACV, Jamestown 

Canyon virus (JCV), and snowshoe hare virus (SSHV)] have been executed to determine 

the role of different virus genes in infection and dissemination as well as vector range. 

These studies were by and large facilitated by the segmented nature of the bunyavirus 

genome and the ability of co-infecting viruses to reassort and form new viral variants, 

allowing studies of the roles of different viral proteins before reverse genetics techniques 

were available. The bunyavirus genome is comprised of three segments, large (L, 

encoding the RNA dependent RNA polymerase), medium (M, coding for the G1 and G2 

envelope glycoproteins and a nonstructural protein), and small (S, coding for the 

nucleocapsid and a nonstructural protein) (Borucki et al., 2002). Reassortants were 

generated between LACV and SSHV for characterization in Oc. triseriatus, the primary 

vector of LAC. Following i.t. inoculation of the six possible reassortants and the two 

parental viruses, transmission was significantly higher in mosquitoes infected with 

viruses containing the LACV M (93%) than those with the SSHV M segment (35%) 

(Beaty et al., 1981). Following oral infection, there was no difference in the ability of any 

of the viruses to infect Oc. triseriatus, but viruses containing the LACV M had 

significantly higher dissemination rates (98%) than those containing the SSHV M 

segment (26%). Thus, determinants of bunyavirus dissemination in Oc. triseriatus 

localized to the envelope glycoprotein-containing M segment (Beaty et al., 1982). A 

MAR LACV variant V22 was found to be significantly attenuated for infection and 

dissemination, 15% and 5%, respectively, in Oc. triseriatus compared to LACV which 

infected 89% of mosquitoes and disseminated in 74%. The monoclonal antibody (mAb) 

used to develop this MAR recognized an epitope in the G1 glycoprotein, thus defining 

the basis for the importance of M in infection and dissemination processes (Sundin et al., 
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1987). Cheng et al. (1999) characterized LAC/JC reassortant viruses in Oc. triseriatus 

and Ae. albopictus mosquitoes and found that only those viruses containing the LACV M 

segment were able to infect Oc. triseriatus. In contrast, all of the reassortants were able to 

infect Ae. albopictus, although those with the LACV M segment did so at a higher rate, 

56 to 68% compared to 30 to 38% for viruses with the JCV M segment. Therefore, the M 

segment was also implicated in determination of vector specificity.  

 

1.3 THE FLAVIVIRUS GENUS 

A. Molecular biology 

Genome organization and polyprotein processing 
 Flaviviruses are positive sense RNA viruses approximately 11 kb in length, with a 

5’methyl-guanosine cap. These viruses are not polyadenylated. The genome is a single 

open reading frame between two NCRs, described below. The open reading frame 

encodes ten viral proteins, with the structural protein genes located upstream of the non-

structural protein genes (Figure 1.3). The structural protein genes are those of the capsid 

(C), the membrane protein (M) and its precursor (prM), and the envelope. The non-

structural (NS) protein genes are numbered in order as follows: NS1, NS2A, NS2B, NS3, 

NS4A, NS4B, and NS5 (Lindenbach and Rice, 2003). The relative sizes (for YFV) and 

primary functions are presented in Table 1.3. Hypothesized or confirmed functions of the 

viral proteins and NCRs are presented below. 

Structural Protein Genes 

Capsid 
 The flavivirus capsid (C) protein forms the viral nucleocapsid as a complex of 

multiple C proteins and one copy of genomic RNA. Charged residues at the amino- and 

carboxy-termini of this highly basic protein are thought to mediate interaction with RNA. 

Two hydrophobic domains, a short internal hydrophobic domain and a carboxy-terminal 

hydrophobic domain, mediate membrane association and translocation of prM to the 

endoplasmic reticulum (ER), respectively (Khromykh and Westaway, 1996; Lindenbach 
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and Rice, 2003; Markoff et al., 1997; Mukhopadhyay et al., 2005). Potential determinants 

of virulence in this protein are not understood, although it is noted that no aa substitutions 

are present in the 17D C compared to Asibi, suggesting that aa substitutions are not well 

tolerated (Hahn et al., 1987; McElroy et al., 2006a). 

Membrane 
 The flavivirus membrane (M) protein is translated as a precursor protein, prM, 

which is translocated to the ER by C. This protein is required for the proper folding of the 

viral envelope (E) protein, and the pr segment chaperones and stabilizes E in the 

secretory pathway to prevent early rearrangement into fusogenic form. prM is cleaved to 

pr and M, and prM is secreted from the cell while M is found in mature virions 

(Guirakhoo et al., 1992; Konishi and Mason, 1993; Lindenbach and Rice, 2003; Lorenz 

et al.., 2002 Op de Beeck et al., 2004). Nine carboxy-terminal residues, M-32 to M-40, 

designated ApoptoM, were found to mediate DENV apoptosis in vitro. M residues 1-40 

of JEV, WNV, and YFV were found in the same study to have similar function. In the 

case of DENV and YFV, this activity was modulated by M-36 (Catteau et al., 2003). 

Interestingly, both FNVV and 17D contain substitutions at this position, indicating that 

the inability to mediate apoptotic cell death contributes to the attenuation of virulence for 

these YFV strains.    

Envelope 
  The flavivirus E protein has been well-studied as it is the major surface protein 

which mediates binding of virions to target cells and membrane fusion. Crystallographic 

structures have been solved for TBEV and DENV-2 E (Rey et al., 1995; Modis et al., 

2003, 2004), and E is a dimeric protein with each monomer divided into three domains 

based on structure. Domain I is the central structural domain which forms a β-barrel. 

Domain II is the dimerization domain which contains a fusion peptide (aa 98-110) buried 

between domains I and III. Domain III is an Ig-like domain thought to be the cell-

receptor binding domain. Following fusion of the viral and host cell membranes, the E 

dimers dissociate then become trimers with the fusion peptide at the tip. Rearrangement 

of the monomers is facilitated by a hinge region between domains I and II. After entry of 
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viral RNA and during translation of the polyprotein in the ER, prM and E form a 

heterodimer, and as discussed below, prM is cleaved to M by furin protease during virion 

maturation before infectious virions are released from the cell. The E protein on the outer 

surface is arranged as 30 rafts of three parallel dimers, with domain III protruding from 

the surface of the virion (reviewed by Heinz and Allison, 2003; Mukhoppadhyay et al., 

2005). Major neutralizing epitopes have been mapped to domain III (Beasley and Barrett, 

2002; Crill and Roehrig, 2001; Li et al., 2005; Lin and Wu, 2003). Additionally, vector-

specific differences have been observed in this domain between the mosquito-borne and 

tick-borne flaviviruses, suggesting a role for this domain in viral tropism (Bhardwaj et 

al., 2001; Yu et al., 2004). 

 As the major surface glycoprotein, a number of virulence determinants have been 

mapped to the various domains of E, particularly the tip of domain II, the hinge between 

domains I and II, and the upper lateral surface of domain III. Mutations at E-299, E-305, 

E-325, E-331, and E-380 in the attenuated YFV 17D map to domain III. Mutations near 

E-305 and E-326 (at E-303 and E-326, respectively) have been associated with increased 

neurovirulence (Jennings et al., 1994; Monath, 2005; Ryman et al., 1998), and a mutation 

at E-331 was also found in the attenuated YFV Asibi-LP-CDC HeLa p6, although the 

role of this mutation in virulence is not understood (Dunster et al., 1999). The same 

mutation at E-331 was also found in a viscerotropic YFV strain, further complicating 

interpretation it is role (McArthur et al., 2003). E-380 is the RGD motif thought to 

participate in receptor binding, and mutation of this residue alters neurovirulence in mice 

(Chambers and Nickells, 2001). A synthetic peptide including DENV-2 aa 380 to 389 

blocked binding of virus to C6/36 cells but had no effect on virus binding to baby 

hamster kidney (BHK) cells, suggesting these residues participate in binding to mosquito 

but not mammalian cells (Hung et al., 2004). Mutations at other sites shown to affect 

neurovirulence in mice include E-52 in the hinge between domains I and II, E-173 at the 

M-E interface (Chambers and Nickells, 2001; Ryman et al., 1997). The roles of other 

mutations in attenuated strains of the flavivirus E are less well understood and require 

further study.  
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Non-structural Protein Genes 

NS1 
 NS1 is a glycoprotein which is found inside the cell and on the cell surface, and it 

is also secreted from infected cells (Lindenbach and Rice, 2003; Mason, 1989). This 

protein is cleaved in the ER from E by a host signal peptidase and from NS2A by an 

unknown host enzyme (Chambers et al., 1990; Falgout and Markoff, 1995). Internally, 

NS1 functions in RNA replication with NS4A, as it colocalizes with vesicle packets 

thought to be the sites of replication and mutagenesis of N-linked glycosylation sites 

decrease replication and virus production (Lindenbach and Rice, 1999, 2003; Mackenzie 

et al., 1996; Muyalert et al., 1996; Westaway et al., 1997). As a surface-expressed and 

excreted protein, NS1 induces complement-mediated cell lysis and a strong humoral 

immune response (Falgout et al., 1990; Lindenbach and Rice, 2003; Lin et al., 1998; 

Mason, 1989; Schlesinger et al., 1993; Qu et al., 1993).  

NS2A 
 NS2A is a small hydrophobic protein which functions in with NS3 in virion 

assembly and release (Kummerer and Rice, 2002; Mackenzie et al., 1988). This protein is 

also hypothesized to interact with NS5 and the 3’NCR in the shift between RNA 

packaging and replication (Khromykh et al., 2001). This protein is cleaved from NS1 by 

a host ER enzyme and from NS2B by the viral serine protease (Falgout and Markoff, 

1995). NS2A is hypothesized to function in inhibition of the host antiviral interferon 

response (Liu et al., 2006; Munoz-Jordan et al., 2003). Additionally, three aa 

substitutions in the NS2A of DENV-4 isolates associated with a 1998 outbreak in Puerto 

Rico, and these may have either enhanced mosquito infectivity or played a role in 

virulence of these isolates. 

NS2B 
 NS2B is a membrane-associated protein which, with a conserved central 

hydrophobic region, is a cofactor for the viral serine protease NS3 (Arias et al., 1993; 

Chambers et al., 1991, 1993; Falgout et al., 1991; Lindenbach and Rice, 2003; Leung et 

al., 2001; Yusof et al., 2000). 
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NS3 
 NS3 is a large protein which functions in replication and polyprotein processing 

as the viral RNA helicase/NTPase and triphosphatase, encoded by the carboxy-terminal 

end and serine protease, encoded by the amino-terminal end of the protein. This protein 

cleaves NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/NS4B, and NS4B/NS5. 

Additionally, NS3 binds to the 3’NCR with NS5 (Arias et al., 1993; Chambers et al., 

1990, 1993; Li et al., 1999; Lindenbach and Rice, 2003; Valle and Falgout, 1998; 

Wengler et al., 1991; Zhang et al., 1992). With respect to virulence, this protein has been 

implicated in the induction of DENV- and WNV-mediated apoptosis (Duarte dos Santos 

et al., 2000; Ramanathan et al., 2006). 

NS4A 
 NS4A is a small hydrophobic protein of unknown function, but possibly functions 

in RNA replication with NS1 (Lindenbach and Rice, 1999). This protein has been found 

in association with vesicle packets and convoluted membranes, indicating that it 

functions in RNA replication and in polyprotein processing (Lindenbach and Rice, 2003; 

Mackenzie et al., 1997).  

NS4B 
 NS4B is another small hydrophobic protein of unknown function, but is also 

hypothesized to participate in replication (Lindenbach and Rice, 2003; Mackenzie et al., 

1997). A single mutation in this protein, Ile95Met, is the only substitution found in three 

attenuated YFV strains, FNVV, 17D, and Asibi-CDC-LP HeLa p6 (Dunster et al., 1991; 

McElroy et al., 2006b; Wang et al., 1995). However, as these strains are attenuated in 

vertebrates and in mosquitoes, it is difficult to attribute a specific function to this 

mutation. NS4B has also been implicated in the modulation of interferon α/β signaling in 

vitro by DENV, and mutation of the NS4B resulted in attenuation of WNV 

neurovirulence in mice (Munoz-Jordan et al., 2003, 2005; Wicker et al., 2006).   

NS5 
 NS5 is the largest of the flavivirus non-structural proteins which functions in 

RNA replication as the viral RNA dependent RNA polymerase, encoded at the carboxy-
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terminal end, and methyltransferase for 5’capping, encoded at the amino-terminal end of 

the protein (Egloff, 2002; Kapoor et al., 1995; Koonin, 1993; Lindenbach and Rice, 

2003; Rice et al., 1985). This protein has been shown to associate with NS3 and the 

3’NCR (Chen et al., 1997; Kapoor et al., 1995). Mutation of this protein at NS5-137 was 

shown to be associated with YFV neurovirulence, possibly due to an effect on replication 

efficiency (Xie et al., 1998). 

5’ and 3’ Non-coding Regions 
 The NCR sequences of different flaviviruses are not well-conserved, but 

secondary structures formed by this region (some of which are conserved between the 

flaviviruses) are likely more important than the actual genomic sequence (Brinton and 

Dispoto, 1988; Calhour et al., 1995; Hahn et al., 1987). The 5’NCR is thought to 

participate in viral translation and initiation of positive strand synthesis (Calhour et al., 

1995; Lindenbach and Rice, 2003). The flavivirus 3’NCR is fairly well studied and 

participates in replication through interactions with NS3 and NS5 at a conserved stem-

loop, the 3’SL at the 3’end of this region (reviewed by Lindenbach and Rice, 2003). A 

well-conserved sequence upstream of the 3’SL, CS1, is thought to bind to a 

complementary sequence in C to mediate cyclization (Bredenbeek et al., 2003; Hahn et 

al., 1987). The existence of repeated sequences within this region have been used to 

investigate the relationship between YFVs, as viruses with different geographic origin 

contain different numbers of these repeated sequences (discussed below; Mutebi et al., 

2004). There are also differences in organization of the 3’NCRs of mosquito-borne 

versus tick-borne flaviviruses, which corresponds well with their geographic distribution 

and disease syndromes, discussed below (Gaunt et al., 2001; Gould et al., 2001, 2003). 

With respect to virulence, Proutski et al. examined the predicted secondary structures of 

various wild-type and attenuated YFV strains and found a correlation between virus 

virulence and secondary structure (1997), and a number of DENV vaccine candidates 

which contain a 30 nt deletion in the 3’NCR are attenuated in vertebrates and in 

mosquitoes (Blaney et al., 2004a, b, 2006; Hanley et al., 2005; Whitehead et al., 2003).  

   



 

 29

B. Phylogeny 
 Phylogenetics has been used to study the evolution and genetic relationships 

among flaviviruses. It has been established by numerous studies that there is a strong 

correlation between the antigenic and phylogenetic relationships of flaviviruses and that 

mosquito-borne, tick-borne, and no known vector (NKV) viruses fall into distinct groups. 

Among the mosquito-borne viruses, the most divergent are the Old World viruses 

associated with Aedes spp. mosquitoes, and this group can be separated from viruses 

associated primarily with Culex spp. mosquitoes and encephalitic disease. It has been 

hypothesized that the flavivirus genus emerged from mammalian viruses with no 

arthropod vector, and that arthropod-borne flaviviruses emerged from Africa. It is 

obvious from these types of studies that viral epidemiology and ecology play a significant 

role in the evolution of flaviviruses, which explains why the groups established by 

examining the phylogeny based on sequences from the viral structural (generally E), non-

structural (generally NS5), or 3’NCRs (Barrett and Higgs, 2006; Gaunt et al., 2001; 

Gould et al., 2003).     

 Among the flaviviruses, YFV has been very well studied. YFV is thought to have 

emerged early in flavivirus evolution, most likely having originated in Africa and brought 

to the New World repeatedly on slave ships (Barrett and Higgs, 2006; Gould et al., 

2003). The YF mosquito, Ae. aegypti is hypothesized to have originated in Africa as well 

and was transported to the New World by the same means as YFV (Tabachnick, 

1991).There are seven genotypes of YFV based on phylogeny: Angola, East and Central 

African, East African, West Africa genotypes I and II, and South America genotypes I 

and II (Barrett and Higgs, 2006; Mutebi et al., 2004). The most striking difference 

between YFV strains observed by sequence analysis is size heterogeneity in the 3’NCR. 

As mentioned in Section 1.4A, the 3’NCR contains one to three repeated nt sequence 

elements (RYFs), termed RYF 1-3. There is a strong correlation between geography and 

sequence, as West African YFV genotypes contained 3 RYFs, Angola, East and Central 

African genotypes contained 2 RYFs, and South American YFV genotypes only have 1 

RYF (Mutebi et al., 2004). South American strains were more closely related to those 
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from West Africa than Central and East Africa, supporting the hypothesis of YFV 

importation to the New World during the slave trade. The deletion of two RYFs was 

hypothesized to be the result of or the reason for YFV circulating in different mosquitoes 

in South America. Central and East African strains were hypothesized to have evolved 

independently of those in South America. It is unclear what role, if any, these RYFs have 

in YFV virulence, as deletion of all of the RYFs did not affect RNA synthesis or the 

ability of virus to plaque (Bredenbeek et al., 2003; Mutebi et al., 2004). Nevertheless, it 

was hypothesized that the RYFs regulate replication and translation and that they 

probably arose during adaptation to mosquito vectors (Mutebi et al., 2004).     

 

C. Flavivirus life cycle  
 The flavivirus lifecycle is depicted in Figure 1.4. Flavivirus particles, which are 

spherical and approximately 50 nm in size, bind to as yet undetermined receptors on the 

target cell surface via the cell surface expressed E glycoprotein. Virions are then 

internalized via receptor-mediated endocytosis and undergo low pH-mediated 

trimerization of E and fusion of the viral and host cell membrane followed by release of 

the viral nucleocapsid. Viral RNA then enters the cell cytoplasm and viral proteins are 

produced by translation, followed by co- and post-translational processing by viral and 

host proteases. RNA replication occurs on host cell membranes in vesicle packets, and 

virion assembly occurs on the surface of the ER. Immature viral particles are then 

transported through the trans-Golgi network, prM is cleaved by furin, and mature virions 

are released from the cell by exocytosis along with non-infectious subviral particles 

lacking C or RNA (Allison et al., 1995; Chambers et al., 1990; Gollins and Porterfield, 

1986; Heinz et al., 1994; Ishak et al., 1988; reviewed by Lindenbach and Rice, 2003; 

Mackenzie and Westaway, 2001; Mackenzie et al., 1996, 1998; Mason, 1989; Modis et 

al., 2004; reviewed by Mukhopadhyay et al., 2005; Sriurairatna and Bhamarapravati, 

1977; Stadler et al., 1997; Westaway et al., 1999).   
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1.4 FLAVIVIRUS INFECTIOUS CLONES 
 Viral infectious clones (i.c.) are cDNA copies of RNA genomes. Virus is 

produced from these clones by in vitro transcription of linearized cDNA to produce RNA. 

When used to transfect suitable cells, this RNA behaves identically to the viral genomic 

RNA, and transfected cells can then be used to produce virions indistinguishable from 

those of the parental virus strain. Infectious clones have been produced for many viruses 

to facilitate studies of viral replication, viral structure, antigenicity, virulence 

determinants, and vaccine development. Due to the instability of early full-length 

flavivirus i.c., the first clones were constructed on two plasmids and ligated in vitro. This 

approach was used for YFV (Rice et al., 1989), DENV-2 (Kapoor et al., 1995), JEV 

(Sumiyoshi et al., 1992), and TBEV (Mandl et al., 1997). Through the use of low copy 

number vector plasmids and specific bacterial host cells, a number of full-length 

flavivirus i.c. have been reported since 1991, including those for DENV (Lai et al., 1991; 

Kinney et al., 1997), TBEV (Gritsun and Gould, 1998; Hayasaka et al., 2004; Mandl et 

al., 1997), WNV (Shi et al., 2002; Yamshchikov et al., 2001), and JEV (Yun et al., 

2003). With the exception of the virus derived from a TBEV i.c. reported by Hayasaka et 

al. (2004), which had minor biological differences from the parental virus, the resulting 

infectious clones were stable, and virus produced from these infectious clones retained 

the biological and phenotypic characteristics of their parental viruses. The first full-length 

YFV i.c. was constructed for YFV 17D (Bredenbeek et al., 2003), and a clone based on 

YFV Asibi was recently reported (McElroy et al., 2005) and is described in Chapter 3. 

These infectious clones and chimeric viruses derived from them are being used to 

evaluate genetic determinants of infection and dissemination in Ae. aegypti (Chapters 4 

and 5; McElroy et al.., 2006a, b) as well as determinants of virulence in vertebrates (A.R. 

Engel, unpublished data; McArthur et al., 2004). 
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1.5 YELLOW FEVER VIRUS (YFV) 

A. History of YFV 
 Yellow fever was first described in a Mayan manuscript dating back to 1648, 

which details “xekik,” or black vomit that results from internal hemorrhage in severe YF 

cases. As discussed above, YFV is thought to have originated in Africa and was most 

likely introduced to the Americas, along with Ae. aegypti, during the slave trade (Barrett 

and Higgs, 2006; Monath, 1999; Tomori, 2004). Numerous outbreaks have been recorded 

in the Caribbean and the Americas since the first description, reaching as far north as 

New York. The U.S. alone recorded 35 appearances from 1702 to 1800, and outbreaks 

occurred annually, with the exception of two years, from 1800-1879. One large outbreak, 

in Philadelphia, PA in 1793, was estimated to have killed approximately 10% of the 

population, a number of whom are buried under what is now Washington Square near 

Independence Hall. The largest epidemic in the U.S. occurred in 1878 along the 

Mississippi River to Memphis, TN, in which as many as 20,000 people succumbed, and 

the last U.S. outbreak was in New Orleans in 1905. YF outbreaks were also recorded in 

Europe in the 1700s, and the largest outbreak in this region occurred in 1800 in Spain, in 

which 60,000 people died. Although the first recorded outbreak in Africa occurred in 

1778 in Senegal, it is assumed that YFV was prevalent on the continent before this 

record. The largest outbreak in the last century killed 30,000 of 100,000 infected 

individuals in Ethiopia between 1960 and 1962 (reviewed by Tomori, 2004; Monath, 

2001; [No authors listed], 2001).  

 As was noted above, Carlos Finlay first proposed the hypothesis that mosquitoes 

transmitted the etiologic agent of YF. Finlay observed that YF outbreaks occurred in very 

distant (across the Atlantic Ocean) locations under very different conditions than those 

from which they originated, and once in the Americas, often were very limited in 

distribution in individual epidemics for unknown regions. He also noted that YF was a 

disease characterized by alterations of the blood and vasculature, so it was reasonable to 

speculate that the agent of transmission be a blood-sucking insect. As the etiological 

agent had not yet been identified, previous theories focused on a “miasma,” toxemia, 
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filth, or fomites as the source of disease, and Finlay’s proposal was not very well 

received, especially because he was unable to support his claim with experimental 

evidence (Finlay, 1881). This was due to his failure to take into account the extrinsic 

incubation period necessary for YFV to develop in the mosquito. The term “extrinsic 

incubation” was first described by Carter (1900), who recorded the time between YF 

index cases and secondary cases during outbreaks in Mississippi in 1898. He 

hypothesized that the infecting agent must undergo some unknown “change in the 

environment” before secondary cases could develop, and this theory, combined with that 

put forth by Finlay years earlier, that convinced U.S. Army surgeons Walter Reed, James 

Carroll, Aristides Agramonte, and Jesse Lazear of the YFV Commission to further 

investigate the role of the mosquito in transmission of the agent which causes YF. Finlay 

actually provided the mosquitoes they used for the experiments, Cx. fasciatus (now 

known as Ae. aegypti). Their first attempt in August 1900 was unsuccessful, as they were 

unable to infect 10 human volunteers, including Lazear, with mosquitoes that had 

previously been fed on YF patients. However, Carroll was bitten by one of these 

mosquitoes a number of days after the experiment and developed YF. In a letter from 

Reed to Carroll during Carroll’s recovery, Reed actually asked “Did the Mosquito do it?” 

on the envelope. Shortly after, Lazear was bitten by a YFV-infected mosquito and died.  

These occurrences were reported by Reed as a “Preliminary Note” at the annual 

meeting of the American Public Health Association in conjunction with their 

investigation of the etiological agent (described below). Eleven cases were detailed in 

this note, including Carroll and that of Private William H. Dean, the first “controlled 

experimental case of YF.” Lazear was omitted as a case in this note as the Commission 

was unable to confirm that he could not have been infected by some other means. Carroll 

and Dean were both bitten by mosquitoes which had been fed on YF patients as many as 

12 and 16 days before, respectively (Reed, 1900). Follow-up experiments, reported by 

Reed, Carroll, and Agramonte in 1901, were better controlled and definitively implicated 

mosquitoes in transmission of the agent of YF while disproving the fomite theory. In 

these experiments, non-YFV immune human volunteers were separated into groups to be 
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quarantined with either mosquitoes which had been fed on acutely ill YF patients twelve 

or more days before or with blankets, sheets, pillows, towels, nightclothes, and other 

items which had been contaminated by the blood, urine, feces, and black vomit of acutely 

ill YF patients. Of the seven individuals housed with the mosquitoes, six developed YF, 

whereas none of the seven individuals housed with the contaminated fomites developed 

the disease. Based on these data and subsequent experiments confirming their validity, 

mosquito control measures were implemented with much success in nearby Havana, 

Cuba and elsewhere in the Americas.   

Subsequent experiments focused on the etiological agent responsible for YF. 

Before the YFV Commission was assembled, Bacillus icteroides had been implicated as 

the infectious agent which caused YF disease by Guiseppe Sanarelli. However, members 

of the Commission and others were unable to visualize a bacterium on examination of 

clinical specimens or infected mosquitoes. On the heels of the discovery by Loeffler and 

Frosch that the agent which causes foot and mouth disease in animals is able to pass 

through a filter capable of trapping agents as large as a bacterium, Reed and Carroll 

conducted similar experiments and found that the agent which causes YF was able to pass 

through the same filter and causes disease when injected into non-YFV immune human 

volunteers (Reed, 1902). Thus, the etiological agent of YF was not a bacterium.  

The work done by the YFV Commission truly had a large impact on public health, as 

following the success of mosquito control efforts, particularly in the Americas, urban YF 

was basically eliminated. Unfortunately, the success of these efforts led to their demise, 

as Ae. aegypti was able to repopulate many areas from which it had been eradicated after 

the control programs were suspended due to waning interest. However, mosquito control 

is practiced, if even sporadically, in many areas of the world as a means of avoiding 

arbovirus outbreaks, and this continues to be the primary means of prevention of many 

diseases due to the lack (or, in the case of YFV 17D in some areas, unavailability) of 

vaccines against the viruses which cause them.   
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B. Human disease caused by YFV 
 Following infection by YFV, disease may be subclinical, mild and non-specific, 

or severe with jaundice, hemorrhage, and in some cases, death. The incubation period is 

3-6 days, after which the disease may progress in three phases. The first phase, the period 

of infection in which the human is viremic, lasts 3-6 days and is characterized by 

relatively non-specific symptoms such as fever, malaise, dizziness, headache, 

photophobia, nausea, vomiting, lumbosacral pain, and myalgia. The patient may present 

with a fever generally 102-103oF, conjunctival infection, hyperemia, bradycardia (relative 

to fever, called Faget’s sign), and tenderness and enlargement of the liver. Clinical 

diagnostic signs include leukopenia, neutropenia, and slight elevation of serum aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT). This stage is followed by a 

period of remission lasting up to 2 days in which the symptoms subside, and the patient 

may recover or progress into the third stage, the period of intoxication (reviewed by 

Monath and Barrett, 2003; Monath, 2005; Tomori, 2004). It is estimated that about 1 in 7 

YFV infected individuals progress to this stage (Monath and Barrett, 2003). This stage 

lasts 3-8 days, and viremia has subsided while antibodies have begun to appear. This 

stage is characterized by moderate to severe disease, with symptoms including headache, 

epigastric pain, malaise, nausea, vomiting, jaundice, oligouria, cardiovascular instability, 

tenderness and enlargement of the liver, and hemorrhage. The hemorrhage results in the 

“black vomit” or coffee-grounds hematemesis, hematuria, petechiae, ecchymoses, and 

bleeding from the nose, gums, and needle puncture sites. Clinical indicators include 

increased AST levels which are higher than ALT levels (not typical of viral hepatitides), 

rises in serum transaminase and bilirubin levels with the onset of jaundice, albuminuria, 

acidosis and low urine pH. Thrombocytopenia, prolonged clotting and prothrombin 

times, disseminated intravascular coagulation, and leukocytosis are also noted. Virus 

replication in the cardiac muscle resulting in sinus bradycardia accompanied by acute 

cardiac enlargement may occur. Although YFV is primarily viscerotropic, that is able to 

infect and damage the heart, kidneys, spleen, lymph nodes, and liver, central nervous 

system symptoms are sometimes seen in very severe, often lethal, cases of YF resulting 
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from cerebral edema or metabolic factors and include delirium, agitation, convulsions 

and coma (reviewed by Monath and Barrett, 2003; Monath, 2005; Tomori, 2004).  

 Liver pathology induced by YFV infection is characterized by the following 

features: eosinophilic degeneration of hepatocytes and Kupffer cells with condensed 

nuclear chromatin, midzonal hepatocellular necrosis, absence of inflammation, 

microvesicular fatty changes, and retention of reticular structure. Damage to the kidneys 

is similar, characterized by eosinophilic degeneration, absence of inflammation, and 

microvesicular fatty changes, and glomerular lesions. In the heart, myocardial cells 

undergo similar changes as well, also with an absence of inflammation. Pathogenic 

changes in the vasculature are expected given the existence of hemorrhagic 

manifestations in severe disease, and petechial hemorrhages of the skin and mucosal 

surfaces, pleural and peritoneal effusions, and pulmonary edema are in fact observed in 

post-mortem tissues. Immunohistochemical staining of tissues demonstrates YFV antigen 

staining in the midzonal hepatocytes, renal tubular cells, and myocardial cells (reviewed 

by Monath, 2001; Monath and Barrett, 2003).   

 Although severe disease occurring in an unvaccinated individual who lives in or 

has traveled to a known YF endemic or epidemic zone is fairly easy to diagnose, in some 

cases it must be differentiated from diseases causing similar symptoms, such as 

leptospirosis, louse borne relapsing fever, viral hepatitis, and severe malaria, DEN, and 

CCHF. Specific diagnosis occurs from detection of live virus or viral antigen in the blood 

(during the period of infection) or measurement of Ab in paired acute and convalescent 

serum. However, Ab-based diagnosis may be complicated in areas where multiple 

flaviviruses circulate due to cross-reactivity. Alternatively, post-mortem liver biopsy and 

antigen detection may be confirmatory. (Monath, 2005; Tomori, 2004). 

 Much of what is known about the pathology of YF disease has been derived from 

post-mortem studies in humans and non-human primates. Rhesus and cynomolgous 

macaques infected with YFV manifest hepatitis, and in the case of rhesus macaques, 

pathology similar to that seen in humans, although this is variable depending on the YFV 

strain used in the study. However, the use of small animal models such as rodents is 
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preferable to the use of non-human primates due to the comparatively high cost 

associated with conducting research in these animals. Unfortunately, disease in rodents 

induced by infection with wild-type YFV is primarily neurotropic and thus does not 

model human disease (Monath and Barrett, 2003). Tesh et al. (2001) and Xiao et al. 

(2001) described the development and characterization of a hamster model of severe YF 

disease which was developed by inoculating 4-10 wk old Golden Syrian hamsters 

(Mesocrecitus auratus) intraperitoneally with a wild-type YFV, Jimenez strain, that had 

been passaged serially 10 times through hamster liver. Similar clinical and pathological 

changes were observed in this model to those observed in infected macaques and humans, 

and the authors concluded that this model could be used for additional studies of YF 

disease and evaluation of possible treatments (Tesh et al., 2001; Xiao et al., 2001).  This 

model was subsequently used to confirm the hypothesis that previous infection with 

heterologous flaviviruses such as DENV, JEV, SLEV, or WNV protects against the 

development of YF disease. In this study, previous exposure to one of the above 

mentioned flaviviruses protected the animals from typical pathologic changes and death 

after infection with YFV (Xiao et al., 2003). McArthur et al. reported the development 

and characterization of another small animal model to study YF disease, with an 

emphasis of viscerotropism (2003). In this study, the YFV prototype wild-type Asibi 

strain, which did not cause viscerotropic disease in hamsters, was serially passed 7 times 

in hamster liver. When inoculated intraperitoneally into 3-4 wk old Golden Syrian 

hamsters, resulted in severe viscerotropic disease and death in 100% of infected animals.  

This virus, Asibi/hamster p7, was found to contain 14 nt and 7 aa substitutions when 

compared to the Asibi/hamster p0 parental virus, and some or all of these changes are 

hypothesized to be involved in causing viscerotropic disease. Future studies will further 

characterize the molecular determinants of YFV viscertropism, which may aid in the 

development of treatments or safer vaccines (McArthur et al., 2003). 
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C. Attenuated YFV strains 
 Since no specific treatment for YF disease and therapy is mainly supportive, 

vaccination against YFV remains the only defense against disease. Two live attenuated 

vaccines developed in the 1930’s have been used for YFV, 17D and FNV. These and 

other attenuated YFV strains can be used to characterize molecular determinants of 

virulence or vector competence. 

17D, 17D-204, and 17DD  
The derivation of the 17D vaccine strains is depicted in Figure 1.5. The 17D 

vaccine was developed by Theiler and Smith by passage of Asibi through mouse 

embryonic tissue to passage 18, minced whole chick embryo through passage 76 (after 

which it was designated “17D”), and thereafter in minced chick embryo minus the brain 

and spinal cord (Theiler and Smith, 1937; Theiler, 1951). Neurovirulence and 

viscerotropism were determined to be attenuated between passages 89 and 114. Two 

substrains of 17D were propagated for vaccine production, 17D-204 and 17DD. 17D-204 

was passed in minced chick embryo minus brain until passage 204, after which it was 

passed 17 times in human serum in culture medium then propagated in embryonated 

hens’ eggs. Passage 228 was used by the Rockefeller foundation to prepare seed stocks. 

A seed lot system was established in 1941 to avoid problems such as overattenuation, 

loss of immunogenicity, and reversion to neurovirulence associated with the use of 

vaccine at different passage histories. Primary and secondary seeds are tested for safety 

by intracerebral inoculation of rhesus or cynomolgus monkeys for safety before being 

used to manufacture vaccine for human use. Primary seeds were produced by the Robert 

Koch Institute for WHO at passage 236 and another was produced at passage 237, 

designated 17D-213 even though it is a substrain of 17D-204. Current vaccines are 

produced from virus at passage 235-238 (reviewed by Barrett, 1997; Monath, 2005). The 

17DD vaccines, which are only used in Brazil, were developed by virus taken at passage 

195 and passaged in minced chick embryo tissue to passage 243, after which the virus 

was propagated in whole embryonated hens’ eggs. A primary seed was produced at 

passage 284, secondary seed was produced at 285, and the vaccine was used at passage 
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286 to 287 (reviewed by Monath, 2005). For manufacture of vaccine, the eggs used are 

from isolated, pathogen-free hens to avoid the possibility of contamination with avian 

leukosis virus. Inoculation of one egg typically produces 100-300 doses of vaccine 

(Monath, 2005). Vaccinated humans mount a low viremia (< 2.3 log10 pfu/ml) from three 

to seven days post-vaccination, and neutralizing Ab, which may last for more than 45 

years, are detected between days 7 and 10 (Barrett, 1997; Monath, 2005). The mechanism 

of immunity is poorly understood, but 17D is thought to stimulate a robust innate 

immune response, and neutralizing Ab are thought to play the most important role in the 

adaptive immunity against YFV (Monath, 2005). 

Sequence comparison of 17DD and 17D-213 strains revealed 48 nt substitutions 

and 22 aa differences from the parental Asibi strain which were common to all 17D 

vaccine strains (Duarte dos Santos et al., 1995). Xie et al. reported that 17D vaccine virus 

isolated from humans post-vaccination contained very few mutations (1998) which, 

coupled with loss of the ability of 17D to be transmitted by mosquitoes, contributes 

greatly to the safety profile of the vaccine. 17D has long been considered the safest 

vaccine available because side effects are rare, and if they occur, they are generally very 

mild. However, complications following vaccination can occur, and in rare cases, vaccine 

associated neurotropic disease (YEL-AND) or vaccine-associated viscerotropic disease 

(YEL-AVD) can develop. YEL-AND occurs in approximately one person per 2.5 to 16 

million adults vaccinated with 17D-204 (the incidence is much higher in infants at 0.5-4 

per 1000) and manifests as meningoencephalitis as a result of CNS invasion (Monath, 

2005). Virus isolated from the brain of a 3 year old girl who died of YEF-AND was 

found to contain two mutations compared to the vaccine at positions 155 and 303 in E, 

and it was hypothesized that disease resulted from the substitution at position 303, which 

maps to domain III, although host factors cannot be excluded (Jennings et al., 1994; 

Monath, 2005). First recognized in 1996, YEL-AVD occurs in approximately 1 per 2.5 

million vaccinated individuals and results in disease not unlike that of wild-type YF, with 

hepatitis, multi-organ failure, and a high (50%) mortality rate in recognized cases (Engel 

et al., 2006, Monath, 2005). These events have been hypothesized to relate to host factors 
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because isolates made in these cases have shown little or no sequence differences to the 

virus used in the vaccine. However, sequence comparison of a YFV isolate from a fatal 

YEF-AVD case in Brazil identified six aa mutations when compared to 17DD, 3 of 

which were not found in other wild-type or vaccine strains (Engel et al., 2006). The 

mechanism of virulence associated with these changes is unclear. 

FNV 
 The FNV YFV vaccine was developed by passaging the wild-type French 

viscerotropic virus, isolated in Senegal in 1927, 128 times in mouse brain, and the 

vaccine was used at passage levels 258 to 260 (Barrett, 1997). Over 80 million doses of 

this vaccine were administered by scarification from 1939 and 1953, and the vaccine was 

very effective in preventing disease but was associated with a high rate of adverse 

reactions, including meningeal signs in 3 to 5% and post-vaccinal encephalitis in 0.5-

1.3% of vaccinees. In 1965 during an outbreak in Senegal, 248 cases of encephalitis were 

identified in vaccinees, 22% of whom died. FNV was discontinued in 1980 (reviewed by 

Barrett, 1997; Tomori, 2004). Sequence comparisons of FVV and FNV revealed 77 nt 

differences and 35 aa substitutions between the two strains scattered throughout the 

genome with the exception of the 5’NCR (Wang et al., 1995). Only two substitutions, M-

Leu36Phe and NS4B-Ile95Met, were shared in common between Asibi/17D and 

FVV/FNVV pairs, leading to the speculation that these mutations are very important to 

the attenuation of both vertebrate virulence and mosquito infectivity.   

Asibi-LP-CDC HeLa p6 
 Following up on reports that attenuation of wild-type YFV strains was 

accomplished by passage in HeLa cells (Hardy, 1963; Hearn et al., 1965; Converse et al., 

1971), Barrett et al. (1990) passaged the Asibi-LP-CDC strain 6 times through HeLa 

cells. The resulting virus, Asibi-LP-CDC HeLa p6, exhibited loss of viscerotropism in 

cynomolgous monkeys, reduced neurotropism in mice, and was not transmitted by Ae. 

aegypti (Barrett et al., 1990; Dunster et al., 1999). Comparison of the Asibi-LP-CDC and 

Asibi-LP-CDC HeLa p6 sequences found 29 nt and 10 aa differences between the 

viruses. Two aa substitutions were shared in common between Asibi/17D and Asibi-LP-
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CDC/Asibi-LP-CDC HeLa p6 virus pairs, E-Lys331Arg, and NS5-Pro900Leu.  One 

substitution, NS4B-Ile95Met, was shared in common between Asibi/17D, FVV/FNVV, 

and Asibi-LP-CDC/Asibi-LP-CDC HeLa p6 virus pairs. As the authors noted however, 

17D, FNVV, and Asibi-LP-CDC HeLa p6 are all attenuated in monkeys and mosquitoes, 

so it is difficult to attribute one or all of these substitutions to attenuation in either or both 

of these systems (Dunster et al., 1999). Further studies are clearly necessary to define the 

molecular determinants of YFV virulence, neurotropism, and mosquito infectivity.  

 

1.6 YFV TRANSMISSION 

A. Epidemiology and Ecology of YFV 
As a mosquito-borne virus, YFV is maintained and transmitted in cycles 

involving a number of different mosquitoes and humans or non-human primates. As a 

zoonotic pathogen, YFV will never be fully eradicated because it is impossible to 

eliminate the virus from the forest-dwelling non-human primates maintaining it. YFV 

transmission does not occur anywhere in North America, Europe, Australia, Antarctica, 

or Asia, but YFV is endemic to tropical Africa (34 countries) and South America (10 

countries), where distinct transmission cycles occur (Figure 1.6). Reporting of YFV cases 

and deaths to the WHO began in 1948. However, the number of YF cases and fatalities 

reported to the WHO are thought to be gross underestimates (Nasidi et al., 1993). Today 

it is estimated that YFV infects 200,000 people per year, resulting in 30,000 deaths and 

poses such a great risk to travelers that vaccination with 17D is strongly recommended or 

required for travel to these areas (reviewed by Barrett and Monath, 2003; Tomori, 2004). 

The specifics of YFV epidemiology and ecology are discussed separately below for 

Africa and South America, and hypotheses are presented for the lack of transmission in 

Asia. 

Africa 
 Over 90% of the YFV cases reported to the WHO occur in sub-Saharan Africa, 

and during epidemics, infection rates may be as high as 20% (Tomori, 2004). For an as 
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yet undetermined reason, the majority of reported outbreaks occur in West Africa; from 

1983 to 2003, 46 outbreaks were recorded on the continent, with 41 in West Africa and 

the other five in East or Central Africa (Tomori, 2004). It is hypothesized that the 

difference in YFV occurrence between these regions is due to climatic factors, genotype 

differences, differences in population density, and differences in vector susceptibility and 

behavior (Barrett and Monath, 2003; Mutebi and Barrett, 2002; Tomori, 2004). The 

number of cases reported to the WHO has varied considerably over the years (Figure 

1.7): from 1950 to 1959, only 362 cases were reported; between 1960 and 1962, 

approximately 100,000 cases and 30,000 deaths were recorded during a large outbreak in 

Ethiopia; 3901 cases were reported between 1965 and 1980; and between 1981 and 2000, 

there were 23,071 cases of YFV. The period between 1987 and 1991 constituted the 

highest YF activity for any other 5 year period since reporting began, with 18,738 cases 

and 4,522 deaths. Between 2001 and 2003, 1,547 YF cases were reported to the WHO. A 

large majority of cases occur in children, as routine prophylactic mass vaccination 

campaigns were abandoned in the 1960s and the vaccine is now used primarily to stop 

the spread of epidemics (Tomori, 2004).     

 YFV exists in three transmission cycles in Africa: the jungle cycle, the urban 

cycle, and the intermediate sylvatic cycle which links the jungle and urban cycles (Figure 

1.8). The jungle cycle maintains YFV between Ae. africanus mosquitoes and non-human 

primates, and humans may become infected through occupational or recreational 

activities. Upon return to an urban area, the highly anthropophilic Ae. aegypti may 

become infected and propagate an epidemic in the mosquito-human-mosquito urban 

cycle. The intermediate sylvatic cycle is found only in the moist savanna zone of Africa 

(the “zone of emergence”), and this cycle is defined by tree-hole breeding mosquitoes Ae. 

africanus, Ae. bromeliae, Ae. luteocephalus, Ae. furcifer, Ae. metallicus, Ae. opek, Ae. 

taylori, Ae. vittatus, Ae. simpsoni, and Ae. kenysesis which transmit virus to humans and 

non-human primates. Both humans and monkeys mount a viremia, but African monkeys 

rarely succumb to infection (Barrett and Monath, 2003; Monath, 2001; Tomori, 2004).   
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South America 
 As many as 300 cases of jungle YF are reported to the WHO each year in South 

America, which has been free from urban YF since an outbreak in Brazil 1954 (Tomori, 

2004). Similar to the situation in Africa, the incidence of YF varies by year. From 1950-

1959, 2,918 cases were reported; 1,826 cases were reported from 1965 to 1980; 3,846 

cases were reported between 1981 and 2000; and 331 cases were reported between 2001 

and 2003 (Tomori, 2004). The incidence of YF in South America from 1999 to 2004 is 

presented in Figure 1.9. Also like Africa, the incidence is believed to be dramatically 

underestimated, mostly due to the occurrence of jungle YF in very remote areas, and the 

majority of cases are in male agricultural or forest workers (Barrett and Monath, 2003). 

Unlike Africa, however, YFV can be transmitted in only two transmission cycles in 

South America, the jungle cycle, and the urban cycle (Figure 1.10). Haemogogus 

janthinomys and Sabethes chloropterus mosquitoes transmit YFV to non-human primates 

in the South American jungle cycle, and humans may become infected by these 

mosquitoes and carry the virus back to urban areas. In contrast to the African jungle 

cycle, South American non-human primates are very susceptible to YFV infection, 

sometimes with fatal results. Another feature which distinguishes the South American 

from the African transmission cycles is the lack of an active urban YF cycle. Although 

Ae. aegypti was eradicated from much of urban South America during the 1930’s, 

abandonment of vector control measures led to the re-infestation of the mosquito and, 

with it, the chance that urban YF may once again occur there (Barrett and Monath, 2003; 

Tomori, 2004). 

Asia 
 A number of hypotheses have been put forth to explain the conspicuous absence 

of YF from Asia, given the suitability of the climate and the presence and abundance of 

Ae. aegypti there. Theories include the absence of YFV introduction into Asia, variation 

in human susceptibility or cross-protection afforded by the circulation of related 

flaviviruses, such as DENV and JEV, low vector competence of Asian Ae. aegypti, and 

low vector and potential host density (Tomori, 2004). Given the long history of 
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transcontinental trading, which for example resulted in the introduction of both YFV and 

Ae. aegypti to the Americas, it is difficult to imagine that YFV has not been introduced 

into Asia numerous times, and Ae. aegypti collected from Asia have been shown to be 

capable of transmission of YFV (Tabachnick et al., 1985). There are not enough data on 

human susceptibility, or vector or host density to comment, but cross-protection is a 

possibility as Xiao et al. demonstrated previous infection with heterologous flaviviruses 

was protective against lethal YFV challenge using the Golden hamster animal model 

(2003). Gould et al. presented some interesting insights, which are reviewed briefly here 

(2003). The inability of YFV to set up a sylvatic cycle in Asia is hypothesized to be a 

factor. Cuba was cited as an example: following eradication of Ae. aegypti and thus YFV 

through mosquito control, re-introduction of Ae. aegypti has not resulted in the return of 

YFV due to the lack of a YFV sylvatic cycle on the island. Additionally, the most logical 

source of YFV introduction into Asia is East Africa, where YFV outbreaks occur only 

rarely, decreasing the likelihood of virus export from this region. Gould also 

hypothesized that the high virulence of YFV in outbreaks also might impede long-

distance viral spread, as infected humans may be too sick to travel long distances. 

Whatever the reason, it is clear that there may never be any definitive answer to the 

question of why YFV does not circulate in Asia.   

 

B. Wild-type YFV and the YF mosquito, Ae. aegypti  
 Since the discovery that Ae. aegypti could transmit the etiological agent of YF 

(Reed et al., 1900, 1901a,b), a number of studies have been executed to detail the 

interactions between wild-type YFV and Ae. aegypti. It has been well-established that Ae. 

aegypti is able to become infected with and transmit wild-type YFV strains. However, the 

efficiency of transmission of YFV by Ae. aegypti varies depending on both the virus and 

mosquito strains used in the experiments. The viral genetic factors involved in 

transmission have been discussed at length in other sections; other studies, including 

those concerning vector genetics, will be considered here.  
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By inoculating rhesus macaques with homogenates from YFV-infected 

mosquitoes, Bauer and Hudson (1928) were able to determine that infectious virus was 

located in Ae. aegypti throughout the extrinsic incubation period, which they found in 

their study to be 9-12 days. Following up on these studies, Davis and Shannon (1928) 

characterized the YFV distribution in Ae. aegypti and found virus in all three body 

sections before the mosquitoes were capable of transmission; virus was localized in the 

legs, ovaries, salivary glands, midguts, and hindguts of infected mosquitoes. The authors 

noted that although the ovaries were infected, they could find no evidence from their 

experiments that YFV was transmitted transovarially. Later experiments confirmed that 

YFV was able to be transmitted transovarially, although at the very low rate of 

approximately 0.2% of eggs (Aitken et al., 1979; Beaty et al., 1980). This mode of 

vertical transmission is important, however, allowing virus to survive during cool or dry 

periods in unhatched eggs to be hatched when optimal conditions return (reviewed by 

Barrett and Monath, 2003; Tomori, 2004).  

 Philip (1962) established that YFV infection did not increase mortality in infected 

versus control Ae. aegypti, and found that Ae. aegypti could still become infected with 

YFV at 110 days post-emergence and could transmit virus up to 128 days post-infection. 

However, these experiments were carried out under laboratory conditions, so the author 

noted that this may not be a natural occurrence. Lorenz et al. (1984) raised another issue 

which should be taken into account when making conclusions about vector competence 

following laboratory experiments, and that is of mosquito susceptibility to virus infection 

following colonization. Field collected Ae. aegypti were propagated in the laboratory and 

susceptibility of successive generations to infection with YFV was tested. This study 

concluded that colonization can alter susceptibility of Ae. aegypti to YFV, and the largest 

difference was recorded between the first and second generations of mosquitoes. They 

also noted that differences in YFV susceptibility of Ae. aegypti was accompanied by 

genetic variation between generations at the malate dehydrogenase enzyme locus, which 

was therefore hypothesized to play an important role in defining vector susceptibility to 
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virus infection. This study provided definitive evidence that YFV infection of Ae. aegypti 

is partially under the control of vector genetics. 

  Aitken et al. (1977) observed that the ability of Ae. aegypti to transmit FVV 

varied by the geographic location of mosquito collection. These findings were confirmed 

by Tabachnick et al. (1985), who evaluated the YFV susceptibilities of Ae. aegypti 

collected from 28 geographic regions. The mosquitoes were allocated into 5 groups based 

on susceptibility to Asibi infection, with East African domestic and Caribbean 

populations being the most susceptible and West African sylvan populations being the 

most refractory. Asia-Pacific populations were also included in this analysis to evaluate 

the hypothesis that YFV absence in Asia is due to refractoriness vector. This study found 

these populations to be more susceptible than the West African sylvan populations, 

indicating that it is possible for Asian mosquitoes to vector YFV. Additionally, there was 

a strong relationship between YFV susceptibility and genetic groups as determined by 

isozyme variability, providing evidence that geographic variability is under genetic 

control. Wallis et al. (1985) were able to select for susceptibility of Ae. aegypti to YFV 

by inbreeding isofemale lines. Miller and Mitchell (1991) subsequently used these 

findings and others to select for Ae. aegypti populations which were highly susceptible 

(RexD) and highly refractory (7D) to YFV infection. The RexD colony described here 

has been used in many subsequent studies of YFV, including those outlined in Chapters 

3, 4, 5, and 6, to maximize infection potential and, therefore, sample size.  

 

1.7 JUSTIFICATION FOR THE STUDIES DESCRIBED IN THIS 
DISSERTATION 
 Asibi is the prototype strain of YFV. This wild-type strain was first isolated in 

Ghana in 1927 from the blood of a man named Asibi who was suffering from mild 

disease. The virus was passed through Macacus rhesus (rhesus macaques) thirty times by 

the inoculation of blood or serum from one monkey to another. In all cases except for 

one, infection with this virus was fatal for rhesus macaques. This strain was then taken 

and passaged multiple times to develop the 17D vaccine, discussed in Secton 1.5C. It was 
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established shortly after the development of the 17D vaccine from Asibi that the virus 

was not transmitted by Ae. aegypti (Whitman, 1939). Subsequent studies confirmed this 

attenuation and found that while 17D does infect the Ae. aegypti midgut, virus does not 

disseminate to the head to be transmitted (Jennings et al., 1994; Miller and Adkins, 1988; 

Whitman, 1939).  

The first YFV sequence to be published was that of 17D (Rice et al., 1985). This 

sequence was then compared to that of Asibi, revealing 68 nt and 32 aa differences 

between the two YFV strains (Hahn et al., 1987). Variations in sequences of other Asibi 

and 17D isolates are most likely due to different passage levels result in slight differences 

in these numbers (McElroy et al., 2006), but the same general trend is upheld: nt and aa 

differences between Asibi and 17D are scattered throughout the genome with the 

exception of the 5’NCR and C protein gene, and the majority of differences are found in 

E and NS2A.  

The genetic and phenotypic differences between Asibi and 17D make these 

strains amenable to characterization of viral dissemination in the mosquito. Whereas 

Asibi is able to infect and disseminate in Ae. aegypti at high rates, 17D is attenuated for 

infection of the Ae. aegypti midgut and does not disseminate to the salivary glands 

following oral infection. The existence of known genetic differences between Asibi and 

17D and the subsequent development of infectious clones based on these viruses make it 

possible to characterize the genetic basis of YFV-mosquito interactions. The genetic 

differences and resulting phenotypic differences in Ae. aegypti form the basis of a model 

system for the investigation of genetic and biological determinants of YFV dissemination 

from the midgut in Ae. aegypti, which is the backbone of the dissertation project 

described herein. Not only will this information contribute to the basic understanding of 

mosquito-virus interactions, a major field of study within arbovirology, but the 

identification of viral genetic sequences which, when manipulated, block viral 

dissemination and thus transmission, may aid in the rational development of live 

attenuated flavivirus vaccines which cannot be transmitted by mosquitoes. 
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Table 1.1- Selected mosquito-borne viruses of human and/or veterinary importance. 
(Compiled from Foster and Walker, 2002) 

 

Genus Virus Primary vectors 
Alphavirus Chikungunya 

Eastern equine encephalitis 
 
O’nyong-nyong 
Sindbis 
Venezuelan equine encephalitis
Western equine encephalitis 

Ae. aegypti 
Culiseta melanura, 
Oc. sollicitans 
Anopheles spp. 
Ae. aegypti 
Culex (Melanoconion), Ae., Oc. spp., 
Cx. tarsalis, Cx. (Melanoconion) spp.

Bunyavirus Jamestown Canyon 
La Crosse encephalitis 
Tahyna 

Cs. inornata 
Ochlerotatus triseriatus 
Ae. vexans 

Flavivirus Dengue serotypes 1-4 
Japanese encephalitis  
St. Louis encephalitis  
West Nile 
Yellow fever 

Ae. aegypti, Ae. albopictus 
Cx. triataehnyorhincus 
Cx. pipiens quiquefasciatus 
Cx. pipiens, Cx. p. quiquefasciatus 
Ae. aegypti 

Phlebovirus Rift Valley fever Ae. aegypti; Cx. pipiens 
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Table 1.2- Geographic distribution of selected mosquito-borne viruses. (Compiled from 

Foster and Walker, 2002) 

 

Genus Virus Distribution 
Alphavirus Chikungunya 

Eastern equine encephalitis 
O’nyong-nyong 
Sindbis 
Venezuelan equine encephalitis
Western equine encephalitis 

Asia, Africa, Phillipines 
Americas 
Africa 
Asia, Africa, E. Europe 
Americas 
Americas 

Bunyavirus Jamestown Canyon 
La Crosse encephalitis 
Tahyna 

North America 
United States 
Europe 

Flavivirus Dengue serotypes 1-4 
Japanese encephalitis  
St. Louis encephalitis  
West Nile 
 
Yellow fever 

Americas, Asia, Africa 
Asia, Phillipines 
Americas 
Africa, Europe, Asia, 
United States 
Africa, Central and  
South America 

Phlebovirus Rift Valley fever Africa 
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Table 1.3- Size and hypothesized functions of flavivirus genes. 

 

 

 

Translation, replication511/-3’NCR

RdRP, methyltransferase2715/905NS5

Unknown644/250NS4B

RNA replication553/149NS4A

Helicase, triphosphatase, serine protease1869/624NS3

Serine protease cofactor390/129NS2B

Virion assembly and release501/167NS2A

RNA replication1227/409NS1

Receptor binding, membrane fusion1479/493E

Stabilize E, chaperone E folding 267/89; 225/75prM/M

Virion nucleocapsid363/121C

Translation, plus strand RNA synthesis118/-5’NCR

Functionnt/aa
Gene/
Region

Translation, replication511/-3’NCR

RdRP, methyltransferase2715/905NS5

Unknown644/250NS4B

RNA replication553/149NS4A

Helicase, triphosphatase, serine protease1869/624NS3

Serine protease cofactor390/129NS2B

Virion assembly and release501/167NS2A

RNA replication1227/409NS1

Receptor binding, membrane fusion1479/493E

Stabilize E, chaperone E folding 267/89; 225/75prM/M

Virion nucleocapsid363/121C

Translation, plus strand RNA synthesis118/-5’NCR

Functionnt/aa
Gene/
Region
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Figure 1.1- Anatomy of the adult female mosquito. (Reproduced with permission, 
Wellcome Library, London) 



 

 52

Figure 1.2- Generalized transmission cycle of mosquito-borne viruses. (Ae. aegypti photo 
courtesy of S. Higgs) 
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Figure 1.3- Schematic diagram of flavivirus genome organization and processing. 
(Adapted from Lindenbach and Rice, 2003) 
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Figure 1.4- Flavivirus life cycle. (Adapted from Lindenbach and Rice, 2003; 
Mukhopadhyay et al., 2005) 
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Figure 1.5- Derivation of YFV vaccines. (Adapted from Monath, 2005) 
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Figure 1.6- Distribution of YF in Africa and South America. (Figure courtesy of WHO, 
www.who.int) 
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Figure 1.7- Incidence of YF in Africa, 1950 to 2004. (Figure courtesy of WHO, 
www.who.int) 
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Figure 1.8- Transmission cycles of YFV in Africa. (Adapted from Barrett and Higgs, 
2006; Barrett and Monath, 2003; Monath, 2005) 
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Figure 1.9- Incidence of YF in South America, 1999-2004. (Figure courtesy of WHO, 
www.who.int) 
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Figure 1.10- Transmission cycles of YFV in South America. (Adapted from Barrett and 
Higgs, 2006; Barrett and Monath, 2003; Monath, 2005) 
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CHAPTER 2: 

MATERIALS AND METHODS 

2.1 YF INFECTIOUS CLONES AND VIRUSES 

A. 17D infectious clone 
 The 17D i.c. was obtained from Ilya Frolov (Department of Microbiology and 

Immunology, UTMB). This clone, pACNR/FLYF-17D, contains the entire genome of 

17D-204 and was described by Bredenbeek et al. (2003). A laboratory stock of 0.694 

mg/ml of 17D i.c. DNA was generated by cesium chloride purification by the 

Recombinant DNA Laboratory (UTMB). 

Addition of Ds-Red2 to the 17D i.c. 
 In order to visualize virus in vitro and in Ae. aegypti, the fluorescent protein 

DsRed2 was added to the 17D i.c. This attempt employed the use of an internal ribosome 

entry site (IRES) from encephalomyocarditis virus (EMCV) as a promoter through which 

DsRed2 is expressed using the vector pIRES-DsRed2 (Clontech) as the source of both the 

IRES and the DsRed2.  

Site-directed mutagenesis. IRES-DsRed2 was amplified by polymerase chain reaction 

(PCR) to add a BglII restriction site at the 3’ end of the construct. This site was chosen to 

complement the site present at the 5’ end of the multiple cloning site. The primers IRES-

DsRed-For1 and IRES-Red-Bgl-Rev were used in the following PCR protocol: 50 ng 

template DNA, 125 ng each primer, 10 mM (1 µl) dNTP, 5 µl 10X Pfu buffer, and 1 µl 

Pfu polymerase were combined in a 50 µl reaction. The following cycling conditions 

were used: 95oC, 30 sec; 16 cycles of 95 oC, 30 sec, 55, 1 min, 68 oC, 10 min. Tubes were 

then placed on ice for 2 min. Each PCR product was digested with 20 U (1 µl) DpnI at 

37oC for 1 hr to purify the sample of methylated from hemimethylated (template) DNA. 

A BglII site was also added to a 17D subclone containing the ClaI-XhoI fragment of 17D 

(nt 9666-10871; 3’ 723 nt of NS5 and the 5’ 482 nt of the 3’ NCR) in the pBlueScript II 

KS (+) vector (Stratagene) using primers YF-BglMut-For and YF-BglMut-Rev. This 
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plasmid was named pBS-3’17D-BglII. The site for the addition of IRES-DsRed2 is 

located after the stop codon at the 3’ end of the coding sequence of the virus. The 

addition of the BglII restriction site to the 3’ end of IRES-DsRed and to pBS-3’17D-BglII 

was confirmed by sequencing, and no other mutations were present.  

Gel extraction. pBS-3’17D-BglII and IRES-DsRed2-BglII were digested with BglII, and 

vector and insert fragments were gel purified using the QIAquick Gel Extraction Kit 

(Qiagen) following manufacturer’s protocol (QIAquick Spin Handbook, p 23-24). 

Digested DNA mixed with DNA marker (80% glycerol, 0.1M EDTA, 0.3% bromphenol 

blue) was run on a 1% agarose gel, and the DNA bands were visualized using ethidium 

bromide under UV light. For gel extraction, the desired band was excised, weighed, and 

placed into a tube with 3 volumes Buffer QG. The tube was incubated at 50oC for 10 min, 

and 1 volume of isopropanol was added. The mixture was then transferred to a QIAquick 

spin column and centrifuged 1 min at 13K rpm. The flow-through was discarded, and 500 

µl of Buffer QG were added. The column was centrifuged for 1 min, the flow-through 

was discarded, and the column was washed with 750 µl of Buffer PE by centrifugation 

for 1 min at 13K rpm. The flow-through was discarded, and the column was again 

centrifuged for 1 min at 13K rpm and placed in a 1.5 ml collection tube. Thirty 

microliters of water were pipetted directly onto the membrane, the column was incubated 

at room temperature for 1 min, and the column was centrifuged for 1 min at 13K rpm.  

Ligation of DNA fragments. A vector:insert ratio of 1:3 was combined in a 10 µl reaction 

containing 1 µl 10X buffer and 400 U (1 µl) T4 ligase (New England Biolabs). Reactions 

were incubated overnight at 4oC and used to transform chemically competent Escherichia 

coli for plasmid amplification. 

Transformation of E. coli XL10Gold ultracompetent cells. XL10Gold ultracompetent 

cells (Stratagene) were transformed with plasmid DNA using standard protocols. One to 

five microliters of plasmid DNA were mixed with 50 µl DNA and 2 µl β-

mercaptoethanol. Cells were incubated on ice for 30 min, heat shocked at 42oC for 30 

sec, placed on ice for 2 min, and 250 µl SOC medium (Sigma) were added. After 1 hr in 
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a 37oC shaker, 30-50 µl of each reaction were plated on Luria-Bertani (LB) agar (Sigma) 

supplemented with 0.1 µg/ml ampicillin (Sigma), and grown overnight at 37oC. Colonies 

were picked, inoculated into LB broth (Sigma) supplemented with 0.1 µg/ml ampicillin 

(Sigma), and grown overnight in a 37oC shaker. Chemically competent E. coli MC1061 

cells were used in later experiments to amplify plasmids, and these were transformed 

following the same protocol. 

Purification of plamids by Miniprep. Plasmids were purified using the QIAprep Spin 

Miniprep kit (Qiagen) following manufacturer’s protocol (QIAprep Miniprep Handbook, 

p 22-23). Overnight cultures were pelleted by centrifugation and the pellets were 

resuspended in 250 µl Buffer P1. Two hundred fifty microliters of Buffer P2 and 350 µl 

Buffer N3 were each added separately to each tube, the contents were mixed after each 

buffer addition, and tubes were centrifuged 1 min at 13K rpm. The supernatants were 

then applied to a QIAprep column and centrifuged 1 min at 13K rpm. The columns were 

washed with 500 µl Buffer PB, centrifuged 1 min at 13K rpm, and washed again with 

750 µl Buffer PE. Columns were centrifuged twice for 1 min at 13K rpm, transferred to a 

fresh tube, and 50 µl of water were added to the membrane. Following incubation for 1 

min at RT, the columns were centrifuged for 1 min at 13K rpm and the plasmid DNA was 

collected. The resulting plasmid was named p17D-IRES-DsRed2. 

 

B. Asibi virus 
The YFV Asibi strain used in these studies was obtained from the World 

Arbovirus Reference Center at the University of Texas Medical Branch (UTMB) in 

Galveston, Texas. This virus had been passed six times in rhesus macaques (Macacus 

rhesus) and twice in C6/36 (Ae. albopictus) cells since it was originally isolated from the 

blood of an infected man, Asibi, and subsequently passed in rhesus macaques (Stokes et 

al., 1928). Stock virus was produced following an additional passage in C6/36 cells 

infected at a multiplicity of infection (m.o.i.) of 0.01. Virus was aliquoted from cell 

supernatant and stored at -80oC for subsequent experiments. All experiments involving 
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live virus in these studies were conducted under Biosafety Level 3 containment. 

 

C. Construction of the Asibi infectious clone 
The full length Asibi infectious clone (i.c.) was constructed by Konstantin 

Tsetsarkin (Department of Pathology, UTMB) and described by McElroy et al. (2005). 

The 17D i.c. pACNR/FLYF-17D (Bredenbeek et al., 2003) was used as a vector for the 

insertion of Asibi sequences to construct the full-length Asibi i.c. in the pACNR1181 low 

copy number plasmid. The construction of this infectious clone is depicted in Figure 1. 

All plasmids used for the construction of the Asibi i.c. were prepared by standard PCR-

based mutagenesis and cloning methods (Sambrook et al., 1989). Primers used to 

construct the Asibi and Asibi/17D chimeric i.c. are listed in Table 2.  

Mutagenesis of 17D to facilitate cloning 
There are no nucleotide differences in the 5’NCR or the C protein gene between 

Asibi and 17D, so this region was not manipulated. Direct mutagenesis of the 17D i.c. 

was employed to create a BspEI site at nt 494 for downstream insertion of Asibi 

sequences. PCR amplification was performed using Pfu DNA Polymerase (Stratagene) 

and primers 17D-F1 and 17D-F2 and 17D-R1 and 17D-R2 with 20 cycles of 

amplification (94ºC, 10 s; 55ºC, 20 s; 70ºC, 60 s; final extension at 70ºC for 5 min). Half 

a microliter of cDNA from each PCR reaction was amplified using the 17D-F1 and 17D-

R2 primers and Pfu DNA Polymerase following the same PCR protocol. All regions 

amplified by PCR were verified by sequence analysis. The amplicon and the 17D i.c. 

were digested with NotI and ApaI (NEW ENGLAND BIOLABS), ligated with T4 DNA 

ligase (Invitrogen) and used to transform chemically competent E. coli MC1061 cells. 

The plasmid DNA was extracted using QIAprep Spin Miniprep Kit (Qiagen). This clone 

contained a silent G-to-C mutation at nt 493 and was named 17D-C494 i.c. and was used 

for the construction of Asibi i.c. Since there are no differences between Asibi and 17D 

from nucleotides 1-492, this region was left untouched and Asibi sequences were 

substituted into 17D-C494 i.c. downstream of the newly introduced BspEI site to create 
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an authentic full-length Asibi i.c. 

RNA Extraction 
RNA was extracted from an aliquot of Asibi virus using the QIAamp Viral RNA 

Purification kit (Qiagen) following standard protocol established by the manufacturer 

(QIAamp Viral RNA Mini Kit Handbook, p 23-25). Five hundred sixty microliters of 

Buffer AVL were added per 140 µl of sample, and the samples were pulse-vortexed and 

incubated at RT for 10 min. The samples were centrifuged briefly, and 560 µl EtOH were 

added. Samples were pulse-vortexed, centrifuged briefly, and 630 µl of sample at a time 

were applied to the column and centrifuged for 1 min at 8K rpm. Five hundred 

microliters of Buffer AW1 were added to each column, the columns were centrifuged for 

1 min at 8K rpm, and the flow-through was discarded. Five hundred microliters of Buffer 

AW2 were added to each column, the columns were centrifuged for 1 min at 13K rpm, 

the flow-through was discarded, and the column was again centrifuged for 1 min at 13K 

rpm. The column was transferred to a 1.5 ml collection tube, Fifty microliters of Buffer 

AVL were pipetted directly onto the membrane, let stand for 1 min, and the samples were 

centrifuged for 1 min at 13K rpm. RNA was stored at -80oC until used.  

RT-PCR 
Complementary DNA (cDNA) was produced from Asibi RNA by reverse 

transcriptase-PCR (RT-PCR) as follows: 5 µl RNA, 50 ng random hexanucleotide 

primers, 5 µl water, and 10mM dNTP were mixed, incubated at 65ºC for 5 min and 

placed on ice for 2 min. Four microliters 5X buffer, 2 µl 100 mM DTT, 10U (1 µl) 

RNAse inhibitor, and 1 µl Superscript II (Invitrogen) were added to each reaction, and 

the tubes were incubated at 25oC for 10 min then 42oC for 1 hr. Reverse transcription of 

the 3’ NCR was performed using the Titan One Step RT-PCR kit (Roche) under the 

following cycling conditions: 55ºC, 20 min; 94ºC 3 min; 35 cycles of 94ºC, 20 sec; 55ºC, 

20 sec; 68ºC, 30 sec; and a final extension at 68ºC for 5 min. cDNA was amplified in a 

reaction consisting of 5 µl 10X buffer, 5 µl 1.5 mM dNTP, 150 ng forward primer, 150 

ng reverse primer, 3 µl cDNA, and 2.5U (1 µl) Pfu DNA polymerase (Stratagene) using 
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35 cycles at 94ºC, 20 sec; 55ºC, 20sec; 72ºC, 2 min; with a  final extension at 70ºC for 5 

min. All regions amplified by PCR were verified by direct sequence analysis at the 

UTMB Protein Chemistry Core Laboratory. 

Insertion of Asibi sequences into 17D 
cDNA was amplified to create eight fragments to cover the genome from the prM 

to the 3’NCR (nt 494 to 10865). These fragments were inserted into 17D-C494 i.c. in 

four steps as depicted in Figure 1; most were cloned either individually or sequentially 

into 17D-C494 i.c. One fragment (Fragment 3a) was subcloned into pBluescript II (SK+) 

(Stratagene) to facilitate sequencing prior to cloning the fragment into 17D-C494 i.c. All 

other fragments were sequenced following their insertion into 17D-C494 i.c. before 

additional fragments were assembled. The initial step produced fragment one using PCR 

primers 17D-F2 and 17D-R3 to amplify the region from nt 494-2948. This fragment and 

the p17D-C494 plasmid were digested with BspEI and MluI, ligated, and transformed 

into MC1061 cells. This plasmid was named 17D/Asibi M-E and was sequenced using 

primer sets 17D-F2 and 17D-F4 and 17D-R2 and 17D-R3. The second step generated two 

separate fragments. The first fragment (2a) was generated using primer set 17D-Mlu-F 

and 17D-Sap-R to amplify the region from nt 2862-4581 of the Asibi cDNA. This 

fragment was digested with MluI and SapI restrictases. The second PCR reaction used 

primer set 17D-F3 and 17D-R4 to generate fragment 2b and was digested with SapI and 

NgoMIV restrictases. Fragments 2a and 2b were cloned into the MluI and NgoMIV sites 

of the 17D/Asibi M-E. This clone was named p17D/Asibi (BspEI-NgoMIV) and was 

sequenced using primers 17D-Mlu-F, 17D-F3, 17D-Sap-R, 17D-F7 and 17D-R4. The 

third step produced two fragments from the Asibi YFV cDNA. Fragment 3a was 

amplified from nt 6702-8407 with primers 17D-NgoM-F and 17D-R5 and blunt cloned 

into pBluescriptIISK(+) (Stratagene), transformed, and sequenced from the T3 and T7 

primers. This plasmid was named pBS-Asibi (NgoMIV-AatII) and was digested using 

NgoMIV and AatII restrictases.  Asibi nt 8402-9666 were amplified using primer set 

17D-F5 and 17D-Cla-R and digested with AatII and ClaI restrictases to produce fragment 

3b. These two fragments were ligated into the NgoMIV and ClaI sites of p17D/Asibi 
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(BspEI-NgoMIV) and sequenced using primers 17D-F5 and 17D-Cla-R. The resultant 

plasmid was named p17D-Asibi (BspEI-ClaI). The last step generated fragments 4a, 4b, 

and 4c. These three fragments were produced to change the linearization site from XhoI 

to NruI due to the discovery of a XhoI site located at nt 8211 following sequencing and to 

complete the 3’NCR for the Asibi i.c. Restriction enzyme digestion of the p17D/Asibi 

(BspEI-ClaI) with NgoMIV and ClaI restrictases was used to produce fragment 4a. Asibi 

cDNA was amplified from nt 8355-10767 using PCR primer set 17D-F5 with 17D-R6 to 

create fragment 4b. This PCR product was digested with ClaI and XbaI restrictases. 

Primers 17D-F6 and YFV-Nru-R were used to amplify Asibi RNA from nt 10666-10862 

using the Titan One Step RT-PCR kit (Roche). This fragment was then digested with 

XbaI. Fragments 4a, 4b, and 4c were cloned into the NgoMIV and XhoI sites of p17D-

Asibi (BspEI-ClaI) which was blunt-ended with T4 DNA polymerase (NEW ENGLAND 

BIOLABS). The sequence of the Asibi isolate used in these studies was deposited in 

GenBank (Accession No. AY640589).  

Ligation and amplification of plasmids 
After cDNA digestion, the products were gel purified using the QIAquick Gel 

Extraction Kit (Qiagen) following manufacturer’s protocol (QIAquick Spin Handbook, p 

23-24) as described in Section 2.1B.  

Ligation reaction. Fragments for all experiments were ligated with T4 DNA ligase 

(Invitrogen). Each ligation reaction consisted of 2 µl 5X reaction buffer, 1 µl 

(approximately 100 ng) of digested and phosphorylated vector DNA, 1 µl (200-500 ng) 

of the DNA fragment to be inserted, 6 µl ultrapure water, and 0.7 µl T4 DNA ligase. The 

tubes were incubated at 14-16 oC for 1-24 hr, and 5 µl of the ligation reaction were used 

to transform MC1061 cells to produce full length Asibi DNA. 

Transformation of E.coli MC1061 competent cells. Plasmids used in the construction of 

the Asibi or chimeric infectious clones were used to transform E. coli MC1061 cells as 

follows: MC1061 cells were grown to a density of 0.6-0.8 OD600 in 50 ml XYT medium 

(16 g tryptone, 8 g yeast extract, 5 g NaCl per 1 L water) and placed on ice for 5 min. 

Bacteria were pelleted in 3 ml aliquots (per sample) by centrifugation for 10 min at 4oC, 
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3K rpm. Cells were then washed in 5 ml of cold B1 (0.01M MOPS, 0.01 RbCl, pH 7.0), 

centrifuged as above, washed in 5 ml cold B2 (0.1M MOPS, 0.05M CaCl2, 0.01 RbCl, 

pH 6.5), incubated 15 min on ice and centrifuged as above. Each 3 ml sample of bacteria 

was resuspended in 200 µl B2 and used in the transformation. Three microliters dimethyl 

sulfoxide (DMSO) and < 20 µl plasmid were added to an aliquot of freshly prepared 

competent cells, mixed, and incubated on ice 30 min. Cells were heat shocked at 43.5oC 

for 45 sec, incubated on ice another 3 min, and 3 ml 2XYT medium were added to each 

tube. Cells were pelleted by centrifugation for 10 min at 4oC, 3K rpm, the medium was 

aspirated, and cells were resuspended in 50 µl 2XYT.    

Amplification of plasmids. Transformed MC1061 cells containing the desired plasmids 

were grown overnight on 2XYT agar (16 g tryptone, 8 g yeast extract, 5 g NaCl, and 16 g 

agar per 1 L water; contents were mixed, autoclaved 20 min on the liquid cycle, and 

plates were poured once the agar mixture had partially cooled), and individual colonies 

were picked and grown 16 hours in 2XYT medium.  All plasmids were extracted using 

the QIAprep Spin Miniprep Kit (Qiagen) following manufacturer’s protocol (QIAprep 

Miniprep Handbook, p 22-23) as described in section 2.1B.   

Asibi sequence 
The sequence of cDNA was determined following assembly of all fragments into the full-

length clone. Sequencing was performed by the UTMB Protein Chemistry Core 

Laboratory. The Asibi sequence used for the construction of the infectious clone was 

deposited in Genbank (Accession No. AY640589).  

 

 

2.2 YFV ASIBI-17D CHIMERIC INFECTIOUS CLONES 
 The same protocols for RT-PCR, ligation, amplification, and sequencing used to 

construct the Asibi i.c. (Section 2.1C) were used in the construction of the fifteen Asibi-

17D chimeric i.c. used in these studies. Each chimeric i.c. was constructed by Konstantin 

Tsetsarkin (Department of Pathology, UTMB) using PCR-based mutagenesis and 
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restriction digestion at unique sites followed by the exchange of DNA fragments between 

the Asibi i.c. and the 17D i.c. The primers used for PCR reactions are listed in Table 2. 

Ten units of calf intestinal phosphatase (New England Biolabs) per microgram of DNA 

were added to digestion reactions containing the full length Asibi or 17D i.c. as vectors 

for the insertion of DNA fragments, and 10U/µg DNA of T4 polynucleotide kinase (New 

England Biolabs) were added to digestion reactions containing DNA to be inserted into 

the Asibi or 17D i.c. vectors.  

 

A. Structural protein gene chimeras 
 The construction of the structural protein gene chimeras was described in 

McElroy et al. (2006a). Construction of Asibi/17D M-E was described in Section 2.1C. 

17D/Asibi M-E was similarly constructed by the digestion and exchange of the BspEI-

MluI fragments of Asibi i.c. into 17D-C494. After amplification in MC1061 cells, these 

clones were sequenced from primers 17D-F2 + 17D-R2 and 17D-F4 + 17D-R3. 

Asibi/17D E dIII and 17D/Asibi E dIII were constructed by the simultaneous ligation and 

cloning of 3 DNA fragments. In the case of Asibi/17D E dIII, a 638 nt PCR product (nt 

1522-2159) was generated from 17D with primers 17D-F4 and YF-E3-R and an 809 bp 

PCR product (nt 2162-2970) was generated from Asibi using primers YF-E3-F and 17D-

R3. These products were digested with ApaI and MluI, respectively, and cloned into the 

ApaI-MluI sites in Asibi i.c. 17D/Asibi E dIII was constructed using the same methods 

but with PCR-amplified, ApaI-digested Asibi PCR products and PCR-amplified, MluI-

digested 17D products cloned into the ApaI-MluI sites in 17D-C494 i.c. These clones 

were sequenced using primers 17D-F4 + 17D-R3. Fusion PCR was used to construct 

As/17D E dI-II. A 993 nt PCR product was generated from Asibi i.c. using primers 17D-

Begin-F and 64-R, and a 671 nt PCR product was generated from 17D using primers 64-

F + 17D-R2. Half a microliter of each PCR product was combined and amplified using 

primers 17D-Begin-F + 17D-R2, digested with ApaI and BspEI, and cloned into the 

ApaI-BspEI sites in Asibi i.c. This clone was sequenced using primers 17D-Begin-F + 

64-R and 64-F + 17D-R2. Asibi/17D M-36 was also engineered using fusion PCR, in this 
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case PCR of two overlapping Asibi i.c. fragments using primer sets 63-F + 17D-R2 and 

17D-Begin-F + 63-R to add a C to T mutation at Asibi nt 854. Half a microliter of each 

PCR product was combined and amplified using primers 17D-Begin-F and 17D-R2, 

digested with ApaI and BspEI, and cloned into the BspEI-ApaI restriction sites of Asibi 

i.c. 17D/Asibi M-36 i.c. was similarly constructed by fusion PCR of two overlapping 

17D-C494 i.c. fragments using primer sets 63-F + 17D-R2 and 17D-Begin-F + 63-R to 

add a T to C mutation at 17D nt 854. Half a microliter of each PCR product was 

combined and amplified using primers 17D-Begin-F and 17D-R2, digested with ApaI and 

BspEI, and cloned into the BspEI-ApaI restriction sites of 17D-C494 i.c. These clones 

were sequenced from primers 17D-Begin-F + 64-R and 64-F + 17D-R2. 17D/Asibi E i.c. 

was constructed by fusion PCR. A 993 nt PCR product was generated from 17D C-494 

i.c. using primers 17D-Begin-F and 64-R, and a 2015 nt PCR product was generated from 

Asibi using primers 64-F and 17D-R3. Half a microliter of each reaction was amplified 

using primers 17D-Begin-F and 64-R, and the PCR product was digested with BspEI and 

SacI, and cloned into the BspEI-MluI sites in 17D-C494 i.c. The clone was sequenced 

from primers 17D-R2 and 17D-F4.  

 

B. Non-structural protein gene and 3’NCR chimeras 
 The Asibi/17D NS2A i.c. was produced by simultaneous ligation and cloning of 3 

DNA fragments using fusion PCR and restriction digestion. Asibi i.c. was amplified 

using primers 17D-Mlu-F + 17D-Sap-R, and the PCR product was digested with MluI 

and Bsu36I. 17D i.c. was amplified using primers 17D-F9 + 17D-R9, Asibi i.c. was 

amplified using primers 17D-F10 and 17D-Sap-R, and 0.5 µl of each reaction was 

amplified using primers 17D-F9 and 17D-Sap-R. This PCR product was digested with 

Bsp36I and SapI and cloned with the previously generated MluI-Bsu36I fragment into the 

Asibi i.c. vector at MluI-SapI restriction sites. This clone was sequenced from primers 

17D-Mlu-F and 17D- Sap-R. Asibi/17D NS4B i.c. was constructed by the simultaneous 

ligation and cloning of 4 DNA fragments: the MluI-SphI fragment of Asibi i.c., the SphI-

BsrGI fragment of 17D i.c., and a Asibi PCR product generated using primers 17D-
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NgoM-F and 17D-R5 digested with BsrGI and XhoI, were ligated into the Asibi i.c. 

vector digested with MluI and XhoI. Asibi/17D NS4B-95 i.c. was produced by fusion 

PCR and restriction digestion, and simultaneous ligation and cloning of 3 fragments. 

Asibi i.c. was amplified and mutagenized in two separate reactions using primer pairs 

17D-NgoM-F + 95-R and 95-F + 17D-R5, 0.5 µl of each reaction was amplified using 

primers 17D-NgoM-F and 17D-R5, and the PCR product was digested with EcoRV and 

SacII. This fragment and a SacII-XbaI fragment were cloned into the EcoRV-XbaI sites 

of Asibi i.c. 17D/Asibi NS4B-95 i.c. was similarly produced using 17D as the template 

for mutagenesis using primer pairs 17D-NgoM-F + 65-R and 65-F + 17D-R5 followed by 

ligation of NgoMIV-SacII and SacII-XbaI fragments into NgoMIV-XbaI sites of 

fragments. These clones were sequenced using primers 17D-NgoM-F and 17D-R5. For 

Asibi/17D 3’NCR i.c. was constructed by the insertion of a 523 nt 17D fragment was that 

produced by fusion PCR using primer pairs As-Cla F + As-3’UTR-R on Asibi and 17D-

3’UTR-F + 17D-RT on 17D, digested with ClaI, and phosphorylated with T4 

polynucleotide kinase, into the NruI-ClaI-digested Asibi i.c. 17D/Asibi 3’NCR i.c. was 

similarly produced. 17D was amplified using primers 17D-Cla-F and 67-R, Asibi was 

amplified using primers 67-F and YF-Qi, 0.5 µl of each reaction was amplified using 

primers 17D-Cla-F and YF-Qi, and this PCR product was digested with ClaI. The 17D 

i.c. was digested with XhoI, the 5’ overhang was filled in using T4 polymerase (New 

England Biolabs), and the vector was digested with ClaI for the insertion of the ClaI-

digested Asibi/17D fusion PCR product. These clones were sequenced using primers 

17D-Cla F and 17DVec-R. Asibi/17D E dIII-NS4B-95 i.c. was constructed by ligation of 

the NgoMIV-XhoI fragments of Asibi/17D E dIII i.c. and Asibi/17D NS4B-95 i.c. This 

clone was sequenced using primers 17D-NgoM F and 17D-R3. 

 

2.3 CELL CULTURE 
 Vero green monkey (Cercopithecus aethiops) kidney cells, BHK baby hamster 

(Mesocrecitus auratus) kidney cells, and C6/36 (Aedes albopictus) mosquito cells were 
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used in these studies. All cells were grown and maintained in Leibovitz L-15 medium 

(Cellgro) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml 

penicillin, and 100 µg/ml streptomycin. Vero and BHK cells were maintained at 37oC, 

and C6/36 cells were maintained at 28 oC.  

 

2.4 VIRUS PRODUCTION 
 Virus was produced in BHK cells for use in all experiments as described 

previously (Higgs et al., 1997; McElroy et al., 2005, 2006a, 2006b) and below.  

A. Preparation of the DNA 
Each YFV i.c. was linearized with NruI or XhoI (New England Biolabs), depending on 

the clone. Clones containing the Asibi 3’NCR were linearized at 37oC, at least 1 hr, in a 

50 µl reaction containing 1 µg DNA, 10U NruI, and 5 µl NEBuffer 3 (New England 

Biolabs). Clones containing the 17D 3’NCR were linearized for at least 1 hr at 37oC in a 

50 µl reaction containing 1 µg DNA, 20U XhoI, and 5 µl NEBuffer 2 (New England 

Biolabs). Linearized DNA was purified by phenol-chloroform extraction as follows: 50 

µl diethylpyrocarbonate (DEPC)-treated water were added to the digestion reaction, an 

equal volume 1:1 phenol chloroform was added, and the tube was briefly vortexed and 

centrifuged at 10K rpm for 5 min. The aqueous phase was removed to a fresh tube and an 

equal volume of chloroform was added. The tube was vortexed and centrifuged at 10K 

rpm for 5 min and the aqueous phase was removed. For EtOH precipitation, 2 volumes of 

100% EtOH were added to the DNA sample with 10% sodium acetate, pH 5.2, and the 

tube was placed at -20oC for a minimum of 30 min. The sample was then centrifuged at 

10K for 10 min and the EtOH was removed. The DNA pellet was washed with 75% 

EtOH, dried on the benchtop, and resuspended in 10 µl DEPC-treated water.  

 

B. RNA synthesis 
 RNA was produced by in vitro transcription from an SP6 promoter present in 
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each i.c. using the SP6 mMessage mMachine Capped RNA Transcription kit (Ambion). 

One microgram of DNA was incubated with 10X reaction buffer, 2X NTP/CAP, 2X 

GTP, and enzyme (1 µl per 10 µl reaction) at 37oC for 1.5 hr. RNA was purified using 

the RNeasy Mini Protocol for RNA Cleanup (Qiagen) following manufacturer’s 

protocols (RNeasy Mini Handbook, p 79-81). The sample volumes were adjusted to 100 

µl by the addition of RNase-free water, 350 µl Buffer RLT were added to each tube, 

vortexed, and 250 µl EtOH were added and the contents of the tubes were mixed and 

transferred to RNeasy mini columns. The columns were centrifuged for 15 sec at 10K 

rpm, and the flow-through and collection tube were discarded. The columns were placed 

in a fresh collection tube, 500 µl Buffer RPE were added, and the columns were 

centrifuged for 15 sec at 10K rpm and the flow-though was discarded. Another 500 µl 

Buffer RPE were added to the columns, centrifuged for 2 min at 10K rpm, and the 

columns were transferred to 1.5 ml collection tubes. Thirty microliters of RNase free 

water were pipetted directly onto each membrane, and the tube was centrifuged for 1 min 

at 10K rpm. RNA was then quantitated by spectrophotometry. 

 

C. Electroporation 

 Purified RNA (3 µg for most experiments) was electroporated into BHK cells for 

the production of virus. Approximately 1x107 BHK cells at ~80% confluence in a 150 

cm2 flask were trypsinized and resuspended in 30 ml cold PBS in a 50 ml conical vial. 

Cells were centrifuged at 2.5K, 4oC for 2 min and the PBS was removed. Cells were then 

resuspended twice in 10 ml cold PBS in a 15 ml conical vial and centrifuged at 2.5K, 4oC 

for 2 min. The PBS was removed, the cells were resuspended in 400 µl of cold PBS, and 

the RNA was added. Cells and RNA were transferred to a 0.2 cm gap cuvette and pulsed 

using a Gene Pulser Xcell electroporation system (Biorad) on BHK preset conditions. Six 

hundred microliters of L-15 was immediately added to the cells, and the cells were 

transferred to a 25 cm2 flask with 4 ml L-15 after a 5 min recovery period on ice. 

Electroporated cells were transferred to the Biosafety Level-3 laboratory, incubated 2-5 
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days at 37oC, monitored daily, and harvested when 75% cpe was observed. Virus was 

aliquoted and stored at -80oC for further experiments or fed to Ae. aegypti mosquitoes as 

described below.    

 

D. Sequencing of virus post-electroporation 
 RNA was extracted from an aliquot of virus using the QIAamp Viral RNA 

Purification kit following the protocol outlined in Section 2.1B. RT-PCR was carried out 

using the same protocol outlined in Section 2.1C. Samples were quantitated my 

spectrophotometry and 100-500 ng DNA was sent to the UTMB Protein Chemistry 

Laboratory for spot sequencing with approximately 3 pmol of appropriate YFV-specific 

primers. Sequences were analyzed using Lasergene (DNASTAR).  

 

2.5 IN VITRO GROWTH CURVES 
 Production of virus by Asibi and virus derived from the Asibi, 17D, and 

Asibi/17D chimeric i.c. was monitored in Vero and C6/36 cells in 25 cm2 flasks 

following infection at 0.01 m.o.i.. When the cells formed a confluent monolayer, the 

medium was removed and 1 ml of virus diluted in L-15 was added. Cells and virus were 

incubated at room temperature on a rocker, and virus was allowed to absorb for 1 hr. The 

flasks were then washed three times with 3 ml L-15 and following the last wash, 5 ml L-

15 was added. At 24 hour intervals beginning after the final wash (T=0), 0.5 ml was 

removed and stored at -80oC for analysis by viral titration (Section 2.6). Samples were 

harvested to 7 days post-infection (7 dpi). 

 

2.6 VIRAL TITRATION 
           Titers of virus in cell culture, bloodmeal, and mosquito samples were obtained by 

titration of virus in duplicate on Vero cells. Mosquitoes were individually manually 

homogenized in 100 µl of L-15 in 1.5 ml microcentrifuge tubes using a pestle, 900 µl of 
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L-15 were added, and tubes were centrifuged at 10K rpm for 5 min. One hundred 

microliters of each sample was loaded in duplicate into the first wells of a 96-well plate, 

and the samples were diluted 10-fold into L-15 across the plate (total volume in each well 

= 100 µl). Following the dilution series, 100 ml of Vero cells in L-15 was added to each 

well (1/6 of cells from a confluent 150 cm2 per plate). The plates were sealed and stored 

in a secondary container at 37oC. Ten days post-infection, the medium was removed from 

each plate and the cell monolayers were fixed with 3:1 acetone:PBS for 10 min. The 

fixative was removed and plates were dried and stored at -20oC until stained. Viral titers 

were calculated by the method of Reed and Muench (1938) and are reported in 

log10TCID50 per milliliter or per mosquito.   

 

2.7 INDIRECT IMMUNOFLUORESCENCE ASSAY (IFA) 
 Indirect immunofluorescence assay (IFA) was used to locate YFV antigen in cell 

culture and mosquito tissues using standard protocols (Gould et al., 1985). The primary 

antibody (Ab) used in all experiments was a hyperimmune mouse ascitic fluid, MA93, 

developed by Stephen Higgs (Department of Pathology, UTMB) to react with Asibi and 

17D. This Ab was diluted 1:500 in PBS for IFA. Signal amplification was achieved using 

a biotinylated sheep anti-mouse Ab and streptavidin-fluorescein (Amersham 

Biosciences), each diluted 1:200 in PBS. Evans blue was added to the primary and 

secondary Ab preparations at 0.001% as a counterstain. The primary Ab solution was 

applied to each sample for 40 min and incubated at 37oC. Following incubation, the 

samples were washed twice with PBS. The secondary Ab was then applied, and the 

samples were incubated at 37oC for 40 min. The samples were washed twice with PBS, 

and streptividin-fluorescein was applied. Samples were incubated for 10 min at 37oC and 

washed twice in PBS and once in distilled water. Glycerol mounting solution (90% 

glycerol + 10% PBS, pH 8.6, 2.5% w/v 1,4-diazabicyclo[2.2.2]octane) was then applied 

to the samples at the end of the staining procedure. Samples were viewed immediately 

using an Olympus IX-70 epifluorescence microscope with a fluorescein filter or stored at 
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4oC in the dark until analyzed. 

 

2.8 FOCUS FORMING ASSAY (FFA) 

A. FFA 
The specific infectivity of each YFV i.c. was evaluated post-electroporation 

following a protocol obtained from Peter Mason and Shannan Rossi (Department of 

Pathology, UTMB) and described by McElroy et al. (2005) and Yun et al. (2003). BHK 

cells were counted and prepared as described in Section 2.4C. Cells were electroporated 

with a known amount of purified RNA (3 µg-10 µg) and following recovery, 

electroporated BHK cells were diluted 10-fold onto Vero cells seeded into a 24-well 

plate. Plates were sealed and transported to the BSL-3. Plates were occasionally agitated 

to ensure even settling of electroporated BHK and of Vero cells. Three hours post-

infection, medium was carefully aspirated from the cell monolayer and a semi-solid 

overlay consisting of 0.6% tragacanth/2X L-15 + 1% FBS was applied, and the plates 

were incubated at 37oC. Four dpi, the overlay was removed and cells were washed with 

PBS, dried, and fixed with cold 1:1 methanol:acetone for at least 30 min, and the plates 

were stored at -20oC. Foci were stained by immunohistochemistry (described in Section 

2.8B), visualized by light microscopy, counted, and the specific infectivity was calculated 

as follows: (# BHK cells/µg RNA) x (# foci/BHK cells in well), and reported as focus-

forming units per microgram RNA (FFU/µg RNA). Focus sizes were measured (10 foci 

per virus) using an Olympus IX-71 inverted microscope (Department of Pathology 

Microscopy Core).  

 

B. Immunohistochemistry of cell monolayers 
 The methanol:acetone fixative was removed from the cells, and the plates were 

dried quickly on a BSC grill. Cells were rehydrated by incubation for 10 min with PBS-

1% normal horse serum (NHS), 300 µl/well. The PBS-1% NHS was removed and 150 
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µl/well of primary Ab was applied (MA93 diluted 1:500 in PBS-1% NHS). Plates were 

incubated for 30 min at RT with gentle rocking. Plates were then washed 3 times in PBS, 

and 150 µl/well of the secondary Ab was applied [horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (Southern Biotech) diluted 1:500 in PBS-1% NHS]. 

Plates were incubated 30 min at RT with gentle rocking then washed 3 times in PBS. 

Finally, 500 µl/well of Vector VIP peroxidase substrate (Vector Labs) in PBS was 

applied to the plates and incubated 3-5 min. The plates were washed in ultrapure water 

and the cell monolayers were dried. 

 

2.9 INTRATHORACIC (I.T.) INOCULATION OF AE. AEGYPTI  
 To evaluate the ability of virus to infect secondary tissues within Ae. aegypti such 

as the salivary glands once the midgut is bypassed, Asibi, 17D, and 17D/Asibi M-E were 

each inoculated directly into the thoracic hemocoel. Ae. aegypti were incapacitated by 

chilling and inoculated with 0.5 µl virus using glass needles fashioned from pulled 

capillary tubes. Injected mosquitoes were returned to the carton and incubated at 28oC, 

80% humidity for up to 14 days and provided with sugar ad libitum.  

 

2.10 ORAL INFECTION OF AE. AEGYPTI 
 A laboratory-adapted strain of Ae. aegypti, the RexD colony, was used for all 

experiments as it is known to be highly susceptible to YFV infection (Miller and 

Mitchell, 1991). To make the bloodmeal, virus was harvested fresh from BHK 2-5 days 

post-electroporation, mixed with an equal part of defibrinated sheep blood (Colorado 

Serum Company), and 3mM ATP was added as a phagostimulant. The bloodmeal was 

pipetted into a metal chamber which was then fitted with a hog intestine membrane and 

attached to a heater (Hemotek membrane feeding system; Discovery Workshop). Five 

day old female mosquitoes (100-150 per carton) which had been starved for 24-36 hr 

were allowed to feed on the infectious bloodmeal for approximately 1 hr. This setup is 
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depicted in Figure 2.2. After feeding, mosquitoes were incapacitated by chilling, sorted, 

and replete mosquitoes were returned to the carton. Samples of the bloodmeal and three 

mosquitoes were taken immediately after the feed, and these were stored at -80oC for 

analysis. Mosquitoes were incubated at 28oC, 80% humidity for up to 14 days and 

provided with sugar ad libitum. Two to three oral infection experiments were performed 

per virus to evaluate infection rates, dissemination rates, and virus production in Ae. 

aegypti.   

 

2.11 EVALUATION OF INFECTION AND DISSEMINATION 
 All manipulations of infected mosquitoes were performed in a BSL-3 Insectary 

facility (UTMB).  

A. Virus production in Ae. aegypti 
In order to evaluate virus production in orally infected mosquitoes, mosquitoes 

were mechanically aspirated from their cartons 1, 2, 3, 7, and 14 dpi and stored at -80oC 

until analyzed by viral titration as described above in Section 2.6. Eight mosquitoes were 

evaluated per virus per timepoint. The early (days 1-3) timepoints were sampled to 

evaluate the eclipse period of infection, the characteristic period during which virus titer 

decreases while virus infects and replicates in the midgut, and to ensure that titers 

obtained from mosquitoes at 7 and 14 dpi were reflective of new virus production rather 

than the persistence of virus present in the bloodmeal.  

 

B. Infection and dissemination in Ae. aeygpti 
 At 14 dpi, surviving mosquitoes were incapacitated by chilling and counted. 

Following decapitation, the salivary glands were removed from each mosquito into PBS 

and transferred onto glass slides, dried, and fixed in cold acetone for 10 min. Slides were 

stored at -20oC until analyzed. Carcasses (including the midgut) were stored at -80oC 

until analyzed for infection by titration as described in Section 2.6. This method was 

chosen over dissection of midguts onto glass slides as early experiments indicated that 
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the midguts easily lost during the wash steps as part of the IFA protocol This situation 

was not remedied by gentler washing procedures, so the titration method was chosen as 

an appropriate alternative. Dissected salivary glands and titration plates were stained for 

YFV antigen as described in Section 2.7. Infection is reported as the number of positive 

mosquitoes per mosquito tested and dissemination is reported as the number of 

mosquitoes with YFV antigen-positive salivary glands per infected mosquito.  

 

 

2.12 QUANTITATIVE RT-PCR OF AE. AEGYPTI MIDGUTS 
 RNA load in Asibi- and 17D-infected midguts was analyzed by quantitative RT-

PCR. Mosquitoes were infected as described in Section 2.10, and the midguts were 

dissected directly into 50 µl Buffer RLT (Qiagen) at 3, 7, 10, and 14 dpi, snap frozen, and 

stored at -80oC for analysis.  

A. RNA extraction 

 Tissues were thawed quickly at 37oC, 300 µl of RLT was added to each tube, and 

tubes were pulse-vortexed until no large tissue sections remained. RNA was extracted 

from the tissues using the RNeasy Mini Protocol for Isolation of Total RNA from Animal 

Tissues (RNeasy Mini Handbook, p 50-55). Three hundred fifty microliters of 70% EtOH 

were added to each tube, and each sample was transferred to a RNeasy mini column. 

Columns were centrifuged for 15 sec at 10K rpm, and the flow-though was discarded. 

Seven hundred microliters of Buffer RW1 were added to each column, and the columns 

were centrifuged for 15 sec at 10K rpm. The column was then transferred to a new 

collection tube, and 500 µl of Buffer RPE were added to each sample and centrifuged for 

15 sec at 10K rpm. The flow-through was discarded, another 500 µl of Buffer RPE were 

added to the column, and the samples were centrifuged for 2 min at 10K rpm. The 

columns were transferred to a 1.5 ml tube, and 50 µl RNase free water was pipetted 

directly onto the membrane. The samples were centrifuged for 1 min at 10K rpm, and the 

flow-through was collected, reapplied to the column, and centrifuged for an additional 



 

 80

minute at 10K rpm. Samples were stored at -80oC until analyzed.   

 

B. Real-time PCR analysis 
 The amount of YFV RNA in each Ae. aegypti midgut was quantified in duplicate 

using a protocol described previously (Vanlandingham et al., 2004). Primers were 

designed to anneal to regions in Asibi and 17D of identical sequence following Johnson 

et al. (2004) and are as follows: forward primer 5’-

CCACTCATGAAATGTACTACGTGTCTG-3’ (nt 8292-8319); reverse primer 5’-

GGAGGCGGGATGTTTGGT-3’(nt 8366-8384); probe 5’-[-6-

Fam]AGCCCGCAGCAATCTCACATTTACTGT[BHQ1-Q]-3’ (nt 8320-8347). The 

TaqMan One-Step RT-PCR kit (Applied Biosystems) was used with the following 

protocol: 2.5 µl RNA, 100 pmol of each primer (0.25 µl), 25 pmol of the probe (0.15 µl), 

0.69 µl 40X MultiScribe,13.75 µl 2X Universal PCR Master Mix, and 10 µl water were 

added to each SmartCycler tube. The reactions were run on a Cepheid Smart Cycler 

(Cepheid) under the following conditions: reverse transcription for 20 min at 50oC and 

95oC for 10 min, and 50 cycles at 95oC for 15 sec followed by 1 min at 60oC. Threshold 

cycle (CT) values were compared to the standard curve (described in Section 2.12C) to 

derive the log10TCID50 genomic equivalents in each sample. 

 

C. Standard curve 
 RNA was extracted from an aliquot of Asibi of known titer as described in 

Section 2.1B. RNA was diluted 10-fold (100 to 10-6) and subjected to qRT-PCR analysis 

in triplicate as described in Section 2.12B. The standard curve was plotted in Excel (y =   

-3.4x + 35) and used to determine log10TCID50 genomic equivalents for subsequent 

experiments. The standard curve is depicted in Figure 2.3. 
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2.13 IMMUNOHISTOCHEMISTRY (IHC) OF SECTIONED AE. AEGYPTI  

A. Mosquitoes 
The distribution and tissue tropisms of Asibi, 17D, and 17D/Asibi M-E were 

evaluated in whole-sectioned Ae. aegypti by IHC. This protocol was adapted from Girard 

et al. (2004), but as noted in Section 6.2, considerable modifications were made to the 

published protocol as necessary. Mosquitoes were orally infected or i.t. inoculated with 

each virus as described in Sections 2.9 and 2.10. Mosquitoes were mechanically aspirated 

at 3, 7, 10, 14, and 21 dpi (orally infected) or 7 and 14 dpi (i.t. inoculated), chilled, and 

i.t. inoculated with 10% formyl saline in PBS. Mosquitoes were stored at 4oC in 10% 

formyl saline in PBS and transferred 24 hr post-inoculation to 70% EtOH for storage at 

4oC until analyzed. Mosquitoes were individually embedded in paraffin and 5µm sections 

were cut and mounted on glass slides by the Research Histopathology Core Lab (UTMB). 

Outer sections of the mosquito, mostly containing the chitinous exoskeleton, were 

discarded rather than mounted. Twelve to 14 sections were mounted onto each slide, and 

a minimum of 3 slides was analyzed per mosquito. Glass slides were coated with 

Vectabond (Vector Labs) before tissue sections were applied to minimize tissue loss 

during the staining procedure. Slides were stored at room temperature until analyzed.  

 

B. IHC Protocol 

Tissue preparation 
Slides were heated at 60oC for 30 min to further minimize tissue loss. Unless 

otherwise noted all solutions and all further steps were carried out at room temperature. 

After the slides had cooled, sections were deparaffinized and rehydrated by immersion in 

a series of xylene (2X), 100% EtOH (2X), 95% EtOH (2X), 70% EtOH (2X), and 

ultrapure water (2X) for 5 min each. Antigen retrieval was accomplished by the 

application of Protease XXIV (Biogenex) to the slides for 5 min, and the slides were 

washed in PBS. Slides were then immersed in 3% H2O2 in MeOH for 25 min to eliminate 

endogenous peroxidases and washed in ultrapure water for 3 min. Normal goat serum 
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diluted 1:66 in PBS was applied to slides to block non-specific Ab binding, and slides 

were incubated 30 min. 

Staining procedure 
 The block solution was blotted from the slides and the primary Ab was applied. 

The primary Ab in these assays, a hyperimmune mouse ascitic fluid raised against Asibi 

obtained from Robert Tesh (UTMB), designated Tesh Asibi, was diluted 1:100 in PBS. 

Following 30 min incubation, slides were washed in PBS 5 min and the secondary Ab 

[1:400 HRP-conjugated goat anti-mouse IgG (Southern Biotech) in blocking solution 

described above] was applied to the slides. Slides were incubated 30 min, washed in PBS, 

and the Vector VIP peroxidase substrate was applied for 3 min. Slides were washed in 

ultrapure water for 5 min and rinsed in tap water. Slides were then counterstained by 

immersion in Vector Methyl Green (Vector Labs) at 60oC for 4 min and washed in 

deionized water for 1 min.  

Permanent mounting and visualization 
Slides were dehydrated by immersion in 95% EtOH (2X), 100% EtOH (2X), and 

xylene (2X), 2 min each. Several drops of Cytoseal 60 (Electron Microscopy Sciences) 

and a glass coverslip were applied to each slide. Slides were scored by light microscopy 

using an Olympus IX-70 inverted microscope, and positive samples were photographed 

using an Olympus IX-71 inverted microscope and DP Controller Program (Department of 

Pathology Microscopy Core Lab). Unless otherwise noted, all photographs were taken at 

20X magnification.       

  

 

2.14 STATISTICAL ANALYSES 
 All statistical analyses were performed using SPSS, version 11.5. Focus sizes and 

whole body mosquito titers were averaged and compared statistically by 2-tailed t-test. 

Infection and dissemination rates were compared statistically by Fisher’s exact test. 
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Table 2.1- Primers used to construct p17D-IRES-DsRed2. 

Primer Name Primer Sequence Location on 17D 
IRES-DsRed-For1 5’-GGCAGATCTGGAGCTCAAGCT-3’ -- 
IRES-Red-Bgl-
Rev 

5’-GGCAGATCTCTACAGGAACAGGT-3’ -- 

YF-BglMut-For 5’-CAGGAATAACCGGGAGATCTAAACCACGG 
GTG-3’ 

10367-10396 

YF-BglMut-Rev 5’-CACCCGTGGTTTAGATCTCCCGGTTATTC 
CTG-3’ 

10367-10396 
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Table 2.2- Primers used for the construction of Asibi i.c. and Asibi/17D chimeric i.c. 

Primer Name Primer Sequence Location on 17D 
17D-Begin-R 5`-CTATAGTGTCACCTAAATCGT-3`  (-20)-(-1) 
17D-Begin-F 5`-AGTAAATCCTGTGTGCTAA-3`  1-19 
17D-F8 5`-ACGCCGTTCCCATGATGTTC-3`  415-434 
17D-R8 5`-ATTAGGAATTGCACAGTCA-3` 435-453 
17D-F2 5’-ACGGGTGGAGTGACCTTGGTCCGGAAAA 

     ACAGATGGTTGC-3` 
474-513 

17D-R1 5’-GCAACCATCTGTTTTTCCGGACAAGGTCA 
     CTCCACCCGT-3` 

474-513 

17D-BspE-R 5`-TGAGATTGGGACAGTTGTA-3`  620-638 
63-R 5`-AAGGGGTTCCTCACGAACCATCTCTCAAT 

     CTTTTGGA-3` 
834-871 

63-F 5`-AGATTGAGAGATGGTTCGTGAGGAACCC  
     CTTTTTTGCAGT-3` 

840-880 

64-F 5`-GTTGGTCCGGCCTACTCAG-3` 956-974 
64-R 5’-GTAATTCCAATGCAGTGAGC -3’ 974-993 
17D-F4 5’-AGGTGCAAACTGCGGTGGAC-3’ 1521-1540 
17D-R2 5’-GCCATGGCAGGGTCAAGTC-3` 1608-1626 
YF-E3-R 5`-ATTGAGCTTCCCTCTTTGTG-3’ 2141-2159 
YF-E3-F 5`-AGGAAAGTTGTTCACTCAG-3’ 2162-2180 
17D-Mlu-F 5’-GAAAGTCCAGGAAAGAATGCC-3` 2862-2882 
17D-R3 5’-AAGACTGCGTCCATGTACAC-3` 2951-2970 
17D-F9 5`-CGCATGAAAGCCATCTGGTG-3`  3471-3490 
17D-F10 5`-GAGTATCCCAGTGAATGAG -3`  4180-4198 
17D-R9 5`-GCACTCCCACTAGACCAGCT-3`  4210-4229 
17D-F3 5’-CCTCGCTGGCCTTGGTTG-3` 4480-4497 
17D-Sap-R 5’-ACATCCCCACTTCTCCTAGC-3` 4562-4581 
17D-F7 5`-GCTTGCGCACTCTTGTGTTG-3`  5229-5248 
17D-NgoM-F  5’-TGTCTCCCAAAGGCATCAGT-3` 6654-6673 
17D-R4 5’-GAGATGTGAGTGGGTTTGAC-3` 6734-6753 
65-R 5’-TCCAGCCACTGACCAGCAGTATTATGAC 

     CGAGATATTCA-3’ 
7151-7190 

65-F 5’-TGAATATCTCGGTCATAATACTGCTGGTC 
     AGTGGCTGGA-3’ 

7152-7191 

95-R 5’-CAGCCACTGACCAGCAGCATTATGACCG 
     AGATATTC-3’ 

7153-7188 

95-F 5’-GAATATCTCGGTCAGAATGCTGCTGGTC 
     AGTGGCTGGA-3’ 

7153-7188 

17D-F5 5’-TGATGAGGAGAATGAGGCGT-3` 8355-8374 
17D-R5 5’-CTTCTATGGCCTCTTTGTCC-3` 8455-8474 
17D-Cla-F 5`-GGCTCACTGAGCACGGATGT-3`  9585-9604 
As-Cla-F 5’-CTCACTGAGCACGGATGTA-3’ 9588-9606 
17D-Cla-R 5’-CATGTTGTGCGTCCTTGTG-3` 10014-10032 
17D-3’UTR-F 5’-TCTGAAACACCATCTAACAGG-3’ 10342-10371 
67-F 5’-GCTTATCTGAAACACCATCT-3’ 10347-10364 
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67-R 5’-TTGTATCCCGGTTATTCCTATTAGATGGT 
     GTTTCAGAT-3’ 

10349-10386 

As-3’UTR-R 5’-GTTTGTATCCCGGTTATTCC-3’ 10370-10389 
17D-F6 5’-GCCTCCGCTACCACCCTC-3` 10666-10683 
17D-R6 5’-TCCCTGGCGTCAATATGGTC-3` 10748-10767 
YF-Nru-R 5’-TGTCGCGAGTGGTTTTGTGTTTTTCA 

     TCCAAGGTCTG-3` 
10840-10862 

17D-RT 5’-CGAGTGGTTTTGTGTTTGT-3’ 10847-10865 
YF-Qi 5’-CGGGAAACGTCTTGCTCGA-3’ 10862-10881 
17D-Vec-R 5’-GCCACGTTGTGTCTCAAAATC-3’ 10983-11002 
17D-F1 5’-AAGTGCCACCTGACGTGTCG-3` 13180-13199 
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Figure 2.1- Construction of the Asibi i.c. 
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Figure 2.2- Feeding apparatus used for oral infection of Ae. aegypti with YF viruses. 
(Photo courtesy of S. Higgs) 
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Figure 2.3- Standard curve for YFV qRT-PCR. 
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CHAPTER 3: 

COMPARISON OF YFV ASIBI AND YFV 17D IN VITRO 
AND IN VIVO 

3.1 AIMS AND HYPOTHESES 
 The aims of this study were to ensure that the YFV Asibi i.c. virus (i.c.v.) 

displayed the same phenotypic properties as the YF Asibi virus from which it was 

derived and to compare the phenotypic properties of viruses derived from the YF Asibi 

and YF 17D i.c.s. The hypotheses of this study were as follows: 

 

A. Virus derived from the Asibi infectious clone will be phenotypically identical to the 

parental Asibi virus in vitro (virus production in Vero and C6/36 cells) and in vivo 

(infection and dissemination in Ae. aegypti).  

B. Virus derived from the Asibi and 17D i.c. will display different phenotypes in vitro 

(focus size, replication in Vero and C6/36 cells) and in vivo (infection and dissemination 

in Ae. aegypti).  

 

Data from these studies have been reported previously: 

McElroy, K L., Tsetsarkin, K. A., Vanlandingham, D. L., and Higgs, S. (2005) 

Characterization of an infectious clone of the wild-type yellow fever virus Asibi strain 

that is able to infect and disseminate in mosquitoes. J Gen Virol 86, 1747-1751. 

 

McElroy, K. L., Tsetsarkin, K. A., Vanlandingham, D. L., and Higgs, S. (2006a) Role of 

the Yellow Fever Virus Structural Protein Genes in Viral Dissemination from the Aedes 

aegypti Mosquito Midgut. J Gen Virol In press.   
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3.2 CHARACTERIZATION OF THE YF ASIBI I.C.V. AND ASIBI PARENTAL 
VIRUS 

A. Nucleotide sequence 
 The sequence of the Asibi virus used to construct the Asibi i.c. was determined 

and deposited in Genbank (Accession No. AY640589) and compared to the sequence of 

the Asibi i.c. following the assembly of all fragments to produce the infectious clone. 

Sequence differences were noted between the parental Asibi virus and the Asibi i.c. from 

which it was derived (Table 3.1) as described previously (McElroy et al., 2005). There 

were eight ntd differences between the two viruses; five of these differences were silent 

and three, at positions 1819, 2193, and 2481, resulted in aa differences at positions E-

282, E-407, and NS1-10. The latter three ntd differences were clonal and most likely 

resulted from the presence of quasispecies in the parental Asibi virus population.  

   

B. Virus production in vitro  
Production of virus from the Asibi i.c. was monitored by every 24 hr after 

electroporation for five days in BHK cells by titration of virus recovered from cell culture 

supernatant and by IFA. Virus titer increased in BHK cells and peaked at 4 dpe at 8.52 

log10TCID50/ml (Figure 3.1). This corresponded to virus spread as determined by YFV 

antigen detection by IFA every 24 hr (Figure 3.2), demonstrating that the Asibi i.c.v. was 

replicating and spreading cell-to-cell as expected. Using a panel of flavivirus-specific Ab, 

Asibi i.c.v. was characterized and compared with Asibi virus in Vero cells 6 dpi. Virus 

produced from the Asibi i.c. was detected by 86.13 (flavivirus group-specific), MA93 

(YFV-specific), and 10.17 (Asibi-specific) as expected and was not visualized by staining 

with 86.64 (17D-specific). This is the identical reaction profile seen with the original 

Asibi virus, thereby demonstrating antigenic authenticity of virus produced by the Asibi 

i.c. (McElroy et al., 2005).  

To further compare Asibi virus and Asibi i.c.v., virus production was monitored 

every 24 hr for 7 days Vero and in C6/36 cell culture following infection at m.o.i. 0.01, 

and in the case of Vero cells, also every 12 hr at m.o.i. 5 (Figure 3.3A-C). Differences 
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were noted between Asibi virus and Asibi i.c. in Vero cells at both m.o.i.. Although the 

initial (up to 4 dpi) virus titers for Asibi i.c.v. were lower than that of Asibi virus at m.o.i. 

0.01, virus titers increased from 1 dpi and peaked at 7 dpi at for both viruses. At m.o.i. 5, 

the early replication kinetics are similar, but Asibi virus replicates to higher titers than 

Asibi i.c.v. 3-7 dpi. However, no differences were observed between Asibi virus and 

Asibi i.c.v. at any time point in C6/36 cell culture. 

 

C. Phenotype in orally infected Ae. aegypti 
    Ae. aegypti were orally infected with Asibi virus and Asibi i.c.v. and evaluated 

for infection and dissemination (Table 3.2; McElroy et al., 2005). Titers in the Asibi virus 

bloodmeals were 6.95 and 7.52 log10TCID50/ml, and the mean day 0 whole mosquito titer 

was 3.99 ± 0.91 log10TCID50/mosquito. At 14 dpi, the mean whole mosquito titer was 

3.34 ± 1.36 log10TCID50/mosquito, and 73% (24/33) of mosquitoes were infected while 

75% (18/24) of infected mosquitoes had a disseminated infection. In the case of Asibi 

i.c.v., the bloodmeal titers were 6.52 log10TCID50/ml, and the mean day 0 whole 

mosquito titer was 4.0 ± 0.46 log10TCID50/mosquito. At 14 dpi, the mean whole mosquito 

titer was 3.63 ± 1.17 log10TCID50/mosquito, and 72% (42/58) mosquitoes were infected 

while 83% (35/42) infected mosquitoes had a disseminated infection. In a subsequent 

experiment with Asibi i.c.v. (bloodmeal titer = 5.95 log10TCID50/ml) 68% (23/34) of 

mosquitoes were infected, and 78% (18/23) of infected mosquitoes had a disseminated 

infection. Therefore, the infection rate recorded for Asibi i.c.v. is 71% (65/92) and the 

dissemination rate is 81% (53/65). The whole mosquito titers and infection and 

dissemination rates observed for Asibi virus and Asibi i.c.v. were not statistically 

different (p < 0.01, student’s t test and Fishers exact test, respectively).   

 

3.3 VIRUS PRODUCTION FROM THE YFV 17D I.C.  
Production of virus from the 17D i.c. was monitored every 24 hr post-

electroporation in BHK cells (Figure 3.4). Virus titer peaked 2 dpe at 8.52 

log10TCID50/ml and remained constant to 5 dpe. Virus produced from the 17D i.c. was 
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detected by 86.13 (flavivirus-specific), MA93 (YFV-specific), and 86.64 (17D-specific) 

as expected and was not visualized by staining with 10.17 (17D-specific).Virus was also 

produced from an infectious clone containing the fluorescent marker DsRed2, 17D-IRES-

DsRed2. Cell culture supernatant harvested 5 days post-electroporation contained 6.52 

log10TCID50 virus/ml. Red fluorescence was visualized in BHK in the T25 flask and on 

glass coverslips 5 days post-electroporation. Subsequent staining of a coverslip for YFV 

antigen revealed the pattern of fluorescence seen using DsRed2 to be inconsistent with 

the location and amount of viral antigen; virus was widespread and abundant when 

viewed by immunofluorescence whereas DsRed2 was not present in all of the same cells. 

Therefore, DsRed2 was not stable at this location in the genome. Placement of DsRed2 

alone (without the IRES) between NS2B and NS3 of 17D failed to even produce 

infectious virus, confirmed by immunofluorescence analysis of coverslips seeded with 

electroporated cells. It was concluded that fluorescent markers in the YFV i.c.s. could not 

reliably be used to screen for virus in vitro or in Ae. aegypti, thus all subsequent 

experiments were conducted with the 17D i.c. 

 

3.4 SEQUENCE COMPARISON OF THE YFV ASIBI AND 17D STRAINS 
USED IN THIS STUDY 
 Sequence differences between the Asibi and 17D strains used in this study are 

listed in Table 3.3. There were 67 nt differences encoding 33 aa substitutions scattered 

throughout the YFV genome with the exception of the 5’ non-coding region and the 

capsid protein gene, which were not different. Within the remaining genes, the number of 

ntd/aa differences present in each are as follows: prM- 0/0, M- 2/1, E- 15/12, NS1- 3/2, 

NS2A- 9/6, NS2B- 4/2, NS3- 9/2, NS4A- 4/2, NS4B- 3/2, NS5- 13/4, and 3’NCR- 5 ntd.  

Asibi and 17D shared in common several nt and aa differences with other YFV wild-

type/attenuated pairs. There were 12 nt and differences in common with Asibi/Asibi-LP-

CDC HeLa p6, 3 of which coded for aa substitutions at positions E-331, NS4B-95, and 

NS5-900 (Dunster et al., 1999). There were also 3 nt differences shared in common with 

FVV/FNV, and two of these, at positions M-36 and NS4B-95, coded for aa substitutions 
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(Wang et al., 1995).   

 

3.5 COMPARISON OF YF ASIBI AND 17D I.C.V.S IN VITRO 
 Infectious virus was recovered from the Asibi and 17D i.c.s following 

electroporation into BHK cells (as noted above). The specific infectivity of the Asibi i.c. 

was 1.6 x 104 focus forming units per microgram RNA, and the specific infectivity of the 

17D i.c. was 3.3 x 104 focus forming units per microgram RNA. The average size of foci 

formed by virus derived from the Asibi i.c. was 0.191 ± 0.01 mm, and the average size of 

foci formed by virus derived from the 17D i.c. was statistically larger at 0.380 ± 0.02 mm 

(McElroy et al., 2006a). 

 Stock virus was used to infect Vero and C6/36 cells at m.o.i. ~0.01, and virus 

production was monitored every 24 hours to 7 dpi (Figure 3.5A, B). Virus derived from 

both the Asibi and 17D i.c. replicated in Vero and C6/36 cells, albeit with different 

efficiencies. In the case of Vero cells, 17D i.c.v. consistently produced higher titers than 

Asibi i.c.v. at all timepoints (> 1 log10TCID50/ml after 1 dpi), but peak titer was reached 

for both viruses 7 dpi. The difference in titers between Asibi and 17D i.c.v.s. was less 

marked in C6/36 cells, but Asibi produced higher titers after 4 dpi, and peak titer was 

reached one day earlier (6 dpi) than that of 17D (7 dpi). 

  

 

3.6 COMPARISON OF YF ASIBI AND 17D I.C.V.S IN ORALLY INFECTED 
AE. AEGYPTI  
 Ae. aegypti were infected with 17D i.c.v. and evaluated for infection and 

dissemination. Bloodmeal titers were 6.52 and 6.95 log10TCID50/ml, and the mean day 0 

whole mosquito titer was 4.23 ± 0.31 log10TCID50/mosquito. At 14 dpi, 30% (17/56) of 

mosquitoes were infected, and no mosquitoes had disseminated infections (Table 3.3). 

Production of virus by Asibi and 17D i.c.s. was monitored in Ae. aegypti following oral 

infection at 1, 2, 3, 7, and 14 dpi (Figure 3.6). As expected, titers of both viruses 



 

 94

decreased days 0-3 during the eclipse period, and Asibi i.c.v. replicated to higher titers in 

Ae. aegypti than 17D at 7 and 14 dpi (McElroy et al., 2006).     

 

3.7 COMPARISON OF YF ASIBI AND 17D I.C.V.S IN I.T. INOCULATED AE. 
AEGYPTI 

Ae. aegypti were inoculated intrathoracically with Asibi and 17D i.c.v.s to bypass 

the midgut and evaluate the block to dissemination of 17D. Mosquitoes were inoculated 

with an average of 1.95 ± 0 log10TCID50/mosquito of Asibi or 1.72 ± 0.39 

log10TCID50/mosquito of 17D. At 10 days post inoculation, 100% of Ae. aegypti (22/22 

and 15/15, for Asibi and 17D i.c.v.s respectively) were infected and had disseminated 

infections. Average whole body titers were 4.66 ± 0.25 for Asibi i.c.v. and 4.73 ± 0.30 

log10TCID50/mosquito for 17D i.c.v. 

 

 

3.8 COMPARISON OF YF ASIBI VIRUS AND 17D I.C.V. IN AE. AEGYPTI 
MIDGUTS FOLLOWING ORAL INFECTION 
 Midguts were dissected from Ae. aegypti which had been orally infected with 

Asibi virus or 17D i.c.v. (6.52 and 6.95 log10TCID50/ml, respectively) on 3, 7, 10, and 14 

dpi and titrated to isolate differences in virus titer to the midgut only. Asibi virus was 

grown in Vero cells and used in place of Asibi i.c.v. as BHK were unavailable for 

electroporation. Therefore, 17D i.c.v. was also grown in Vero cells to produce virus for 

these experiments. The results are presented in Figure 3.7. At 3, 7, and 14 dpi, Asibi i.c.v. 

replicated to statistically higher titers in the midgut than 17D (p < 0.05); statistical 

significance could not be determined for 10 dpi as there was only 1 17D-infected midgut 

at this timepoint. For both viruses, peak titers were reached 7 dpi, decreased to 10 dpi, 

and increased to 14 dpi.  

 Midguts were dissected from Asibi virus and 17D i.c.v.-infected mosquitoes 7 and 

14 dpi in a separate experiment to compare RNA load of the two viruses (Figure 3.8). 
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Virus was harvested from Vero cells as in the previous experiment, and the titers of the 

bloodmeals were 7.52 log10TCID50/ml and 6.95 log10TCID50/ml for Asibi virus and 17D 

i.c.v., respectively. At 7 dpi, there was no significant difference in RNA load between the 

two viruses, whereas the Asibi RNA load was significantly higher at 14 dpi than that of 

17D i.c.v. (p < 0.01). 

 

3.9 CONCLUSIONS 
To study the genetic determinants of underlying phenotypic differences that are 

expected in Ae. aegypti between Asibi and 17D, it was necessary to construct and test an 

infectious clone of Asibi to complement the existing 17D infectious clone. The use of the 

low copy number 17D i.c. as a backbone for the insertion of Asibi sequences facilitated 

the construction of an Asibi i.c. Infectious virus was produced from in vitro  transcribed 

RNA electroporated into BHK cells, and the antigenic reactivity profiles of Asibi virus 

and virus derived from the Asibi i.c. were identical based on data from using a panel of 

flavivirus- and YFV-specific Ab. In cell culture, Asibi virus and Asibi i.c.v. replicated 

equally efficiently in C6/36 following infection at a m.o.i. of 0.01. However, differences 

were observed in titers generated in Vero cells at low (0.01) and high (5) m.o.i. at early or 

late timepoints, respectively. In all cases, titers of Asibi virus were higher than those of 

Asibi i.c.v. The reason for these differences is unclear but is most likely due to one or all 

of the three of the clonal aa differences between the two viruses. Multiple attempts to 

separate and isolate quasispecies hypothesized to be present in the parental Asibi virus 

population by limited dilution cloning were unsuccessful. Separation of quasispecies by 

plaque picking was also not possible due to the inefficiency of plaque formation by Asibi 

virus.  

To be of value for subsequent investigation of YFV genetic determinants of 

infection and dissemination in Ae. aegypti, it was important that virus derived from the 

Asibi i.c. constructed for this project had identical infection and dissemination properties 

in Ae. aegypti as the parental Asibi virus. Thus, more crucial for these studies than the 
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results of the in vitro comparisons is the observation that both viruses showed identical 

phenotype in Ae. aegypti mosquitoes with respect to infection and dissemination 

characteristics. Infection and dissemination rates for Asibi virus and virus derived from 

the Asibi i.c. were not statistically different at 73% infection, 75% dissemination and 

71% infection, 81% dissemination, respectively (p < 0.01). The parental Asibi wild-type 

phenotype was therefore maintained by virus derived from the Asibi i.c. in Ae. aegypti 

following oral infection, validating the substitution of the infectious clone for the virus in 

genetic characterization studies.  

Sequence differences are present throughout the Asibi and 17D genome with the 

exception of the 5’NCR and the capsid protein gene. The strains used in these studies 

contained 67 nt and 33 aa differences. A previous sequence comparison of different Asibi 

and 17D isolates noted 68 nt and 32 aa differences between the viruses (Hahn et al., 

1987). The differences between Asibi and 17D arose as a result of the passage series used 

to derive the 17D vaccine strain and resulted in phenotypic differences between the two 

YFVs that have been characterized in these studies. Interestingly, several of the 

differences present between the Asibi/17D virus pair used in these studies are shared in 

common between other YFV wild-type/attenuated pairs Asibi/Asibi-CDC-LP HeLa p6 

(Dunster et al., 1999) and/or FVV/FNV (Wang et al., 1995). Most notable among these 

differences is the isoleucine to methionine substitution at position 95 in NS4B-95, as this 

difference is present in all three wild-type/attenuated virus pairs. None of the three 

attenuated viruses, 17D, Asibi-CDC-LP HeLa p6, and FNV, is able to disseminate in Ae. 

aegypti, leading to the hypothesis that this substitution attenuates YFV. (Dunster et al., 

1999; Monath, 2005; Monath and Barrett, 2005). However, these attenuated viruses have 

altered phenotypes in vitro and in vertebrates as well as in mosquitoes, so it is difficult to 

speculate which nt and/or aa differences contribute to phenotypic changes in vitro, in 

mosquitoes, or in vertebrates.   

Asibi and 17D i.c.v.s were compared with respect to focus size, replication in 

Vero and C6/36 cells; infection, replication, and dissemination in Ae. aegypti; and Asibi 

virus and 17D i.c.v. production and RNA load was determined in infected Ae. aegypti 
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midguts. The significantly larger focus size observed for 17D i.c.v. compared to Asibi 

i.c.v. was expected given previous reports that Asibi forms smaller plaques than 17D 

(Miller and Adkins, 1988). This is most likely the result of adaptive mutations 

accumulated by 17D during the Asibi in vitro passage series which promoted efficient 

cell-to-cell spread in vertebrate cell culture rather than a reflection of the attenuated in 

vivo phenotype (McElroy et al., 2006a). This difference was analogous to that seen in 

virus production in Vero cells in which 17D i.c.v. consistently produced higher titers than 

Asibi i.c.v. In C6/36 mosquito cells, however, Asibi i.c.v. produced slightly higher titers 

than 17D i.c.v. beyond 4 dpi and reached peak titer two days earlier. It was hypothesized 

prior to subsequent studies that phenotype in C6/36 cells would be predictive of Ae. 

aegypti in vivo phenotype; however, this hypothesis did not hold up when chimeric YFV 

were evaluated (reported in Chapters 4 and 5). Thus the basis of the slight titer 

differences observed in C6/36 remains unknown.   

In addition to validating the use of the Asibi i.c.v. as a surrogate for Asibi virus in 

in vivo studies, it was necessary to confirm that Asibi and 17D i.c.v.s maintained 

expected phenotypes, i.e. Asibi was able to infect and disseminate efficiently in Ae. 

aegypti whereas 17D was restricted to the Ae. aegypti midgut and did not replicate 

efficiently in infected Ae. aegypti. Following oral infection, Asibi i.c.v. infected a high 

percentage of Ae. aegypti (71%) and disseminated in a high percentage of infected 

mosquitoes (81%), whereas 17D infected a much lower percentage of Ae. aegypti (30%) 

and did not disseminate in any infected mosquitoes. This confirmed results reported in 

other studies of Asibi and/or 17D (Jennings et al., 1994; Miller and Adkins, 1988; 

Whitman, 1939).  Additionally, titers generated in whole mosquitoes 7 and 14 following 

oral infection were also higher in Asibi i.c.v. infected mosquitoes than 17D i.c.v. infected 

mosquitoes, and titers reached in Asibi-infected midguts were consistently higher at 3, 7, 

10, and 14 dpi than titers of 17D i.c.v.-infected midguts. Lower titers reached by 17D 

i.c.v. than Asibi i.c.v. in the whole mosquito and Asibi virus in infected midguts are most 

likely an effect of in vivo attenuation resulting from sequence differences between the 

two YFV strains. Asibi and 17D RNA levels in Ae. aegypti midguts were not 
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significantly different 7 dpi, in contrast to the virus titers observed at this timepoint in 

separate experiments. It is hypothesized that, while 17D is able to replicate in the midgut, 

virion assembly and release within the midgut epithelium are less efficient due the aa 

differences in 17D compared to Asibi. Asibi RNA levels were significantly higher than 

17D at 14 dpi (p < 0.01), corresponding to the higher titer levels observed at these 

timepoints.  

The ability of Asibi and 17D i.c.v.s to disseminate at the same rate once the 

midgut is bypassed indicates that the barrier to dissemination of 17D is at the level of 

midgut escape, rather than an inability of 17D to infect secondary tissues such as the 

salivary glands. The viral genetic basis of this phenomenon remains unknown. These 

infectious clones can thus be used to evaluate the molecular determinants of viral 

infection and dissemination in Ae. aegypti. By constructing chimeric infectious clones 

containing 17D sequences in the Asibi i.c. and Asibi sequences in the 17D i.c. and orally 

infecting Ae. aegypti with virus derived from these infectious clones, it will be possible to 

identify sequences which are important for mediating efficient virus infection and 

dissemination in Ae. aegypti. The structural protein genes M and E, the non-structural 

protein genes NS2A and NS4B, and the 3’NCR were identified as targets for these 

analyses, and phenotypic differences in Asibi/17D chimeric infectious clones give some 

insight as to the genetic basis of these processes. These studies are discussed in Chapters 

4 and 5.  
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Table 3.1- Sequence differences between YF Asibi virus and Asibi i.c. 

 

 
Nt 

Asibi virus 
nt           aa 

Asibi i.c. 
nt           aa 

Amino Acid 
position 

1819 C/U S/F C S E282 
2193 C/U A/V C A E407 
2481 A/G K/R A K NS110 
3274 A/G E A E 
3817 A/G E A E 
4591 C/U D U D 
4864 A/G Q A Q 
7642 C/U S U S 

- 
- 
- 
- 
- 
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Table 3.2- Infection and dissemination rates of YF Asibi virus and Asibi i.c.v. in Ae. 

aegypti 

 

 

Virus 

 

n 

Infected 

of total(%) 

Disseminated 

of infected (%) 

Asibi 33 24/33 (73%) 18/24 (75%) 

Asibi i.c.v. 92 65/92 (71%) 53/65 (81%) 

17D i.c.v. 56 17/56 (30%) 0/17 (0%) 



 

 101

Table 3.3- Sequence differences between the YFV Asibi and 17D strains used in these 
studies. 

 

Nucleotide Amino Acid  
Gene Position Asibi 17D Position Asibi 17D 
prM 493 C G - - - 
M  854† 

883 
C 
A 

T 
G 

 36† 
- 

Leu 
- 

Phe 
- 

E 1127 
1140 
1482 
1491 
1572 
1750 
1819 
1870 
1887 
1946 

 1965* 
2112 
2193 
2219 
2356 

G 
C 
C 
C 
A 
C 
C 
G 
C 
C 
A 
C 
C 
G 
C 

A 
T 
T 
T 
C 
T 
T 
A 
T 
T 
G 
G 
T 
A 
T 

52 
56 
170 
173 
200 

- 
- 

299 
305 
325 

 331* 
380 
407 
416 

- 

Gly 
Ala 
Ala 
Thr 
Lys 

- 
- 

Met 
Ser 
Pro 
Lys 
Thr 
Ala 
Ala 

- 

Arg 
Val 
Val 
Ile 
Thr 

- 
- 

Ile 
Phe 
Ser 
Arg 
Arg 
Val 
Thr 

- 
NS1 2687 

3371 
3613 

C 
A 
G 

T 
G 
A 

79 
307 

- 

Leu 
Ile 
- 

Phe 
Val 

- 
NS2A  3817* 

3860 
 3925* 
4007 
4013 
4022 
4025 
4054 
4056 

A 
A 
A 
A 
C 
A 
G 
C 
C 

G 
G 
T 
G 
T 
G 
A 
T 
T 

- 
61 
- 

110 
112 
115 
116 

- 
126 

- 
Met 

- 
Thr 
Leu 
Thr 
Val 

- 
Ser 

- 
Val 

- 
Ala 
Phe 
Ala 
Met 

- 
Phe 

NS2B 4289 
4387 
4505 
4507 

A 
A 
A 
T 

C 
G 
C 
C 

37 
- 

109 
- 

Ile 
- 

Ile 
- 

Leu 
- 

Leu 
- 
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Nucleotide Amino Acid  

Gene Position Asibi 17D Position Asibi 17D 
NS3 4612 

 4864* 
4873 
5153 
5194 
5431 
5473 

 5926† 
6023 

T 
A 
T 
A 
T 
C 
C 
C 
G 

C 
G 
G 
G 
C 
T 
T 
T 
A 

- 
- 
- 

195 
- 
- 
- 
- 

485 

- 
- 
- 

Ile 
- 
- 
- 
- 

Asp 

- 
- 
- 

Val 
- 
- 
- 
- 

Asn 
NS4A 6448 

6529 
6758 
6876 

G 
T 
A 
T 

T 
C 
G 
C 

- 
- 

107 
146 

- 
- 

Ile 
Val 

- 
- 

Val 
Ala 

NS4B     7171*,† 
7571 
7580 

A 
C 
T 

G 
A 
C 

   95*,† 
- 

232 

Ile 
- 

Tyr 

Met 
- 

His 
NS5 7642 

7701 
7945 
8008 
8212 
8629 
9605 
10142 

 10243* 
 10285* 
 10312* 

   10338* 

T 
A 
C 
T 
C 
C 
A 
G 
G 
T 
A 
C 

C 
G 
T 
C 
T 
T 
G 
A 
A 
C 
G 
T 

- 
22 
- 
- 
- 
- 

657 
836 

- 
- 
- 

 900* 

- 
Gln 

- 
- 
- 
- 

Asn 
Glu 

- 
- 
- 

Pro 

- 
Arg 

- 
- 
- 
- 

Asp 
Lys 

- 
- 
- 

Leu 
3’NCR 

 
 10367* 
 10418* 
 10550* 
10800 
10847 

T 
T 
T 
G 
A 

C 
C 
C 
A 
C 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

 

(*) Denotes ntd or aa differences in common with Asibi/Asibi-LP-CDC HeLa p6 
(Dunster et al., 1999). (†) Denotes ntd or aa differences in common with FVV/FNV 
(Wang et al., 1995). 
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Figure 3.1- Growth of YF Asibi i.c.v. in BHK cells post-electroporation. Dashed line 
indicates the limit of detection. 

 

0
1
2
3
4
5
6
7
8
9

10

24 48 72 96 120

Time post-electrporation (hrs)

Ti
te

r 
(lo

g 1
0T

C
ID

50
/m

l)

 
 

 

Figure 3.2- Spread of YF Asibi i.c.v. in BHK cells visualized by IFA A) 24 hr, B) 48 hr, 
and C) 72 hr post-electroporation. 
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Figure 3.3- YF Asibi virus and Asibi i.c.v. production in Vero and C6/36 cell culture. A) 
Vero, m.o.i. 0.01, B) Vero, m.o.i. 5, and C) C6/36, m.o.i. 0.01 for Asibi virus (□), Asibi 
i.c.v. (■). Dashed line indicates the limit of detection. 
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Figure 3.3 (continued)- YF Asibi virus and Asibi i.c.v. production in Vero and C3/36 cell 
culture. 
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Figure 3.4- Growth of YF 17D i.c.v. in BHK cells post-electroporation. Dashed line 
indicates the limit of detection. 
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Figure 3.5- YF Asibi i.c.v. and 17D i.c.v. production in Vero and C6/36 cell culture. A) 
Vero, m.o.i. 0.01 and B) C6/36, m.o.i. 0.01 for Asibi i.c.v. (■), 17D i.c.v. (▲).  Dashed 
line indicates the limit of detection. 
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Figure 3.6- YF Asibi i.c.v. and 17D i.c.v. production in orally infected Ae. aegypti. Asibi 
i.c.v. (■), 17D i.c.v. (▲). Dashed line indicates the limit of detection. 
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Figure 3.7- YF Asibi i.c.v. and 17D i.c.v. production in midguts of orally infected Ae. 
aegypti.  Asibi i.c.v. (■), 17D i.c.v. (▲). Dashed line indicates the limit of detection. 
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Figure 3.8 RNA load in midguts of YF Asibi- and 17D-orally infected Ae. aegypti. 
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CHAPTER 4: 

EVALUATION OF YFV MEMBRANE AND ENVELOPE 
STRUCTURAL PROTEIN GENES IN VITRO AND IN VIVO 

 

4.1 AIM AND HYPOTHESES 
The experiments described in this chapter focus on the genes coding for the 

membrane (M) and envelope (E) structural protein regions. The aim of this study was to 

evaluate the effects of amino acid substitutions in the 17D M and E structural protein 

genes that arose during the multiple in vitro passages of Asibi on viral phenotype in vitro 

and in Ae. aegypti. Eight Asibi/17D chimeras were constructed and tested for this study 

(Figure 4.1). The hypotheses of this study were as follows: 

 

A. Sequence differences between Asibi and 17D in the M and E structural protein genes 

account for observed phenotypic differences between the two viruses in vitro and in Ae. 

aegypti.  

B. Infection and dissemination of virus from the mosquito midgut are primarily receptor-

mediated events controlled by the M and E structural protein genes. Substitution of 17D 

M and E sequences into Asibi will attenuate virus for infection and dissemination. 

 

Data from these studies were reported in McElroy, K. L., Tsetsarkin, K. A., 

Vanlandingham, D. L., and Higgs, S. (2006a) Role of the Yellow Fever Virus Structural 

Protein Genes in Viral Dissemination from the Aedes aegypti Mosquito Midgut. J Gen 

Virol In press.   
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4.2 VIRUSES CONSTRUCTED AND TESTED FOR THESE STUDIES 

A. Asibi/17D M-E and 17D/Asibi M-E 
 Asibi/17D M-E and 17D/Asibi M-E were constructed and characterized to test the 

hypothesis that the M and E protein gene sequences mediate YFV infection and 

dissemination processes in Ae. aegypti. There are no differences between Asibi and 17D 

in the 5’NCR or C protein gene. However, there is one amino acid difference in M, 

Leu36Phe, and there are 12 amino acid differences in E (Table 4.1; Figure 4.2). This 

region was further subdivided to produce additional Asibi/17D chimeras. 

 

B. Asibi/17D M-36, 17D/Asibi M-36, and 17D/Asibi E 
 Asibi/17D M-36, 17D/Asibi M-36, and 17D/Asibi E were constructed and 

characterized to separately evaluate the roles of the one amino acid substitution in M and 

the 12 amino acid substitutions in E with respect to infection and dissemination in Ae. 

aegypti separately. E is the major flavivirus surface protein which mediates binding of 

virions to target surfaces and membrane fusion, and prM/M stabilizes and chaperones E 

through the secretory pathway during virion maturation (Lindenbach and Rice, 2003; 

Modis et al., 2004, Op de Beeck et al., 2004; Rey et al., 1995). 

 

C. Asibi/17D E dI-II, Asibi/17D E dIII, and 17D/Asibi E dIII 
 The E protein gene was subdivided by structural domains. Asibi/17D E dI-II, 

Asibi/17D E dIII, and 17D/Asibi E dIII were constructed and characterized to evaluate 

the roles of the E structural domains with an emphasis on the putative flavivirus cell 

receptor binding domain III. These structural domains were assigned based on structural 

alignments and crystallographic structures of the DENV E and TBEV E protein. Domains 

I and II form a β-barrel and the dimerization domains, respectively, and domain III is an 

immunoglobulin-like domain that is hypothesized to function in receptor-binding (Modis 

et al., 2004; Rey et al., 1995). There are five amino acid differences between Asibi and 

17D in dI-II and five amino acid differences in dIII. 



 

 113

4.3 SPECIFIC INFECTIVITY AND FOCUS SIZE IN VERO CELLS 
Infectious virus was recovered from each YFV chimeric i.c. in this study 

following electroporation of in vitro transcribed RNA into BHK cells. Specific infectivity 

of the viral RNAs, a measurement of the number of foci formed per microgram (FFU/µg) 

RNA electroporated into BHK, was 1.7 x 103 to 5 x 104 FFU/µg, and average focus sizes 

varied for the different viruses (Table 4.2 A,B) (McElroy et al., 2006a). Focus sizes were 

evaluated in two separate groups and compared with Asibi i.c.v. and 17D i.c.v. Foci 

formed from each of the YFV chimeras with the exception of 17D/Asibi M-36 were 

significantly larger than Asibi (p < 0.01). 17D/Asibi M-36 fomed the same size foci as 

Asibi i.c.v. (p = 0.55). All YFV chimeras, with the exception of Asibi/17D M-36 had 

significantly smaller foci than 17D i.c.v. (p < 0.05); Asibi/17D M-36 formed larger foci 

than 17D i.c.v. (p < 0.01). Among all the YFV chimeras, only Asibi/17D M-E and 

Asibi/17D E dI-II in the first group were statistically the same size (p = 0.75) (McElroy et 

al., 2006a). To summarize, the average focus sizes were as follows, from smallest to 

largest: Asibi < Asibi/17D E dIII < 17D/Asibi M-E < Asibi/17D E dI-II < Asibi/17D M-

E < 17D/Asibi M-E < 17D < Asibi/17D M-36 in Group 1; Asibi < 17D/Asibi M-36 < 

17D/Asibi E < 17D in Group 2. 

 

4.4 VIRUS PRODUCTION IN VITRO  

A. Vero cells 
 Growth curves of all the Asibi/17D structural chimeras were generated to 

compare virus production to 7 dpi of each Asibi/17D structural chimera to Asibi and 17D 

i.c.v.s. Each virus is presented in Figures 4.3 A-H. Each of the Asibi/17D chimeras was 

able to replicate in Vero cells. Asibi/17D M-E, Asibi/17D M-36 and 17D/Asibi M-E 

replicated with comparable efficiency to Asibi i.c.v. until 7 dpi, when titers reached by 

the chimeras were lower. 17D/Asibi M-36 reached higher titers than Asibi i.c.v. 1 to 2 

dpi but replicated to lower titers than Asibi i.c.v. 4 to 7 dpi. Asibi/17D E dI-II replicated 

with comparable efficiency to Asibi i.c.v. 1 to 3 dpi but to lower titers than Asibi i.c.v. at 
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4 to 7 dpi. With the exception of the titer reached by 17D/Asibi M-36 at 1 dpi, 17D i.c.v. 

reached higher titers than all of these viruses at all timepoints. Asibi/17D E dIII, 

however, replicated with comparable efficiency to 17D i.c.v. until 7 dpi, when the titer 

recorded for the chimera was lower than for 17D i.c.v. 17D/Asibi E dIII reached 

comparable titers to Asibi i.c.v. up to 5 dpi, when the titers decreased 6 to 7 dpi. Finally, 

17D/Asibi E reached higher titers than both Asibi and 17D i.c.v.s 1 dpi, was comparable 

to Asibi 4 to 5 i.c.v. dpi, then decreased to lower titers than Asibi i.c.v. at 6 to 7 dpi.      

 

B. C6/36 cells 
 Growth curves were generated for all of the Asibi/17D structural chimeras in 

C6/36 to compare virus production with Asibi and 17D i.c.v.s to 7 dpi, and each virus is 

presented in Figures 4.4 A-H. Each of the Asibi/17D chimeras was able to replicate in 

C6/36 cells. Asibi/17D M-E replicated with comparable efficiency to Asibi and 17D 

i.c.v.s, whereas 17D/Asibi M-E was reached lower titers than Asibi and 17D i.c.v.s 5 to 7 

dpi. Similarly, Asibi/17D M-36 was comparable to Asibi and 17D i.c.v.s while the 

reciprocal chimera 17D/Asibi M-36 was lower than Asibi and 17D i.c.v.s  6 to 7 dpi. 

Asibi/17D E dI-II, Asibi/17D E dIII, and 17D/Asibi E dIII replicated to comparable titers 

to Asibi and 17D i.c.v.s, with the exception of the titer of Asibi/17D E dI-II at 6 dpi, 

which was lower than Asibi and 17D i.c.v.s. Finally, 17D/Asibi E reached higher titers 

than Asibi and 17D i.c.v.s 1 to 3 and 5 dpi but was comparable to both viruses at the 

other timepoints. 

 

4.5 ORAL INFECTION RATES OF AE. AEGYPTI 
 Each virus tested was orally infectious to Ae. aegypti, and infection rates are 

reported as the number of positive mosquitoes divided by the number of mosquitoes 

tested (Table 4.3). Average titers of the bloodmeals to which mosquitoes were exposed 

were as follows: Asibi/17D M-E= 6 log10TCID50/ml, Asibi/17D M-36= 6 

log10TCID50/ml, Asibi/17D E dI-II= 5.2 log10TCID50/ml, Asibi/17D E dIII= 6 

log10TCID50/ml, 17D/Asibi E dIII= 5.5 log10TCID50/ml, 17D/Asibi E= 6 log10TCID50/ml, 
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17D/Asibi M-36= 5.5 log10TCID50/ml, and 17D/Asibi M-E= 5.9 log10TCID50/ml. The 

infection rates varied from 16 to 61% in this study (Table 4.3). With the exception of 

17D/Asibi E, each virus in this study infected a significantly lower percentage of Ae. 

aegypti than Asibi i.c.v. (p < 0.01), and 17D/As E was the only virus which had a 

significantly higher infection rate than 17D i.c.v. (p < 0.01). The full M-E chimeras 

Asibi/17D M-E and 17D/Asibi M-E infected 26% (22/84) and 21% (16/76) of Ae. 

aegypti, respectively. Asibi/17D M-36 and 17D/Asibi M-36 each infected 33% (16/49) 

and 22% (11/49) of Ae. aegypti, respectively, and 17D/Asibi E infected the highest 

percentage of Ae. aegypti in this study at 61% (34/56). Finally, Asibi/17D E dI-II infected 

the lowest proportion of Ae. aegypti in this study at 16% (9/58) while the domain III 

chimeras Asibi/17D E dIII and 17D/Asibi E dIII infected 38% (22/58) and 33% (28/85) 

of Ae. aegypti, respectively (McElroy et al., 2006a).  

 

4.6 VIRUS PRODUCTION IN ORALLY INFECTED AE. AEGYPTI  
 Growth curves of all viruses in Ae. aegypti were generated and are presented in 

Figures 4.5 A-H with with the Asibi i.c.v. and 17D i.c.v. curves for comparison. Each of 

the chimeras was able to replicate in Ae. aegypti following the characteristic eclipse 

phase of infection (1 to 3 dpi).  Virus titers then remained fairly constant from 7 to 14 

dpi, with the exception of 17D/Asibi E dIII, which increased. Titers of each of the 

chimeras were lower than Asibi at these timepoints, with the exception of one 17D/Asibi 

E dIII-infected mosquito which had a titer of 5.52 log10TCID50 at 14 dpi. At 14 dpi, 

considerable variation in viral titers was observed and no statistical differences could be 

detected between Asibi i.c.v., 17D i.c.v. and any of the YFV chimeric viruses (McElroy 

et al., 2006a). 

 

4.7 DISSEMINATION OF VIRUS IN ORALLY INFECTED AE. AEGYPTI  
 Dissemination is reported as the number of mosquitoes with YFV antigen-positive 

salivary glands (disseminated infections) divided by the number of infected mosquitoes. 
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Dissemination rates ranged from 0 to 69% in this study (Table 4.3). Viruses can be 

placed into groups based on dissemination rate and statistical analysis: high 

dissemination (not significantly different than Asibi i.c.v. but significantly higher than 

17D i.c.v.), medium dissemination (significantly lower than Asibi i.c.v. and significantly 

higher than 17D i.c.v.), and low to zero dissemination (significantly lower than Asibi 

i.c.v. and not significantly different than 17D i.c.v.). Two viruses fall into the first group: 

17D/Asibi M-E and Asibi/17D E dI-II. 17D/Asibi M-E disseminated in 69% (11/16) of 

infected Ae. aegypti, which was significantly higher than 17D i.c.v. (p < 0.01) but not 

statistically different than Asibi i.c.v. (p = 0.31). Asibi/17D E dI-II disseminated in 67% 

(6/9) of infected Ae. aegypti, which was also higher than 17D i.c.v. (p < 0.01) but not 

statistically different than 17D i.c.v. (p = 0.38). The second group, medium 

dissemination, contains four viruses: Asibi/17D M-E, Asibi/17D M-36, Asibi/17D E dIII, 

17D/Asibi E. Three of these, Asibi/17D M-E, Asibi/17D E dIII, and 17D/Asibi E 

disseminated at the same rate at 32% (7/22 for Asibi/17D M-E and Asibi/17D E dIII and 

11/34 for 17D/Asibi E, respectively). This rate was significantly lower than Asibi i.c.v. (p 

< 0.01) and significantly higher than 17D i.c.v. (p = 0.01). Asibi/17D M-36 disseminated 

in 50% (8/16) of infected Ae. aegypti, which was significantly lower than Asibi i.c.v. (p = 

0.02) and higher than 17D i.c.v. (p < 0.01). Finally, two viruses, 17D/Asibi E dIII and 

17D/Asibi M-36 form the last group. 17D/Asibi E dIII only disseminated in 14% (4/28) 

of infected Ae. aegypti, and 17D/Asibi M-36 did not disseminate in any infected Ae. 

aegypti (0/11). These dissemination rates were significantly lower than Asibi i.c.v. (p < 

0.01) and not statistically different than 17D i.c.v. (p > 0.28) (McElroy et al., 2006a).     

 

 

4.8 DISCUSSION 
This study utilized the existence of infectious clones based on two phenotypically 

different YFV strains, Asibi and 17D, to characterize molecular determinants in the 

structural protein genes of infection and dissemination of virus in Ae. aegypti. Eight 
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chimeras between the wild-type disseminating Asibi i.c.v. and the midgut restricted 17D 

i.c.v. were constructed for use in this study. Infectious virus was produced from all eight 

Asibi/17D structural chimeras constructed. Each of these viruses was characterized in 

vitro (specific infectivity, focus size, and virus production in Vero cells; and virus 

production in C6/36 cells) and in vivo (infection, virus production, and dissemination in 

Ae. aegypti). With respect to specific infectivity recorded for the Asibi/17D structural 

chimeras, this value was roughly tenfold higher for viruses with the 17D backbone and 

thus XhoI linearization site. Average focus sizes of the Asibi/17D structural chimeras 

varied in both groups in which they were tested, but there was no apparent correlation 

between genomic content and average focus size in this study. Previous studies of DENV 

(Blaney et al., 2002) and YFV (Dunster et al., 1999) have correlated plaque size with 

combined mutations in the structural protein genes, non-structural protein genes and 

NCRs. In the case of the YFV chimeras, interaction between specific sequence elements 

in the structural and non-structural protein genes of Asibi and 17D may account for 

observed differences in the size of the foci. 

 Each of the viruses was able to replicate in Vero and C6/36 cells. In Vero cells, all 

viruses generally replicated with comparable efficiency to Asibi up to 7 dpi, at which 

timepoint the titers recorded for each Asibi/17D chimera were lower than (or comparable 

to in the case of As/17D E dIII) Asibi i.c.v. With the exception of Asibi/17D E dIII (1-6 

dpi), 17D/Asibi M-36 (1 dpi), and 17D/Asibi E (1 dpi), 17D i.c.v. replicated more 

efficiently in Vero cells than the chimeras. However, no trend emerged among these 

viruses with respect to genomic content and efficiency of virus production in Vero cells. 

In C6/36 cells, virus production for each of the chimeras was generally as efficient as 

Asibi and 17D i.c.v.s. Thus, replication efficiency of these viruses in the C6/36 Ae. 

albopictus mosquito cell line is not reflective of phenotype in Ae. aegypti. 

 All of the Asibi/17D structural chimeras were orally infectious to Ae. aegypti, 

although the rates varied considerably and, with one exception (17D/Asibi E), were 

significantly lower than Asibi i.c.v. The bloodmeal titers ranged from 5.2-6.0 

log10TCID50/ml, and there was no apparent correlation between bloodmeal titer and 
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infection rate. Additionally, since all but one are significantly attenuated for infection in 

Ae. aegypti, the reduced infectivity does not appear to be a function of genomic content. 

The low infection rates for seven of the eight chimeras are likely due to an attenuating 

effect of chimerization as has been observed with other YFV chimeras (Chapter 5) and 

DENV chimeras (Blaney et al., 2004). It is hypothesized that substitution of heterologous 

sequences between viruses which have evolved separately (in this case, the substitution 

of Asibi sequences into 17D or vice-versa) decreases the efficiency of interactions 

between viral proteins, resulting in decreased infectivity and/or less efficient virus 

production. Titers reached by each of the chimeras in infected Ae. aegypti were generally 

lower than Asibi i.c.v. at 7 and 14 dpi, with the exception of 17D/Asibi E dIII, but there 

significant differences could not be detected between Asibi or 17D i.c.v.s and any of the 

chimeras. The high titer reached by one 17D/Asibi E dIII-infected mosquito at 14 dpi was 

unexpected, but it is unknown whether this was a disseminated infection as the titer of the 

whole body was assayed. There is no apparent correlation between the ability of the 

Asibi/17D structural chimeras to replicate in Ae. aegypti and genome content or 

dissemination rate. Considered with the data for infection rates, the specific genetic 

determinants of YFV infection of Ae. aegypti could not be definitively identified in these 

studies, suggesting complex interactions exist between these elements.   

 The most interesting results of this study are those for the dissemination rates of 

the Asibi/17D structural chimeras in Ae. aegypti. The high dissemination rate of 

17D/Asibi M-E (67%; not statistically different from Asibi i.c.v.) was expected given the 

hypothesis that the YFV structural protein genes mediate the process of dissemination 

from the Ae. aegypti midgut. This observation indicates that one or more elements within 

this region are necessary for dissemination. The data for this virus is interesting when 

considered alongside data published for the DENV- and WNV-ChimeriVaxTM vaccine 

candidates in mosquitoes (Johnson et al., 2002, 2003). These viruses contain the 

structural protein genes of wild-type viruses DENV-2 strain PUO-218 and WNV strain 

NY99 respectively in the non-structural backbone of YFV 17D and were evaluated for 

their ability to infect and disseminate in Ae. aegypti, Ae. albopictus (DENV only), and 
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Cx. tritaeniorhynchus (WNV only). Neither of the chimeric viruses was able to 

disseminate in any of the mosquito species tested following oral infection (Johnson et al., 

2002, 2003). It was unclear from those studies whether the failure of these viruses to 

disseminate was due to the presence of the 17D non-structural protein genes or if it was a 

result of attenuation from chimerization of heterologous flaviviruses. Data presented here 

suggest that the latter explanation is correct, since 17D/Asibi M-E was able to 

disseminate in a high proportion of infected mosquitoes in this study. This would not be 

expected in these studies if the 17D non-structural genes and 3’NCR were responsible for 

attenuation.  

When M and E were more closely examined, it was observed that the substitution 

of 17D dI-II into Asibi had no effect on dissemination as this virus was able to 

disseminate at a high rate (69%). Therefore, these domains do not appear to play a 

significant role in dissemination. Substitution of the 17D dIII, however, into Asibi 

decreased dissemination significantly to 32%, indicating that within the structural protein 

genes, domain III mediates a large part of dissemination. Interestingly, the same 

dissemination rate was observed for Asibi/17D M-E, further validating the hypothesized 

role of domain III in dissemination. As the hypothesized flavivirus cell receptor binding 

domain, this region is most likely involved in binding to an as yet unidentified receptor or 

tissue to mediate viral spread within the midgut and viral escape from the midgut. 

Domain III contains the E-Lys331Arg substitution shared in common between wild-

type/attenuated virus pairs Asibi/17D and Asibi/Asibi-LP-CDC HeLa p6. Since both 17D 

and Asibi-LP-CDC HeLa p6 are midgut-restricted YFVs (Dunster et al., 1999; Jennings 

et al., 1994; Whitman, 1939), it is tempting to speculate that this substitution is partially 

responsible for the attenuation in mosquitoes. However, this substitution did not result in 

a complete block to dissemination, so other factors must be involved.  

The 17D M-36 substitution in Asibi also decreased dissemination significantly 

compared to Asibi, and this is the only substitution in the structural protein genes shared 

in common between wild-type/attenuated virus pairs Asibi/17D and FVV/FNV. Like 

17D, FNV cannot disseminate from the mosquito midgut, so it is possible this common 
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substitution is partially responsible for this phenotype. However, like Asibi-LP-CDC 

HeLa p6, FNV and 17D have different are attenuated in vertebrates compared to their 

wild-type parental viruses, so it is difficult to speculate whether the M-36 and/or E-331 

substitutions affect phenotype in either of these systems. In fact, The M-Leu36Phe 

substitution was found to mediate apoptosis of DENV- and YFV-infected cells (Catteau 

et al., 2003), which might explain its role in the attenuation of vertebrate virulence 

observed for 17D and FNV compared to their wild-type parental viruses. The 

hypothesized importance of M-Leu36Phe in mosquitoes is further supported by the 

observation that 17D/Asibi E disseminates at a significantly lower rate than Asibi (32%), 

and the only difference between this virus and the high disseminating 17D/Asibi M-E is 

that the former contains the 17D M-36 Phe rather than the Asibi M-36 Leu.  

Finally, two of the viruses with the 17D backbone, 17D/Asibi E dIII and 

17D/Asibi M-36, disseminated at rates that were not significantly different from that of 

17D. It can be concluded from studies of Asibi/17D chimeras reported here and those 

detailed in Chapter 5 that while the substitution of 17D sequences into the Asibi i.c. 

backbone attenuates virus for dissemination, the addition of a limited portion of Asibi 

sequence to the 17D i.c. backbone does not restore wild-type phenotype. Based on these 

data it was therefore considered unnecessary to construct and test an additional chimera, 

17D/Asibi E dI-II. As stated above, the high dissemination rate of Asibi/17D E dI-II 

indicates that this region alone does not play a significant role in promoting 

dissemination. Thus the substitution of the Asibi E dI-II into 17D i.c.v. would likely not 

increase dissemination of this virus significantly compared to 17D i.c.v. This was 

observed with 17D/Asibi E dIII despite the significantly attenuating effect produced by 

substitution of the 17D E dIII into the Asibi i.c.v. backbone. The inability of a limited 

portion of Asibi sequences added to 17D to restore wild-type phenotype supports the 

general conclusion that multiple attenuating nucleotide and amino acid substitutions are 

present throughout the viral genome, rather than being a function of just one gene or 

region controlling viral phenotype.  

The majority of reported studies of the molecular determinants of viral infection 
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and, in some cases, dissemination in a mosquito have focused on the viral structural 

protein genes of members of the Alphavirus, Bunyavirus, and Flavivirus genera (Beaty et 

al., 1981, 1982; Brault et al., 2002, 2004; Ludwig et al., 1991; Myles et al., 2003; Sundin 

et al., 1987; Woodward et al., 1991). Mutation of one or several amino acids within the 

structural protein genes in these previous studies was sufficient to attenuate these viruses 

for infection of the mosquito midgut and, in some cases, dissemination from the midgut. 

While the YFV M and E structural protein genes were an appropriate target for this study, 

the ability of Asibi/17D M-E to disseminate even at a low rate was unexpected as it 

contains the structural protein genes of a midgut-restricted virus. This indicates that some 

determinants of dissemination are localized within the non-structural protein genes or 

3’non-coding region. These regions were evaluated in subsequent studies described in 

Chapter 5. 
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Table 4.1- Amino acid differences between YFV Asibi and 17D within M and E.  

 

Gene Nucleotide Amino Acid Asibi to 17D E Domain 

M 854 36  Leu - Phe* - 

E 1127 

1140 

1482 

1491 

1572 

1870 

1887 

1946 

1965 

2112 

2193 

2219 

52 

56 

170 

173 

200 

299 

305 

325 

331 

380 

407 

416 

 Gly - Arg* 

Ala - Val 

Ala - Val 

          Thr - Ile 

          Lys - Thr* 

          Met - Ile 

   Ser - Phe* 

  Pro - Ser* 

  Lys - Arg  

   Thr - Arg* 

 Ala - Val 

   Ala - Thr* 

II 

II 

I 

I 

II 

III 

III 

III 

III 

III 

- 

- 

 

(*) Denotes non-conservative amino acid differences. 
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Table 4.2- Specific infectivity and average focus sizes of YFV Asibi/17D structural 
chimeras. A) Group 1 viruses, for which focus sizes were evaluated together. B) Group 2 
viruses, for which focus sizes were evaluated together. 

 

A 
 
Virus 

Specific infectivity 
(FFU/µg RNA) 

Average focus size 
(mm) 

Asibi 1.6 x 104 0.191 ± 0.01 
Asibi/17D M-E 4.7 x 103 0.294 ± 0.02 
Asibi/17D M-36 6.7 x 103 0.406 ± 0.01 
Asibi/17D E d I-II 5.7 x 103 0.292 ± 0.02 
Asibi/17D E d III 1.7 x 103 0.224 ± 0.01 
17D/Asibi E d III 1.1 x 104 0.362 ± 0.02 
17D/Asibi M-E 1.3 x 104 0.274 ± 0.01 
17D 3.3 x 104 0.380 ± 0.02 
 
 
B 
 
Virus 

Specific infectivity 
(FFU/µg RNA) 

Average focus size 
(mm) 

Asibi 1.6 x 104 0.288 ± 0.01 
17D/Asibi E 5.0 x 104 0.401 ± 0.03 
17D/Asibi M-36 1.3 x 104 0.296 ± 0.02 
17D 3.3 x 104 0.501 ± 0.02 
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Table 4.3- Infection and dissemination of YFV Asibi/17D structural chimeras in Ae. 

aegypti. 

 
 

 

Virus 

 

n 

Infected  

of total (%) 

Disseminated  

of infected (%) 

Asibi 92 65/92 (71) 53/65 (81) 

Asibi/17D M-E 84 22/84 (26) 7/22 (32) 

Asibi/17D M-36 49 16/49 (33) 8/16 (50) 

Asibi/17D E dI-II 58 9/58 (16) 6/9 (67) 

Asibi/17D E dIII 58 22/58 (38) 7/22 (32) 

17D/Asibi E dIII 85 28/85 (33) 4/28 (14) 

17D/Asibi E 56 34/56 (61) 11/34 (32) 

17D/Asibi M-36 49 11/49 (22) 0/11 (0) 

17D/Asibi M-E 76 16/76 (21) 11/16 (69) 

17D 56 17/56 (30) 0/17 (0) 
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Figure 4.1- Schematic representation of YFV Asibi/17D structural chimeras evaluated in 
this study.  These viruses are presented in the following order: Asibi, Asibi/17D M-E, 
Asibi/17D M-36, Asibi/17D E dI-II, Asibi/17D E dIII, 17D/Asibi E dIII, 17D/Asibi E, 
17D/Asibi M-36, and 17D. 
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Figure 4.2- Predicted structure of the DENV-2 E protein with YFV Asibi-17D aa 
differences. (Asibi-17D aa differences in red; modeled in Swiss-Pdb viewer on DENV-2 
E protein reported in Modis et al., 2004) 
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Figure 4.3- Virus production of each YFV Asibi/17D structural chimera in Vero cells 
compared with YF Asibi and 17D i.c.v.s. Asibi i.c.v. (■), 17D i.c.v. (▲). A) Asibi/17D 
M-E (□). B) 17D/Asibi M-E (∆). Dashed line indicates the limit of detection. 
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Figure 4.3 (continued)- Virus production of each YFV Asibi/17D structural chimera in 
Vero cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). C) Asibi/17D M-36 (□). 
D) 17D/Asibi M-36 (∆). 
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Figure 4.3 (continued)- Virus production of each YFV Asibi/17D structural chimera in 
Vero cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). E) Asibi/17D E dI-II 
(□).  F) Asibi/17D E dIII (□). 
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Figure 4.3 (continued). Virus production of each YFV Asibi/17D structural chimera in 
Vero cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). G) 17D/Asibi E dIII 
(∆). H) 17D/Asibi E (∆). 
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Figure 4.4- Virus production of each YFV Asibi/17D structural chimera in C6/36 cells 
compared with YF Asibi and 17D i.c.v.s. Asibi i.c.v. (■), 17D i.c.v. (▲). A) Asibi/17D 
M-E (□). B) 17D/Asibi M-E (∆). Dashed line indicates the limit of detection. 
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Figure 4.4 (continued)- Virus production of each YFV Asibi/17D structural chimera in 
C6/36 cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). C) Asibi/17D M-36 
(□). D) 17D/Asibi M-36 (∆). 
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Figure 4.4 (continued)- Virus production of each YFV Asibi/17D structural chimera in 
C6/36 cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). E) Asibi/17D E dI-II 
(□).  F) Asibi/17D E dIII (□). 
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Figure 4.4 (continued). Virus production of each YFV Asibi/17D structural chimera in 
C6/36 cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). G) 17D/Asibi E dIII 
(∆). H) 17D/Asibi E (∆). 
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Figure 4.5- Virus production of each YFV Asibi/17D structural chimera in orally infected 
Ae. aegypti compared with YF Asibi and 17D i.c.v.s. Asibi i.c.v. (■), 17D i.c.v. (▲). A) 
Asibi/17D M-E (□). B) 17D/Asibi M-E (∆). Dashed line indicates limit of detection. 
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Figure 4.5 (continued)- Virus production of each YFV Asibi/17D structural chimera in 
orally infected Ae. aegypti compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). C) 
Asibi/17D M-36 (□). D) 17D/Asibi M-36 (∆). 
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Figure 4.5 (continued)- Virus production of each YFV Asibi/17D structural chimera in 
orally infected Ae. aegypti compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). E) 
Asibi/17D E dI-II (□).  F) Asibi/17D E dIII (□). 
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Figure 4.5 (continued). Virus production of each YFV Asibi/17D structural chimera in 
orally infected Ae. aegypti compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). G) 
17D/Asibi E dIII (∆). H) 17D/Asibi E (∆). 
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CHAPTER 5: 

EVALUATION OF YFV NON-STRUCTURAL PROTEIN 
GENES 2A AND 4B AND THE 3’NON-CODING REGION IN 

VITRO AND IN VIVO 

5.1 AIM AND HYPOTHESES 
The experiments detailed in this chapter focus on the non-structural (NS) protein 

genes and 3’non-coding region (NCR). The aim of this study was to evaluate the effects 

of amino acid substitutions in NS2A and NS4B and the 3’NCR that arose during the 

multiple in vitro passages of Asibi on viral phenotype in vitro and in Ae. aegypti. Seven 

Asibi/17D chimeras were constructed and tested for this study (Figure 5.1). The 

hypotheses of this study were as follows: 

 

A. Sequence differences between Asibi and 17D in NS2A and NS4B and the 3’NCR 

account for observed phenotypic differences between the two viruses in vitro and in Ae. 

aegypti.  

B. Infection and dissemination of virus from the mosquito midgut are affected by 

replication, virion packaging, and virion release. Substitution of 17D NS2A, NS4B, 

and/or 3’NCR sequences into Asibi will attenuate virus for infection and dissemination. 

 

Data from these studies were reported in McElroy, K. L., Tsetsarkin, K. A., 

Vanlandingham, D. L., and Higgs, S. (2006b) Manipulation of the Yellow Fever Virus 

Nonstructural Genes 2A and 4B and the 3’Noncoding Region to Evaluate Genetic 

Determinants of Viral Dissemination from the Aedes aegypti Midgut. Am J Trop Med 

Hyg Conditionally accepted for publication. 
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5.2 VIRUSES CONSTRUCTED AND TESTED FOR THESE STUDIES 

A. Asibi/17D NS2A 
 Asibi/17D NS2A was constructed and tested to evaluate the role of six amino acid 

substitutions between Asibi and 17D present in this gene (Table 5.1; Figure 5.2A). This 

gene was chosen for its hypothesized function in virion assembly and release (Kummerer 

and Rice, 2002; Mackenzie et al., 1998), and based on the observation that mutations in 

NS2A were associated with a 1998 DENV-4 outbreak in Puerto Rico (Bennett et al., 

2003).  

 

B. Asibi/17D NS4B, Asibi/17D NS4B-95, and 17D/Asibi NS4B-95 
 Asibi/17D NS4B, Asibi/17D NS4B-95, and 17D/Asibi NS4B-95 were constructed 

and tested to evaluate the role of NS4B with emphasis on the Ile95Met substitution 

shared in common between 3 attenuated YFV strains, 17D, FNV, and Asibi-LP-CDC 

HeLa p6, which do not disseminate in mosquitoes (Dunster et al., 1991; Wang et al., 

1995). Asibi/17D NS4B contains one other aa substitution, Tyr232His, not found in the 

other two viruses (Table 5.1; Figure 5.2B).  

 

C. Asibi/17D 3’NCR, and 17D/Asibi 3’NCR 
 Asibi/17D 3’NCR and 17D/Asibi 3’NCR were constructed and tested to evaluate 

the role of 5 nucleotide substitutions in the 3’NCR between Asibi and 17D (Table 5.1; 

Figure 5.3). Analogous differences in the 3’NCR secondary structures between wild-

type/attenuated virus pairs Asibi/17D and FVV/FNV led to the hypothesis that the 

3’NCR plays a role in YFV attenuation (Proutski et al., 1997). Additionally, deletion of a 

portion of the DENV-4 3’NCR was previously found to attenuate virus for mosquito 

infectivity and dissemination (Troyer et al., 2001; Whitehead et al., 2003). 

 

D. Asibi/17D E dIII+NS4B-95 
 Asibi/17D E dIII+NS4B-95 was constructed and tested to determine whether 
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paired substitution of the 17D E dIII and the 17D NS4B-95 into Asibi would completely 

block dissemination as E dIII and NS4B-95 are each hypothesized to play a role in 

dissemination from the Ae. aegypti midgut. 

 

5.3 SPECIFIC INFECTIVITY AND FOCUS SIZE IN VERO CELLS 
 Following electroporation of in vitro transcribed RNA into BHK cells, infectious 

virus was recovered from all chimeras evaluated in this study. The specific infectivity 

value of each chimera is reported in Table 5.2A. This value, the number of foci formed 

per microgram (FFU/µg) RNA electroporated into cells, ranged from 2.0 x 103 to 5.4 x 

104 FFU/µg for these viruses (McElroy et al., 2006b). Average focus sizes also varied 

between the different chimeras, and these were evaluated with Asibi and 17D i.c.v.s in 

two separate groups, presented in Tables 5.2A-B. Focus sizes for each YFV chimera were 

significantly larger than those produced by Asibi i.c.v. and significantly smaller than 

those produced by 17D i.c.v. (p < 0.01). Among the YFV chimeras, Asibi/17D NS2A and 

Asibi/17D 3’NCR produced significantly larger foci than Asibi/17D NS4B and 

Asibi/17D NS4B-95 (p < 0.01). As expected, Asibi/17D NS4B and Asibi/17D NS4B-95 

formed same sized foci (p = 0.9) which were significantly smaller than those formed by 

17D/Asibi NS4B-95 (p < 0.01). Finally, 17D/Asibi NS4B-95 formed significantly larger 

foci than 17D/Asibi 3’NCR (p < 0.01) (McElroy et al., 2006b). 

  

 

5.4 VIRUS PRODUCTION IN VITRO  

A. Vero cells 
 Growth curves of all the Asibi/17D structural in Vero to 7 dpi were generated for 

comparison with Asibi and 17D i.c.v.s, and each virus is presented in Figures 5.4 A-G. 

Each of the Asibi/17D chimeras replicated in Vero cells, albeit with different efficiencies. 

Asibi/17D NS2A peaked earlier than Asibi and 17D i.c.v.s (4 dpi) and replicated to lower 



 

 142

titers than both at 6 and 7 dpi. Asibi/17D NS4B and 17D/Asibi NS4B-95 did not replicate 

to titers as high as 17D i.c.v. but were close to Asibi i.c.v. at 7 dpi, whereas Asibi/17D 

NS4B-95 peaked at 4 dpi and decreased to 7 dpi. Titers reached Asibi/17D 3’NCR were 

lower than Asibi i.c.v. at most and 17D i.c.v. at all timepoints, in contrast to 17D/Asibi 

3’NCR which replicated to higher titers than its reciprocal chimera at all timepoints and 

produced lower titers than 17D i.c.v. after 3 dpi. Asibi/17D E dIII+NS4B-95 produced 

higher titers than Asibi i.c.v. until 4 dpi, then replicated to comparable titers 5 to 7 dpi. 

 

B. C6/36 cells 
 Growth curves of all of the Asibi/17D chimeras were also generated in C6/36 to 7 
dpi for comparison with Asibi and 17D i.c.v.s, and each virus is presented in Figures 5.5 
A-G. Each of the Asibi/17D chimeras was also able to replicate in C6/36 cells. Following 
an initial lag in replication, Asibi/17D NS2A produced lower titers than Asibi and 17D 
i.c.v.s up to 4 dpi but peaked at approximately the same titer as Asibi and 17D i.c.v.s. 
Asibi/17D NS4B and 17D/Asibi NS4B-95 replicated to lower titers than Asibi and 17D 
i.c.v.s at 6 and 7 dpi, while Asibi/17D NS4B-95 produced lower titers than the other 
viruses until 4 dpi. Consistent with the results in Vero cells, Asibi/17D 3’NCR replicated 
to lower titers than Asibi and 17D i.c.v.s in C6/36 cells, whereas 17D/Asibi 3’NCR 
produced titers equal to Asibi and 17D i.c.v.s until 4 dpi then decreased. Finally, 
Asibi/17D E dIII+NS4B-95 replicated to comparable titers as Asibi and 17D i.c.v.s to 4 
dpi then decreased.  

 

5.5 ORAL INFECTION RATES OF AE. AEGYPTI  
 Each of the Asibi/17D chimeras was orally infectious to Ae. aegypti, and the 

infection rates in this study ranged from 22 to 51% (Table 5.3). The bloodmeal titers in 

this study were as follows: Asibi/17D NS2A = 5.3 log10TCID50/mL, Asibi/17D NS4B = 

6.0 log10TCID50/mL, Asibi/17D NS4B-95 = 5.7 log10TCID50/mL, Asibi/17D E 

dIII+NS4B-95= 6.0 log10TCID50/mL,Asibi/17D 3’NCR = 5.8 log10TCID50/mL, 

17D/Asibi 3’NCR = 7.0 log10TCID50/mL, 17D/Asibi NS4B-95 = 6.8 log10TCID50/mL. 

The infection rate for each virus tested was significantly lower than for Asibi i.c.v. at p < 

0.05; all viruses were significantly different than Asibi i.c.v. at p < 0.01 except Asibi/17D 

E dIII+NS4B-95 (p = 0.02) and 17D/Asibi 3’NCR (p = 0.02). With two exceptions, 
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Asibi/17D E dIII+NS4B-95 and 17D/Asibi 3’NCR, all YFV chimeras had the same 

infection rate as 17D i.c.v. (p = 0.38-0.84). Asibi/17D E dIII+NS4B-95 and 17D/Asibi 

3’NCR viruses infected Ae. aegypti at a significantly higher rate than 17D i.c.v. (McElroy 

et al., 2006b).  

 

 

5.6 VIRUS PRODUCTION IN ORALLY INFECTED AE. AEGYPTI  
 All viruses were able to replicate in Ae. aegypti, and like the Asibi/17D structural 

chimeras, each underwent a characteristic eclipse phase in the early stage (days 1 to 3) of 

infection in which virus titer decreases while the input virus is replicating in the midgut 

epithelium (Figures 5.6 A-G). Thus, virus titers measured at 7 and 14 dpi were the result 

of new virus production rather than persistence of virus present in the infectious 

bloodmeal. Between 7 and 14 dpi, the average virus titers remain constant in the case of 

Asibi/17D NS4B-95; increase in the case of Asibi/17D NS2A, Asibi/17D NS4B, and 

Asibi/17D 3’NCR; or decrease in the case of 17D/Asibi NS4B-95 and 17D/Asibi 3’NCR 

to 14 dpi.  However, the high variation in whole body titer for each of the viruses at 7 

and/or 14 dpi limited statistical comparisons of average virus titers. Thus, no statistical 

difference (p > 0.05) was noted in average whole mosquito titers between Asibi or 17D 

i.c.v.s and any of the YFV chimeras at 7 and 14 dpi (McElroy et al., 2006b).  

 

 

5.7 DISSEMINATION OF VIRUS IN ORALLY INFECTED AE. AEGYPTI  
 The Asibi/17D chimeras in this study had dissemination rates which ranged from 

6 to 73%. These viruses segregate into three groups based on dissemination rate: high 

dissemination, medium dissemination, and low dissemination. Viruses with the Asibi i.c. 

backbone fall into two groups: high and medium dissemination. The high dissemination 

group contains only Asibi/17D 3’NCR. This virus disseminated at a higher rate than 17D 

i.c.v. (p < 0.01), and this rate (73%) was not statistically different than that of Asibi i.c.v. 
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(p = 0.49).  

The second group of viruses (medium dissemination) is comprised of four viruses, 

Asibi/17D NS2A, Asibi/17D NS4B, Asibi/17D NS4B-95, and Asibi/17D E dIII+NS4B-

95, each of which also disseminated at a significantly higher rate than 17D i.c.v. (p < 

0.01). Substitution of the 17D NS2A for the NS2A of Asibi decreased dissemination to 

40%, which was significantly lower than Asibi i.c.v. (p < 0.01). Substitution of the 17D 

NS4B for that of Asibi (Asibi/17D NS4B) resulted in a dissemination rate of 35%, and 

this was also significantly lower than Asibi i.c.v. (p < 0.01). This virus contained two 

amino acid differences from Asibi: Ile95Met and Tyr232His. The single substitution at 

position 95 was evaluated individually (Asibi/17D NS4B-95), and the resulting 

dissemination rate, 37%, was not different than Asibi/17D NS4B (p = 1.00). Therefore, 

within NS4B, the Ile95Met substitution is most likely responsible for the attenuation of 

viral dissemination. The last virus in this group, Asibi/17D E dIII+NS4B-95, 

disseminated in 33% of infected Ae. aegypti, which also was not statistically different 

than Asibi/17D NS4B or Asibi/17D NS4B-95 (p = 1.00), and was significantly lower 

than Asibi i.c.v. 

Both viruses with the 17D i.c. backbone, 17D/Asibi NS4B-95 and 17D/Asibi 

3’NCR fall into the third group, low dissemination. At 6% and 9% dissemination, these 

viruses disseminated at the same rate as 17D i.c.v. (p = 0.39 and 0.55, respectively) and at 

a significantly lower rate than Asibi i.c.v. (p < 0.01) (McElroy et al, 2006b).  

 

 

5.8 DISCUSSION 
To complement studies on the roles of the M and E structural protein genes in 

infection and dissemination of YFV in Ae. aegypti, the roles of NS2A, NS4B and the 

3’NCR were examined in this study. Seven viruses were constructed and tested for this 

study. Consistent with the characterization of Asibi/17D structural chimeras, each of 

these viruses was evaluated in vitro for specific infectivity, focus size, and virus 



 

 145

production in Vero cells, and for virus production in C6/36 cells; and for infection, virus 

production and dissemination in Ae. aegypti.  

With respect to specific infectivity, there does not appear to be any correlation 

between this value and genome content, linearization site (NruI in the case of viruses 

containing the Asibi 3’NCR or XhoI in the case of viruses containing the 17D 3’NCR), or 

focus size. This is in contrast to findings for the Asibi/17D structural chimeras, for which 

the specific infectivity values were higher for chimeras with the 17D i.c. backbone and 

thus XhoI linearization site. Focus sizes for each of the Asibi/17D chimeras in this study 

were larger than Asibi i.c.v. and smaller than 17D i.c.v. in both groups, but concordant 

with observations recorded for the Asibi/17D structural chimeras, no one element appears 

to control focus size of these viruses. Therefore, it is likely that a combination of 

sequence elements throughout the genome control cell-to-cell spread in vitro. This 

observation has been reported in other studies of other flavivirus mutants which 

contained nucleotide and amino acid substitutions throughout the viral genome resulting 

in a different plaque phenotype than the parental virus strains (Blaney et al., 2002; 

Dunster et al., 1999).   

Like the Asibi/17D structural chimeras, each of these viruses was able to replicate 

in Vero and C6/36 cells. In Vero cells, the chimeras generally replicated to higher titers 

than Asibi i.c.v. but not 17D i.c.v. at early timepoints (with the exception of Asibi/17D 

3’NCR, which was lower), while titers were lower or comparable to the Asibi and 17D 

i.c.v.s at the early timepoints in C6/36 cells. By 7 dpi, however, titers of each of the 

chimeras were lower or comparable to Asibi in Vero cells and Asibi and 17D i.c.v.s. in 

C6/36 cells. There were no large differences observed when comparing the production of 

individual viruses in Vero to C6/36 cells, especially at later (6 to 7 dpi) timepoints.  

Infection and dissemination of virus from the mosquito midgut is most likely receptor-

mediated, but it is reasonable to speculate that efficient replication, virion packaging, and 

virion release- events in which the non-structural proteins and 3’NCR function- are also 

necessary for dissemination to occur at a reasonable rate. The observation that a virus 

containing the structural protein genes of 17D in the Asibi i.c. backbone (Asibi/17D M-



 

 146

E) was able to disseminate from the mosquito midgut in 31% of infected mosquitoes 

prompted further investigation of mutations located outside of the structural protein 

genes.  

As was the case for the Asibi/17D structural chimeras, the decreased ability of 

each YFV chimera to infect Ae. aegypti as compared to Asibi does not appear to be a 

function of specific sequence elements, since they are all significantly attenuated for 

infection of Ae. aegypti. Another possibility for the lower infection rates is that the range 

in titers of the artificial bloodmeals to which mosquitoes were exposed resulted in the 

differences in infection rate, as higher titers usually result in a higher infection rate of 

mosquitoes (Kuno, 2005). The bloodmeal titers in these studies ranged from 5.3-7.0 

log10TCID50/ml, and the infection rates ranged from 22-51%. However, higher titers did 

not consistently produce higher infection rates. Instead, the significantly lower infection 

rates recorded for these Asibi/17D chimeras as compared to Asibi are most likely an 

attenuating effect of chimerization between the two different YFV i.c.s Asibi and 17D as 

was the case with the Asibi/17D structural chimeras and previously reported DENV 

chimeras (Blaney et al., 2004; McElroy et al., 2006a, 2006b), again indicating that 

successful interactions between proteins encoded by genome sequences which have co-

evolved within the same virus act synergistically to facilitate efficient virus production, 

i.e. replication, translation, packaging and release, and that substitution of “foreign” 

sequences which have been selected for independently (Asibi sequences into 17D i.c. or 

17D sequences into Asibi i.c.) decreases the efficiency of these interactions resulting in 

less efficient virus production. The high variation in titers of individual mosquitoes 

infected with the same virus was expected since we have observed this with other YFVs 

and the alphaviruses o’nyong-nyong (ONNV), chikungunya (CHIKV) and ONNV-

CHIKV chimeras (McElroy et al., 2006a,b; Vanlandingham et al., 2006). This variation 

is possibly reflective of the ability of virus not only to infect and produce virus within one 

tissue, for example the midgut, but also the ability of virus to disseminate to other tissues 

to facilitate virus production.   

With respect to YFV dissemination in infected Ae. aegypti, manipulation of 
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NS2A and NS4B clearly had an attenuating effect. The role of NS2A in the virulence, 

attenuation, or vector competence of YFV has not been characterized, therefore it is 

difficult to speculate how amino acid differences between the NS2A proteins of Asibi 

and 17D might alter viral phenotype. There are six amino acid substitutions in the 17D 

NS2A sequence compared to Asibi (Table 1.1): two of the changes, at positions 110 and 

115 were substitutions of polar Thr for non-polar Ala residues, and another two, 

Leu112Phe and Ser126Phe resulted in the substitution of polar for aromatic amino acids. 

It is possible that the phenotypic effect we observe in mosquitoes is due to structural 

differences which may have arisen as a result of these substitutions. The predicted folding 

of the YFV NS2A proteins was based on hydrophobicity plots generated in SOSUI 

(Hirokawa et al., 2003; Figure 5.2A). Five of the six mutations are predicted to be within 

membrane spanning regions, and one, at position 126, is predicted to reside within the 

ER, where it may come into contact with other viral proteins and interfere with protein-

protein interactions. Bennett and others identified three non-polar to polar amino acid 

residue substitutions in the NS2A of DENV-4 isolates collected during a 1998 outbreak 

(2003). These changes may have enhanced the infectivity of the DEN-4 isolates for 

mosquitoes, increasing the efficiency of virus transmission and spread. It is possible that 

the two polar to non-polar amino acid substitutions and/or the polar to aromatic amino 

acid substitutions from Asibi had the opposite effect on 17D, i.e. reduced infectivity and 

dissemination from the midgut.  

Because the function of NS4B is largely unknown, the mechanism of attenuation 

that results from manipulation of this protein is unclear. This protein is hypothesized to 

be involved in attenuation of YFV phenotype in mosquitoes based on the presence of the 

same substitution, Ile95Met, in three attenuated YFV strains, 17D, FNV, and Asibi HeLa 

p6 (Dunster et al., 1999; McElroy et al., 2006b; Wang et al., 1995). This is the only 

amino acid substitution shared in common between these YFV strains, and none of these 

viruses are able to disseminate in infected mosquitoes. Additionally, a Pro101Leu 

substitution in the NS4B of DENV-4 abolished infectivity of the virus for orally infected 

Ae. aegypti, and no disseminated infections were observed in intrathoracically-inoculated 
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Toxorhynchites splendens mosquitoes (Hanley et al., 2003). Thus, NS4B plays a role in 

interactions between mosquitoes and a related flavivirus.  Muñoz-Jordán et al. implicated 

the DENV NS4B residues 77-125 in the inhibition of IFN-α/β signaling in vitro and 

found that this antagonism is conserved for both YFV and WNV (Munoz-Jordan et al., 

2003, 2005), and this may explain the attenuation of vertebrate virulence as it relates to 

NS4B. Within this protein, the Ile95Met substitution at position 95 appears to be critical 

for dissemination, as Asibi/17D NS4B and Asibi/17D NS4B-95 disseminated at the same 

rate. The observation that Asibi/17D E dIII+NS4B-95 disseminates at the same rate as 

Asibi/17D E dIII and Asibi/17D NS4B-95 indicates that the effect of these substitutions 

on dissemination are not additive and while manipulation of either of these regions 

decreases dissemination significantly compared to Asibi, these substitutions do not work 

in concert to completely abrogate dissemination. Based on hydrophobicity plots, the 

mutation at position 95 is predicted to reside within the ER proximal to a membrane 

spanning region, whereas the mutation at position 232 is predicted to be located in the 

ectodomain just after the junction with a membrane spanning region (Figure 5.2B). The 

mechanism of attenuation from these substitutions, particularly NS4B-95, is unknown. 

However, it is possible that the Ile95Met substitution interferes with protein-protein 

interactions. 

The 3’NCR played no role in viral dissemination from the midgut in our system. 

There are five nucleotide differences between the Asibi and 17D 3’NCR, but the resulting 

predicted difference in secondary structure (Figure 5.3; Proutski et al., 1997) is 

apparently not enough to affect dissemination of virus from the mosquito midgut. The 

ability of Asibi/17D 3’NCR to disseminate at a high rate is in contrast to other studies 

published on the attenuating effects of manipulating the DENV 3’NCR. These viruses 

were attenuated in both mosquitoes and vertebrates, but they contained a deletion of 30 

nucleotides rather than an alteration of nucleotide sequence, which may account for the 

difference in outcomes (Troyer et al., 2001; Whitehead et al., 2003). This deletion would 

likely result in a large difference in 3’NCR secondary structure as compared to the minor 

difference observed between the Asibi and 17D 3’NCR (Figure 5.3). 
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The model system for this study utilized the existence of sequence differences 

between a wild-type, disseminating YFV strain (Asibi) and the attenuated, midgut-

restricted YFV strain derived from it (17D). This system was useful in elucidating genetic 

determinants of YFV dissemination from the Ae. aegypti midgut in two separate studies 

evaluating the role of ntd and aa differences in the structural genes and the non-structural 

genes and 3’NCR. Data from this study indicates that NS2A and NS4B-95 contain 

determinants of YFV dissemination from the Ae. aegypti midgut, while manipulation of 

the 3’NCR had no effect on dissemination (McElroy et al., 2006b). The viruses 

characterized or referenced in this study that contain mutations in NS2A, NS4B, or the 

3’NCR have altered phenotypes in vitro, in vertebrates, and/or mosquitoes (Bennett et al., 

2003; Blaney et al., 2004; Dunster et al., 1999; McElroy et al., 2006a, 2006b; Muñoz-

Jordán et al., 2003, 2005; Wang et al., 1995; Whitehead et al., 2003). Therefore, it is 

difficult to distinguish whether individual mutations only affect vector competence, only 

affect virus virulence, or if some or all of the changes affect both properties by separate 

or common mechanisms. Clearly more work is necessary to not only define the precise 

roles of individual mutations in YFV attenuation in vertebrates to complement the data 

presented here. It is also necessary to determine whether attenuating mutations are shared 

between related viruses, e.g. YFV and DENV or WNV. The studies described in this 

chapter provide new information about YFV-Ae. aegypti interactions, specifically the 

molecular determinants of YFV 17D attenuation in Ae. aegypti. These data may be used 

to guide the characterization between other flaviviruses and their mosquito vectors. 

Observations from these and future studies could then be employed in the rational design 

of other flavivirus vaccines to ensure their non-transmissibility by mosquitoes. 
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Table 5.1- Nucleotide and amino acid differences between YFV Asibi and 17D in NS2A, 
NS4B, and the 3’NCR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(*) Denotes non-conservative amino acid differences. 
 

 

 

Gene Nucleotide Amino acid Asibi to 17D 

NS2A 3860 

4007 

4013 

4022 

4025 

4056 

61 

110 

112 

115 

116 

126 

Met - Val 

Thr - Ala* 

Leu - Phe* 

Thr - Ala* 

Val - Met 

Ser - Phe* 

NS4B 7171 

7580 

95 

232 

Ile - Met 

Tyr - His* 

3’NCR 10367 

10418 

10550 

10800 

10847 

- 

- 

- 

- 

- 

U - C 

U - C 

U - C 

G - A 

A - C 
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Table 5.2- Specific infectivity and focus size of YFV Asibi/17D non-structural and 
3’NCR chimeras. A) Group 1 viruses, for which focus sizes were evaluated together. B) 
Group 2 viruses, for which focus sizes were evaluated together. 

 

A 

 

Virus 

Specific infectivity 

(FFU/µg RNA) 

Avg. focus sizes 

(mm) 

Asibi 1.6 x 104 0.191 ± 0.01 

Asibi/17D NS2A 4.5 x 103 0.291 ± 0.02 

Asibi/17D NS4B 1.3 x 104 0.267 ± 0.02 

Asibi/17D NS4B-95 3.2 x 104 0.268 ± 0.02 

Asibi/17D 3’NCR 2.0 x 103 0.294 ± 0.02 

17D/Asibi 3’NCR 3.7 x 104 0.257 ± 0.01 

17D/Asibi NS4B-95 6.7 x 103 0.296 ± 0.02 

17D 3.3 x 104 0.380 ± 0.02 

 

B 

 

Virus 

Specific infectivity 

(FFU/µg RNA) 

Avg. focus sizes 

(mm) 

Asibi 1.6 x 104 0.288 ± 0.01 

Asibi/17D E dIII + NS4B-95 5.4 x 104 0.450 ± 0.02 

17D 3.3 x 104 0.501 ± 0.02 
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Table 5.3- Infection and dissemination rates of YFV Asibi/17D non-structural and 
3’NCR chimeras in Ae. aegypti. 

 

   

Virus 

 

n 

Infected 

of total (%) 

Disseminated  

of infected (%) 

Asibi 92 65/92 (71) 53/65 (82) 

Asibi/17D NS2A 45 15/45 (33) 6/15 (40) 

Asibi/17D NS4B 60 20/60 (33) 7/20 (35) 

Asibi/17D NS4B-95 78 19/78 (24) 7/19 (37) 

Asibi/17D E dIII+NS4B-95 53 27/53 (51) 9/27 (33) 

Asibi/17D 3’NCR 66 15/66 (23) 11/15 (73) 

17D/Asibi 3’NCR 67 34/67 (51) 2/34 (6) 

17D/Asibi NS4B-95 50 11/50 (22) 1/11 (9) 

17D 51 17/56 (30) 0/17 (0) 
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Figure 5.1- Schematic representation of YFV Asibi/17D non-structural and 3’NCR 
chimeras evaulated in this study. Viruses are shown in the following order: Asibi, 
Asibi/17D NS2A, Asibi/17D NS4B, Asibi/17D NS4B-95, Asibi/17D E dIII+NS4B-95, 
Asibi/17D 3’NCR, 17D/Asibi 3’NCR, 17D/Asibi NS4B-95, and 17D. 

 
5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR

5’NCR C prM/M E NS1        NS2A 2B NS3 NS4A 4B NS5 3’NCR
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Figure 5.2- Models of the YFV NS2A and NS4B based on hydrophobicity plots. Amino 
acid differences between Asibi and 17D are indicated on the figures. 

A. NS2A 

 
 
 
B. NS4B 
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Figure 5.3- Predicted secondary structure of the YFV 3’NCR. (Modeled by R. C. A. 
Rijnbrand; reproduced with permission) 

 

CC



 

 156

Figure 5.4- Virus production of each YFV Asibi/17D non-structural and 3’NCR chimera 
in Vero cells compared with YF Asibi and 17D i.c.v.s. Asibi i.c.v. (■), 17D i.c.v. (▲). A) 
Asibi/17D NS2A (□). B) Asibi/17D NS4B (□). Dashed line indicates the limit of 
detection. 
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Figure 5.4 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in Vero cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). C) 
Asibi/17D NS4B-95 (○). D) 17D/Asibi NS4B-95 (∆).  
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Figure 5.4 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in Vero cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). E) 
Asibi/17D E dIII+NS4B-95 (□). F) Asibi/17D 3’NCR (□). 
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Figure 5.4 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in Vero cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲).G) 
17D/Asibi 3’NCR (∆).  
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Figure 5.5- Virus production of each YFV Asibi/17D non-structural and 3’NCR chimera 
in C6/36 cells compared with YF Asibi and 17D i.c.v.s. Asibi i.c.v. (■), 17D i.c. v. (▲). 
A) Asibi/17D NS2A (□). B) Asibi/17D NS4B (□). Dashed line indicates the limit of 
detection. 
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Figure 5.5 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in C6/36 cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). C) 
Asibi/17D NS4B-95 (○). D) 17D/Asibi NS4B-95 (∆).  
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Figure 5.5 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in C6/36 cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). E) 
Asibi/17D E dIII+NS4B-95 (□). F) Asibi/17D 3’NCR (□). 
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Figure 5.5 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in C6/36 cells compared with YF Asibi i.c.v. (■) and 17D i.c.v. (▲). G) 
17D/Asibi 3’NCR (∆).  
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Figure 5.6- Virus production of each YFV Asibi/17D non-structural and 3’NCR chimera 
in orally infected Ae. aegypti compared with YF Asibi and 17D i.c.v.s. Asibi i.c.v. (■), 
17D i.c.v. (▲). A) Asibi/17D NS2A (□). B) Asibi/17D NS4B (□).  
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Figure 5.6 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in orally infected Ae. aegypti compared with YF Asibi i.c.v. (■) and 17D 
i.c.v. (▲). C) Asibi/17D NS4B-95 (○). D) 17D/Asibi NS4B-95 (∆).  
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Figure 5.6 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in orally infected Ae. aegypti compared with YF Asibi i.c.v. (■) and 17D 
i.c.v. (▲). E) Asibi/17D E dIII+NS4B-95 (□). F) Asibi/17D 3’NCR (□). 
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Figure 5.6 (continued)- Virus production of each YFV Asibi/17D non-structural and 
3’NCR chimera in orally infected Ae. aegypti compared with YF Asibi i.c.v. (■) and 17D 
i.c.v. (▲). G) 17D/Asibi 3’NCR (∆).  
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CHAPTER 6: 

COMPARISON OF YFV 17D, ASIBI, AND 17D/ASIBI M-E 
VIRAL DISTRIBUTION AND TISSUE TROPISMS IN 

WHOLE-SECTIONED AE. AEGYPTI 

6.1 AIMS AND HYPOTHESES 

 The aim of this study was to examine the tissue distribution and tropisms of three 

phenotypically distinct YF viruses- Asibi, 17D, and 17D/Asibi M-E in Ae. aegypti at 3, 7, 

10, 14, and 21 days following oral infection using immunohistochemical techniques. 

Virus was derived from previously characterized 17D i.c., Asibi i.c., and 17D/Asibi M-E 

i.c., and these viruses have the following phenotypes: 17D- low infection rate, no 

dissemination; Asibi- high infection rate, high dissemination rate; and 17D/Asibi M-E- 

low infection rate, high dissemination rate. These experiments were executed to elucidate 

the mosquito host tissues important in YFV infection, dissemination, and amplification in 

Ae. aegypti and to further characterize the viral basis for midgut restriction. Viral antigen 

distribution was also characterized following i.t. inoculation of all three viruses. Tissue 

distribution was also characterized following intrathoracic inoculation of virus. The 

following tissues were evaluated: posterior midgut; anterior midgut; anterior-posterior 

midgut junction; circular and longitudinal muscles of the posterior and anterior midgut; 

fat body of the abdomen, thorax, and head; abdominal, thoracic, and cephalic  ganglia; 

intussuscepted foregut; cardia; salivary glands; and ovaries. The hypotheses of this study 

were as follows: 

 

A. Compared to Asibi, 17D will be limited in its tissue distribution within the whole 

mosquito and in its cellular distribution within infected midgut epithelial cells. 

B. 17D/Asibi M-E will be limited compared to Asibi in its distribution within the whole 

mosquito but will be comparable to Asibi in its cellular distribution within infected 

midgut epithelial cells. 
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6.2 OPTIMIZATION OF THE STAINING PROTOCOL 

 The protocol used in these studies was adapted extensively from a protocol 

described by Girard et al. (2005) for staining paraffin-embedded WNV-infected whole 

Cx. p. quinquefasciatus. This protocol utilized the VECTASTAIN Elite 

Avidin/Biotinylated Enzyme Complex (ABC) Kit and diaminobenzidine (DAB) 

peroxidase substrate (Vector Labortories) for antigen visualization and Vector 

Hematoxylin QS (Vector Labortories) as a nuclear counterstain. The secondary Ab used 

with this detection system was a biotinylated goat anti-mouse IgG (Vector Laboratories). 

This protocol was tested with three different primary Ab at concentrations ranging from 

1:100 to 1:1000: 86.13 (Gould et al., 1985), MA93, and Tesh hyperimmune anti-Asibi 

that were previously found to be capable of detecting YFV antigen in vitro and in 

mosquito tissues when used in IFA. Various concentration of the secondary Ab were also 

evaluated. Incubation times for the protease, 3% H2O2 in MeOH, normal goat serum 

blocking step, primary Ab, secondary Ab, and DAB were also varied in an attempt to 

optimize the sensitivity to detect YFV antigen in Asibi- or 17D- i.t. inoculated positive 

controls and to eliminate non-specific background staining. Mosquitoes fed on an 

uninfected bloodmeal were used as negative controls. 

After an extensive evaluation period with no positive results, an alternative 

antigen detection system was sought. The Vector VIP Substrate kit (Vector Labs) had 

been used with a goat anti-mouse horseradish peroxidase (HRP)-conjugated secondary 

Ab (Southern Biotech) to detect YFV antigen in vitro. This detection system was tested, 

again with various primary Ab and varying the incubation times of agents used for tissue 

preparation, described above. After another extensive round of testing, a protocol was 

developed that recognized YFV antigen positive controls with minimal background 

staining. This protocol was thus used to stain experimental sections described in this 

study. Despite the long period of optimization and great care executing the experiments, 

artifactual or non-specific staining occurred occasionally, as has been reported for similar 

protocols (Linthicum et al., 1996; Romoser et al., 1992). This occurred randomly, in 

sections which had inadvertently dried during the staining procedure or in sections 
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containing breaks in the tissue, and was readily distinguished from antigen staining by its 

intensity, distribution, and absence in adjacent sections. Tissues found to stain 

inconsistently or to have background which could not be reduced by alteration of the 

staining procedure included the Johnston’s organ, ommatidia, thoracic (flight) muscles, 

malpighian tubules, and cuticle. Another problem encountered during the staining 

procedure was tissue loss. This was minimized in part with coating the slides with 

Vectabond bonding agent (Vector Labs) before application of the sections and heating the 

slides before deparaffinization, but some loss occurred nevertheless, particularly in the 

abdominal, thoracic, and cephalic fat body. Negative controls representing each tissue 

examined in these studies are presented in Figure 6.1. 

 

6.3 SCORING PROCEDURE FOR ORALLY INFECTED AE. AEGYPTI 

The number of mosquitoes examined at each timepoint for each virus varies, but 

three positive Ae. aegypti were evaluated per timepoint per virus, referred to as A, B, and 

C. The exceptions are 17D 21 dpi, for which there is only one positive mosquito, and 

Asibi 21 dpi, for which there are only two positive mosquitoes. In the case of 17D/Asibi 

M-E, legs were tested by qRT-PCR for the existence of a disseminated infection at days 

10, 14, and 21. Two mosquitoes with qRT-PCR-confirmed disseminated infections were 

examined at each of these timepoints, and five to six additional mosquitoes were tested 

for infection. 

After completion of the experiments and review of the specimens, a scoring 

system was developed to describe the distribution of antigen in all of the sections for each 

tissue examined in orally-infected Ae. aegypti, ranging from “+” (weak virus antigen 

distribution) to “+++” (heavy virus antigen distribution). Within individual cells of the 

AM and PM, antigen localization was characterized as “widespread,” indicating that 

antigen staining was distributed throughout the infected cells, or “focal,” indicating that 

antigen was found localized to one portion of the infected cells in discrete, spherical foci. 

Intensity of antigen staining could not be evaluated in these experiments as it is unclear 
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whether the Ab used binds 17D, Asibi, and 17D/Asibi M-E with equal affinity in Ae. 

aegypti tissues. The abdominal, thoracic, and cephalic fat body were scored solely as “+” 

or “-“ due to unavoidable tissue loss of this diffuse tissue which prevented an accurate 

assessment and comparison of antigen distribution between the viruses. In the case of the 

nervous tissues (abdominal, thoracic, and cephalic ganglia), the score is based on 

distribution of antigen in the cell bodies, and an “n” is indicative of infection of the 

neuropile. This information is presented for each of the viruses in Tables 6.1-6.3. 

Additionally, a graph of the dissemination index (DI) is presented for each infected 

mosquito in Figures 6.10, 6.16, and 6.22. This number provides an estimate of the extent 

of disseminated infection among infected individuals and is a ratio of the number of 

positive secondary tissues divided by the number of secondary tissues evaluated 

(Romoser et al., 1992). The secondary tissues used to tabulate the DI were the 

intussuscepted foregut; cardia; fat body of the abdomen, thorax, and head; abdominal, 

thoracic, and cephalic ganglion, and salivary glands. Ae. aegypti which were i.t. 

inoculated with each of the three viruses in this study were used primarily as positive 

controls for antigen detection during the optimization procedure, and therefore a less 

detailed scoring system was used to evaluate these samples. Nonetheless, conclusions 

were made about tropisms of each i.t. inoculated virus when the midgut barrier is 

bypassed.   

     

6.4 TISSUE TROPISMS OF YFV 17D, ASIBI, AND 17D/ASIBI M-E IN I.T. 

INOCULATED AE. AEGYPTI 

 When the midgut escape barrier is bypassed by inoculation of virus directly into 

the thoracic hemocoel, striking similarities are noted in the tissue tropisms of 17D, Asibi, 

and 17D/Asibi M-E. For each virus, we examined sections from a minimum of three 

mosquitoes at 7 and 14 dpi. Although the distribution of antigen staining was increased in 

individual organs and tissues at 14 dpi compared to 7 dpi for all viruses, no differences 

were noted between the two timepoints in the identity of infected organs and tissues. 
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Additionally, although the same organs and tissues were infected for all three viruses, 

antigen distribution was more restricted in 17D-i.t. inoculated mosquitoes than in the 

other two viruses, despite the fact that equal amounts of each virus were inoculated.  

Photographs are presented for selected tissues infected with each virus in Figures 6.2-6.4. 

For each of the three viruses evaluated, we observed antigen staining in the cell bodies of 

the abdominal, thoracic, and cephalic ganglion; abdominal, thoracic, and cephalic fat 

body; intussuscepted foregut; cardia; and salivary glands. Additionally, all three lobes of 

the salivary glands are able to become infected with each of the viruses. Infection of the 

neuropile of the ganglia was inconsistent at both timepoints for all three viruses, but 

infection of the cell bodies of these tissues was more widely distributed than that 

observed for orally infected mosquitoes. Finally, at no time in any of the i.t. inoculated 

mosquitoes did we observe antigen staining in the epithelium or muscles of the anterior 

or posterior midgut or in the ovaries. This suggests that whatever mechanisms are 

involved in YFV transfer across the Ae. aegypti midgut, the process is apparently 

polarized, i.e. can occur from the midgut lumen to the hemocoel , but not from the 

hemocoel to the midgut lumen. This observation supports data from previous IFA studies.   

 

6.5 VIRAL DISTRIBUTION AND TISSUE TROPISM OF YFV 17D IN 

ORALLY INFECTED AE. AEGYPTI 

The distribution and tropisms of 17D are presented in Table 6.1. As is indicated in 

the table, representative photographs are presented for 17D-infected tissues at various 

timepoints in Figures 6.5-6.9. The dissemination indices for 17D are presented in Figure 

6.10. 

A. 3 dpi 

 In the posterior midgut, antigen distribution was moderate in two mosquitoes, A 

and C, and heavy in one mosquito, sample B (Figure 6.5A). Mosquitoes B and C had 

positive anterior-posterior midgut junctions, and the anterior midgut of two mosquitoes, 
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A (Figure 6.5B) and B, were also positive. It is interesting to note that at this timepoint, 

only the sample with heavy antigen distribution in the posterior midgut was positive at 

both the anterior-posterior midgut junction and anterior midgut. In all cases, distribution 

of antigen in individual infected epithelial cells was widespread at this timepoint. No 

antigen was found outside of the posterior and anterior midgut epithelium.  Three 17D d3 

Ae. aegypti (50%) were positive of six tested. 

 

B. 7 dpi 

 At this timepoint, antigen distribution in the posterior midgut was heavy 

(mosquito A), moderate (mosquito B), or weak (mosquito C; Figure 6.6 A). Surprisingly, 

in Sample A, multiple oenocytes, triangular cells in the abdominal fat body, were antigen 

positive (Figure 6.6B). This represented the only 17D-infected mosquito in which antigen 

was localized outside of the posterior and anterior midgut epithelium, and the muscles of 

these tissues were not infected. Three 17D d7 Ae. aegypti (27%) were positive of 11 

tested. 

 

C. 10 dpi 

 Antigen distribution in two of the d10 posterior midguts was moderate in 

mosquitoes A and C with widespread infection in individual epithelial cells, and antigen 

distribution in the posterior midgut of mosquito B was weak with widespread infection in 

individual epithelial cells. The antigen distribution at the anterior-posterior midgut 

junction and in anterior midgut of two mosquitoes, B (Figure 6.7) and C, was moderate. 

No antigen was found outside of the posterior and anterior midgut epithelium in any 

mosquito at this timepoint, and the muscles of these tissues were not infected. Three 17D 

d10 Ae. aegypti (38%) were positive of eight tested.  

 



 

 174

D. 14 dpi 

  Of these, the antigen distribution was heavy in the posterior midgut of 

Mosquito A with widespread infection in the epithelial cells. Antigen distribution 

observed in the posterior midguts of Mosquitoes B and C was moderate with focal 

infection of individual epithelial cells of Mosquito B and widespread and focal infection 

of individual epithelial cells of Mosquito C (Figure 6.8A). Also in Mosquito B the 

anterior-posterior midgut junction was positive with focal infection of individual 

epithelial cells (Figure 6.8B), and widespread infection of the anterior midgut epithelial 

cells was observed. Antigen was not found outside of the posterior and anterior midgut 

epithelium in any mosquito at this timepoint, and the muscles of these tissues were not 

infected. Three 17D d14 Ae. aegypti (33%) of nine examined were positive. 

 

E. 21 dpi  

 This infection was limited to the posterior midgut and anterior-posterior midgut 

junction, and the distribution of antigen was heavy in the posterior midgut and moderate 

at the anterior-posterior midgut junction. The antigen distribution within the individual 

epithelial cells was focal at the anterior end of the posterior midgut and widespread at the 

anterior-posterior midgut junction and posterior end (Figures 6.9A-B). No antigen was 

found outside of the posterior midgut and anterior-posterior midgut junction in this 

mosquito, and consistent with earlier timepoints, the muscles of these tissues were not 

infected. One 17D d21 Ae. aegypti (33%) of three examined was positive. 

 

F. General trends observed following YFV 17D infection of Ae. aegypti  

 The distribution of viral antigen in posterior midgut was weak in two of 13 

mosquitoes (15%), moderate in seven of 13 mosquitoes (54%), and heavy in four of 13 

mosquitoes (31%). Within the epithelial cells, antigen was widespread only in nine of 13 

mosquitoes (69%), focal only in one of 13 mosquitoes (8%), and a combination of 

widespread and focal in different epithelial cells in three of 13 mosquitoes (23%). 
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Infection of the posterior midgut was persistent, as antigen distribution in this tissue did 

not decrease over time. Infection of the anterior-posterior midgut junction was observed 

in six of 13 mosquitoes (46%), and infection of the anterior midgut was observed in five 

of 13 mosquitoes (38%). There does not appear to be a correlation between distribution 

of antigen in individual epithelial cells and incidence of infection at the anterior-posterior 

midgut junction or the anterior midgut. Infection outside of the midgut only observed in 

only one of the 13 mosquitoes tested (8%), and this infection was confined to the 

abdominal fat body. Neither the circular and longitudinal muscles of the anterior and 

posterior midgut nor the ovaries were infected in any of the 17D-infected Ae. aegypti. 

 

6.6 VIRAL DISTRIBUTION AND TISSUE TROPISM OF YFV ASIBI IN 

ORALLY INFECTED AE. AEGYPTI 

The distribution and tropisms of Asibi are presented in Table 6.2. As is indicated 

in the table, representative photographs are presented for Asibi-infected tissues at various 

timepoints in Figures 6.11-6.15. The dissemination indices for Asibi are presented in 

Figure 6.16. 

A. 3 dpi 

 Antigen distribution in the posterior midguts was moderate in Mosquitoes A 

(Figure 6.11A) and C and heavy in Mosquito B (Figure 6.11B). Antigen was widespread 

in individual epithelial cells of all three posterior midguts. The anterior-posterior midgut 

junctions of Mosquitoes  A and C and the anterior midgut of Mosquito C were positive, 

with moderate antigen distribution and widespread infection of individual epithelial cells. 

Asibi infection beyond the posterior and anterior midgut was not observed at this 

timepoint. Three Asibi d3 Ae. aegypti (60%) five of examined were positive.  

 

B. 7 dpi 

 Infection had disseminated from the midgut in two mosquitoes, A and B, at this 
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timepoint. In Mosquito A, anterior-posterior midgut junction, anterior midgut, abdominal 

fat body, thoracic fat body (Figure 6.12A), abdominal ganglia, thoracic ganglia (plus 

neuropile), intussuscepted foregut and cardia were positive. In B, the posterior and 

anterior midgut and junction, intussuscepted foregut, and cardia were infected with heavy 

antigen distribution (Figure 6.12B), and the abdominal and thoracic fat body, abdominal 

ganglia, and thoracic ganglia plus neuropile were also positive. The infection in C was 

limited to the posterior midgut, which was moderately positive. Epithelial cell infection 

in all midguts was widespread, and infection of the muscles was not observed. The 

salivary glands were also not infected in any of the three samples. Three Asibi d7 Ae. 

aegypti (50%) of six examined were positive. 

 

C. 10 dpi 

 Antigen distribution in the posterior midguts of all three mosquitoes was heavy, 

and all three had disseminated infections with positive abdominal, thoracic and cephalic 

fat body. In Mosquito A, the remaining infected tissues, including the anterior-posterior 

midgut junction, anterior midgut, abdominal, thoracic and cephalic ganglia, 

intussuscepted foregut, cardia, and salivary glands, antigen distribution was moderate. In 

Mosquito B, antigen distribution in the anterior midgut, thoracic ganglia, cephalic 

ganglion (plus neuropile; Figure 6.13A), and salivary glands was moderate; distribution 

was weak in the abdominal ganglia; and distribution in the intussuscepted foregut and 

cardia was heavy.  In Mosquito C, antigen distribution in all of the tissues except the 

posterior and anterior midgut and cephalic ganglion was moderate; distribution in the 

anterior midgut was heavy and was weak the cephalic ganglion. Neuropile infection only 

occurred in the abdominal ganglia. The salivary glands of sample C are presented in 

Figure 6.13B. Epithelial cell infection in all midguts examined was widespread, and there 

was no infection of the muscles. Based on previous observations, we predict that the 

presence of antigen in a mosquito’s salivary glands correlates with the ability of the 

mosquito to transmit the virus. Based on our data, we conclude that the extrinsic 

incubation period for YFV Asibi in our Ae. aegypti mosquitoes is ten days or less, but 
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longer than seven days. Three Asibi d10 Ae. aegypti (60%) of five examined were 

positive. 

 

D. 14 dpi 

 Antigen distribution of the posterior midguts in these mosquitoes ranged from 

weak to heavy, and infection was widespread in the epithelial cells in all cases. 

Consistent with d10, the abdominal, thoracic, and cephalic fat body tissues were infected 

in all mosquitoes. In Mosquito A, antigen distribution was heavy in the anterior-posterior 

midgut junction, anterior midgut, and cardia; moderate in the intussuscepted foregut and 

salivary glands; and weak the thoracic and cephalic ganglion were weakly positive. In 

Mosquito B, antigen distribution was heavy in the salivary glands; moderate in the 

anterior-posterior midgut junction, anterior midgut, thoracic ganglia cell bodies and 

neuropile, and the cephalic ganglion; and weak in the abdominal ganglia and cardia. This 

intussuscepted foregut of this mosquito was not infected. Finally, in Mosquito C, antigen 

distribution in the anterior-posterior midgut junction, anterior midgut, thoracic ganglia, 

cephalic ganglion (plus neuropile), and the salivary glands was moderate; and was weak 

in the abdominal ganglia, intussuscepted foregut, and cardia (Figure 6.14). No infection 

of the anterior or posterior midgut muscle was observed. The presence of antigen in the 

salivary glands suggests a sustained capacity for YFV transmission. Three Asibi d14 Ae. 

aegypti (60%) of five examined were positive. 

 

E. 21 dpi  

 Antigen distribution in the posterior midgut of both mosquitoes was moderate, 

and consistent with d10 and d14 mosquitoes, the abdominal, thoracic and cephalic fat 

body tissues were all positive. However, unlike other Asibi-infected mosquitoes, 

infection in the posterior midgut epithelium of A was both widespread in some sections 

and focal in others. Also in Mosquito A, antigen distribution in the salivary glands was 

heavy; was moderate in the anterior midgut, thoracic ganglia, and cephalic ganglion; and 
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was weak in the anterior-posterior midgut junction, abdominal ganglia, and cardia. 

Infection of the intussuscepted foregut was not observed in this sample. Neuropile 

infection was observed in the abdominal, thoracic, and cephalic ganglia. In Mosquito B, 

antigen distribution was moderate in the anterior-posterior midgut junction (Figure 6.15), 

anterior midgut, abdominal ganglia, thoracic and cephalic ganglia plus neuropile, 

intussuscepted foregut, cardia, and salivary glands. Consistent with previous timepoints, 

there was no infection in the anterior and posterior midgut muscles. Two Asibi d21 Ae. 

aegypti (50%) of four examined were positive. 

 

F. General trends observed following YFV Asibi infection of Ae. aegypti  

 Antigen distribution in the posterior midgut was weak in one of 14 mosquitoes 

(7%), moderate in seven of 14 mosquitoes (50%), and heavy in six of 14 mosquitoes 

(43%). Infection was widespread in the posterior midgut epithelium of all 14 mosquitoes, 

with focal infection also observed in one sample (7%). Like 17D, anterior and posterior 

midgut infections with Asibi were persistent. No dissemination was observed at 3 dpi, 

and the cephalic ganglion, cephalic fat body and the salivary glands were not infected at 7 

dpi. At 10, 14, and 21 dpi, all of the mosquitoes tested had positive anterior midguts; fat 

body tissues of the abdomen, thorax, and head; thoracic and cephalic ganglia, and 

salivary glands, indicating that infection of secondary tissues occurs approximately 

simultaneously once dissemination has occurred. This is consistent with the DI plot for 

Asibi in Figure 6.16. Infection of the circular and longitudinal muscles of the anterior and 

posterior midgut or the ovaries was not observed in any sample.    

 

6.7 VIRAL DISTRIBUTION AND TISSUE TROPISMS OF YFV 17D/ASIBI M-

E IN ORALLY INFECTED AE. AEGYPTI 

The distribution and tropisms of 17D/Asibi M-E are presented in Table 6.3. 

Representative photographs are presented for 17D/Asibi M-E-infected tissues at various 
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timepoints in Figures 6.17-6.21. The dissemination indices for 17D/Asibi M-E are 

presented in Figure 6.22. 

A. 3 dpi 

 Antigen distribution in all three posterior midguts was moderate, with widespread 

infection in individual epithelial cells (Figure 6.17), and the AM of Mosquito C was 

positive. The only sample to have infection beyond the midgut was Mosquito B, in which 

positive AFB was observed. Three 17D/Asibi M-E d3 Ae. aegypti (38%) of eight 

examined were positive. 

 

B. 7 dpi 

 Antigen distribution in the posterior midgut of Mosquito A was moderate with 

widespread and focal infection in different epithelial cells. Infection was also observed in 

the abdominal and thoracic fat body, abdominal ganglia (Figure 6.18A), and thoracic 

ganglia. Like A, the antigen distribution in the posterior midgut of Mosquito B was 

moderate with widespread and focal infection of the epithelium; The anterior midgut; 

abdominal, thoracic, and cephalic fat body tissues; abdominal, thoracic, and cephalic 

ganglion; intussuscepted foregut, and cardia were also positive (Figure 6.18B). Infection 

of C was limited to the posterior midgut, in which antigen distribution was weak with 

focal infection of individual epithelial cells (Figure 6.18C). Salivary gland infection was 

not observed in any of the d7 mosquitoes. Three 17D/Asibi M-E d7 Ae. aegypti (33%) of 

nine examined were positive. 

 

C. 10 dpi 

In Mosquito A, antigen distribution was moderate in the posterior and anterior 

midgut, abdominal fat body, thoracic fat body, thoracic ganglia (plus neuropile), 

intussuscepted foregut, and cardia; and weak at the anterior-posterior midgut junction. 

Interestingly, this sample was negative for dissemination when tested by qRT-PCR. 
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However, this was possibly due to absence of antigen in the hemolymph of the legs or 

possibly to user error. In Mosquito B, antigen distribution in the posterior midgut was 

moderate, while antigen in the anterior-posterior midgut junction, anterior midgut, 

thoracic ganglia, and cephalic ganglion (plus neuropile) were weakly positive. The 

distribution of antigen in the salivary glands was heavy (Figure 6.19B), and this was the 

only sample at this timepoint with positive SG. Unfortunately, the abdominal ganglia, 

intussuscepted foregut, and cardia of this mosquito could not be evaluated due to failure 

of the staining procedure in the run containing these sections. In Mosquito C, antigen was 

moderately distributed in the posterior midgut weakly distributed in the anterior-posterior 

midgut junction and anterior midgut. The abdominal and thoracic were also positive. No 

muscle infection was observed. One of five 17D/Asibi M-E d10 Ae. aegypti (20%) that 

were negative for dissemination by qRT-PCR was positive; two of 14 (14%) Ae. aegypti 

with disseminated infections were also examined. 

 

D. 14 dpi 

Infection patterns in all three PM tested at this timepoint were different. In 

Mosquito A, the posterior midgut antigen distribution was moderate with both 

widespread and focal infection of the epithelium. The antigen distribution at the anterior-

posterior midgut junction was heavy (Figure 6.20A); and antigen distribution in the 

anterior midgut, thoracic ganglia, (plus n), cephalic ganglion, and salivary glands was 

moderate; The abdominal ganglia, intussuscepted foregut, and cardia antigen distribution 

were all weak, and the abdominal, thoracic, and cephalic fat body were positive. In 

Mosquito B, the posterior midgut antigen distribution was weak with focal infection of 

the epithelium, and antigen distribution in the thoracic ganglia, intussuscepted foregut, 

and cardia was also weak (Figure 6.20B). The distribution of antigen in the anterior 

midgut was moderate with focal infection of the epithelium, and was also moderate in the 

cephalic ganglion and salivary glands. In Mosquito C, antigen distribution in the posterior 

midgut was heavy and was moderate in the anterior midgut with widespread infection in 

individual epithelial cells. The only tissue infected outside of the midgut was the 
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abdominal fat body. The anterior and posterior midgut muscles were negative. One of 

five 17D/Asibi M-E d14 Ae. aegypti (20%) that were negative for dissemination by qRT-

PCR was positive; two Ae. aegypti with disseminated infections were also examined [3 of 

17 (18%) were qRT-PCR positive for dissemination].      

 

E. 21 dpi  

The posterior midgut and anterior-posterior midgut junction of Mosquito A had 

heavy antigen distribution with focal infection in individual epithelial cells (Figure 

6.21A), and the anterior midgut had moderate antigen distribution but widespread and 

focal infection of individual epithelial cells. The fat body tissues were all positive; and 

antigen distribution in the other tissues ranged from weak for the abdominal ganglia (plus 

n) and intussuscepted foregut; moderate in the thoracic ganglion (plus n) and cardia, and 

heavy in the cephalic ganglion (plus n) and salivary glands (Figure 6.21B).  In Mosquito 

B, antigen distribution in the PM was moderate with widespread and focal infection of 

individual epithelial cells, and infection did not spread beyond the posterior midgut. The 

posterior midgut of Mosquito C had moderate infection with focal distribution in 

individual epithelial cells, and antigen distribution was also moderate in the anterior 

midgut, thoracic ganglia (plus n), cephalic ganglion (plus n), intussuscepted foregut, 

cardia (Figure 6.21C), and salivary glands. There was weak antigen distribution in the 

anterior-posterior midgut junction with widespread infection in individual epithelial cells, 

and the abdominal, thoracic, and cephalic fat body tissues were also positive. One of six 

17D/Asibi M-E d10 Ae. aegypti (17%) that were negative for dissemination by qRT-PCR 

was positive; two Ae. aegypti with disseminated infections were also examined [3 of 16 

(19%) were qRT-PCR positive for dissemination].  

 

F. General trends observed following YFV 17D/Asibi M-E infection of Ae. aegypti  

 Antigen distribution in the whole posterior midgut was weak in two of 15 

mosquitoes (13%), moderate in 11 of 15 mosquitoes (74%), and heavy in one of 15 
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mosquitoes (13%). In contrast to 17D and Asibi, the antigen distribution within infected 

epithelial cells was mixed. Five of 15 (33%) had a widespread infection of the individual 

epithelial cells, four of 15 (27%) had a focal infection in the individual epithelial cells, 

and the remaining six (60%) had widespread infection in some epithelial cells and focal 

infection in other epithelial cells. Dissemination was first noted at 3 dpi, when one 

sample had positive abdominal fat body. Two of three mosquitoes had disseminated 

infections at 7 dpi, but salivary glands in both mosquitoes were negative. All three 

mosquitoes had disseminated infections at 10 dpi, but the salivary glands were positive in 

only one if them. At 14 and 21 dpi, all mosquitoes with disseminated infections (four of 

six total) had positive salivary glands, although infection of remaining secondary tissues 

was variable. Dissemination of 17D/Asibi M-E is therefore sporadic, as depicted in 

Figure 6.22.    

 

6.8 DISCUSSION  

Immunohistochemical and ultrastructural analysis of mosquito tissues or whole 

sectioned mosquitoes has proven to be a powerful technique to investigate mosquito-

virus interactions. The protocol used in this study was based on one reported previously 

for the detection of WNV in Cx. p. quinquefasciatus mosquitoes (Girard et al., 2004). It 

is unknown why the protocols employing the VECTASTAIN Elite ABC kit were unable 

to detect YFV antigen and produced high background in Ae. aegypti tissues. Great care 

was taken to ensure that the tissue preparation steps, including slide heating, protease 

treatment, and incubation in incubation in 3% H2O2 in MeOH, were not the source of the 

problem. The first possibility therefore is that the secondary Ab used with the ABC 

protocol was incompatible with the primary Ab tested for these studies, eliminating the 

chance of antigen detection. However, like the primary Ab used by Girard et al. (2004), 

the primary antibody used in these studies was also a hyperimmune ascetic fluid 

produced in mice provided by R. B. Tesh (UTMB), which indicates that primary Abs 

produced in this manner are likely compatible with the secondary Ab. Another possibility 
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to explain the high background observed with this protocol compared with one which 

utilized Vector VIP is that one of the reagents, most likely the secondary Ab or the ABC, 

was binding non-specifically to Ae. aegypti tissues. When the primary Ab was omitted 

from this protocol, some staining was still observed in several tissues. However, when the 

primary and the secondary Ab were omitted from the protocol, no staining was observed 

in positive or negative controls. This indicates that the secondary Ab was likely binding 

non-specifically to certain tissues. This issue was resolved through the use of the Vector 

VIP kit for antigen detection, as the secondary Ab was changed. However, background 

was still noted in some tissues and could not be entirely eliminated despite further 

attempts at optimization. However, similar studies have noted the random appearance of 

non-specific staining or background (Linthicum et al., 2003; Romoser et al., 2002), but 

this could be distinguished from antigen staining by intensity, location, and consistency. 

The negative controls were also useful in identifying tissues which would stain non-

specifically, such as the malpigian tubules, thoracic muscles, and chitin, and these tissues 

were therefore not included in the analysis. The variation in non-specific binding of the 

secondary Ab seen in this study compared to that of Girard et al. (2004) may reflect 

physiological and biochemical differences between the mosquitoes which are species 

specific, since the study reported by Girard et al. was of Cx. p. quinquefasciatus and the 

study reported here was of Ae. aegypti. 

The inability of MA93, the primary Ab used in previous studies (McElroy et al., 

2005, 2006a, 2006b), to detect antigen in Ae. aegypti by IHC was surprising as this Ab 

has been used with Vector VIP to stain YFV-infected Vero monolayers by IHC. It is 

possible that MA93 is not sensitive enough to detect YFV antigen in tissues which have 

undergone the processing necessary to execute this protocol or that the various 

concentrations of Ab evaluated (1:100-1:1000) were too dilute. In preliminary 

experiments, this Ab was able to detect Asibi, 17D, and 17D/Asibi M-E in vitro with 

equal efficiency and in i.t. inoculated mosquitoes and was thus was a suitable alternative 

to be used for the YFV-Ae. aegypti IHC.  

As expected based on previous results from IFA (McElroy et al., 2006a), the same 
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infection patterns were observed with 17D, Asibi, and 17D/Asibi M-E following i.t. 

inoculation of Ae. aegypti. These samples were tested not only to optimize the staining 

protocol but also to evaluate the tissue tropisms of each virus when the midgut is 

bypassed by inoculation of virus directly into the hemocoel. The following tissues were 

found to be infected following i.t. inoculation with all of the viruses: abdominal, thoracic 

and cephalic ganglia; the abdominal, thoracic, and cephalic fat body; the intussuscepted 

foregut and cardia; and the salivary glands. Similar to results for the oral infection 

experiments, infection of neuropile did not always accompany infection of the cells in the 

abdominal, thoracic, and cephalic ganglia. In the case of Asibi and 17D/Asibi M-E, 

infection of the abdominal and cephalic ganglia was generally more widely distributed in 

i.t.-inoculated than orally infected mosquitoes, whereas infection of the intussuscepted 

foregut, cardia, thoracic ganglia, and salivary glands were generally equivalent following 

i.t. inoculation compared to orally infected mosquitoes. Compared to Asibi and 

17D/Asibi M-E, 17D was not as widely distributed in some individual tissues following 

i.t. inoculation, although all of the same tissues were infected. This was most noticeable 

in the intussuscepted foregut and the cardia, which did become infected, but antigen 

distribution was very weak. Thus, this information adds to what was previously thought 

about the 17D midgut escape barrier, that is, that 17D simply failed to escape from the 

midgut epithelium. Data from the i.t. inoculated mosquitoes suggests that the other 

component of the midgut escape barrier, failure to infect secondary tissues, might play a 

minor role. Although these tissues are able to become infected, the relatively low antigen 

distribution in tissues which are possibly important for dissemination such as the 

intussuscepted foregut and the cardia and, more importantly, the inability of 17D to 

escape from the midgut result in a complete block to dissemination of 17D in Ae. aegypti.   

One interesting observation following i.t. inoculation was the total absence of 

infection of the anterior or posterior midgut. This was also reported in studies of DENV-3 

infection of Ae. aegypti and YFV infection of Ae. albopictus (Linthicum et al., 1996; 

Miller et al., 1989). However, studies of JEV and Cx. tritaeniorhynchus, Whataroa virus 

and Ae. australis, and WNV in various Cx. species noted infection of the midgut 
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epithelium from the hemocoel side (Leake and Johnson, 1987; Miles et al., 1973; Mishra 

et al., 2001). The inability of the YF viruses used in this study to infect the anterior or 

posterior midgut following i.t. inoculation of Ae. aegypti indicates that YFV infection of 

these tissues is unidirectional, that is, virus must pass from these tissues through the basal 

lamina to the hemocoel or spread cell-to-cell to reach the intussuscepted foregut and the 

cardia in order to disseminate. The intussuscepted foregut and the cardia were infected 

following i.t. inoculation however, suggesting that bi-directional spread of virus in these 

tissues may occur.  

Results following oral infection of Ae. aegypti with 17D were generally as 

expected based on previous reports. With one exception, 7dpi mosquito A, infection was 

confined to the midgut. It was hypothesized that the existence of a midgut infection 

barrier for 17D in Ae. aegypti (30% infection for 17D compared with 71% infection for 

Asibi; McElroy et al., 2006a, 2006b) might be correlated with a lower distribution of 

positive cells in midgut. This was not the case, however, as antigen distribution in half of 

the positive posterior midguts and all of the positive anterior midguts was moderate, and 

almost one-third of the positive posterior midguts had heavy antigen distribution. Both 

the low oral infection rate and absence of dissemination of 17D might reflect an 

inefficiency of virion binding to target cells and/or an inefficiency of viral replication, 

virion packaging and/or virion release in infected cells. Characterization of Asibi/17D 

chimeric i.c.s in previous studies suggested that determinants of dissemination are 

localized within both the structural and non-structural protein genes, likely affecting one 

or more of these processes. The appearance of antigen positive cells in the abdominal fat 

body of one mosquito 7 dpi was surprising, as this was the only instance of a 

disseminated oral infection of 17D in Ae. aegypti in this study and previous experiments. 

Non-specific or background staining was excluded because the positive cells were 

present in multiple adjacent sections. Thus, there are two explanations for this 

“breakthrough.” Either this was truly a disseminated infection following replication in the 

midgut, or alternatively, a physical break in the midgut (for example a tear or abrasion) 

allowed virus escape from the posterior midgut. The existence of a “leaky midgut” 
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phenomenon has been hypothesized by others to be responsible for the very rapid 

dissemination of some viruses in their mosquito vectors (Hardy et al., 1983; Weaver et 

al., 1991). Following infection of Cs. melanura with EEEV, Weaver et al. (1991) 

observed that disruptions in the midgut sometimes occur during bloodfeeding and noted 

that these breaks could allow sporadic dissemination of virus even in relatively refractory 

mosquitoes. The posterior midgut of this sample was heavily positive, so it is conceivable 

that a break in the posterior midgut allowed virus escape. However, if this occurred 

during bloodfeeding, infection would be expected to be more widespread by 7 dpi unless 

the amount of virus that escaped was not enough to replicate and spread. It could have 

occurred some time after bloodfeeding by some unknown mechanism. Although the 

chance of this happening is likely rare, physical injury during sorting or incubation 

cannot be excluded. Unfortunately, there is no way to distinguish between dissemination 

via the epithelium versus a leaky midgut in these studies. 

 Asibi antigen distribution in the posterior midgut was generally moderate to 

heavy and widespread. However, there are no significant differences in the distribution of 

posterior midgut infection between Asibi and 17D or Asibi and 17D/Asibi M-E (p > 

0.05). Interestingly, the anterior-posterior midgut junction was infected in all but 2 

mosquitoes, one of which was a non-disseminated infection and the other was a 

disseminated infection. The only other tissue not consistently infected at and after 10 dpi 

was the intussuscepted foregut. Infection of the cephalic fat body and ganglion and the 

salivary glands was slower than the other tissues, as these were not infected 7 dpi. In the 

case of the cephalic fat body and ganglion, this was likely a consequence of their location 

relative to other tissues. In the case of the salivary glands, virus presence in nearby 

tissues suggests the existence of a higher threshold of infection for these organs than 

others and the need for amplification in nearby tissues, especially the fat body, to 

facilitate salivary gland infection. This hypothesis was presented by Miller et al. (1989) 

to explain the appearance of YFV in Ae. albopictus cephalic ganglion and fat body days 

before the salivary glands were infected. The fact that the intussuscepted foregut, cardia, 

abdominal and thoracic fat body, and abdominal and thoracic ganglia are all infected at 7 
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dpi before the salivary glands are positive suggests that one or more of these is involved 

in mediating dissemination. This will be discussed further below.  

 17D/Asibi M-E antigen distribution in the posterior midgut was generally 

moderate and there was a higher incidence and earlier appearance of focal infection of 

individual epithelial cells (with or without widespread infection in separate cells; 10 of 15 

posterior midguts or 67%) than was observed with 17D or Asibi. The reason for this is 

unclear and it is unknown whether virus is still actively replicating in these mosquitoes, 

although it is tempting to speculate that the appearance of the foci corresponds to a build-

up of virions within the cell caused by a decline in virion release as these virions were 

often, but not exclusively, observed near the apical surface of the epithelium proximal to 

the nucleus. Focal infection was most commonly observed with 17D and Asibi at later 

timepoints, i.e. 14 and 21 dpi (6/7, or 86% of total anterior and posterior midguts with 

focal infection, and 6 of the 7 tissues were 17D-infected). Girard et al. (2004) noted the 

same trend in the posterior midgut of WNV-infected Cx. p. quinquefasciatus at 21 dpi. 

This contrasts with observations of 17D/Asibi M-E, for which focal infection was 

observed at all timepoints after 3 dpi. If the appearance of foci is due to defective 

packaging or a decline in virion release, it is possible that chimerization of the 17D and 

Asibi genomes was the cause for this occurrence with 17D/Asibi M-E, whereas it is seen 

with 17D, Asibi and WNV at later timepoints during persistent infection of the posterior 

midgut. Dissemination from the posterior and anterior midgut was more sporadic and 

generally slower for 17D/Asibi M-E than was observed with Asibi, and this sheds some 

light on possible routes of dissemination, discussed below. Infection of the abdominal fat 

body, thoracic fat body, and thoracic ganglia preceded salivary gland infection while 

infection of the intussuscepted foregut was only observed in two of four mosquitoes with 

disseminated infections but negative salivary glands. The intussuscepted foregut and 

cardia (with the exception of one sample for which these tissues were unavailable), 

thoracic and cephalic fat body, and thoracic and cephalic ganglia were consistently 

infected at the same time as the salivary glands.     

As a general trend, there does not appear to be a direct correlation between 
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distribution of infection in the posterior midgut (i.e. weak, moderate, or heavy), and 

dissemination to secondary tissues including the salivary glands, as dissemination 

occurred with weakly distributed midgut infections and was sometimes absent with 

heavily distributed posterior midgut infections. Infection was observed at the anterior-

posterior midgut junction in 25 of 42 mosquitoes (60%) examined and was present even 

in the absence of infection of adjacent anterior or posterior midgut epithelial cells. It is 

possible that contraction of the midgut muscles during feeding exposes this junction to a 

high concentration of virions in the bloodmeal, resulting in a high rate of infection of this 

small section of tissue. Another explanation would be the existence of a different type of 

epithelial cell present at this junction in Ae. aegypti which is relatively susceptible to 

YFV infection, although no evidence of this exists for mosquito-borne viruses. Virus 

infection of the anterior midgut occurred in 25 of 42 mosquitoes (60%) as well, although 

anterior-posterior midgut junction and anterior midgut infection were not always present 

in the same mosquito. Like the anterior-posterior midgut junction, infection of the 

anterior midgut could occur during passage of the bloodmeal through the organ to the 

posterior midgut. Following infection, it is likely that virus spreads cell-to-cell in both the 

anterior and posterior midguts as patches comprised of multiple adjacent positive cells 

were always observed. As was noted in the results, no infection of the circular and 

longitudinal muscles of the anterior and posterior midgut was ever observed in any 

mosquito, i.t. inoculated or orally infected. This is consistent with studies of YFV in Ae. 

albopictus (Miller et al., 1989), DENV-3 in Ae. aegypti (Linthicum et al., 1996), and JEV 

and Cx. tritaeniorhynchus (Leake and Johnson, 1987). However, the lack of muscle 

tropism is not a flavivirus specific phenomenon, as muscle infection was reported for 

SLEV and WNV (Girard et al., 2004; Whitfield et al., 1973). Infection of the muscles 

was also noted for RVFV in Cx. pipiens (Romoser et al., 2004) and SINV in Ae. 

albopictus and Oc. triseriatus (Bowers et al., 1995; Rayms-Keller et al., 1995). Infection 

of the anterior midgut was always present in mosquitoes with positive intussuscepted 

foregut and cardia, and this observation coupled with their spatial proximity, suggests 

that cell-to-cell spread in the anterior midgut is one source of infection of the 
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intussuscepted foregut and cardia, and as a result, possibly the salivary glands. Two other 

possible sources of intussuscepted foregut and cardia infection exist: virus trapped in 

folds of the cardia after bloodfeeding (Weaver et al., 1991; Romoser et al., 1992), or 

virus infects the intussuscepted foregut and cardia from the hemocoel. If the former 

hypothesis is correct, it is likely that cardia infection would have been noted earlier than 7 

dpi. Alternatively, intussuscepted foregut and cardia infection were temporally associated 

with infection of the thoracic fat body, so this is also a good candidate for the source of 

infection. It is interesting to note that anterior midgut infection was also present in every 

sample with positive salivary glands. While the cardia was also always positive in 

mosquitoes with positive salivary glands, the intussuscepted foregut was negative in two 

of these 13 mosquitoes (15%). Finally, two general trends can be noted with respect to 

distribution of virus in the salivary glands. First of all, distribution of virus in infected 

salivary glands was always at least moderate. Secondly, virus was restricted to the lateral 

lobes in nine of 13 (69%) of infected salivary glands but was present in all three lobes in 

the remaining 4 of 13 (31%) infected salivary glands. The results from other studies are 

mixed. Infection of all three lobes was reported for DENV-3 in Ae. aegypti (Linthicum et 

al., 1996), WNV in Cx. p. quinquefasciatus (Girard et al., 2004); and RVFV in Cx. 

pipiens (Romoser et al., 1992), whereas infection was restricted to the lateral lobes for 

DENV-2 in Ae. albopictus (Gubler and Rosen, 1976), or was much heavier in the lateral 

lobes of JEV-infected Cx. tritaeniorhynchus (Takahashi and Suzuki, 1977).   

 Based on data for Asibi and 17D/Asibi M-E after 3 dpi, a possible route of viral 

dissemination from the posterior and anterior midgut is proposed. Initially, virus exits the 

posterior and anterior midgut through the basement membrane to the hemocoel and 

infects the abdominal and thoracic fat body. Virus multiplies and spreads throughout the 

fat body and infects the salivary glands. Evidence for this route is provided by the 

existence of positive anterior and posterior midguts in all disseminated infections and 

positive abdominal and thoracic fat body preceding salivary gland infection in all cases, 

coupled with the proximity of thoracic fat body and salivary glands. This route of 

dissemination was also proposed for WNV virus-like particles in Cx. p. quinquefasciatus 
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(Scholle et al., 2004), wild-type WNV in Cx. p. quinquefasciatus (Girard et al., 2004), 

VEEV in Cx. (Melanoconion) taeniopus (Weaver, 1986), EEEV in Cs. melanura 

(Weaver et al., 1990), and RVFV in Cx. pipiens (Faran et al., 1988). A possible source of 

virus amplification and even dissemination (although less likely) is via infected thoracic 

ganglia, which would be infected from virus in the hemolymph, thoracic fat body, and/or 

abdominal ganglia. This may occur with the route proposed above, in which the thoracic 

ganglia amplify virus before it reaches the salivary glands, or virus from the thoracic 

ganglia may infect the salivary glands directly. This is supported by temporal and spatial 

association of the thoracic ganglia with the salivary glands- the thoracic ganglia were 

consistently positive in disseminated infections at the same time as salivary gland 

infection and are located near the salivary glands. However, the thoracic ganglia were not 

infected in two of seven (29%) mosquitoes with disseminated infections that had not 

reached the salivary glands. Nervous tissue was proposed to play an important role in 

salivary gland infection in DENV-2 infected Ae. aegypti (Sriuriatna and Bhamarapravati, 

1977), JEV-infected Cx. tritaeniorhynchus (Leake and Johnson, 1987), and Whataroa 

virus-infected Ae. australis (Miles et al., 1973). A role for the intussuscepted foregut and 

cardia in dissemination is also proposed. The intussuscepted foregut and cardia were 

hypothesized to be the major amplifying tissue and/or route of dissemination for DENV-3 

in Ae. aegypti (Linthicum et al., 1996), EEEV in Cs. melanura (Weaver et al., 1991), and 

RVFV in Cx. pipiens (Lerdthusnee et al., 1995; Romoser et al., 1992). Like the thoracic 

ganglia, the cardia is consistently positive in mosquitoes with infected salivary glands 

and is in close proximity to the salivary glands and surrounded by thoracic fat body. 

However, the cardia was not infected in three of seven (43%) mosquitoes with 

disseminated infections that had not reached the salivary glands, and the intussuscepted 

foregut was not infected in two mosquitoes with salivary gland infection. Therefore it is 

hypothesized that, like the thoracic ganglia, the intussuscepted foregut and cardia amplify 

virus to facilitate salivary gland infection, but infection of these tissues is not a 

prerequisite for salivary gland infection.     

 To summarize, it is hypothesized that YFV initially infects the Ae. aegypti 
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posterior and anterior midgut, the replicates and spreads cell-to-cell within the midgut. 

Virus then escapes into the hemocoel through the basal lamina to infect the abdominal 

and thoracic fat body and replicate. Virus may then directly infect the salivary glands or 

infect and amplify in the intussuscepted foregut and cardia, and/or thoracic ganglia, 

which return virus to the hemocoel to infect the salivary glands. Thus, the viral infection 

and dissemination processes in a mosquito are very complex, and a number of steps are 

necessary for cycle to be completed. The next logical step will be to characterize YFV-

Ae. aegypti interactions in various tissues at the ultrastructural level to further define the 

process of dissemination and to understand the morphology of the spherical foci 

primarily observed in the posterior and anterior midguts of 17D and 17D/Asibi M-E 

infected mosquitoes.  
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Table 6.1- Distribution and tissue tropisms of YFV 17D in orally infected Ae. aegypti. 

 

mosquito A B C A B C A B C A B C A B C

Posterior Midgut
posterior epitheliuma w w w w w,f w w w w w f w,f w,f
posterior muscle - - - - - - - - - - - - -

Anterior Midgut
anterior epitheliuma w w - - - - - w w - w - -
anterior-posterior junctiona - w w - - - - w w - f - w
anterior muscle - - - - - - - - - - - - -

- - - - - - - - - - - - -
Cardia - - - - - - - - - - - - -
Fat Bodyb

abdomen - - - + - - - - - - - - -
thorax - - - - - - - - - - - - -
head - - - - - - - - - - - - -

Nervous systemc

abdominal ganglia - - - - - - - - - - - - -
thoracic ganglia - - - - - - - - - - - - -
cephalic ganglion - - - - - - - - - - - - -

Salivary Glands - - - - - - - - - - - - -
- - - - - - - - - - - - -

Legendd

avirus distribution within infected epithelial cells; w = widespread, f = focal
bnot scored for level of distribution
cn = infection of the neuropile
dscoring based on tissue distribution

weakly positive
moderately positive
heavily positive

not available

Timepoint 3 dpi 7 dpi 10 dpi

Organ/Tissue

Ovaries

Intussuscepted foregut

21 dpi14 dpi
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Table 6.2- Distribution and tissue tropisms of YFV Asibi in orally infected Ae. aegypti. 

 

mosquito A B C A B C A B C A B C A B C

Posterior Midgut
posterior epitheliuma w w w w w w w w w w w w w,f w
posterior muscle - - - - - - - - - - - - - -

Anterior Midgut
anterior epitheliuma - - w w w - w w w w w w w w
anterior-posterior junctiona w - w w w - w - w w w w w w
anterior muscle - - - - - - - - - - - - - -

- - - - - -
Cardia - - - -
Fat Bodyb

abdomen - - - + + - + + + + + + + +
thorax - - - + + - + + + + + + + +
head - - - - - - + + + + + + + +

Nervous systemc

abdominal ganglia - - - - n n n
thoracic ganglia - - - n n - n n n n
cephalic ganglion - - - - - - n n n n n

Salivary Glands - - - - - -
- - - - - - - - - - - - - -

Legendd

avirus distribution within infected epithelial cells; w = widespread, f = focal
bnot scored for level of distribution
cn = infection of the neuropile
dscoring based on tissue distribution

weakly positive
moderately positive
heavily positive

not available

Timepoint 3 dpi 7 dpi 10 dpi

Organ/Tissue

Ovaries

Intussuscepted foregut

21 dpi14 dpi
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Table 6.3- Distribution and tissue tropisms of YFV 17D/Asibi M-E in orally infected Ae. 
aegypti. 

 

mosquito A B C A B C A B C A B C A B C

Posterior Midgut
posterior epitheliuma w w w w,f w,f f w,f w w,f w,f f w f w,f f
posterior muscle - - - - - - - - - - - - - - -

Anterior Midgut
anterior epitheliuma - - w - w - w w w w w - w,f - w
anterior-posterior junctiona - - - - w - w w w w - w f - w
anterior muscle - - - - - - - - - - - - - - -

- - - - - - - -
Cardia - - - - - - - -
Fat Bodyb

abdomen - + - + + - + + + + - + + - +
thorax - - - + + - + + + + + - + - +
head - - - - + - - + - + + - + - +

Nervous systemc

abdominal ganglia - - - n - - - n - - n - -
thoracic ganglia - - - n - n - - n - n
cephalic ganglion - - - - n - - n - - n - n

Salivary Glands - - - - - - - - - -
- - - - - - - - - - - - - - -

Legendd

avirus distribution within infected epithelial cells; w = widespread, f = focal
bnot scored for level of distribution
cn = infection of the neuropile
dscoring based on tissue distribution

weakly positive
moderately positive
heavily positive

not available

21 dpi14 dpi

Ovaries

Intussuscepted foregut

Timepoint 3 dpi 7 dpi 10 dpi

Organ/Tissue
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Figure 6.1- IHC of blood-fed only Ae. aegypti. A) Abdominal region, 20X. Posterior 
midgut (PM), malpighian tubules (MT), abdominal fat body (AFB), abdominal ganglia 
(AG). B) Thoracic region, 20X. Anterior midgut (AM), thoracic fat body (TFB), 
intussucepted foregut/cardia (IF/CE), thoracic fat body (TG), thoracic ganglion (TG). C) 
Head, 10X. Cephalic ganglion (CG). 
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Figure 6.2- IHC of YFV 17D-i.t. inoculated Ae. aegypti. A) Thoracic ganglia (TG), 20X. 
B) Cephalic ganglion (CG), 20X. C) Salivary glands (SG) and cardia (CE), 20X. 
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Figure 6.3- IHC of YFV Asibi-i.t. inoculated Ae. aegypti. A.) Cardia (CE), anterior 
midgut (AM), 20X.  B) Thoracic ganglia (TG), 20X. C) Salivary glands (SG), 40X. 
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Figure 6.4- IHC of YFV 17D/Asibi M-E-i.t. inoculated Ae. aegypti A.) Abdominal 
ganglion (AG), 20X. B.) Thoracic fat body (TFB), 40X. C.) Salivary glands (SG), 
intussuscepted foregut/cardia (IF/CE), 20X. 
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Figure 6.5- IHC of YFV 17D-infected Ae. aegypti 3 dpi. A.) Mosquito B. Posterior 
midgut (PM), abdominal fat body (AFB), malpigian tubules (MT), 20X. B.) Mosquito A. 
Anterior midgut (AM), intussuscepted foregut (IF), cardia (CE), 20X. 
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Figure 6.6- IHC of YFV 17D-infected Ae. aegypti 7 dpi. A) Mosquito C. Posterior 
midgut (PM), 20X. B. Mosquito A. Abdominal fat body (AFB), 40X. 
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Figure 6.7- IHC of YFV 17D-infected Ae. aegypti 10 dpi. Mosquito B. Anterior midgut 
(AM), anterior-posterior midgut junction (APJ), posterior midgut (PM), 20X.  
 

 

 
 

 



 

 202

Figure 6.8- IHC of YFV 17D-infected Ae. aegypti 14 dpi. A) Mosquito C. Posterior 
midgut (PM), 20X. B) Mosquito B. Anterior-posterior midgut junction (APJ), 40X. 
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Figure 6.9- IHC of YFV 17D-infected Ae. aegypti 21 dpi. A. Mosquito A. Posterior 
midgut (PM), 20X. B. Mosquito A. PM, 40X. 
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Figure 6.10- Dissemination indices of YFV 17D-infected Ae. aegypti 
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Figure 6.11- IHC of YFV Asibi-infected Ae. aegypti 3 dpi. A) Mosquito A. Posterior 
midgut (PM), abdominal fat body (AFB), and malpighian tubules (MT), 20X. B) 
Mosquito B. PM, 40X. 
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Figure 6.12- IHC of YFV Asibi-infected Ae. aegypti 7 dpi. A) Mosquito A. Thoracic fat 

body (TFB), thoracic ganglion (TG), 20X. B) Mosquito B. Cardia (CE), anterior midgut 

(AM), 20X. 
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Figure 6.13- IHC of YFV Asibi-infected Ae. aegypti 10 dpi. A) Mosquito B. Cephalic 
ganglion (CG), cephalic fat body (CFB), 10X. B) Mosquito C. Salivary glands (SG), 
thoracic fat body (TFB), 20X. 
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Figure 6.14- IHC of YFV Asibi-infected Ae. aegypti 14 dpi. Mosquito C. Intussuscepted 
foregut (IF), cardia (CE), anterior midgut (AM), thoracic fat body (TFB), 20X. 
 

 

 
 

 

 

Figure 6.15- IHC of YFV Asibi-infected Ae. aegypti 21 dpi. Mosquito B. Anterior midgut 
(AM), anterior-posterior midgut junction (APJ), posterior midgut (PM), 20X.  
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Figure 6.16- Dissemination indices of YFV Asibi-infected Ae. aegypti  
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Figure 6.17- IHC of YFV 17D/Asibi M-E-infected Ae. aegypti 3 dpi. Mosquito B. 
Posterior midgut, 40X. 
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Figure 6.18- IHC of YFV 17D/Asibi M-E-infected Ae. aegypti 7 dpi. A) Mosquito A. 
Posterior midgut (PM), abdominal ganglion (AG), 20X. B) Mosquito B. Intussuscepted 
foregut (IF), cardia (CE), anterior midgut (AM), thoracic ganglia (TG), 20X.  
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Figure 6.19- IHC of YFV 17D/Asibi M-E-infected Ae. aegypti 10 dpi. A) Mosquito B. 
Cephalic ganglion (CG), cephalic fat body (CFB), 10X. B) Mosquito B. Salivary glands 
(SG), 20X. 
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Figure 6.20- IHC of YFV 17D/Asibi M-E-infected Ae. aegypti 14 dpi. A. Mosquito A. 
Anterior midgut (AM), anterior-posterior junction (APJ), posterior midgut (PM), 20X. B. 
Mosquito B. Intussuscepted foregut/cardia (IF/CE), AM, 20X.  
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Figure 6.21- IHC of YFV 17D/Asibi M-E-infected Ae. aegypti 21 dpi. A) Mosquito A. 
Posterior midgut (PM), malpighian tubule (MT), 20X. B) Mosquito A. Salivary glands 
(SG), thoracic ganglia (TG), 20X. 
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Figure 6.22- Dissemination indices of 17D/Asibi M-E-infected Ae. aegypti 
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CHAPTER 7: 

GENERAL DISCUSSION AND CONCLUSIONS 
 
  Despite over a century of study of mosquito-borne viruses, there remains a 

significant gap in knowledge about the specific viral factors which allow dissemination of 

many viruses to occur in their mosquito vectors. Even though YFV was the first 

identified arbovirus, very little was previously understood about the interactions between 

YFV and mosquitoes which lead to virus dissemination and transmission or the viral 

factors necessary for those interactions. The studies described in this dissertation were 

aimed at closing that gap, and the data presented here contribute to our understanding of 

the infection processes and the specific viral genetic factors which mediate dissemination 

of YFV in its primary urban mosquito vector, Ae. aegypti. These studies were designed to 

dissect the molecular determinants of phenotypic differences that were previously 

observed between the YFV Asibi wild-type and 17D vaccine strains in Ae. aegypti: while 

YFV Asibi is able to infect and disseminate in Ae. aegypti, the YFV 17D strain from 

which it was derived infects the Ae. aegypti midgut at a low rate and does not produce a 

disseminated infection (Jennings et al., 1994; Miller and Adkins, 1988; Whitman, 1928). 

Previous sequence comparison of YFV Asibi and 17D revealed 68 nt and 32 aa 

differences between the two strains (Hahn et al., 1987), providing target sequences for 

characterization of the molecular basis of 17D attenuation in Ae. aegypti.   

A 17D i.c. was developed and described by Bredenbeek et al. in 2003, and an 

Asibi i.c. was subsequently constructed for use in these studies to complement the 17D 

i.c. (McElroy et al., 2005). A laboratory colony of Ae. aegypti, the RexD strain from 

Rexville, PR, was chosen for its high susceptibility to YFV infection (Miller and 

Mitchell, 1991). It was established that, with respect to phenotype in Ae. aegypti, virus 

produced from the Asibi i.c. retained the parental phenotype and was thus an appropriate 

surrogate for these studies, and infection with virus produced from the 17D i.c. was 

restricted to the midgut. Infectious clones based on the wild-type and attenuated YFV 
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strains and YFV-susceptible Ae. aegypti could therefore be utilized for an evaluation of 

the molecular determinants of YFV dissemination in Ae. aegypti. Fifteen Asibi/17D 

chimeras were constructed for these studies and characterized in vitro and in vivo.  

The in vitro studies confirmed that infectious virus was produced from each of the 

Asibi/17D i.c.s., and each of these viruses was able to replicate in Vero and C6/36 cells. 

The efficiency of virus production in Vero and C6/36 cells and the average foci sizes of 

each of the chimeras varied. Virus sequence undoubtedly plays a role in the efficiency of 

virus production and spread; however, no trend emerged to link genotype and phenotype 

in vitro in these studies. This was observed when comparing all viruses in Vero cell 

culture, in C6/36 cell culture, and in average foci size and when comparing individual 

viruses in Vero and C6/36 cell culture. The reason for this is unclear, but it is possible 

that an unidentified combination of viral genetic sequences controls phenotype in vitro, 

and this combination was not present in any of the chimeras tested in these studies.  

Another interesting conclusion from the in vitro studies of all the viruses is that in vitro 

phenotype was not predictive of in vivo phenotype. Asibi, 17D, and all of the chimeras 

were evaluated for virus production in Ae. albopictus mosquito (C6/36) cell culture. All 

of the chimeras and 17D were able to replicate efficiently in C6/36 cells despite the fact 

that many of these same viruses were attenuated in Ae. aegypti. Similar observations 

were reported by Miller and Adkins (1988), who determined that the plaque size of YFV 

variants did not correlate with viral phenotype in Ae. aegypti. In this study, large, medium 

and small plaque variants of the South American YFV 1899/81 strain were able to 

disseminate in and be transmitted by Ae. aegypti with equal efficiencies. Additionally, no 

differences were observed between the plaque size variants and virulence following 

intracerebral and intraperitoneal inoculation of mice. Although these viruses were not 

sequenced, the authors hypothesized that the genetic changes responsible for attenuation 

of mouse virulence or ability to disseminate in Ae. aegypti were not present in these 

plaque size variants and that the different loci are associated with plaque size and 

virulence and vector competence (Miller and Adkins, 1988). The results of the Asibi/17D 

chimera in vitro studies support this same conclusion for virus production/average focus 
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size and dissemination in Ae. aegypti. 

It was originally hypothesized that sequences in the M and E proteins would 

contain the primary determinants of infection and dissemination in mosquitoes based on 

previous studies of other viruses that localized these determinants to the structural protein 

genes (Beaty et al., 1981, 1982; Brault et al., 2002, 2004; Ludwig et al., 1991; Myles et 

al., 2003; Sundin et al., 1987; Woodward et al., 1991). Therefore, the first viruses 

constructed and tested were 17D/Asibi M-E and its reciprocal chimera Asibi/17D M-E. It 

became evident after characterizing these chimeras that the studies needed to be 

expanded to include some of the non-structural protein genes and the 3’NCR, since 

Asibi/17D M-E, which contains the M and E structural protein genes of the attenuated 

17D virus in the wild-type Asibi backbone, was able to disseminate in a low proportion 

of infected Ae. aegypti. The following genes, regions, or individual mutations were 

therefore examined for their roles in infection and dissemination following oral infection 

of Ae. aegypti: M-E, M-36, E, E dI-II, E dIII, NS2A, NS4B, NS4B-95, and 3’NCR.  

Each of the Asibi/17D chimeras constructed for this study was orally infectious to Ae. 

aegypti (McElroy et al., 2006a,b). However, all but one chimera, 17D/Asibi E, infected a 

significantly lower percentage of Ae. aegypti than Asibi, and all but three chimeras, 

17D/Asibi E, 17D/Asibi 3’NCR, and Asibi/17D E dIII+NS4B-95, had statistically the 

same infection rate as 17D. It is hypothesized that chimerization of Asibi and 17D 

resulted in attenuation for infection, rather than any specific gene or region causing the 

attenuation. This has been reported for other chimeras in mosquitoes (Blaney et al., 2004) 

and most likely results from a general incompatibility of proteins derived from different 

viruses in mediating efficient replication, packaging and release of virus. The result of 

this attenuation, unfortunately, is that the specific YFV molecular determinants of Ae. 

aegypti infection could not be definitively identified in these studies. Additionally, while 

each of the chimeras was able to replicate following oral infection, the high variation in 

virus titers at 7 and 14 dpi precludes statistical significance between the Asibi/17D 

chimeras and Asibi or 17D. Consistent with the in vitro studies, no trend emerged with 

respect to viral genome content and virus production.  
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Dissemination of virus in infected Ae. aegypti does however appear to be related 

to viral genome content, as distinct differences were noted in the ability of the Asibi/17D 

chimeras to disseminate compared to the Asibi and 17D parental viruses. The fifteen 

Asibi/17D chimeras characterized in these studies can be placed into three distinct groups 

based on the dissemination rates, high dissemination, medium dissemination, and low 

dissemination (McElroy et al., 2006a,b). Viruses in the high dissemination group are able 

to disseminate at a rate that is significantly higher than 17D (p < 0.01) but not statistically 

different from Asibi. Viruses in the medium dissemination group produce disseminated 

infections at a rate that is significantly higher than 17D (p < 0.01) but significantly lower 

than Asibi (p < 0.02). Viruses in the low dissemination group disseminate at a rate that is 

significantly lower than Asibi (p < 0.01) and not statistically different from 17D. 

Three viruses fall into the high dissemination group: 17D/Asibi M-E, Asibi/17D E 

dI-II, and Asibi/17D 3’NCR. The ability of 17D/Asibi M-E to disseminate at a high rate 

was expected given the hypothesis that the structural protein genes contain the major 

determinants of dissemination. It can be concluded from these data that the five aa 

substitutions in 17D domains I and II are not responsible for the attenuated phenotype of 

17D in mosquitoes. The impact of these substitutions on the biology of E is unknown but 

is apparently not enough to disrupt YFV-Ae. aegypti interactions. Another conclusion 

from these data is that the five nt substitutions in the 17D 3’NCR do not affect 

dissemination in Ae. aegypti, which would be expected given that the predicted secondary 

structure, which is more important for the function of the 3’NCR than the actual nt 

sequence (Lindenbach et al., 2003), is altered very little. The medium dissemination 

group is the largest, and several more conclusions can be drawn from these data. Viruses 

in this group, which disseminate at a rate significantly lower than Asibi but higher than 

17D, are as follows: Asibi/17D M-E, Asibi/17D M-36, Asibi/17D E dIII, 17D/Asibi E, 

Asibi/17D NS2A, Asibi/17D NS4B, Asibi/17D NS4B-95, and Asibi/17D E dIII+NS4B-

95. As mentioned previously, the ability of 17D/Asibi M-E to disseminate at a low rate 

indicated that some determinants of YFV dissemination localize to the non-structural 

protein genes. This hypothesis was confirmed by the substitution of the 17D NS2A and 



 

 220

NS4B into Asibi. The resulting decrease in dissemination indicates that these genes 

contain determinants of YFV dissemination, and in the case of NS4B, this determinant is 

the Ile95Met substitution also found in attenuated YFV strains FNV and Asibi-CDC-LP 

HeLa p6. Attenuation caused by substitution of the Asibi E dIII with the 17D E d III was 

expected because this is the flavivirus receptor binding domain, and mutation of this 

domain would likely result in decreased binding to target tissues. Addition of the 17D 

NS4B-95 to Asibi/17D E dIII did not decrease dissemination compared to Asibi/17D E 

dIII and Asibi/17D NS4B-95, suggesting that these attenuating mutations are not additive 

and thus possibly function through the same or similar mechanisms. The role of the M-

Leu36Phe substitution in dissemination is less clear. Although this virus disseminates at a 

significantly lower rate than Asibi (p < 0.05) and a significantly higher rate than 17D (p < 

0.01), the dissemination rate was higher than other viruses in this group. This observation 

taken with the attenuated dissemination rate of 17D/Asibi E compared to 17D/Asibi M-E 

suggest that this substitution does play a role in dissemination, possibly by influencing 

the folding or maturation of E. The low dissemination group is composed of viruses with 

the 17D backbone: 17D/Asibi E dIII, 17D/Asibi M-36, 17D/Asibi NS4B-95, and 

17D/Asibi 3’NCR. The substitution of these Asibi sequences did not restore 

dissemination, suggesting there are multiple attenuating substitutions in 17D compared to 

Asibi outside of these individually evaluated regions.  

Several important conclusions emerge from the results of the dissemination 

studies in Ae. aegypti. First of all, the attenuation of infection that was observed for the 

Asibi/17D chimeras in Ae. aegypti apparently does not affect dissemination, as three of 

the chimeras were able to disseminate at a rate not statistically different from that of 

Asibi. This would be unexpected if chimerization itself was responsible for the 

attenuation of dissemination. Thus, conclusions about the genetic determinants of YFV 

dissemination in Ae. aegypti can be made based on these data. Secondly, while the 

substitution of 17D sequences into Asibi results in attenuation for some viruses, the 

substitution of a limited portion of Asibi sequences into 17D does not restore wild-type 

phenotype. Therefore, the determinants of YFV dissemination in Ae. aegypti are 
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multigenic and are hypothesized to be located at M-36, NS4B-95, and in E dIII and 

NS2A (McElroy et al., 2006a,b).   

   The virus distribution and tissue tropisms of 17D, Asibi, and 17D/Asibi M-E in 

whole-sectioned Ae. aegypti were evaluated by IHC to further characterize the process of 

YFV dissemination in Ae. aegypti and complement data from the Asibi/17D chimera 

dissemination studies. The hypothesized sequence of YFV infection and dissemination 

from the Ae. aegypti midgut is as follows: YFV virions in the bloodmeal infect the 

posterior and anterior midgut, spread cell-to-cell, and escape through the basal lamina 

into the hemocoel. Virus amplifies in the abdominal and thoracic fat body, and then either 

directly infects the salivary glands or infects and further amplifies in the intussuscepted 

foregut, cardia and/or the thoracic ganglia. Virus from these tissues then returns to the 

hemocoel and infects the salivary glands. This sequence was based on tissue distribution 

of Asibi and 17D/Asibi M-E at 3, 7, 10, 14, and 21 dpi. With the exception of one 17D-

infected mosquito with a few positive cells in the abdominal fat body, 17D infection was 

restricted to the anterior and posterior midgut. One interesting observation from these 

studies was the presence of spherical foci of antigen staining in the midgut epithelium of 

some samples. In 17D- and Asibi-infected mosquitoes, this was primarily restricted to the 

posterior midgut at later (14 and 21 dpi) timepoints, whereas it was present in the 

majority of 17D/Asibi M-E-infected posterior midguts after 3 dpi. It is possible that these 

foci appear as a result of the accumulation of virions within an infected cell as a result of 

defective packaging and/or release. This phenomenon may be time-dependent in the case 

of Asibi- and 17D-infected Ae. aegypti as well as WNV-infected Cx. p. quinquefasciatus 

(Girard et al., 2004), or in the case of 17D/Asibi M-E may be related to chimerization of 

the Asibi and 17D genomes. The appearance of these foci was presumably not correlated 

with the ability of virus to disseminate, as this distribution was observed in mosquitoes 

with and without disseminated infections.     

Based on data presented in this dissertation, several explanations for the 

attenuation of 17D in Ae. aegypti are presented. The lower infection rate of Ae. aegypti 

by 17D compared to Asibi could be a receptor-mediated phenomenon or could be due to 
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an inability of 17D to efficiently establish and maintain a productive infection of the 

midgut epithelium. The ability of 17D to produce a moderately- or heavily- distributed 

infection of the posterior midgut similar to Asibi, especially at 3 dpi when infectious 

virions are still being formed, suggests that binding and internalization of virions in the 

bloodmeal to the posterior and anterior epithelium is not significantly attenuated. One or 

more mutations in 17D at M-36, E dIII, NS2A, and NS4B-95 possibly result in a 

decreased efficiency of virus spread in two ways: 1) by preventing virion maturation and 

release from infected cells, and/or 2) by the production and/or release of a higher than 

usual proportion of inefficiently packaged or immature particles that are poorly infectious 

or not infectious at all. Immature virions formed in the ER contain prM and E but cannot 

induce fusion until cleavage of prM occurs, so they are non-infectious. Subviral particles 

containing M and E but lacking the capsid and RNA are also produced and released from 

the cell, but these are non-infectious as well (Mukhopadhyay et al., 2005). These 

particles would be detected by IHC but not by viral titration, which would explain the 

higher-than-expected levels of antigen detected in 17D-infected midguts by IHC. This 

hypothesis is in part supported by the observed differences in virus titers and RNA levels 

in 17D-infected midguts compared to Asibi-infected midguts. Virus titers in 17D-infected 

midguts were significantly lower compared to Asibi-infected midguts at 3, 7 and 14 dpi. 

In addition, a significantly lower RNA load was recorded at 14 dpi in 17D-infected 

midguts compared to Asibi-infected midguts, whereas no difference in RNA levels was 

observed at 7 dpi. Hence, 17D is replicating at 7 dpi, but if virions are not packaged and 

released efficiently, overall RNA levels would decline to 14 dpi as the population of 

infectious virions decreases. In contrast, high levels of antigen distribution in infected 

midguts would be maintained without efficient virus spread by persistent infection of the 

midgut epithelial cells. 

Another hypothesis to explain the attenuation of 17D is that an inefficiency of 

virus infection of secondary tissues under natural circumstances (i.e. following oral 

infection) results in the lack of dissemination. This could be caused by two factors: 1) the 

low density or absence of complementary receptors on some or all of the secondary 
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tissues, and/or 2) the existence of a higher threshold of infection for these tissues that 

17D is unable to reach. The lack of identified virus receptors in mosquito tissues make it 

difficult to speculate on the validity of the first explanation, but both explanations can be 

supported by data from the IHC studies. 17D is able to infect the secondary tissues 

including the salivary glands following i.t. inoculation; however, this is a very artificial 

form of infection in which the secondary tissues are presumably exposed to higher titers 

of virus than may be produced following oral infection. The distribution of virus antigen 

in some tissues, particularly the intussuscepted foregut and cardia, was not as widespread 

as was observed for Asibi and 17D/Asibi M-E. In orally infected mosquitoes, if 17D does 

not bind to these tissues efficiently and amplify, virus titers may not reach the levels 

necessary to infect the salivary glands.   

Mosquito-borne viruses encounter a number of barriers during the processes of 

infection and dissemination in a mosquito. These barriers may include the identity, 

location, and/or density of appropriate receptors in individual tissues, and the virus must 

be able to bind these receptors, enter the cells, replicate, assemble, and leave the cells 

efficiently in order to reach the salivary glands and be transmitted. It is likely that a 

combination of inefficient virus spread within the midgut epithelium and, to a lesser 

extent, inability to infect and amplify in secondary tissues result in the barrier to 

dissemination of 17D in Ae. aegypti whereas Asibi is able to disseminate at a high rate 

because it spreads efficiently in the midgut epithelium and is able to infect and amplify in 

the secondary tissues. These barriers for 17D are no doubt mediated by genetic 

differences from its Asibi parental virus which affect these functions. Based on 

hypothesized gene functions and dissemination data for the Asibi/17D chimeras, strong 

candidates for mediating this phenotypic difference are domain III of the viral envelope, 

non-structural protein 2A, and non-structural protein 4B-95. 

It is possible that attenuation of YFV in vertebrates and in mosquitoes occurs by a 

common mechanism, as the YFV variants 17D, FNVV, and Asibi-LP-CDC HeLa p6 are 

all attenuated in vertebrates and mosquitoes compared to their wild type parent viruses. 

However, it is notable that similar aa mutations are shared in common between a hamster 
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viscerotropic YFV variant, Asibi hamster p7, and these attenuated viruses. In particular, 

E-Lys331Arg is found in Asibi hamster p7, 17D, Asibi-LP-CDC-HeLa p6; and NS4B-

Val98Ile is found in Asibi hamster p7, FNVV, and Asibi-LP-CDC-HeLa p6. Each of 

these YFV variants was generated by multiple passage of a wild-type parent (Asibi or 

FVV) in different tissues, suggesting that substitutions at these positions are tolerated by 

YFV and may not play a role in virulence or attenuation of YFV in vertebrates or in 

mosquitoes. It is also of note that substitution of E domain III caused attenuation in Ae. 

aegypti, and several residues in this domain, E-Ser305Phe, E-Pro325Ser, and E-

Thr380Arg alter YFV virulence in mice (Chambers and Nickells, 2001; Ryman et al., 

1998). Further investigation of individual substitutions in vertebrates and in mosquitoes 

would help define whether similar mechanisms of attenuation are shared in these two 

systems. Interestingly, a Pro101Leu substitution in the DENV-4 NS4B resulted in 

attenuation of Ae. aegypti infection but increased replication in SCID mice, suggesting 

that for DENV, determinants of virulence may not be shared (Hanley et al., 2003). These 

data also suggest that flavivirus attenuation in Ae. aegypti is in part mediated by NS4B.     

 With respect to mosquito-virus interactions, future work should focus on defining 

whether regions found to mediate YFV dissemination in Ae. aegypti, E dIII, NS2A, and 

NS4B-95, have analogues in related flaviviruses such as DENV, JEV, and WNV. 

Ultrastructural comparison of Asibi- and 17D-infected tissues would also enhance current 

knowledge about the mechanisms underlying 17D attenuation in Ae. aegypti. Taken 

together, these data would not only contribute to the general understanding of mosquito-

virus interactions but also may be used in the design of live attenuated vaccines, 

genetically modified insect vectors, or other control initiatives intended to reduce the 

severe burden of mosquito-borne diseases in affected areas.   
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