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Dengue viruses (DENV) are the most important arboviral pathogens in tropical 

and subtropical regions throughout the world. Transmission includes a sylvatic, enzootic 

cycle between nonhuman primates and arboreal mosquitoes of the genus Aedes, and an 

urban, endemic/epidemic cycle between Aedes aegypti, a mosquito with larval 

development in peridomestic water containers, and human reservoir hosts.  All 4 

serotypes of endemic DENV evolved independently from ancestral sylvatic viruses and 

have become both ecologically and evolutionarily distinct.  The independent evolutionary 

events that resulted in the emergence of DENV were facilitated by the expansion of 

DENV progenitors’ host range in Asia to new vectors and hosts that occurred gradually 

over a period of several hundred years.  Emerging viral pathogens often become human 

pathogens by changing their host range from another vertebrate organism. This study 

assessed the likelihood of current sylvatic DENV-2 strains to emerge into the human 

transmission cycle by investigating the factors that facilitate their emergence. My 

analysis of sylvatic and endemic DENV-2 strains’ ability to replicate in two surrogate 
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human model hosts, determined that adaptation to humans is probably not a necessary 

component of sylvatic dengue emergence. Then, through an analysis of several sylvatic 

DENV-2, I demonstrated that both endemic and sylvatic DENV-2 share similar rates of 

evolutionary change and patterns of natural selection. These findings imply that the 

potential of future DENV re-emergence from the sylvatic cycle is high. Subsequently, 

phylogenetic analysis of virus genomes isolated from febrile patients in Nigeria during 

DENV-2 activity, demonstrated that unrecognized outbreaks of sylvatic DENV-2 in 

humans are possible. However, their re-emergence into the endemic cycle would be 

limited by homotypic immunity mediated by virus neutralizing antibodies. 
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CHAPTER 1: INTRODUCTION 

 

INTRODUCTION TO FLAVIVIRUSES 

Flaviviruses are a group of single-stranded RNA viruses of positive polarity that 

most, but not all, require hematophagous arthropods (mosquitoes or ticks) to complete 

their life cycle. They are responsible for a broad spectrum of pathogenic manifestations in 

humans, animals and birds (Heinz et al., 2000).  Flaviviruses are widely distributed 

throughout the world, except Antarctica. More than 50% of all known flaviviruses have 

been associated with human disease and include some of the most important human 

pathogens, such as yellow fever virus (YFV), dengue virus (DENV), Japanese 

encephalitis virus (JEV) and tick-borne encephalitis virus (TBEV). For example DENV is 

responsible for the highest incidence of human morbidity and mortality among all 

flaviviruses: 100 million infections annually, resulting in approximately 500,000 cases of 

dengue haemorrhagic fever (DHF) with a mortality rate of about 5% (Halstead, 1997a). 

The majority of human infections with flaviviruses are asymptomatic, whereas 

symptomatic infections commonly manifest themselves as a flu-like disease that is 

characterized by sudden onset of fever, athralgia, myalgia, retro-orbital headaches, 

maculopapular rash, neutropenia, vascular leakage and/or encephalitis (Belov et al., 1995; 

Burke et al., 1988; Gritsun et al., 2003; Lumsden, 1958; Work et al., 1957). Depending 

on the virus, the infection may cause severe encephalitis with lifelong neurologic 

sequelae (Brinker and Monath, 1980; Charrel et al., 2004), persistence of disease (Ravi et 

al., 1993; Sharma et al., 1991) or death (McLean and Donohue, 1959; Tsai and Mitchell, 

1989; Work et al., 1957). In animals, flavivirus infections occur in sheep, cattle, equids, 

monkeys, muskrats, rodents, bats, birds and seabirds (Autorino et al., 2002; Clifford et 

al., 1971; Gritsun et al., 2003; Lanciotti et al., 1999; Lvov et al., 1971; Malkinson and 

Banet, 2002; Shope, 2003; St George et al., 1977; Swanepoel, 1994; Swanepoel and 
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Coetzer, 1994; Varelas-Wesley and Calisher, 1982).  Infection, as in humans, varies from 

asymptomatic to lethal. 

The flaviviruses (genus Flavivirus; from the Latin “flavus” meaning yellow that 

signifies jaundice, a common symptom of infection with the prototypic YFV) comprise 

one of the three genera within the Flaviviridae family that includes 56 species (Heinz et 

al., 2000).  YFV was among the first filterable agents shown to cause human disease 

(along with dengue) (Ashburn and Craig, 1907; Reed and Carroll, 1902),  the first virus 

whose transmission involved the arthropod vector Aedes (Stegomyia) aegypti (Reed and 

Carroll, 1902; Reed et al., 1900), and the first flavivirus to be cultivated in vitro (Lloyd et 

al., 1936).   Viruses in the Flavivirus genus are grouped taxonomically into three groups 

with regard to their vector association: (i) tick-borne, (ii) mosquito-borne and (iii) viruses 

with no known arthropod vector (NKV), as well as by their antigenic relationships. 

Within the tick-borne viruses there are two antigenically-distinct groups: mammalian and 

seabird virus groups; the mammalian group includes several important human pathogens, 

such as Kyasanur Forest disease virus (KFDV), Powassan (POWV), Omsk haemorrhagic 

fever virus (OHFV), TBEV, Louping ill virus (LIV). The mosquito-borne viruses are 

grouped into seven antigenically-distinct groups: Aroa virus, dengue virus, Japanese 

encephalitis, Kokobera, Ntaya, Spondweni and yellow fever virus. Several members of 

this group are the causative agents of severe morbidity and mortality among humans 

throughout the world and include the dengue viruses (DENV), St. Louis encephalitis 

virus (SLEV), West Nile encephalitis virus (WNV), Ilheus virus (ILHV), Zika virus 

(ZIKV), Wesselsbron (WESSV) and YFV.  Lastly within the viruses with no known 

arthropod vector, there are three antigenically-distinct groups: Entebbe bat virus, Modoc 

virus and Rio Bravo virus. Members of these groups have been isolated mainly from bats 

or rodents and some have been associated with establishment of persistent infections 

(Baer and Woodall, 1966; Constantine and Woodall, 1964). A handful of these viruses, 

such as Dakar bat, Modoc and Rio Bravo have been isolated from humans in nature 

(Anonymous, 1971-1972; Karabatsos, 1985b; Shope, 2003), or in several laboratory 

infections probably due to aerosol transmission (Apoi and Rio Bravo virus) (Karabatsos, 
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1985a; Sulkin et al., 1962).  Most common manifestation of human disease is febrile 

illness and rarely encephalitis (Calisher and Gould, 2003; Shope, 2003). 

VIRION STRUCTURE AND GENOME ORGANIZATION  
Flaviviruses are spherical enveloped viruses with a diameter of 40 – 50 nm 

containing a single copy of a single-stranded RNA of positive polarity, within a virus-

encoded capsid surrounded by a host-derived lipid bilayer interspersed by 180 copies of 

the viral-encoded envelope protein (Kuhn et al., 2002; Smith et al., 1970). X-ray 

crystallography allowed for the structural determination of the envelope protein 

ectodomains as dimers (Modis et al., 2003; Rey et al., 1995a; Zhang et al., 2004).  Each 

monomer consists of domain I, the central structural domain containing the N-terminus; 

domain II, the dimerization domain containing the fusion peptide; and domain III, an 

immunoglobulin-like domain containing the putative receptor-binding sites. Recent cryo-

electron microscopy reconstructions of purified dengue virus type 2 (DENV-2) particles 

revealed a smooth outer surface (Kuhn et al., 2002), where the viral envelope protein is 

arranged in head-to-tail dimers lying parallel to the lipid bilayer. Through this smooth 

viral surface, domain III of the envelope protein, the putative receptor-binding domain, 

extends outwards which probably facilitates virus binding to the host cells receptors. This 

unusual ‘herring-bone’ arrangement of icosahedral symmetry imposed by the interactions 

among the surface proteins was predicted earlier from X-ray crystallography studies of 

TBEV (Rey et al., 1995a), and allows for rotational rearrangements leading to the 

formation of trimeric envelope complexes (Kuhn et al., 2002) facilitating virus fusion to 

target cells (Allison et al., 1995a; Stiasny et al., 1996).   Whereas the virus outer surface 

is smooth and structured, below the lipid bilayer a less-ordered, cage-like lattice of capsid 

proteins forms the nucleocapsid, which encapsulates a single copy of the viral genome 

(Kuhn et al., 2002).  

Flavivirus genomes consist of a single strand of RNA of positive polarity with an 

approximate length of 10,700 nucleotides, with a type I 5’ cap, m7GpppAmpN2 (Cleaves 

and Dubin, 1979), and are not 3’ polyadenylated (Wengler et al., 1978).  Flaviviral 

genomes encode a single open reading frame, which is flanked by both 5’- and 3’- non-



coding regions (NCR) of approximately 100 and 400 – 700 nucleotides (nt), respectively 

(Figure 1). Although the sequence of the 5’ – NCR is not conserved among different 

flaviviruses, common secondary structures have been observed within this region, 

suggesting a potential role in the translation of the genome (Brinton and Dispoto, 1988).  

A major function of the 5’ – NCR resides in the complimentarity of its first two 

nucleotide residues (5’ AG) to the last two plus-strand 3’-terminal nucleotides (UC-3’), 

which plays a role in the cyclization of the genome during the very early stages of 

replication (Markoff, 2003; Rice et al., 1985; Wengler, 1981). 

 

Figure 1. Flavivirus genome organization. 

 

Although the 3’ – NCR of flaviviruses exhibits sequence heterogeneity, several 

conserved sequences and structures have been identified (Figure 1). The most common 

structural similarity shared among all flaviviruses is located close to the 3’ terminus of 

the genome and forms a long (90 to 120 nt) stem-loop (3’ – SL) (Brinton et al., 1986; 

Hahn et al., 1987). While the precise function of the 3’ – SL is not known, it has been 

suggested that it may be involved in viral replication (Yu and Markoff, 2005; Zeng et al., 

1998), regulation of translation and RNA synthesis (Holden et al., 2006), as well as in 
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interactions with viral and cellular proteins of functional importance (Blackwell and 

Brinton, 1995; Chen et al., 1997a; De Nova-Ocampo et al., 2002).  However, conserved 

sequences and structures upstream of the 3’ – SL that are common among mosquito-

borne flaviviruses, are not shared by tick-borne viruses.  Whereas the well-conserved 

motifs CS1, CS2, RCS2 and a few tandem sequence repeats are found among mosquito-

borne flaviviruses (Hahn et al., 1987; Proutski et al., 1997), in tick-borne flaviviruses the 

PR, R3 and interestingly a polyadenylate sequence that is found in some tick-borne 

viruses, constitute the common conserved motifs of the 3’ – NCR (Lindenbach and Rice, 

2003; Mandl et al., 1993; Wallner et al., 1995) (Figure 1).  

FLAVIVIRUS LIFE CYCLE 
 Flaviviruses have a wide host range and replicate in a variety of different species 

ranging from mammals, birds, arachnids to insects.  Once transmission into the host 

occurs via the bite of an infected mosquito or tick, they replicate in a wide variety of 

cells, including dendritic cells (Palucka, 2000; Wu et al., 2000), monocytes and 

macrophages (Diamond et al., 2000; Halstead, 1989), endothelial cells (Dropulic and 

Masters, 1990; McMinn et al., 1996), lymphocytes (Bielefeldt-Ohmann et al., 2001; 

Theofilopoulos et al., 1976), neurons and glial cells (Albrecht, 1968; Steele et al., 2000), 

and hepatocytes (Lum et al., 1993; Rosen et al., 1999). Flaviviruses have broad host cell 

range, low amino acid (~40%) identity among the envelope proteins of the most 

divergent members. These factors as well as the quantity and position of the glycosylated 

residues, and the compositional heterogeneity of the carbohydrate moieties, which may 

modulate the specificity of virus-cell surface interactions, raise the spectre of attractive 

candidates involved in flavivirus attachement to target cells.  

 Among the molecules that have been suggested as primary receptors for DENV 

are dendritic cell-specific ICAM-grabbing non-integrin (DC-SIGN) (Navarro-Sanchez et 

al., 2003; Tassaneetrithep et al., 2003), glucose-regulating protein 78 (GRP78/BiP) 

(Jindadamrongwech et al., 2004), and CD14-associated molecules (Chen et al., 1999). 

DC-SIGN is a mannose-specific lectin that has been proposed to be utilized by dendritic 
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cells (DCs), at least in vitro, to capture, replicate and transmit many other human 

pathogens, including Ebola virus (Alvarez et al., 2002), human immunodeficiency virus 

(HIV) (Bashirova et al., 2001; Geijtenbeek et al., 2000), cytomegalovirus (CMV) (Halary 

et al., 2002), Mycobactrium tuberculosis (Tailleux et al., 2003), measles virus (de Witte 

et al., 2006), WNV (Davis et al., 2006) and Sindbis virus (Klimstra et al., 2003).  CD14 is 

a membrane-associated glycosylphosphatdylinositol-linked protein that is expressed at 

the surface of macrophages and acts as a co-receptor with the Toll-like receptor 4 (TLR4) 

for the detection of bacterial lipopolysaccharide (Wright et al., 1990) and other microbial 

products (Mansson et al., 2007).  Chen et al. postulated that it plays a role based on its 

ability to inhibit DENV infection of human monocytes with bacterial lipopolysaccharide 

(Chen et al., 1999), although this finding has been later disputed (Bielefeldt-Ohmann et 

al., 2001).  Several other cell surface proteins have also been proposed to be receptors for 

DENV in mosquito cells (Mercado-Curiel et al., 2006; Munoz et al., 1998; 

Sakoonwatanyoo et al., 2006; Salas-Benito and del Angel, 1997; Yazi Mendoza et al., 

2002), neuroblastoma cells (Ramos-Castaneda et al., 1997), and for other flaviviruses 

such as WNV (Chu et al., 2005; Chu and Ng, 2003), JEV (Kimura et al., 1994) and 

TBEV (Kopecky et al., 1999).  

 Glycosaminoglycans, such as heparin, and its structural analogues are also 

attractive candidates for flavivirus attachment to target cells due to their widespread 

distribution on cells, involvement in ligand recognition as well as signaling processes. 

Several in vitro studies have shown that glycosaminoglycans could function as low-

affinity co-receptors for several flaviviruses, including DENV (Chen et al., 1997b; Germi 

et al., 2002; Hung et al., 2004; Hung et al., 1999; Lin et al., 2002; Martinez-Barragan and 

del Angel, 2001; Pattnaik et al., 2007), JEV (Lee and Lobigs, 2002; Su et al., 2001), 

TBEV (Kroschewski et al., 2003; Mandl et al., 2001), MVEV (Lee and Lobigs, 2000; 

Lee and Lobigs, 2002), and YFV (Germi et al., 2002).  Moreover the level of flavivirus 

affinity to host cells can be altered to produce virus variants with altered cell specificity.  

For example, when DENV-4 was serially passaged in primary kidney cells it gave rise to 

attenuated virus variants, whose phenotype was reversed upon passage in monkey cells 
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(Halstead et al., 1984a; Halstead et al., 1984b; Halstead et al., 1984c).  Serial passages of 

TBEV in BHK cells allowed for the selection of mutants containing additional positively 

charges amino acid residues in the receptor-binding region of envelope protein leading, to 

increased dependency to cell surface heparan sulfate (HS) (Mandl et al., 2001). In vivo 

evaluation of these mutants resulted in significant decrease of neurovirulence (Mandl et 

al., 2001).  Several other studies with other viruses have demonstrated a loss of virulence 

in vivo is associated with in vitro adaptation to increased utilization of HS (Bernard et al., 

2000; Klimstra et al., 1998; Ryman et al., 2004). 

 A handful of flaviviruses are able to utilize sub-neutralizing levels of virus-

specific immunocomplexes to gain entry into cells that express Fc (Halstead and 

O'Rourke, 1977; Schlesinger and Brandriss, 1981b) or complement receptors (Cardosa et 

al., 1983) onto their surface. This process described as ‘antibody-dependent 

enhancement’ (ADE) of infection has been documented for DENV (Halstead and 

O'Rourke, 1977; Kliks et al., 1989), YFV (Schlesinger and Brandriss, 1981a), JEV 

(Cecilia and Ghosh, 1988), TBEV (Phillpotts et al., 1985), and WNV (Peiris and 

Porterfield, 1979).  Only for DENV, ADE may be a major contributing factor to the 

development of severe disease.   

 Overall, the plasticity and dexterity of the flaviviral envelope proteins to utilize a 

variety of cellular receptors to gain cell entry, reiterates their remarkable ability to adapt 

and adjust to changing environments in order to successfully replicate their genome. 

Therefore, flaviviruses enter their host cells by receptor-mediated endocytosis (Figure 2).  

Acidification of the early endosome triggers irreversible structural alterations in the 

envelope protein, the α-parallel envelope homodimers dissociate into monomers that 

immediately reassociate into irreversible parallel heterotrimers, allowing for the exposure 

of the fusion peptide resulting in the fusion of the viral with the endosomal membrane 

(Allison et al., 1995a; Randolph and Stollar, 1990; Rey, 2003; Stiasny et al., 2001; 

Stiasny et al., 1996; Vorovitch et al., 1991).  Fusion allows for the nucleocapsid release 

into the cytoplasm where they dissociate and translation and replication of the RNA 

genome is initiated (Lindenbach and Rice, 2003). 



 

 

Figure 2. The flavivirus life cycle. Image kindly provided by Dr. P.W. Mason 

 

The single copy of the flaviviral genome serves as an mRNA for the translation of 

the viral proteins through a single ORF, which encodes for three structural proteins 

[capsid (C) – membrane (prM/M) – envelope (E)] and seven nonstructural proteins (NS1-

NS2A-NS2B-NS3-NS4A-NS4B-NS5).  Translation of the ORF produces a large 

polyprotein that is co- and post-translationally processed into 10 proteins (Figure 3). Host 

signal peptidases cleave C-prM, prM-E, E-NS1, and also at a location close to the C-

terminus of NS4A. The structural proteins are then translocated into the endoplasmic 

reticulum (ER) by various signal peptidases and anchored by membrane anchor domains 

(Lindenbach and Rice, 2003; Markoff et al., 1997; Yamshchikov and Compans, 1994).  

After proteolytic cleavage the CAP is localized in the cytoplasm where it remains 

associated with the ER membrane, whereas on the lumenal side of the ER both prM and 

E proteins form stable heterodimers (Allison et al., 1995b; Konishi and Mason, 1993; 

Lorenz et al., 2002). On the other hand, a virus encoded serine protease cleaves the rest of 
 8



the polyprotein (NS2A/NS2B/NS3/NS4A/NS4B/NS5) (Amberg et al., 1994; Chambers et 

al., 1990). Cleavage of the NS1/NS2A occurs by an unknown host-encoded enzyme 

most-likely residing in the endoplasmic reticulum of the host cell (Falgout and Markoff, 

1995)(Figure 3).  

 

 

Figure 3. Flavivirus protein expression and polyprotein processing. Internal serine 
protease cleavage sites within NS2A and NS3 are also demonstrated. The 
serine protease (PROT) and helicase (HEL) domains of NS3, as well as the 
methyltransferase (MTase) and RNase-dependent RNA polymerase (RdRP) 
domains of NS5 are also indicated. Adapted with permission from: 
Lindenbach and Rice, 2003 

 Genome replication occurs within cytoplasmic membranes facilitated by the 

assembly of the viral replicase from nonstructural proteins. The process begins with the 

synthesis of a negative-stranded RNA that serves as a template for the synthesis of 

additional positive-stranded genomic RNAs in an asymmetric fashion leading to a 100-

fold excess ratio of positive to negative strands (Cleaves et al., 1981; Westaway, 1980). 

Assembly of the nucleocapsid (NC) consisting of one copy of the genomic flaviviral 

RNA and several copies of C occurs in the lumen of the ER followed by the formation of 

immature virions consisting of NC, lipid membrane, prM and E.  In contrast with 

alphaviruses (Soderlund, 1973; Soderlund and Ulmanen, 1977; Strauss and Strauss, 

 9



 10

1994), flaviviral NCs are only occasionally found in infected cells, which may suggest an 

intimate and coordinated assembly between the membrane-associated CAP and the 

prM/E heterodimers of the emerging immature virion (Heinz and Allison, 2003; Lorenz 

et al., 2002; Wang et al., 1999). These immature virions are larger (~60 nm) and have a 

different structure as compared to mature virions that is characterized by the appearance 

of 60 prominent, irregular and trimeric surface spikes (Zhang et al., 2003).  Because these 

immature virions are incapable of inducing host-cell fusion they are non-infectious 

(Guirakhoo et al., 1991; Heinz et al., 1994; Stadler et al., 1997).  The non-infectious 

immature virions are then transported in the trans-Golgi network (TGN) where its acidic 

environment facilitates irreversible conformational changes of the prM/E heterodimers 

exposing the furin cleavage site thus allowing cleavage of prM by the resident furin or 

furin-like protease into pr and M (Stadler et al., 1997).  This maturation process results in 

infectious, mature virions. 

Virion assembly also produces subviral particles or ‘slowly sedimenting 

hemagglutinin’ (SHA), which were first observed in virus infections in vitro (Kitoaka and 

Nishimura, 1963; Smith et al., 1970; Stollar et al., 1966).  These immature, capsidless 

particles contain prM/E and lipid membrane and have a smooth exterior but 

heterogeneous size (30 – 50 nm in diameter) with 30 E protein dimers arranged in an 

icosahedral surface lattice (Allison et al., 2003; Ferlenghi et al., 2001). SHAs are natural 

byproducts of the assembly process and undergo the same post-translational 

modifications in the TGN before release from the host cell as infectious particles.  

Recombinant subviral particles (RSP) similar to SHAs have also been assembled for 

several different flaviviruses by co-expressing the E and prM in mammalian cells 

(Ferlenghi et al., 2001; Gehrke et al., 2003; Konishi and Fujii, 2002; Lorenz et al., 2003; 

Mason et al., 1991; Pincus et al., 1992).  Mature virions and SHAs are released from the 

host cell by exocytosis (Figure 2). 
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DENGUE VIRUSES 

CLASSIFICATION OF DENV 
 DENV has been classified into four distinct but antigenically related serotypes 

(DENV-1, -2, -3 and -4). They are members of the dengue antigenic complex in the 

genus Flavivirus (family Flaviviridae) (Calisher et al., 1989). Of all the viruses of the 

flavivirus antigenic complexes, they are the most restricted viruses in regard to natural 

vertebrate host range; they are restricted only to primates. Currently, all four DENV 

serotypes can be found in nearly all urban and peri-urban environments throughout the 

tropics and neotropics where Aedes aegypti is abundant, putting at risk of infection nearly 

a third of the global human population.   

Initially, DENV of all serotypes were genetically classified into clusters called 

topotypes by T1 RNase fingerprinting (Repik et al., 1983; Trent et al., 1990). Later on, 

nucleic acid sequencing allowed for the classification of DENV into genetically distinct 

groups or genotypes within each serotype (Rico-Hesse, 1990).  Rico-Hesse defined these 

‘genotypes’ as clusters of DENV viruses having sequence divergence not greater than 6% 

within the chosen nucleotide sequence interval (in this case the E/NS1 junction), which 

was based on the clustering of strains for which associations could be inferred on 

epidemiological grounds (Rico-Hesse, 1990). 

Various phylogenetic analyses based on partial E/NS1 or complete E nucleotide 

sequences indicated that DENV-1 are clustered in 5 genotypes: (i) genotype I, 

representing strains from Southeast Asia, China and East Africa; (ii) genotype II, 

representing strains from Thailand collected in the 1950s and 1960s; (iii) genotype III, 

representing the sylvatic strain collected in Malaysia; (iv) genotype IV, representing 

strains from the West Pacific islands and Australia; and (v) genotype V, representing all 

strains collected in the Americas, strains from West Africa, and a limited number of 

strains collected from Asia (Goncalvez et al., 2002; Rico-Hesse, 1990) (Figure 4). 

 Similar phylogenetic analyses based on E nucleotide sequences indicated that 

DENV-2 are clustered in 5 genotypes: (i) the Asian genotype, consisting of Asian 

genotype 1 representing strains from Malaysia and Thailand, and Asian genotype 2 
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representing strains from Vietnam, China, Taiwan, Sri Lanka and the Philippines; (ii) the 

cosmopolitan genotype, representing strains of wide geographic distribution including 

Australia, East and West Africa, the Pacific and Indian ocean islands, the Indian 

subcontinent and the Middle East; (iii) the American genotype, representing strains from 

Latin America and older strains collected from the Caribbean, the Indian subcontinent 

and Pacific Islands in the 1950s and 1960s; (iv) the Southeast Asian/American genotype, 

representing strains from Thailand and Vietnam and strains collected in the Americas 

over the last 20 years; and (v) the sylvatic genotype, representing strains collected from 

humans, forest mosquitoes or sentinel monkeys in West Africa and Southeast Asia 

(Lewis et al., 1993; Rico-Hesse et al., 1997; Twiddy et al., 2002a; Wang et al., 

2000)(Figure 5).
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Figure 4. Phylogenetic relationships of DENV-1. The phylogeny was inferred based 
on the E nucleotide sequence of 79 DENV-1, using Bayesian analysis (one 
million reiterations)  and all horizontal branches are scaled according to the 
number of substitutions per site. Bootstrap values are shown for key nodes 



Figure 5. Phylogenetic relationships of DENV-2. The phylogeny was inferred based on the E nucleotide sequence 
of 95 DENV-2, using Bayesian analysis (one million reiterations) and all horizontal branches are scaled 
according to the number of substitutions per site. Bootstrap values are shown for key nodes. 
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Initially DENV-3 were clustered into five genotypes based on T1 RNase 

fingerprinting analysis (Trent et al., 1990), but subsequent analyses based on prM/E 

nucleotide (Lanciotti et al., 1994) and complete genome sequences (Chao et al., 2005) 

indicate clustering into four genotypes: (i) genotype I, representing strains from 

Indonesia, Malaysia, the Philippines and recent isolates from the South Pacific islands; 

(ii) genotype II, representing strains from Thailand, Vietnam and Bangladesh; (iii) 

genotype III, representing strains from Sri Lanka, India, Africa and Samoa.  However, the 

complete genome phylogenetic analysis clearly includes the 1962 strain from Thailand 

within this genotype (Chao et al., 2005); and (iv) genotype IV, representing strains from 

Puerto Rico, Latin and central America and the 1965 Tahiti strain.  Sylvatic strains of 

DENV-3 have not been isolated to date, but they are believed to exist in Malaysia, based 

on the seroconversion of sentinel monkeys (Rudnick, 1984) (Figure 6). 

Lastly, DENV-4 are clustered into four genotypes based on the E nucleotide 

sequences (AbuBakar et al., 2002; Foster et al., 2003; Lanciotti et al., 1997) or complete 

genome sequences (Klungthong et al., 2004): (i) genotype I, representing strains from 

Thailand, the Philippines, Sri Lanka, and Japan (strains were imported into Japan from 

Southeast Asia); (ii) genotype II, representing strains from Indonesia, Malaysia, Tahiti, 

the Caribbean and the Americas.  Subsequent analysis with additional strains revealed 

putative evidence of intra-serotypic recombination amongst DENV-4 from independent 

ancestral lineages (most likely Indonesia 1976 and Malaysia 1969) may have contributed 

to the emergence of a distinct genotype, representing all Malaysian strains (AbuBakar et 

al., 2002). Genotype II has become well established in the Caribbean since its 

introduction in the area in the early 1980s from Southeast Asia (Bennett et al., 2003; 

Foster et al., 2003); (iii) genotype III, representing recently sampled Thai strains that are 

distinct from other Thai strains (Klungthong et al., 2004); and (iv) genotype IV, 

representing the sylvatic strains of DENV-4 (Figure 7). 



 

Figure 6. Phylogenetic relationships of DENV-3. The phylogeny was inferred based on the E nucleotide sequence of 89 
DENV-3, using Bayesian analysis (a million reiterations) and all horizontal branches are scaled according to the 
number of substitutions per site. Bootstrap values are shown for key nodes. 

 16



Figure 7. Phylogenetic relationships of DENV-4. The phylogeny was inferred based on the E nucleotide sequence of 104 
DENV-4, using Bayesian analysis (one million reiterations) and all horizontal branches are scaled according to 
the number of substitutions per site. Bootstrap values are shown for key nodes.
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DENGUE EPIDEMIOLOGY 

HISTORY OF DENGUE VIRUS AS A HUMAN PATHOGEN 
The geographic site of origin of DENV has been a subject of intense speculation; 

some argue for an African origin due to the same origin of the principal vector, Ae. 

aegypti (Christophers, 1960; Edwards, 1932). However the ecological and serological 

work of Smith and Rudnick point towards an Asian origin (Rudnick and Lim, 1986; 

Smith, 1956), supported by phylogenetic analysis (Wang et al., 2000). Regardless of what 

the geographic origin may be, DENV probably evolved as arboreal mosquito viruses 

before adapting to lower primates in sylvan environments (Gubler, 1997).  The viruses 

most likely moved out of the forest and into the peri-domestic environment at a time 

congruent with the clearing of the forests and development of human settlements. 

The earliest known reports of clinical descriptions of a dengue-like illness have 

been described in the Chinese literature in the Chin Dynasty [Common Era (CE) 265 – 

420], Tang Dynasty (CE 610) and Northern Sung Dynasty (CE 992) (Gubler, 1997).  

These reports described a disease called ‘water poison’ due to its association with water-

associated flying insects, and whose clinical description included fever, rash, arthralgia, 

myalgia and haemorrhagic manifestations.  The next reports of a similar illness appear 

almost seven centuries later, describing an acute illness with prolonged convalescence 

taking place in French West Indies and Panama in 1635 and 1699 respectively (Gubler, 

1997).  A century later (1779 – 1788), the first reports of a possible dengue pandemic 

occur in Batavia (present day Jakarta) (Bylon, 1780; Pepper, 1941), Cairo (Christie, 

1881; Hirsch, 1883), Philadelphia (Rush, 1789), and Cadiz and Seville, Spain (Christie, 

1881).  These later accounts describe for the first time evidence for the wide geographic 

distribution of dengue (or at the very least a very similar dengue-like illness), reaching 

pandemic proportions by 1788. 

The etymological origins of the term ‘dengue’ are not known.  However, Christie 

provided an early account of the origin of the term based on his personal experiences 

from the Zanzibar epidemic of 1870 (Christie, 1881). Early in the epidemic some of his 

younger native patients called it ‘baridiyabis’ meaning rheumatism, his Indian patients 
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‘Homa mguu’ meaning leg fever and the Hadramaut Arabs ‘abou-ndefu’, which was 

adapted to ‘abou-madefu’ by the black population meaning father of beards. As the 

epidemic intensified the older residents of Zanzibar recognized the disease as identical to 

the 1822 epidemic and gave it its earlier designation, ki-dinga pepo, which in Swahili 

means ‘a disease characterized by a sudden cramp-like seizure, caused by an evil spirit’ 

(Christie, 1881).  It is believed that this phrase entered into the Caribbean by the 

flourishing slave trade out of East Africa sometime in the early 1800s.  Early accounts 

from St. Thomas, refer to the disease as ‘Dandy fever’ and ‘the Dandy’, reflecting the 

stiffness in motion of the affected people trying to mitigate the joint and muscle pain 

associated with the disease (Christie, 1881; Steadman, 1828). A few years later when the 

disease arrived in Cuba the designation had changed into ‘dunga’, which was later 

transformed into ‘dengue’, meaning fastidiousness and prudery from the Spanish ‘andar 

en dengue’ (Christie, 1881).  Although the disease was known with several other names 

(Table 1), reflecting cultural or geographic etymologies, the term ‘dengue’ had been 

universally adopted to describe the disease since then. 

 Although Benjamin Rush provided the first well-known, detailed clinical 

descriptions of the illness associated with dengue infections, as well as applied the term 

“break-bone fever” to describe the epidemic in Philadelphia (Rush, 1789), credit ought to 

be also attributed to David Bylon who first observed and described the 1779 epidemic 

taking place in Jakarta, Indonesia (Bylon, 1780).  Bylon, the medical officer of Jakarta, 

observed the sudden onset and spread of the disease that swept through the region and to 

which he also fell victim. He called it ‘knokkel-koorts’ or knuckle fever, and emphasized 

the severity of the pains, the presence of rash and tendency to relapse.  Bylon cryptically 

concludes his report that ‘… a well known disease which, however, in the memory of 

man here in Batavia has never reached an epidemic, and which has, therefore, seemed 

wondrous to the inhabitants’ (Bylon, 1780; Pepper, 1941), suggests that the disease (most 

likely endemic DENV) was known to the inhabitants for quite some time. 

Table 1. Terms used to describe dengue in various parts of the world 
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Terma Location (period) 

Coup de barre French West Indies (1635) 
Scarlatina rheumatica Philadelphia (1779) 
Bilious remitting fever Philadelphia (1779) 
La Piadosa (the merciful) Cadiz and Sevilla (1784 – 1785) 
Ephemeral fever Rangoon (1824) 
Three days’ fever Calcutta (1824) 
Bouquet St. Thomas (1827) 
Fievre des dates (fever of the dates) Jeddah (1847 – 1856) 
Polka feverb Brazil (1846 – 1849) 
Bonon (sighs) Hawaii (1847 – 1856) 
Mal de genoux (knee fever) Benghazi, Tripoli (1856) 
Trancazo (stroke) East Africa (1870) 
Fievre rouge, giraffe Syria (1870 – 1873) 

a Information for this table was obtained from: (Christie, 1881; Hirsch, 1883; 
Leichtenstern, 1896; Rush, 1789; Steadman, 1828) 
b Christie believes that the term does not describe dengue (Christie, 1881) 

 

Around the same time an epidemic of a similar disease was occurring in Cairo, as 

well as Alexandria, Egypt.  The onset of the epidemic in the local population was 

described by the chronicler Gaberti, as ‘abu rokab’ or knee-trouble, and was 

characterized by sudden onset of self-limited fever, followed by prolonged defervescence 

accompanied by pain of the joints, knees and extremities (Hirsch, 1883). Although, the 

clinical descriptions of the 1699 Panama, as well as the 1789, Batavia and Cairo 

outbreaks were compatible with classical dengue, it may be possible that these outbreaks 

were caused by chikungunya, an etiologic agent whose clinical illness is indistinguishable 

for dengue (Carey, 1971; McSherry, 1982).  Interestingly, Theiler casts similar doubts but 

only for the 1779 Cairo epidemic (Theiler and Downs, 1973). Furthermore, a series of 

dengue or dengue-like epidemics criss-crossed the globe, from Africa to India to Oceania 

to the Americas, from 1823 to 1916 (Table 2) (Brown, 1977; Christie, 1881; Hirsch, 

1883; More, 1904). The historical record suggests the occurrence of at least five 

pandemics during this time period, lasting between three to seven years, and probably 

caused by the same serotype and transported between geographic regions by the slave 
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trade and commerce (Brown, 1977; Christie, 1881; Gubler, 1997).  Furthermore, 

Leichtenstern recognized that dengue was mainly a disease of seaports and costal regions 

but it could spread inland along river routes, like the Ganges and the Indus in India or the 

Mississipi in the United States (Leichtenstern, 1896).  Of course there is no way in 

knowing what strain or serotype was involved, since all these epidemics took place 

before serotype identification was possible. 

The first step in that direction took place in Fort McKinley in the Philippines, 

where Ashuburn and Craig, experimenting with human volunteers, came to the 

conclusion that the etiologic agent of dengue was filterable (virus)(Ashburn and Craig, 

1907).  At about the same time Graham in Beirut, and Cleland in Australia were 

investigating the role of Ae. aegypti in the transmission of dengue with human volunteers 

(Cleland et al., 1916; Graham, 1903), but its implication was confirmed in 1926 by the 

extensive and well-controlled experiments of Siler, Hall and Hitchens (Siler et al., 1926), 

and followed by the implication of Ae. (Stegomyia) albopictus in 1931 (Simmons et al., 

1931). 

By the end of the second decade of the 20th century, dengue behavior in Southeast 

Asia, the Indian subcontinent and the Philippines had changed from sudden onset of 

urban epidemics to endemicity, a trend attributed to the gradual invasion of Ae. aegypti 

(Daniels, 1908; Edwards, 1932; Smith, 1956; Stanton, 1920; White, 1934).  On the other 

hand, in the Caribbean dengue remained intermittently active.  Nevertheless during the 

epidemic of 1922, which started in Galveston and spread throughout the gulf and 

southern Atlantic states, as well as the Caribbean, close to two million people were 

infected.  Of lesser impact was the epidemic in South Africa and Egypt, where close to 

100,000 infections may have taken place (Edington, 1927; Kamal, 1928), which was 

followed by the great epidemic of 1927-1929 in Greece where at least a million people 

were infected (Cardamatis, 1929; Copanaris, 1928). By the mid 1940’s dengue was 

eliminated altogether from the Mediterranean basin, mainly due to the elimination of Ae. 

aegypti. 
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 The onset of World War II brought immense ecologic, demographic, and 

epidemiologic changes leading to a new level of relationship between DENV and 

humans.  Ecologically, the distruction of existing water distribution systems led to 

domestic water storage practices, and along the abandonment of war material led to an 

abundance of sites ideal for the larval development of Ae. aegypti.  Furthermore, 

transport of troops and supplies over long distances resulted in the transportation of 

mosquitoes and their eggs into new geographic regions. These ecological changes not 

only greatly enhanced the densities of Ae. aegypti but also expanded their geographic 

distribution.  Demographically, the war allowed for the influx of large numbers of troops 

and refugees susceptible to dengue virus infection, thus contributing to the movement of 

viruses between cities and regions as well as increasing the pool of susceptible people for 

epidemic dengue virus transmission.  In fact, between 1941 and 1945, a series of dengue 

epidemics were raging among military personnel in East Africa, the Caribbean, as well as 

a pandemic, encompassing in the entire area of the pacific theater of operations, from 

Australia to Hawaii and Guinea to Japan (Brown, 1977; Gubler, 1997; Hota, 1952; Sabin, 

1952). 

However the events of World War II allowed for increased awareness, as well as 

the establishment of scientific commissions to study the disease and its aetiologic agent. 

In fact, Japanese scientists isolated DENV-2 from ill patients in 1943 (Hota, 1952), 

followed by Sabin with the isolation of both DENV-1 (Hawaii strain) and DENV-2 

(NGC strain) from US soldiers in 1944 (Sabin, 1952).  The latter group was also able to 

identify the presence of homotypic immunity following infection, as well as to develop 

the of hemagglutination-inhibition test for serology (Sabin, 1952; Sabin and Schlesinger, 

1945).
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Table 2. Epidemics of dengue worldwide from 1824 – 1916a  

Year(s) Geographic Location Comments 

1823 – 1828b  Zanzibar, Suez and Pondicherry to Calcutta; Burma and Ganges 
Valley; Caribbean Islands and Savannah; Lesser Antilles, Cuba, 
North Colombia, Mexico, Southeast USA 

Pandemic was preceded by an epidemic in Peru 
affecting nearly 50,000 people.  First 
observation from the W. Indies epidemic of 
1827 that patients of African origin had a lower 
incidence and severity of the disease. 
 

1835 – 1851  Arabian coast; Senegambia, Cairo and Rio de Janeiro; India and 
Hawaii; New Orleans; Gulf Coast and eastern seaboard USA; 
Reunion, Mauritious and Tahiti  
 

Epidemic returned to Lima (1851), and 
appeared in Spain (1865) and Port Said (1868). 
 

1870 – 1873b  Zanzibar and Dar es Salaam; Port Said, Arabian Peninsula, and 
gradually throughout India; Burma, Singapore, Indonesia, 
Shanghai, Taiwan, Mauritious; Southern USA  

Pandemic was followed by silence until 1880, 
when it brought dengue for the first time in the 
Mediterranean, appearing in ports in Greece, the 
Levant and the Red Sea 
 

1887 – 1889  Gibraltar; Cyprus; Greek Islands, Turkey (Aegean and Black Sea 
ports) and Syria 
 

 

1894 – 1897  Australia, Indo-China, and China  
1901 – 1907 China, Indo-China, India, Singapore, Australia, Galveston, 

Panama, Cuba and Colombia 
 

First reports of higher incidence of disease 
among Chinese patients 

1912 – 1916  Panama, Chile, Argentina, Australia and India  
a Information for this table was compiled from: (Brown, 1977; Christie, 1881; Hirsch, 1883; Khan, 1913; Leichtenstern, 1896; 
Maxwell, 1839; More, 1904; Skae, 1902; Smith, 1956; Steadman, 1828) 
b Carey suggested that the dengue epidemics in Zanzibar (1823 and 1870), as well as India (1824, 1871, and 1902), may be 
attributed to chikungnya infections due to severe athralgia (Carey, 1971)
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 The cessassion of war in the Pacific theatre brought forward uncontrolled 

urbanization where millions of people moved into cities with inadequate housing, water 

distribution systems, as well as sewer and waste management. In such environments, Ae. 

aegypti reached high densities and the movement of people dispersed the DENV 

serotypes among regions. Overall, these ecologic and demographic changes created the 

ideal conditions for the emergence of DHF in Southeast Asia. Although occurrences of 

severe and fatal haemorrhagic disease associated with dengue infection were reported as 

early as the epidemic of 1780 in Philadelpia, and 1927-29 Greece epidemic (Copanaris, 

1928; Rush, 1789), they were quite rare and did not pose a severe public health problem. 

The first documented cases of DHF were associated with epidemics in Thailand and in 

the Philippines taking place in the 1950s, and initially were thought to be a new disease 

(Hammon et al., 1960a; Hammon et al., 1960b). In fact, the viruses isolated from patients 

with hemorrhagic disease in the Philippine epidemic of 1956 were members of the 

serotype type 3 (H87 strain) and 4 (H241 strain) (Hammon et al., 1960b). 

 While a number of epidemics occured in Southeast Asia in the aftermath of World 

War II, no epidemics were reported in the Americas, Africa and Oceania for the next 20 

years.  One major factor in this quiescence, at least in the Americas, can be attributed to 

the initiation of the Ae. aegypti eradication program under the auspices of the Pan 

American Health Organization (PAHO), whereas for Africa it may be attributed to poor 

surveillance. This PAHO program, undertaken to prevent urban epidemics of yellow 

fever, led to the eradication of the vector in all countries but Suriname, Guyana, French 

Guiana, Venezuela, the Caribbean Islands and the United States (Gubler, 1997).  

Discontinuation of the program in the early 1970s and unsustainable vector surveillance 

allowed for the gradual reinfestation of the region by Ae. aegypti, a process that 

continued well into the 1990s.  

 Dengue reappeared in the Americas in 1963 in Jamaica and Puerto Rico and 

caused several epidemics in the Caribbean and northern Colombia until 1973 due to 

circulation of DENV-2 and -3 (Ehrenkranz et al., 1971; Morales et al., 1973; Russell et 

al., 1966; Spence et al., 1969; Ventura and Ehrenkranz, 1976).  In Africa, the newly 
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established fever surveillance program (1964) by the Rockefeller Foundation at the 

University of Ibadan, Nigeria, documented the endemic transmission of DENV-1 and 

DENV-2 in humans (Anonymous, 1969; Carey et al., 1971). In Oceania, two small 

outbreaks of DENV-3 occurred in 1964 and 1969 after an absence of 20 years (Laigret et 

al., 1967; Saugrain et al., 1970).  However, in India (Balaya et al., 1969; Myers et al., 

1968; Myers et al., 1965; Ramakrishnan et al., 1964) and in Southeast Asia there was a 

series of epidemics in Vietnam (Halstead et al., 1965), the Philippines (Basaca-Sevilla 

and Halstead, 1966), Singapore (Chan et al., 1965; Lim et al., 1961), Malaysia (Rudnick 

et al., 1965) and Thailand (Halstead et al., 1967), associated with increased incidence of 

disease severity.  By the end of the decade, all four dengue serotypes were circulating 

throughout Southeast Asia and the Indian subcontinent. Subsequently, through 

prospective field studies in Thailand, an association was inferred between secondary 

antibody response patterns and severity of dengue disease (Halstead et al., 1967; Russell 

et al., 1967), which eventually led to the antibody-dependent enhancement theory (ADE) 

of dengue pathogenesis (Halstead et al., 1973b). 

 In the 1970s there were several DENV epidemics in Oceania (Barnes and Rosen, 

1974; Gubler et al., 1978; Loison et al., 1973; Maguire et al., 1974; Moreau et al., 1973), 

which allowed for the first time the evaluation of the epidemic potential of DENV, based 

on viremia, disease severity and dymanics of transmission as it moved through human 

populations (Gubler et al., 1978).  Some of the epidemics that occurred in the area in the 

late 1970s were mainly due to the reintroduction of DENV-1 and DENV-4 (Gubler, 

1997). Similarly, several epidemics of increased severity took place throughout Southeast 

Asia with a wave-like fashion starting in Myanmar and Malaysia (George et al., 1974; 

Lim et al., 1974; Thaung et al., 1975; Wallace et al., 1980) then moving into India 

(Mathew et al., 1977), Thailand and Indonesia (Kho et al., 1981; Okuno et al., 1980) and 

finally into China in 1978 for the first time after an absence of 30 years (Fan et al., 1989). 

Reintroduction of DENV-1 in the Caribbean in 1977 was also responsible for epidemics 

in Central America, and northern South America (Gubler, 1997; Morens et al., 1986; 

Uzcategui et al., 2001).  While only limited dengue outbreaks occurred in Africa in the 
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1970s (Fagbami and Fabiyi, 1976), serological surveillance indicated the endemicity of 

dengue in West Africa (Fagbami, 1977; Fagbami, 1978; Saluzzo et al., 1986a).  

Furthermore, in 1970 DENV-2 (strain Dak Ar HD10674) was recovered from a young 

girl in Bandia, Senegal (Robin et al., 1980), which subsequent phylogenetic analysis 

classified as an ecologicaly and genetically distinct sylvatic genotype (Wang et al., 2000). 

Sylvatic dengue viruses are defined as both ecologically and evolutionary distinct DENV 

lineages whose enzootic transmission cycle occurs in the sylvan environs of southeast 

Asia and west Africa between non-human primates and arboreal canopy–dwelling Aedes 

mosquitoes. Most DENV strains isolated in Africa are sylvatic as determined genetically. 

 A major characteristic of dengue epidemics in the Americas in the 1960s and 

1970s was the circulation of a single serotype at a time in any given country 

(hypoendemicity). This trend changed with the introduction of a Southeast Asian strain of 

DENV-2 into Cuba probably from Vietnam in 1981 (Kouri et al., 1983; Rico-Hesse, 

1990), followed by an increase in the severity of the disease in both Cuban and 

Venezuelan epidemics (Kouri et al., 1989; Uzcategui et al., 2001).  Some important 

observations from the Cuban epidemic of 1981 were the role of host genetics (Bravo et 

al., 1987; Kouri et al., 1987), and gender and age (Guzman et al., 1984) in influencing the 

severity of disease.  Several other epidemics of DENV-1, DENV-2 and DENV-4 took 

place in the 1980’s throughout Central America (Kouri et al., 1991; Lorono Pino et al., 

1993) and the Caribbean islands (Pinheiro, 1989), albeit of reduced disease severity.  In 

essense, the introduction of new genotypes and gradual increase in circulation of multiple 

serotypes, as well as the increased severity of disease in the Americas, mirrored the 

events that occurred in Southeast Asia in the 1950s and 1960s.  In Africa, in the absence 

of effective surveillance, the 1980s were characterized by an increase in apparent clinical 

disease and increased circulation of all serotypes, which curiously was not associated 

with any increase in disease severity, except on rare occasions (Gubler et al., 1986).  In 

1983 there was the first evidence of autochthonous DENV-4 transmission in Senegal 

(Saluzzo et al., 1986b), and a year later DENV-3 transmission was detected in 

Mozambique (Gubler et al., 1986).  Furthermore, several epidemics were reported in 
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Kenya (Johnson et al., 1982), Burkina Faso (Gonzalez et al., 1985), Somalia (Botros et 

al., 1989; Saleh et al., 1985), and Sudan (Hyams et al., 1986).  In Southeat Asia two 

major epidemics, in Malaysia (Fang et al., 1984) and Thailand (Ungchusak and Kunasol, 

1988), were the worst experienced at that point in their history in terms of morbidity and 

mortality. Several other countries in the latter region recorded increased incidence in 

disease severity at this time (Hayes et al., 1988; King et al., 2000; Rathavuth et al., 1997). 

 By the 1990s the global distribution of all DENV serotypes had been completed 

mainly due to expanding urban populations, increased vector density due to unsustained 

vector control programs, and the advent of commercial air travel facilitating the rapid 

movement of viremic humans.  Since the end of World War II, these factors have 

converged into a potent mix for the rapid and dramatic re-emergence of DENV 

associated with increasing disease severity throughout the tropics.  Although by the 

middle of the decade several epidemics were documented globally (Cobra et al., 1995; da 

Cunha et al., 1997; Padbidri et al., 1995; Rathavuth et al., 1997; Reynes et al., 1994; 

Rodier et al., 1996; Sharp et al., 1995; Strobel et al., 1998; Traore-Lamizana et al., 1994), 

the end of the decade was characterized with intense activity of epidemics whose 

morbidity and mortality rates peaked globally in 1998 (Aziz et al., 2002; Bouree et al., 

2001; Corwin et al., 2001; Cunha et al., 1999; Dove, 1998; Ha et al., 2000; Hussin et al., 

2005; Thomas et al., 2003). 

 As described in this section, DENV have had a close relationship with humans in 

the last 1,700 years, which only in the past few decades has intensified due to expanded 

commerse, large population movements, changing ecologic environments and unstainable 

vector control programs. At present all DENV serotypes have reached global 

hyperendemicity and will likely continue to circulate globally causing epidemics of 

various intensities and pathogenic severity in rolling cycles of three to five years apart.  

Today, it is estimated that about 3 billion people are at risk for DENV infection in large 

urban and periurban areas located throughout the tropics. By current estimates 

approximately 100 million DENV infections occur, leading to 500,000 cases of DHF and 
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20,000 deaths annually. Thus DENV have become the most important arboviral 

pathogens of humans. 

TRANSMISSION CYCLES 

 Two ecologically and genetically distinct DENV transmission cycles occur in 

nature: (i) a  sylvatic enzootic cycle, and (ii) an endemic/epidemic urban cycle (Figure 8).  

Sylvatic Cycle 
Sylvatic DENV are both genetically and ecologically distinct from their urban 

counterparts. Their transmission cycle most likely involves non-human primates as 

vertebrate reservoir hosts and several arboreal canopy-dwelling Aedes spp. mosquitoes. 

Although little attention has been paid for these cycles in recent years, the seminal work 

of Smith and Rudnick in the 1950s and 1960s in Asia remains illuminating.  Gordon 

Smith working in Penang, Malaya, demonstrated the presence of DENV antibodies in 

tree-dwelling animals, such as wild monkeys, slow lorises, civets and squirrels, as 

opposed to very few ground-dwelling animals, thus suggesting for the first time a 

canopy-dwelling vector (Smith, 1956). However, in a later study he confirmed 

serologicaly that only monkeys were DENV-positive (Smith, 1958).   

 Subsequently, working in forest locations of various ecologic types (primary 

dipterocarp, freshwater peat swamp and mangrove swamp) away from normal human 

activity and where Ae. aegypti were completely absent, Rudnick demonstrated the 

presence of widespread DENV-neutralizing antibodies in wild monkeys (Macaca 

nemestrina, M. fascicularis, Presbytis cristata and P. melaphos)(Rudnick, 1965).   

Follow up studies, using 27 sentinel monkeys (M. fascicularis and P. obscura) in the 

forest canopy of isolated primary rain forest, led to DENV-1 (P72-1244 and P75-514 

strains), DENV-2 (P8-1407, P72-1273, and P72-1274 strains), and DENV-4 (P75-481 

strain) isolation, but no virus isolation was reported from 19 sentinel monkeys exposed 

on the ground.  Although DENV-3 had not been isolated, seroconversions in sentinel 

monkeys suggested their existence (Rudnick and Lim, 1986).  Entomologically, DENV-2 

was also isolated from Ae. albopictus (P8-377), a vector that was found only at ground 
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level, and DENV-4 (P75-215 strain) was isolated from Aedes (Finlaya) niveus. The latter 

was abundant in the forest canopy (but would descend to the ground if primates are 

present), and in Malaysia consists of six species (Ae. pseudoniveus, Ae. subniveus, Ae. 

vanus, Ae. albolateralis, Ae. niveoides and Ae. novoniveus), which are all primatophilic 

(Rudnick, 1986).  Furthermore, in a serum survey of 300 forest-dwelling Orang Asli 

aborigines, the vast majority had neutralizing antibodies due to dengue infection, 

although no clinical dengue was reported among this group (Rudnick, 1986). Similar 

observations have been reported from the Philippines, although in this area there was no 

evidence of sylvatic DENV transmission, where high rates of dengue neutralizing 

antibodies were present among isolated aborigines living in a region which was devoid of 

Ae. aegypti (Rudnick et al., 1967). Collectivelly, these data suggested that a silent, 

enzootic, sylvatic cycle was taking place in the canopy of the forests of Malaysia with 

DENV serotypes, transmitted by members of the Ae. niveus spp., circulated among 

Macaca and Presbytis spp monkeys and where humans were only occasionally involved 

(Figure 8). In theory this enzootic cycle could occur in all primary forests of tropical Asia 

where the zoonotic reservoir exists (Yuwono et al., 1984). 

Sylvatic transmission cycles were also suspected to exist in West Africa, where 

DENV-2 antibodies had been detected in non-human primates inhabiting both gallery and 

lowland forests in Nigeria (Fagbami et al., 1977).  However, isolation of DENV-2 in 

1974 from forest Ae. luteochephalus mosquitoes in Senegal, collected far from inhabited 

areas, provided for the first time credible evidence that sylvatic DENV cycles occur in 

West Africa (Robin et al., 1980). Furthermore, evidence that non-human primates can 

serve as efficient amplification hosts was provided from a retrospective serologic study of 

non-human primates and humans inhabiting the same Senegal region. This study 

indicated the presence of successive epizootics among non-human primates in 1974 and 

1981, in the absence of epidemic outbreak among humans residing in outlying forest 

villages (Saluzzo et al., 1986a).  During the latter epizootic, DENV-2 was isolated from 

Erythrocebus patas (Cornet et al., 1984), whereas in the previous rainy season over 100 

strains of DENV-2 were isolated from primatophillic Ae. taylori, Ae. furcifer, Ae. opok, 
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Ae. luteocephalus and Ae. africanus in Guinea, Côte d’Ivoire, and Burkina Faso 

(Cordellier et al., 1983; Hervy et al., 1984; Roche et al., 1983; Rodhain, 1991).  As in 

Senegal, there was no indication that a spillover epidemic or outbreak (defined as the 

enzootic transmission into a small, localized group of people often confined to a village 

or a small area due to favorable ecological conditions, such as increased vector densities) 

occurred in the human population of these countries. Moreover, the 1982 DENV-2 

epidemic in Burkina Faso is suspected to have originated through the introduction of an 

endemic DENV-2 strain from the Seychelles Islands (Rico-Hesse, 1990). 

Similarly, the last recorded amplification cycle of 1999-2000 in Kedougou, 

Senegal led to isolation of several DENV-2 strains from mosquito pools with no recorded 

human clinical cases in the region (Diallo et al., 2003), which may suggest that either the 

virus is confined to the forest habitat or, if human-mosquito-human transmission occurs, 

is in low levels and results in asymptomatic illness.  Surprisingly, six sylvatic DENV-2 

strains were isolated within habitats in four villages (Ngari, Silling, Bandafassi, and 

Kenioto) from collections of the arboreal Ae. furcifer mosquito, which suggests that it 

may act as a bridge vector of sylvatic DENV dissemination into human habitats (Diallo et 

al., 2003). Curiously, domestic Ae. aegypti, the principle vector of epidemic DENV 

worldwide, was quite scarce in the area, whereas the sylvatic Ae. aegypti formosus was 

abundant.
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Figure 8. DENV transmission cycle
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Further research suggested that this zoophilic vector may play a limited role in 

sylvatic amplification cycles because it is refractory to DENV-2 infection (Diallo et al., 

2005).   Lastly as the historical record indicates, sylvatic amplification cycles of DENV-2 

in West Africa appear with oscillating frequency (1974, 1980-1982, 1989-1990, 1999-

2000) with silent intervals of about 8 years in length. Collectively, the data suggest that in 

West Africa, only sylvatic DENV-2 has been demonstrated to circulate regularly between 

Erythrocebus patas monkeys and various sylvatic Aedes sp., including Aedes 

(Diceromyia) taylori, Aedes (Diceromyia) furcifer, and Aedes (Stegomyia) luteocephalus 

(the latter two as the principal transmission vectors), in a sylvatic focus in Kedougou, 

Eastern Senegal (Figure 8). 

Sylvatic transmission cycles have not been documented in the Americas.  In an 

epidemiological study conducted in Panama in 1954, where sera from 105 wild-caught 

non-human primate had been examined for the presence of DENV-1 and DENV-2 

specific antibodies, no evidence of endemicity was found in the area (Rosen, 1958b).  

However, several species of New World non-human primates, including Cebus 

capucinus, Ateles geoffroyi, Ateles fusciceps, Alouatta palliata, Marikina geoffroyi, 

Saimiri orstedii and Aotus trivirgatus, are susceptible to dengue infection and could be 

infected experimentally with DENV-1, and DENV-2.  They developed viremia in the 

absence of clinical illness, as well as neutralizing antibodies. However, the viremia 

profiles were insufficient to serve as sources of infection for mosquitoes (Rosen, 1958a). 

Evidence of DENV-2 neutralizing antibodies in Ayoreo Indians living in an isolated 

forested region (Rincon del Tigre) of Bolivia where Ae. aegypti are not present may 

suggest the presence of a sylvatic transmission cycle (Roberts et al., 1984).  Aedes 

(Gymnometopa) mediovittatus, a forest mosquito that is also adapted to peridomestic 

environments and shares larval habitats with Ae. aegypti, could in theory support such 

cycles (Gubler et al., 1985b).  Collectively, the data support the susceptibility of New 

World non-human primates to DENV infection, however there is no evidence that they 

are exposed to or acquire these viruses in the sylvan environments in the Americas. 
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In rural areas of Africa, and Asia (also known as the ‘zone of emergence’) where 

the vector(s) often reach high densities, DENV-2 can transfer between non-human 

primates and humans. In Asia, the studies of Rudnick suggested the zoonotic Aedes 

(Finlaya) niveus vectors would descend to the ground to feed on man where Ae. 

albopictus are abundant, thus allowing the transfer of virus from the forest into human 

habitats.  In fact, in a companion study, where the incidence of dengue infection was 

measured in rural areas adjacent to forest, characterized by low, nonmobile human 

density, and devoid of Ae. aegypti vectors, it was established that (i) the highest rates of 

DENV infection were among the rural population living adjacent to the forest, (ii) mild 

fevers of short duration due to DENV infection occasionally occurred,  and (iii) Ae. 

albopictus was the principal vector on the ground (Rudnick, 1986).  This scenario 

parallels what is occurring in rural areas adjacent to forests in West Africa, where the 

principal bridge vector between forest and village is Ae. furcifer.  Similarly, in West 

Africa albeit at lower incidence rates, DENV-2 circulates among the rural population in 

the absence clinical illness or presentation of mild symptoms (Monlun et al., 1992; 

Saluzzo et al., 1986a).   

Other species of Aedes mosquitoes, such as Aedes (Stegomyia) polynensiensis, 

Ae. mediovittatus, and Aedes (Protomacleaya) triseriatus, have been reported to be 

responsible for DENV transmission in rural areas of the Pacific, based on 

epidemiological observations (Mackerras, 1946; Rosen et al., 1954) or their ability to 

transmit experimentally (Freier and Grimstad, 1983; Gubler et al., 1985b; Rosen et al., 

1985).  In the latter experimental studies, the tested mosquitoes exhibited a higher 

susceptibility to DENV oral infection than Ae. aegypti.  This observation has been also 

confirmed with Ae. albopictus (Jumali et al., 1979; Moncayo et al., 2004; Rosen et al., 

1985).   

Endemic/Epidemic Cycle 
The most importart dengue transmission cycle in terms of public health 

importance is that occurring in urban and periurban environments throughout the tropics 

(Figure 8).  In this cycle DENV circulate between humans, which are both reservoir and 
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amplification hosts, and the peridomestic Ae. aegypti mosquito.  While Ae. aegypti is the 

principal transmission vector in this cycle, other Aedes species, such as Ae. albopictus, 

and Ae. polynesiensis can serve as secondary vectors of transmission. This cycle has 

become endemic in the tropics and is responsible for periodic epidemics of various 

intensities and from hereafter will be referred to as ‘endemic’.  The acquisition of Ae. 

aegypti as principal vector of transmission in urban settings resulted in the independence 

of the endemic cycle from the enzootic cycle for maintenance.  Although Ae. aegypti has 

an African origin (Christophers, 1960; Edwards, 1932), the establishment of extensive 

trade routes in the 1700s – 1800s, the movement of people and water storage practices 

resulted in the widespread infestation of the tropics worldwide.   

As Leichtenstern initially recognized and subsequently by others in the tropics, 

dengue was a disease of ports and towns in coastal regions where the disease would 

travel inland along rivers (Barraud, 1928; Leichtenstern, 1896; More, 1904; Skae, 1902).  

Although none of these early workers have made an association between the disease and 

the vector, it was Stanton in his 1915 – 1916 mosquito survey of all the major seaports of 

Southeast Asia and Indonesia, who confirmed the presence of Stegomyia fasciata (as 

Aedes aegypti was known at the time) and replacement of the the native Ae. albopictus 

(Stanton, 1919; Theobald, 1901).  Although Ae. Albopictus is more susceptible and thus a 

better vector of DENV transmission both experimentally (Gubler and Rosen, 1976; 

Jumali et al., 1979; Moncayo et al., 2004; Rosen et al., 1985) and under certain 

circumstances in nature (Hotta, 1952; Metselaar et al., 1980; Qiu et al., 1981), the 

adaptation of Ae. aegypti to domestic habitats and feeding behaviour has surpassed in 

epidemiological importance all other species of Aedes mosquitoes.  However, 

considerable variation has been demonstrated in oral susceptibility and transmission 

efficiency in both Ae. albopictus and Ae. aegypti based on their geographic origin 

(Failloux et al., 2002; Gubler et al., 1979; Gubler and Rosen, 1976; Vazeille et al., 2001; 

Vazeille et al., 2003). Ae. aegypti mosquitoes have become highly domesticated and lay 

their eggs in artificial containers commonly found in domestic habitats, such as flower 

pots, rainwater collection buckets, large water storage cisternae, and discarded tires, 
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producing large number of adult mosquitoes in close proximity to humans.  These adults 

are solely anthropophilic and prefer to feed during two peaks (early morning and 

afternoon) and afterwards prefer to rest on indoor walls, while being unobtrusive.  

However, being nervous feeders they interrupt their feeding process at the slightest of 

movement, only to return moments later on the same or a different host.  Thus, in the 

process of obtaining a single blood meal (even if only probing) they could transmit 

DENV to multiple hosts at a very short time span and within a single gonotrophic cycle 

(Platt et al., 1997; Putnam and Scott, 1995a; Putnam and Scott, 1995b).  In essense this 

feeding behaviour overcompensates for their low oral infection susceptibility.  However, 

in this virus/vector/host relationship only viruses associated with high human viremia 

levels would be transmitted, thus selecting and propagating viruses with the highest 

epidemic impact in urban environments. 

Although the mechanism of maintenance of DENV during the dry season or the 

interepidemic periods has not been clearly elucidated, evidence suggests the maintenance 

of the cycles by vertical (transovarial) transmission.  For a long time it was believed that 

transovarial transmission (TOT) of arboviruses by mosquitoes was not possible based on 

negative experimental evidence (Siler et al., 1926; Simmons et al., 1931).  This view was 

revised when experimental evidence demonstrated TOT of vesicular stomatitis virus 

(VSV) by phlebotomus flies (Tesh et al., 1972), and TOT of LaCrosse virus by Ae. 

triseriatus in nature (Watts et al., 1973).  The first evidence of DENV transovarial 

transmission (TOT) in nature was demonstrated by the isolation of DENV-2 from a 

mosquito pool of male Ae. taylori in Côte d’Ivoire in 1980 (Roche et al., 1983) and a year 

later in an Ae. furcifer mosquito pool in Senegal (Cornet et al., 1984).  At about the same 

time, DENV-2 was also isolated from 3 out of 123 naturally infected Ae. aegypti larvae 

pools collected in natural breeding containers located throughout Rangoon, Burma, as 

well as from 2 of 76 pools of male Ae. aegypti larvae that were reared to adults, with 

calculated minimun field infection rates of 1:2,067 and 1:3,865 respectively (Khin and 

Than, 1983). The low filial infection rates for Ae. aegypti seen in nature have also been 

observed in experimental studies (Rosen et al., 1983).  Further evidence of ToT, was also 
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obtained in Trinidad were DENV-4 was isolated in a pool of adult Ae. aegypti 

mosquitoes collected as eggs (Hull et al., 1984), and in India where TOT of DENV-3 was 

demonstrated in nature and experimentally (Joshi et al., 1996).  More recently, field-

caught male Ae. aegypti mosquitoes from four diverse locations of Southern Thailand 

were tested positive for both DENV-2 and DENV-3 infection (Thavara et al., 2006).  

Nonetheless, no evidence of TOT was reported in earlier extensive mosquito larvae 

surveys in Bangkok, Thailand (Watts et al., 1985). 

Dengue virus TOT has been also demonstrated in other Aedes mosquito species 

that play a role in the transmission of DENV in nature, such as Ae. albopictus (Mitchell 

and Miller, 1990; Rosen, 1988; Rosen et al., 1985), Ae. mediovittatus (Freier and Rosen, 

1988), and several members of the Aedes (Stegomyia) scutellaris group, an important 

group in the transmission of DENV in the Indonesian archipelago and Polynesia (Freier 

and Rosen, 1987).  However, the TOT of DENV by Ae. albopictus demonstrated 

extensive variability depending on the strain of virus as well as the geographic origin of 

the mosquitoes used (Rosen et al., 1985), which may explain the lack of positive pools in 

a study conducted in Malaysia (Lee et al., 1997).  Interestingly, at least for Ae. albopictus 

mosquitoes, it has been demonstrated that TOT can be sustained for several generations 

for DENV-1 (Shroyer, 1990) and DENV-3 (Joshi et al., 2002), in the absence of any 

horizontal transmission from vertebrate blood meals, a notion initially suggested by 

Rosen 15 years earlier (Rosen, 1987). At face value this phenomenon suggests that 

mosquitoes can act as DENV reservoirs, and implies that originally DENV were 

mosquito viruses that subsequently adapted to non-human primates.  Collectivelly, the 

data suggest that TOT may play a significant role in the maintenance of DENV in nature 

when unfavorable conditions for horizontal transmission occur.  Such conditions may 

include periods when absence of susceptible non-immune vertebrate hosts can not sustain 

the transmission cycle (interepidemic period), or when climatic conditions are 

unfavorable for mosquito activity (dry season), at which even very low transovarial and 

filial transmission rates could preserve the virus.  Most importantly, vertical transmission 

of DENV indicates that priority and emphasis may be given for sustainable programs in 
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the control and elimination of immature mosquito stages, as well as their breeding 

sources. 

 

EVOLUTION 

DENV EVOLUTIONARY RELATIONSHIPS – ORIGIN AND EMERGENCE 
As mentioned above sylvatic dengue cycles occur in the forests of West Africa 

and Southeast Asia involving only the DENV-2 serotype in the former region, whereas in 

the latter all four serotypes are represented. Virus maintenance in both regions involves 

sylvatic Aedes spp. mosquito vectors and non-human primates serving as reservoir hosts.  

These sylvatic cycles are representative of ancestral cycles from which the endemic 

strains (all four serotypes) are thought to have arisen independently over the course of 

evolution several hundreds to thousands of years ago.  In comparison, current tropical 

urban endemic cycles occur in ecologically distinct environments through transmission of 

DENV between anthropophilic Aedes spp. mosquito vectors and humans serving as 

reservoir hosts.   

Thus the hypothesis put forward by Gubler (Gubler, 1997) that endemic DENV 

evolved from sylvatic progenitors has been the subject of intense discussion and 

speculation for quite some time. This hypothesis was tested by Wang et al. (Wang et al., 

2000) by assembling phylogenetic analyses derived from complete sequences of the E 

protein of sylvatic DENV-1-3 and -4 strains of Southeast Asian origin (Rudnick and Lim, 

1986), as well as DENV-2 sylvatic strains from West Africa (Cornet et al., 1984; Saluzzo 

et al., 1986b).  Sylvatic DENV-3 are believed to circulate in Southeast Asia based on the 

seroconversion of sentinel non-human primates (Rudnick, 1986), although no virus 

isolation has been reported to date. The analyses indicated that the Southeast Asian 

endemic serotypes evolved independently from progenitor sylvatic DENV, in a series of 

divergence events occurring after the establishment of sufficiently large urban 

populations in the Asia-Oceania region capable to support a human transmission cycle 

(Figure 9) (Gubler, 1997; Kuno, 1995).  
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Assuming that DENV evolve at a constant rate, an assumption that may not be 

completely valid (see rates of evolution section), it was estimated that the endemic 

DENV-2 genotypes diverged from the sylvatic genotypes about 1,000 ± 500 years ago, 

DENV-4 about 600 ± 300 years ago, and DENV-1 about 200 ± 100 years ago (Figure 9) 

(Wang et al., 2000).  Within DENV-2, the African and Malaysian sylvatic lineages 

diverged from each other about 800 ± 400 years ago. As the above estimated times of 

endemic DENV emergence indicate a series of recent events, it is estimated that the 

ancestor for all DENV most likely occurred much earlier and probably at a time when 

sylvatic DENV utilized only non-human primates as amplification reservoirs (Wang et 

al., 2000).  

On the other hand, the divergence of sylvatic Southeast Asian and African 

DENV-2 lineages is a more recent event. Transmission in both regions involves sylvatic 

Aedes spp. mosquito vectors and non-human primates serving as reservoir hosts.  These 

sylvatic cycles are representative of ancestral cycles from which the endemic strains (all 

four serotypes) are thought to have arisen independently over the course of evolution 

several hundreds to thousands of years ago.  In comparison, current tropical urban 

endemic cycles occur in ecologically distinct environments through transmission of 

DENV between anthropophilic Aedes spp. mosquito vectors and humans serving as 

reservoir hosts.  

The geographic origin of DENV has been the subject of debate for some time.  It 

has been suggested that DENV originated in Africa based on the circulation of many 

mosquito-borne flaviviruses and the origin of the most important vector (Ae. aegypti) for 

human transmission (Gaunt et al., 2001).  However, as indicated previously (see 

transmission cycles) Ae. aegypti has only recently (300 – 400 years ago) been adopted as 

a vector for human transmission.  

 Ecological and phylogenetic evidence argues for an Asian origin of DENV: (i) 

greater diversity of sylvatic serotypes (all four) in Southeast Asia, whereas in Africa only 

circulation of sylvatic DENV-2 has been demonstrated (Cordellier et al., 1983; Roche et 

al., 1983; Rudnick, 1986); (ii) phylogenetic analysis demonstrating the deep phylogenetic 
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position of the Asian sylvatic strains (Twiddy et al., 2002; Wang et al., 2000).  

Nonetheless, conclusive determination of the geographic origin of DENV could only be 

facilitated with increased sampling of sylvatic strains from Asia available for analysis; 

currently only 7 strains of DENV-1, -2, and -4 from Southeast Asia exist (see 

transmission cycles). 

The seminal work of Wang et al. suggested that emergence of the four endemic 

DENV serotypes was facilitated by vector switching, from enzootic arboreal Aedes 

mosquito species to peridomestic Ae. albopictus and other Aedes (i.e. Ae. polynesiensis) 

mosquitoes and human reservoir hosts, in a divergent process that occurred independently 

and repeatedly (Wang et al., 2000).  This notion is supported by the greater oral 

susceptibility of Ae. albopictus infection to all DENV serotypes (Jumali et al., 1979; 

Rosen et al., 1985), which suggests greater virus adaptation to this species than to Ae. 

aegypti. The emergence of distinct DENV lineages (serotypes) was most likely facilitated 

by the allopatric and perhaps ecological partitioning of ancestral sylvatic DENV strains in 

different non-human primate populations.  This scenario is supported by the limited 

cross-protection against heterologous challenge exhibited by current strains of DENV. 

However, the studies of Rudnick in Malaysia demonstrated that sylvatic serotypes 

probably utilize similar non-human primate hosts (see transmission cycles), which 

suggests that if the DENV serotypes evolved allopatrically and later expanded their 

geographical ranges to overlapping regions, that occurred after their divergence had 

reached adequate levels of strain variation to allow maintenance through limited cross-

reactive immune protection. 

Alternatively, DENV emergence of distinct lineages may have occurred 

sympatrically, which would have produced antigenically similar lineages with complete 

immunological cross-protection between them.  However, this scenario is not favorable 

for the emergence of distinct lineages, since strong cross-reactive immune protection 

leads to direct competition among lineages and results in competitive exclusion of 

different strains that occupy the same ecological niche (Ferguson, Anderson, and Gupta, 

1999).  However, if antigenically distinct DENV lineages evolved sympatrically, then 
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one could argue that sustained virus transmission was maintained through ADE.  

However, this scenario would have required that ADE was shaping DENV strain 

diversity though constant immune selective pressures.  Unlike other viruses that are 

subject to strong host immune pressures, such as influenza (Bush et al., 1999) or the 

human immunodeficiency virus (HIV) (Zanotto et al., 1999), the selective pressures 

acting upon DENV are rather weak and located within putative T or B cell epitopes 

(Twiddy et al., 2002; Twiddy, Woelk, and Holmes, 2002), reflecting the strong selective 

constrains characteristic of the complex nature of the arbovirus life cycle (Jenkins et al., 

2002; Weaver et al., 1999).  Furthermore the historical record indicates that ADE is a 

relatively recent phenomenon that arose due to the contact of antigenically-distinct 

DENV viruses.  Overall the major selection pressure acting on DENV genomes is 

purifying (negative selection), manifested by the low ratio of nonsynonymous (dN) to 

synonymous (d¬S) substitutions per site (dN/dS << 1), with sporadic occurrences of 

positive selection (Holmes, 2003; Twiddy, Woelk, and Holmes, 2002). 

 



 

Figure 9. Evolutionary relationships of DENV.  Phylogenetic tree derived from E 
protein gene nucleotide sequences of sylvatic and representative 
endemic/epidemic DENV strains.  Branches labeled ‘E’ indicate periods of 
evolution predicted to represent emergence of endemic DENV, and ‘S’ 
represent continued sylvatic evolution. The scale represents a genetic 
distance of 0.1 or 10% nucleotide sequence divergence. Adapted with 
permission from: Wang et al. J Virol 2000; 74:3227-3234.  Coryright © 
American Society for Microbiology. 
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 Moreover, these selective pressures vary among serotypes, genotypes and viral 

proteins, and where positive selection has been identified, these amino acid sites reside 

within the E glycoprotein and are implicated in virulence and transmissibility (Sanchez 

and Ruiz, 1996; Twiddy et al., 2002a) or in the nonstructural NS2B, NS3 and NS5 genes 

(Twiddy et al., 2002b). 

DENV phylogenetic analyses have also revealed a complex pattern of evolution 

within multiple lineages that is partly fueled by the extensive travel movement of humans 

and mosquitoes (especially in the days of sailing ships).  The advent of commercial air 

travel facilitating the rapid movement of viremic humans, led to introduction of DENV 

into new locations resulting in the displacement or extinction of local lineages 

(Carrington et al., 2005; Diaz et al., 2006; Myat Thu et al., 2005; Rico-Hesse et al., 1997; 

Salda et al., 2005; Zhang et al., 2005). Several reasons have been proposed for these 

population shifts and lineage replacements, such as: (i) adaptive mutations in 

nonstructural proteins (Bennett et al., 2003), which has been observed in epidemics of 

other viruses (Knowles et al., 2001); (ii) adaptive mutations in cytotoxic T cell (CTL) 

epitopes  (Appanna et al., 2007; Hughes, 2001; Zivna et al., 2002); and (iii) fitness for 

transmission which may differ among DENV genotypes, as is evidenced by the greater 

susceptibility of Ae. aegypti for the invading Asian genotypes in the Americas where 

genotype replacement has been observed in some locations (Armstrong and Rico-Hesse, 

2003) and differences in replication in human DCs (Cologna et al., 2005) .    

Extinction and emergence of new lineages can also be attributed to natural 

selection, or genetic bottlenecks of the viral population size (Klungthong et al., 2004; 

Sittisombut et al., 1997; Wittke et al., 2002), which may occur during seasonal and 

spatial fluctuations in vector population sizes and densities during the inter-epidemic 

years and could suggest a role of genetic drift in DENV evolution or diffrential 

susceptibility to cross-reactive immune responses (Zhang et al., 2005). Nevertheless, 

although virus population shifts and lineage replacements are temporally associated with 

changes of incidence and severity of dengue disease and could be attributed to a number 
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of factors, these events are mainly stochastic in nature (Diaz et al., 2006; Myat Thu et al., 

2005).  

Lastly, recombination shall also be considered as an alternative force of shaping 

DENV evolution.  Genetic recombination between RNA viruses serves a dual, yet 

antithetical purpose; it allows exploration of novel combinations between genetic regions 

from different parental genomes or facilitates the ‘rescue’ of viable genomes from 

mutational debilitation due to Muller’s ratchet and genetic load (Domingo and Holland, 

1997; Lai, 1992a).  Recombination has been described, albeit very rarely, in 

nonsegmented RNA viruses, including alphaviruses (Hahn et al., 1988), picornaviruses 

(Cooper et al., 1974) and other members of the Flaviviridae family (Becher et al., 2001; 

Worobey and Holmes, 2001).  Evidence of recombination has been reported within all 

four DENV serotypes (AbuBakar et al., 2002; Craig et al., 2003; Domingo et al., 2006; 

Holmes et al., 1999; Tolou et al., 2001; Worobey et al., 1999), but not between the 

serotypes.  Since the putative recombination events described within intraserotype DENV 

strains were detected only by utilizing computationaly-demanding phylogenetic analyses 

(split decomposition and/or maximum likelihood methods) and not by genetic 

confirmation of identical or nearly identical (due to post-recombination evolution) 

crossover breakpoints between parents and recombinants, caution should be used when 

inferring conclusions about these putative recombination events. Thus for natural 

recombination to be conclusively confirmed the following prerequisites must be met: (i) 

the recombinant region should be of adequate size; (ii) be adequately divergent to allow 

conclusive identification; (iii) maintain adequate sequence conservation during post-

recombination evolution (Tolou et al., 2001); and (iv) the recombinant genome shold be 

demonstrated in a clonal population. 

This caution of interpreting statistical inferences of recombination based on 

phylogenetic analysis does not exlude the possibility that recombination in DENV can 

occur; in fact if such an event is going to occur within a cell, most likely will occur 

through a copy-choice mechanism where the polymerase ‘switches’ between viral 

genomes during the replicative process (Cooper et al., 1974; Jarvis and Kirkegaard, 1992; 
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Lai, 1992b).  Taking into account the feeding behaviour of Ae. aegypti, as well as the 

detection of simultaneous multiple DENV infections in the vertebrate host (Araujo et al., 

2006; Gubler et al., 1985a) (albeit with strains of different serotypes),  or in the mosquito 

vector (Craig et al., 2003; Lorono-Pino et al., 1999) it is theoreticaly possible that 

recombination can occur. Thus, the possibility of DENV recombination may have 

significant epidemiological and clinical implications in endemic regions when licensure 

of the attenuated multivalent DENV vaccines results in widespread human use. 

Overall, phylogenetic analyses indicated that the Southeast Asian endemic DENV 

serotypes evolved independently from progenitor sylvatic DENV in a series of 

divergence events occurring after the establishment of sufficiently large urban 

populations in the Asia-Oceania region capable to support a human transmission cycle. 

On the other hand, the divergence of sylvatic Southeast Asian and African DENV-2 

lineages is a more recent event.  The Asiatic origin of DENV sylvatic progenitors is 

further supported by serological surveys of ecologically diverse rural habitats in 

Southeast Asia, which may also suggest that the emergence of the endemic lineages was 

facilitated by vector switching (anthropophilic mosquitoes).  The explosive emergence of 

new DENV lineages can be attributed to the explosive growth of human travel after the 

end of World War II, as well as natural selection factors possibly including 

recombination.  

  

RATES OF EVOLUTION  
The unique requirement of arthopod-borne RNA viruses (arboviruses) for 

replication in divergent hosts may impose additional selective constraints on arboviruses 

compared to single-host viruses. Because arboviruses utilize both vertebrate and 

invertebrate hosts they have adapted to replicate efficiently in either host through genetic 

constraints, where optimal replication in one host involves a fitness tradeoff for the 

alternate host (Cooper and Scott, 2001; Greene et al., 2005; Weaver et al., 1999; Weaver 

et al., 1992). However, some experimental evidence does not support the notion that 

alternating host replication produces fitness trade-offs (Novella et al., 1999).   DENV 
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sequence comparisons suggest the presence of strong purifying selection in nature, 

supporting strong selective constraints on arbovirus evolution (Holmes, 2003; 

Klungthong et al., 2004). Consequently, arboviruses often evolve at a slower rate than 

other RNA viruses transmitted by a single host (Jenkins et al., 2002). 

Reconstruction of a molecular time-scale evolution of DENV by estimation of the 

nucleotide substitution rates between viruses sampled at different times and locations can 

provide valuable insights into the history of DENV (Rambaut, 2000).  As described in 

previous sections the prevalence of all DENV serotypes worldwide increased 

significantly after the end of World War II, a rise accompanied by a dramatic increase of 

genetic diversity among each serotype, leading to the emergence of strains with increased 

pathogenicity.  Therefore, utilizing tools that allow us to gain insights into the 

epidemiological potential, as well as the processes that drive DENV evolution could help 

us develop effective control countermeasures. 

Initial evaluations on the rate of DENV evolution were based on pairwise 

comparisons of phylogenetically divergent, yet related E genes (sister strains), where the 

divergence (number of nonsynonymous substitutions per nonsynonymous site) occurring 

between their sampling time was plotted against the difference between their time of 

isolation (Zanotto et al., 1996).  The rate of evolution for DENV – 1 was calculated at 

4.42 Χ 10-4, for DENV – 4 at 8.54 Χ 10-4, for DENV – 3 at 2.92 Χ 10-4 to 6.84 Χ 10-4, 

and for DENV – 2 at 1.62 Χ 10-4 to 7.50 Χ 10-5 substitutions per site per year 

(subs/site/year).  Using these rates they estimated the divergence from sylvatic ancestors 

(or the age of the most recent common ancestor [MRCA]) at 1,500 – 2,000 years ago.  A 

few years later, the rate of evolution of DENV – 4 was estimated at 8.3 Χ 10-4 

subs/site/year by employing linear regression analysis (Lanciotti et al., 1997), a rate that 

is similar with the estimated rate described in the previous study.  Wang et al. employed 

both methods described in the two previous studies to estimate a rate of 5 Χ 10-4 

subs/site/year for DENV – 2 (Wang et al., 2000).  They estimated the earliest endemic 

serotype to diverge was DENV – 2 at approximately 1,000 ± 500 years ago, followed by 

DENV – 4 and DENV – 1 at 600 ± 300 and 200 ± 100 years ago, respectively.  Using 



 46

similar methods, Goncalvez et al. estimated a rate of 5.8 Χ 10-4 subs/site/year for DENV 

– 1, and a very recent divergence (approximately 100 years ago).  However, the methods 

of rate estimation employed in these studies were not statistically rigorous because they 

either utilized limited data sets for pairwise comparisons, had biases in sampling times or  

used the untestable nature of ‘constant rate of evolution’ assumption (Twiddy et al., 

2003). 

 These limitations were addressed by the development of a maximum likelihood 

(ML) method that takes into account the times of sampling of a large set of E gene 

sequences to generate appropriate confidence intervals around the generated rates of 

evolution and times of divergence and allows the use of complex models of nucleotide 

substitution (Twiddy et al., 2003).  Utilizing the following criteria to assemble their 

dataset: (i) known date of sample isolation, (ii) use of single sequence from any patient, 

(iii) exclusion of putative recombinants, and (iv) exclusion of sequences that shared 

>99% nucleotide identity to any other sequence in the set, they estimated the rates of 

DENV – 1, – 2, –3 and – 4, at 4.55 Χ 10-4, 6.07 Χ 10-4, 9.01 Χ 10-4, and 6.02 Χ 10-4 

subs/site/year respectively.  These rates were very similar to those estimated for DENV in 

a comprehensive study of several RNA viruses (Jenkins et al., 2002). Furthermore, the 

exclusion from the dataset of a very limited sample of sylvatic DENV sequences (<10) 

did not significantly alter the estimated rates of evolution (DENV – 1: 4.55 Χ 10-4 vs 5.11 

Χ 10-4; DENV – 2: 6.07 Χ 10-4 vs 6.16 Χ 10-4; DENV – 4: 6.02 Χ 10-4 vs 6.89 Χ 10-4 

subs/site/year respectively). Their analyses also revealed that DENV evolution conforms 

to a molecular clock, although some serotype and genotype-specific rate differences were 

observed.  Interestingly, the estimated times of DENV divergence were significantly 

different from previous analyses (Wang et al., 2000; Zanotto et al., 1996), placing the 

emergence of human epidemic DENV transmission at more recent times (approximately 

300 years ago) (Twiddy et al., 2003). 

A more recent analysis of DENV – 4 with an extensive dataset of temporal 

sampling and employing similar methods as described in the previous study estimated a 

rate of 1.07 X 10-3 subs/site/year (Klungthong et al., 2004).  It is not known whether this 
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considerably higher rate of DENV – 4 evolution compared to the rate generated from 

previous analyses (Lanciotti et al., 1997; Twiddy et al., 2003), reflects the high DENV – 

4 turnover in Thailand, or is a consequence of the extensive sample size.  However if one 

considers the strong purifying selection exercised upon this dataset and the extensive 

lineage extinction due to the natural occurence of deleterious mutations, then it is 

possible that all estimated rates of DENV evolution are overestimates of the actual rate 

because these sequences have not been removed (Klungthong et al., 2004; Pybus et al., 

2007).   

The study of Twiddy et al. was the only attempt to date to evaluate the 

evolutionary rates of sylvatic DENV within a large dataset of endemic DENV (Twiddy et 

al., 2003).  Although the data suggested that inclusion of sylvatic DENV in the analyses 

have not altered the overall rates, these inferences may be affected by the small sample 

size of sylvatic DENV. Although, a very limited number of sylvatic DENV – 1 and 

DENV – 4 samples was available for analysis, the existence of over 300 sylvatic DENV – 

2 samples collected mainly from major epizootics in West Africa offer a unique 

opportunity for elucidating the nature of evolutionary processes that characterize sylvatic 

DENV.  This information is central for our understanding of DENV evolution and could 

provide insights into how DENV crossed species barriers and emerged in humans.  

 

SYLVATIC (RE)-EMERGENCE 

EPIDEMICS AND HUMAN CONTACT 
Smith (Smith, 1956) and Rudnick (Rudnick, 1986), based on their studies of 

DENV ecology and seroprevalence in the Malay peninsula, hypothesized that the rural 

population, especially those living in close proximity to forested and rubber plantation 

areas were exposed periodically to sylvatic DENV. As described in the ‘transmission 

cycles’ section, all of the isolated sylvatic samples were obtained from sentinel monkeys 

or Ae. niveus species mosquito pools, collected within sylvan environs (Rudnick, 1986).  

To date the paucity of ecological and non-human primate epidemiological data in 
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Southeast Asia do not allow the formulation of meaningful inferences about the 

behaviour of sylvatic DENV.  However, in West Africa several sylvatic DENV 

amplification cycles have been documented since the early 1980s (Cornet, 1993; Diallo et 

al., 2003; Saluzzo et al., 1986b), and the degree of human contact during these events 

remains largely unknown. There has been no evidence that sylvatic amplification cycles 

are involved in outbreaks of human dengue, which involve the genetically and 

ecologically distinct endemic strains. The available data suggest that the sylvatic strains 

are either confined to forest habitats and/or produce relatively mild illness.   

Most of our current understanding of human sylvatic DENV infection arises from 

the case histories of 2 Senegalese and 3 expatriate Caucasian patients, which led to the 

the isolation and genetic characterization of DENV-2.  The first documented case of 

sylvatic DENV was described in 1970, in a 6 year old Senegalese girl living in the 

prefecture of Bandia; although this patient was parasitemic with Plasmodium falsiparum, 

a blood sample yielded the DakAr HD10674 strain of DENV-2 (Robin et al., 1980).  The 

second case involved a Caucasian scientist whose infection occurred while investigating 

the 1983 DENV amplification cycle in southeastern Senegal. The clinical illness was 

characterized as severe with persistent rash and althralgia lasting for approximately a 

year.  The third case, also in 1983, involved a Caucasian male who upon return from the 

southwestern Senegalese province of Casamance, developed a febrile illness 

characterized by classical DF symptoms and development of maculopapular rash on the 

fifth day of onset of symptoms (Saluzzo et al., 1986b).  The next two cases occurred 

during the 1990 epizootic outbreak in the Senegalese southeastern province of Kedougou, 

and led to the isolation of DENV from humans concomitant with isolation from sylvatic 

Aedes mosquito species, which suggested the presence of a sylvatic DENV cycle 

(Monlun et al., 1992). The fourth case involved a 31 year-old Caucasian man returning 

from military maneuvers; two days after his return to Dakar he developed a flu-like 

illness, characterized by sudden onset of classic DF symptoms, including high fever, 

frontal headache, althralgia, myalgia, emesis, and generalized asthenia.  His blood 

indicators were within the normal range and he exhibited no signs of hepato-
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splenomegaly, neurological syndrome or rash.  Serological analyses performed 77 days 

after the onset of symptoms indicated exposure to WNV, ZIKV and WESSV viruses 

(Monlun et al., 1992). The last case involved a local 15 year-old boy presenting a 

malaria-like disease with fever, headache diagnosed during the annual serological 

investigation of the area by the public health officials from Dakar.  He developed mild 

althralgia that lasted nearly a month without any other symptoms. 

Human conctact with sylvatic dengue could also occur in Nigeria, although no 

sylvatic DENV-2 isolation has been documented to date.  However, a retrospective 

serological survey provided evidence that non-human primates may be involved in the 

transmission cycle of DENV in Nigeria (Fagbami et al., 1977).  In that study, 38% of sera 

collected from non-human primates within the rain forest were positive for DENV 

antibodies, which was similar (43%) to what observed for humans living in communities 

within the forest.  Moreover, the prevalence of DENV antibodies in non-human primates 

living within the forest gallery in the Nupeko forest, a rain forest preserve located along 

the upper middle Niger river, were the highest at 74% (Fagbami et al., 1977). However, 

the availability of limited epidemiological information and the paucity of serosurvey data 

prevent an accurate assessment of human exposure to sylvatic DENV-2 in Nigeria.  

The small number of documented human infections from Senegal suggests that 

sylvatic DENV-2 strains do not produce secondary human infections (spillover 

epidemics). One possible explanation for the confinement of sylvatic DENV strains to the 

forest is that they do not contact the peridomestic vectors, Ae. aegypti and Ae. albopictus, 

which are not abundant in regions where sylvatic DENV circulate.  However, recent 

reports have shown that the gallery forest-dwelling mosquito Ae. furcifer is highly 

susceptible to sylvatic DENV infection (Diallo et al., 2005), and disperses from the forest 

into villages in eastern Senegal (Diallo et al., 2003). This suggests that this species may 

act as a bridge vector for exchange between forest and peridomestic habitats.  

Furthermore, the ability of Ae. aegypti and Ae. albopictus to transmit sylvatic DENV 

(Diallo et al., 2005), suggests that the transfer between forest and human habitats could 

occur regularly. 
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SELECTION PRESSURES 
Several years ago Gubler wondered whether some DENV genotypes have a 

greater epidemic potential than others, thus rendering them good candidates for spawning 

epidemics when introduced in new geographic locations (Gubler et al., 1981).  In other 

words, is there a selective basis for the differences in geographical distribution that is 

observed among the DENV genotypes within each serotype?  Phylogenetic (Messer et al., 

2003; Rico-Hesse et al., 1997) and epidemiological evidence (Messer et al., 2002; 

Uzcategui et al., 2003) suggests that specific genotypes are responsible for the onset of 

dengue epidemics characterized by severe pathogenicity.  We now know that the 

introduction of Southeast Asian genotypes in the Americas coinsided with the origin and 

spread of DHF (Rico-Hesse, 1990), whereas the American DENV genotypes are not 

associated with severe disease due to their low virulence potential (Leitmeyer et al., 

1999).   

Although a number of detailed ML analyses based on diverse strains of endemic 

DENV genotypes have revealed a localized adaptive evolution, whose selective pressures 

vary among serotypes, genotypes and viral proteins, very little is known about the 

evolutionary pressures that characterize sylvatic DENV.  Even though sylvatic 

transmission cycles occupy ecologically distinct environments with limited human 

contact, transmission of sylvatic DENV-2 strains to humans has been documented, with 

no evidence of secondary transmission into the human population.  The mechamisms for 

the apparent inability of sylvatic DENV strains to establish transmission among humans 

are not known and perhaps could be attributed to their limited genetic diversity, low 

pathogenicity potential, lower rate of replication, lesser intensity of transmission or 

greater selective constraints against amino acid change in viruses that have already 

reached a fitness peak.    

To assess whether the observed differences in virulence and dispersal potential of 

endemic DENV-2 genotypes are due to differences in selection pressures, Twiddy et al. 

utilized a ML method that measures rates of synonymous and nonsynonymous  
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substitution codon-by-codon (Yang et al., 2000) on the E gene (Twiddy et al., 2002a).  A 

ratio of dN/dS<1, indicates purifying (negative) selection, whereas a ratio of dN/dS>1, 

indicates positive selection. The analysis revealed that the E gene of DENV-2 is subject 

to strong purifying selective constraints (expressed as the extremely low ratio of dN/dS), 

with evidence of weak positive selection in the Cosmopolitan (1 site) and lineage 2 (17 

sites) of the Asian genotypes. The level of observed positive selection in the 

Cosmopolitan genotypes was much higher than that in the Asian genotypes (0.190 vs 

0.056), which may suggest increased fitness that would correlate to their dispersal 

potential. Of particular interest was the positively selected E-390 site within the 

Cosmopolitan genotypes, which has been previously identified as a key virulence 

determinant (Sanchez and Ruiz, 1996) and maps within the distal face of domain III, a 

region associated with viral attachement to host cells. 

The same group also performed expanded analyses to measure the selection 

pressures within all DENV serotypes on larger datasets of E gene sequences (for DENV-

2 only) (Twiddy et al., 2002b).  Due to the small sample size of DENV-1 sequences, no 

positively selected sites were detected; however, weak positive selection was detected in 

both DENV-3 (2 sites) and DENV-4 (5 sites), and in the Cosmopolitan (2 sites) and 

lineage 2 of the Asian (17 sites) DENV-2 genotypes.  The majority of the selected sites 

(E-169 of DENV-3; E-357 and E-429 of DENV-4; and E-52, E-85, E-90, E-122, E-131, 

E-144, E-170, E-330, E-334, E-342, E-378, and E-392 of DENV-2) were located within 

or near potential B- or T-cell epitopes (Aaskov et al., 1989; Innis et al., 1989; Kutubuddin 

et al., 1991; Leclerc et al., 1993; Megret et al., 1992; Roehrig et al., 1994), an association 

that could suggest that immune evasion is a shaping factor in selection pressure (Twiddy 

et al., 2002b).  A number of selected sites were also located within functional domains 

involved in cell tropism (E-380 of DENV-3; E-342, E-378 and E-392 of DENV-2) or 

fusion (E-108 and E-131 of DENV-4; E-52, E-98, E-100, E-105, E112 and E-113 of 

DENV-2), suggesting that cell tropism and/or virus-mediated membrane fusion may also 

confer selection advantages by increasing fitness. 
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A dataset of 36 DENV-2 complete genomes was also used to reveal the nature of 

selection pressures acting across the DENV genome. Interestingly, there was no evidence 

of positive selection in either PrM or capsid, and only localized positive selection was 

observed in NS2B (2 sites) and NS5 (2 sites).  The selected sites (NS2B-57 and NS2B-

63) are located within a 40 amino acid segment in NS2B that has been shown to be 

essential for NS2B/NS3 protease activity (Falgout et al., 1993), suggesting that these sites 

may play a role in the efficiency of the polyprotein processing.  One of the selected sites 

in NS5 (NS5-135), is located within the conserved S-adenosylmethionine-utilizing 

methyltransferase (SAM) domain, suggesting a involvement in capping of virus genomes, 

whereas the other site (NS5-637) is located within the RNA-dependent RNA polymerase 

(RdRp) domain. 

Twiddy et al. performed additional analyses that included a limited number of 

sylvatic DENV-2 sequences (P8-1407, DakAr A578, PM339474 and DakArHD10674) 

(Twiddy et al., 2002a). Surprisingly, there was no detection of any positive selection 

(dN/dS= 0.031) in the E gene.  What this implies is that DENV-2 have not undergone 

extensive adaptive evolution when they switched transmission cycles.  At face value this 

suggests that emergence into the endemic transmission cycle was not facilitated by 

natural selection or host-specific (vertebrate and/or vector) adaptations but rather by 

changing ecologic conditions.  The major implication of the latter inferences is that 

sylvatic DENV that are currently circulating in the forests of West Africa and Southeast 

Asia would have no trouble in spilling over into an endemic transmission cycle should 

the proper conditions arise.  However, validation of these inferences can only be achieved 

with extensive analyses of larger sample size of sylvatic DENV strains. 

 

ADAPTATION 
 As it was described in previous sections, four independent evolutionary events 

that occurred repeatedly in Asia resulted in the emergence of the 4 endemic DENV 

serotypes from sylvatic progenitors.  Emergence was also facilitated by vector switching, 

from arboreal canopy-dwelling Aedes mosquito species to peridomestic Aedes 
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mosquitoes, as well as vertebrate host changes, from non-human primates to humans 

(Wang et al., 2000).  The gradual rise of urban populations large enough to sustain 

transmission, as well as the peridomestic nature of the major mosquito vectors (Ae. 

aegypti and Ae. albopictus), provided a unique opportunity for adaptation and emergence 

into the major urban centers of the tropics worldwide. Today, urban DENV are both 

ecologicaly and evolutionarily independent from the ancestral sylvatic cycles.  Thus 

adaptation is defined as a process of genetic change of a population due to natural 

selection. 

 Since Ae. aegypti mosquitoes had not colonized the tropics until the establishment 

of the commercial trade routes in 17th Century, most likely Ae. albopictus was the 

original human mosquito vector in the establishment of sustained human transmission 

cycles.  Moncayo et al. tested this notion by comparing the oral infectivity and 

dissemination profiles of endemic (Asian genotypes 1349 and NGC) and sylvatic DENV-

2 strains from West Africa (PM33974 and DakAr 2022) and Asia (P8-1407), of the two 

principal vectors of human transmission collected from diverse geographic locations in 

southeast Asia and the Americas (Moncayo et al., 2004).  Indeed Ae. albopictus 

mosquitoes regardless of their geographic origin, were more susceptible to endemic 

DENV-2 strains than Ae. aegypti (94% to 69% respectively), suggesting a higher degree 

of adaptation.  This supports the idea of Ae. albopictus mosquitoes being the original 

peridomestic vector due to their longer historical contact with DENV in Asia.  When the 

infection and dissemination rates from each group were pooled, endemic DENV-2 

demonstrated higher rates of infection, but not dissemination, from the rates observed 

with sylvatic DENV-2 strains in most mosquito populations of both species (Moncayo et 

al., 2004).  However, pooling of experimental data derived from allopatric vector 

populations could inadvertently mask the considerable variation that has been 

demonstrated in oral susceptibility and transmission efficiency by both Ae. albopictus and 

Ae. aegypti based on their geographic origin (Failloux, Vazeille, and Rodhain, 2002; 

Gubler et al., 1979; Gubler and Rosen, 1976; Vazeille et al., 2001; Vazeille et al., 2003), 

as well as variation in infectivity of Aedes species by various DENV genotypes 
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(Armstrong and Rico-Hesse, 2003; Cologna et al., 2005).  Therefore, the possibility that 

no detectable differences exist in the infectivity and dissemination profiles of endemic 

and sylvatic DENV-2 strains in either mosquito vector cannot be excluded. 

Diallo et al. addressed the inverse notion by utilizing experimental infections of 

sylvatic and various peridomestic populations of Senegalese mosquitoes (Kedougou and 

Koung Koung) with both sylvatic (PM33974 and DakAr 2022) and endemic (1349 and 

NGC) DENV-2 strains to determine if endemic DENV-2 adaptation was vector species-

specific, and to assess sylvatic vector susceptibility (Diallo et al., 2005). Surprisingly, the 

sylvatic mosquito vectors Ae. furcifer and Ae. luteocephalus, were highly susceptible to 

both sylvatic and endemic DENV-2 strains. In contrast, sylvatic Aedes (Stegomyia) 

vittatus and both sylvatic and peridomestic populations of Ae. aegypti were relatively 

refractory to all DENV-2 strains tested.  

In the above described study, Ae. aegypti populations were collected from distinct 

ecological environments: mosquitoes from Kedougou are zoophilic and colonize tree 

holes and other sylvatic breeding sites, whereas the mosquitoes from Koung Koung are 

anthropophilic, are usually to be found within human dwellings, and use artificial water 

containers as breeding sites. Yet despite these apparent differences the data indicated that 

these 2 Senegalese Ae. aegypti populations were not significantly different in their 

susceptibility to DENV-2 (Diallo et al., 2005).  Likewise, a lack of correlation was 

observed between infection and dissemination rates; Ae. furcifer and Ae. luteocephalus 

exhibited high infection rates but low dissemination rates, whereas Ae. aegypti and Ae. 

vittatus exhibited low infection but high dissemination rates, which suggests a tradeoff 

between infection and dissemination rates that influences the transmission potential of 

these vectors.   

Collectively the data described above contrast with the results for the 

peridomestic DENV-2 vectors by Moncayo et al., where infection and dissemination 

rates were high for both sylvatic and epidemic strains (Moncayo et al., 2004). The data 

also indicate that adaptation of DENV-2 to urban vectors did not result in a loss of 

infectivity for some African sylvatic vectors. Thus little or no change in vector infectivity 
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accompanied the emergence of endemic DENV-2 from sylvatic progenitors, which 

implies that peridomestic vector susceptibility is not an impediment to sylvatic DENV-2 

emergence.  Similarly, whether emergence of endemic DENV was also facilitated by 

adaptation of sylvatic DENV to utilize humans as reservoir and amplification hosts for 

peridomestic transmission is not known and may require further investigation.  

Emergence and adaptation are significant issues for arbovirology and pose enormous 

public health implications, especially considering the potential for eradicating the human 

transmission cycle with effective vaccines now under development. 
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CHAPTER 2:  POTENTIAL OF ANCESTRAL SYLVATIC DENGUE-
2 VIRUSES TO RE-EMERGE1

 

ABSTRACT 

Dengue viruses (DENV) are the most important arboviral pathogens in tropical 

and subtropical regions throughout the world.  DENV transmission includes a sylvatic, 

enzootic cycle between nonhuman primates and arboreal mosquitoes of the genus Aedes, 

and an urban, endemic/epidemic cycle between Aedes aegypti, a mosquito with larval 

development in peridomestic water containers, and human reservoir hosts.  All 4 

serotypes of endemic DENV evolved independently from ancestral sylvatic viruses and 

have become both ecologically and evolutionarily distinct; this process may have 

involved adaptation to (i) peridomestic mosquito vectors and/or (ii) human reservoir 

hosts. To test the latter hypothesis, I assessed the ability of sylvatic and endemic DENV-2 

strains, representing major genotypes from Southeast Asia, West Africa and the 

Americas, to replicate in two surrogate human model hosts: monocyte-derived, human 

dendritic cells (moDCs), and mice engrafted with human hepatoma cells. Although the 

various DENV-2 showed significant inter-strain variation in mean replication titers in 

both models, no overall difference between sylvatic and endemic strains was detected in 

either model. My findings suggest that emergence of endemic DENV strains from 

ancestral sylvatic strains may not have required adaptation to replicate more efficiently in 

human reservoir hosts, implying that the potential for re-emergence of sylvatic dengue 

strains into the endemic cycle is high. The shared replication profiles of the American 

endemic and sylvatic strains suggest that American strains have maintained the ancestral 

phenotype. 

 
1 This chapter was previously published in Virology.  This journal allows including 
information without copyright as long as is properly cited. The citation for the article is: 
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INTRODUCTION   

The four serotypes of dengue virus (DENV) are transmitted among humans by 

Ae. aegypti and Ae. albopictus mosquitoes (Gubler, 1998), causing approximately 100 

million infections leading to dengue fever (DF) annually, and up to 500,000 cases of 

dengue hemorrhagic fever (DHF) with a case fatality rate of up to 5% (Halstead, 1997b). 

DENV is believed to have evolved as a non-human primate virus transmitted by canopy-

dwelling arboreal mosquitoes before diverging into the 4 antigenically-distinct DENV 

serotypes (DENV-1 to DENV-4), each of which later emerged into the human population 

(Cheong, 1986; Smith, 1956). Wang et al. tested this hypothesis using phylogenetic 

analyses to compare envelope protein gene sequences of the of endemic (human and Ae. 

aegypti) isolates to sequences of sylvatic (nonhuman primate and arboreal Aedes spp.) 

DENV-1,-2 and -4 strains of Southeast Asian origin, as well as DENV-2 sylvatic strains 

from West Africa (Wang et al., 2000).  These analyses indicated that endemic DENV-1, -

2 and -4 emerged independently from sylvatic progenitors at a time consistent with the 

establishment of urban populations in the Asia-Oceania region large enough to support a 

continuous human transmission cycle (Kuno, 1995). The Asiatic origin of DENV sylvatic 

progenitors is further supported by serological surveys of ecologically diverse rural 

habitats in Southeast Asia (Smith, 1956).  More recently, the global spread of dengue has 

given rise to distinct endemic genotypes within each serotype (Gubler, 1997). 

Currently, transmission of DENV occurs in 2 distinct cycles: a sylvatic, enzootic 

cycle between nonhuman primates and treehole mosquitoes of the genus Aedes (Diallo et 

al., 2003; Rudnick et al., 1967), and an endemic cycle between humans and the 

peridomestic mosquitoes Aedes aegypti and Ae. albopictus.  In rural areas of Africa and 

Asia (also known as the ‘zone of emergence’) where mosquito vectors often reach high 

densities, DENV strains could potentially transfer between the two cycles, thus setting 

 
Vasilakis N, Shell EJ, Fokam EB, Mason PW, Hanley KA, Estes DM, Weaver SC, 2007. 
Potential of ancestral sylvatic dengue-2 viruses to re-emerge.  Virology 358(2):402-12 



 58

the stage for a re-emergence of the sylvatic strains (Gubler, 1988). To anticipate and 

potentially prevent re-emergence, it is critical to characterize the adaptations that would 

enable sylvatic DENV to transmit efficiently among humans. 

The present study focused on the DENV-2 serotype, which has been grouped into 

five genotypes (Shurtleff et al., 2001) based on phylogenetic relationships among the 

envelope protein (E) gene sequences (Chang et al., 1994; Rico-Hesse, 1990; Wang et al., 

2000). Sylvatic DENV-2, which circulates in both West Africa and Southeast Asia, 

shows a broader geographic range than the remaining sylvatic serotypes, which have only 

been detected in Southeast Asia. There is no evidence that the sylvatic cycles are 

involved in outbreaks of human dengue, suggesting that these strains are confined to 

forest habitats and/or produce relatively mild human disease. While transmission of 

sylvatic DENV-2 strains to humans has been documented in several West African cases 

of dengue fever (Saluzzo et al., 1986a; Zeller et al., 1992), there is no evidence that 

sylvatic DENV strains of any serotype have subsequently been transmitted among 

humans to generate outbreaks (Diallo et al., 2003; Rico-Hesse, 1990). Moreover, sylvatic 

DENV strains have not been detected in the peridomestic vectors of endemic dengue, 

suggesting that these strains are confined to forest habitats. 

 I hypothesized that emergence of sylvatic DENV strains into the endemic cycle 

may require adaptation to peridomestic mosquito vectors and/or human hosts.  Previous 

comparisons of the infectivity of sylvatic and endemic DENV-2 strains for urban 

anthropophilic Ae. aegypti  and  Ae. albopictus mosquito vectors demonstrated an 

advantage for the endemic strain, suggesting that adaptation to these mosquito species 

had accompanied emergence (Moncayo et al., 2004).  Moreover, a cluster of amino acid 

changes in domain 3 of the viral envelope protein, which is believed to interact with 

cellular receptors, accompanied endemic DENV emergence (Rico-Hesse, 1990; Wittke et 

al., 2002), and amino acid substitutions in the envelope glycoprotein of other arboviruses 

have been implicated in adaptation to novel mosquito vectors (Brault et al., 2004).  

 In the current study, I compared the human infection phenotypes of endemic and 

sylvatic DENV-2 strains using in vitro and in vivo models to determine whether 
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adaptation to humans is a necessary component of dengue emergence. I selected virus 

strains of relatively low passage histories that represent all major DENV-2 genotypes, 

including both African and Asian sylvatic strains, and Asian, African and American 

endemic strains (Table 3).  Both Asian and American endemic strains were tested 

because they are reported to differ in their human virulence (Cologna and Rico-Hesse, 

2003; Vaughn et al., 2000).   

Because no animal model has been identified that recapitulates human infection 

and disease, we utilized two surrogate human models to compare the viremia and 

replication profiles of sylvatic versus endemic strains: 1) monocyte-derived dendritic 

cells (moDCs) from healthy volunteers (Wu et al., 2000), and 2) the severe combined 

immune deficiency (SCID) mouse xenografted with human hepatoma cells (An et al., 

1999). Although the DENV-2 strains showed significant variation in mean replication 

titers, no overall difference between sylvatic and endemic strains was detected in either 

model. These findings suggest that emergence of endemic DENV strains from ancestral 

sylvatic strains may not have required adaptation to replicate more efficiently in humans 

as reservoir hosts, implying that the probability of re-emergence of human-to-human 

transmission is high. 

RESULTS 
PHYLOGENETIC ANALYSES 

The previous phylogenetic analyses (Holmes and Twiddy, 2003; Rico-Hesse, 

1990; Wang et al., 2000) of the evolutionary relationships among endemic serotypes and 

their sylvatic progenitors were expanded by using additional endemic and sylvatic strains 

in the phylogeny. The sylvatic strains were isolated between 1970 and 1981 in West 

Africa and Southeast Asia, whereas the endemic strains were isolated between 1964 and 

1995, in West Africa, South America and Southeast Asia (Table 3). Analysis of 1,485 

nucleotides encoding the envelope protein (E) gene from 55 DENV-2 isolates, 

representing strains from diverse localities throughout the tropics and neotropics, 

included homologous DENV-1 and DENV-3 sequences as an outgroup to root the 

DENV-2 tree. All phylogenetic methods revealed 5 major DENV-2 lineages or 
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genotypes, as has been demonstrated in previous studies (Holmes and Twiddy, 2003; 

Twiddy et al., 2002a; Wang et al., 2000). The trees also revealed considerable genetic 

diversity within the DENV-2 genotypes, reflecting their continual divergence and diverse 

geographic distribution.  Representative members of the major genotypes (Figure 10) 

were selected for experimental studies. 

 All sylvatic DENV-2 isolates from Malaysia and West Africa were genetically 

distinct from endemic DENV-2 isolates.  The endemic DENV-2 strains showed further 

subdivisions between the American and Asian lineages, with high bootstrap support using 

Bayesian and/or maximum parsimony methods, consistent with previous reports (Holmes 

and Twiddy, 2003; Twiddy et al., 2002a; Wang et al., 2000).  The Asian lineage included 

isolates clustered in 3 groups, Asian, American/Asian and Cosmopolitan, with bootstrap 

support of 71%, 100% and 99% respectively (Figure 10). 

 

REPLICATION OF SYLVATIC AND ENDEMIC DENV-2 STRAINS IN VIVO.   
 A major limitation in dengue research is the lack of an inexpensive laboratory 

animal model that recapitulates human disease and viremia.  A large number of non-

human primates support DENV replication without developing clinical signs of illness 

(Halstead et al., 1973c; Rosen, 1958a). Nevertheless, because the duration and magnitude 

of virus replication in non-human primates often correlates with patterns of replication in 

humans, primates have become the gold standard for evaluation of live attenuated dengue 

vaccine candidates (Angsubhakorn et al., 1988; Blaney et al., 2005; Edelman et al., 1994; 

Hanley et al., 2004; Markoff et al., 2002; Men et al., 1996; Robert Putnak et al., 2005). 

However, economic and animal facility limitations preclude widespread utility of non-

human primates as a useful model for DENV replication.
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Table 3:   History of DENV-2 strains utilized in this study. Reproduced with permission (Vasilakis et al., 2007) 

Strain Epidemiological type* Host Passage history** Location Year 

1349 Endemic Human SM2, C6/36-2 Burkina Faso 1982 
16681 Endemic Human BSC-1 – x, LLC-MK2 -6, Rh. Macaque 

-1, Tx. Amboinensis -2, C6/36-4, LLC-
MK2 – 1, C6/36 -1 

Thailand 1964 

1328 Endemic Human Mosq.-2, C6/36-1 Puerto Rico 1977 
IQT-1950 Endemic Human C6/36-2 Peru 1995 
PM33974 Sylvatic Ae. africanus Tx. Amboinensis -1, C6/36-2 Guinea 1981 
P8-1407 Sylvatic Sentinel 

monkey 
SM3, C6/36-2 Malaysia 1970 

A510 Sylvatic Ae. taylori SM4, C6/36-2 Ivory Coast 1980 
A1247 Sylvatic Ae. taylori SM5, C6/36 -1 Ivory Coast 1980 
2022 Sylvatic Ae. africanus SM6, C6/36 -1 Burkina Faso 1980 
2039 Sylvatic Human SM6, C6/36 -1 Burkina Faso 1980 

*Endemic denotes human or Ae. aegypti isolates or strains that are associated with peridomestic transmission 
**SM – suckling mouse; C6/36 – Ae. albopictus  cell line; LLC-MK2 – Rhesus monkey kidney cells; BSC-1 – African green 
monkey kidney cells 
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Figure 10: Phylogenetic analysis of DENV isolates.  Phylogenetic tree derived from the 
envelope protein gene nucleotide sequences of sylvatic and representative 
endemic DENV-2 strains using Bayesian analysis or maximum likelihood 
(ML) (PAUP, version 4.10) and drawn using branch lengths obtained using 
the Rogers-Swofford approximation method.  The following ML parameters 
corresponding to the GTR+G+I model were used: empirical values for 
nucleotide frequencies (A=0.32989, C=0.19737, G=0.25924, and 
T=0.21350); and among-site rate variation as: at invariable sites as 
estimated and γ distribution (discrete approximation) of rates at variable 
sites.  The scale shows a genetic distance of 0.01 or 1% nucleotide sequence 
divergence.  Homologous sequences from dengue sister serotypes 1 and 3 
were used as an outgroup to root the DENV-2 tree. Numbers indicate 
bootstrap values for groups to the right. Asterisks indicate the strains used 
for this study. Reproduced with permission (Vasilakis et al., 2007).
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Several murine models (Boonpucknavig et al., 1981; Chaturvedi et al., 1991; Cole and 

Wisseman, 1969; Hotta et al., 1981) developed to evaluate protective immune responses, 

have proven to be ineffective due to the absence of DENV replication and illness or the 

requirement for murine-adapted DENV (Cole and Wisseman, 1969; Sabin, 1952). Human 

peripheral blood lymphocytes (hu-PBL) engrafted in SCID mice (Wu et al., 1995) 

infected with DENV produce high viremia and virus loads in the spleen and lymph 

nodes.  Limitations of this model include extensive labor requirements and variable 

reconstitution (successful engraftment) rates. 

Observations documenting hepatic lesions (Couvelard et al., 1999; Lum et al., 

1993), as well as detection of DENV antigen in hepatocytes (Kuo et al., 1992) during 

human infections formed the rationale for development of the SCID-xenograft model, 

where human hepatoma cells (HepG2 or Huh-7) are grafted intraperitoneally (i.p.) into 

SCID mice and DENV is injected directly into the i.p. tumor (An et al., 1999; Blaney et 

al., 2002).  Mice develop gradual illness with peak viremia on day 7, whereas peak viral 

replication in the liver is detected by day 5 with gradual declines, and by day 11 the virus 

has reached peak titers in the brain.  This pattern of replication is similar to that which 

accompanies human infection, where DENV initially replicates at the site of infection 

and gradually disseminates to other organs and to the brain (although cerebral 

involvement is not believed to be common in human infections) via the circulation 

(Rothman, 1997). These are the first animal models where DHF/DSS-like manifestations 

(gastrointestinal bleeding and small focal hemorrhages in the livers of some mice) similar 

to those seen in human infections (Burke, 1968; Rosen et al., 1989) occur, and is proved 

useful for virulence testing of DENV vaccine candidates (Blaney et al., 2002; Whitehead 

et al., 2003).  More recently, a humanized mouse model based on the grafting of human 

CD34+ cells in nonobese diabetic/severely compromised immunodeficient mice 

(NOD/SCID), has also been proposed as a model for studying the pathogenicity of 

DENV infection (Bente et al., 2005).  However, based on the greater experience with and 

the consistency of the SCID-Huh-7 xenograft model in evaluating the virulence of DENV 

vaccine candidates, this model was selected for the in vivo evaluation of my hypothesis.   
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To assess the human infection phenotypes of sylvatic versus endemic DENV-2 

strains and to determine statistically dictated cohort numbers and tumor development 

efficiency, a pilot experiment was conducted using the Asian endemic 1349 and sylvatic 

PM33974 strains.  The sylvatic strain generated moderate peak viremia levels of 4 

log10ffu/ml (N=3), while the endemic strain generated significantly higher viremia of 6 

log10ffu/ml on day 7 (N=7) (t-test, df = 7, t = 4.49, P<0.002) (data not shown).  We also 

bled the mice at days 2, 4 and 7 post infection (p.i.), and mean replication titers 

consistently peaked at day 7 p.i., (data not shown) as described earlier (An et al., 1999; 

Blaney et al., 2002).  Power analyses indicated that a minimum of 6 animals per group 

were required to detect significant differences (P=0.861, a = 0.05), with tumor 

development efficiency at 88%.  Therefore, to compare the sylvatic versus endemic 

human infection phenotypes, six groups of 10 SCID-huh7 mice were infected with one of 

2 sylvatic (PM33974, P8-1407) or 4 endemic (Asian 1349 and 16681, and American 

IQT-1950 and 1328) DENV-2 strains (Figure 10). A significant overall difference among 

the mean serum titers of the six strains was detected (one-way ANOVA, P < 0.0001) and 

a Tukey-Kramer post-hoc test revealed multiple significant differences among individual 

pairs of strains (Table 4).  However, this complex pattern of differences did not indicate a 

consistent or overall difference between sylvatic and endemic strains or between Asian 

endemic and American endemic strains. For example, the titer of Asian endemic strain 

16681 was significantly higher than any of the other three endemic strains but not 

significantly different from sylvatic strain P8-1407. 

 

 

 

 

 

Table 4:  Serum viremia of endemic and sylvatic DENV-2 in vivo. Reproduced with 
permission (Vasilakis et al., 2007) 

 

Virusa Epidemiological  No. of Mean peak virus Statistical 
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Type miceb titerc,d 

(log10 ffu/ml + 
S.E.) 

Groupe

16681 Asian Endemic 7 5.9 + 0.2 A 
1349 Asian Endemic 6 4.9 + 0.3 B, C 
1328 American Endemic 6 2.9 + 0.3 D 
IQT-1950 American Endemic 6 4.0 + 0.3 C, E 
P8-1407 Sylvatic 7 5.4 + 0.2 A, B 
PM33974 Sylvatic 6 3.6 + 0.2 D, E 

a Groups of 10 SCID-Huh-7 mice were inoculated into the tumor with 4.0 – 4.2 log10 ffu 
of the indicated virus.  Serum was collected on day 7 and virus titer was determined on 
C6/36 cells 
b Mice that failed to develop viremia were excluded from the experiments 
c Virus titer in serum was determined by FFA in C6/36 cells 
d The limit of detection of the assay is 0.5 ffu/ml 
e Mean peak titers were assigned to statistical groups using the Tukey-Kramer post hoc 
test.  Groups sharing at least one letter are not significantly different; groups not sharing 
any letter are significantly different (P < 0.05). 
 

REPLICATION OF SYLVATIC AND ENDEMIC DENV-2 STRAINS EX VIVO. 
Natural DENV infection involves virus deposition in the skin by the mosquito 

vector during blood feeding.  Immature dendritic cells (iDC) and Langerhans DC, 

resident cell populations of the skin, may be the initial target of viral infection following 

exposure to DENV during injection of mosquito saliva (Marovich et al., 2001; Wu et al., 

2000). DCs efficiently take up pathogens through phagocytocis, pinocytosis and receptor-

mediated endocytosis. The latter is mediated through lectins (ie. CD209, DC-SIGN) 

(Navarro-Sanchez et al., 2003; Tassaneetrithep et al., 2003), as well as immunoglobulin 

Fc receptors. DENV–infected DCs then migrate to the lymphoid tissues through the 

afferent lymphatic system, where they mature and interact with T-cells (Austyn et al., 

1988; Steinman, 1991), and could shed virus, aiding in dissemination.   

Because of the great genetic diversity of the human population at risk as well as 

epidemiologic evidence suggesting the influence of host genetics in the development of 

DENV viremia and disease (Bravo et al., 1987), we utilized moDC from anonymous, 

healthy donors of Caucasian, West African, and Southeast Asian origin (3 donors per 
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ethnic group) to assess the human infection phenotypes of 2 sylvatic (PM33974, P8-

1407) and 4 endemic (Asian 1349 and 16681, and American IQT-1950 and 1328) 

DENV-2 strains.  Prior to infection, the immature moDC phenotype was confirmed with 

a panel of fluorescein-isothiocyanate (FITC)-conjugated monoclonal antibodies against 

common DC markers, CD40, CD80, CD83, CD86 and DC-specific ICAM-3 grabbing 

non-integrin (DC-SIGN) using a FACScan flow cytometer (Figure 11a). DC-SIGN is not 

a marker of the moDC phenotype, but mediates the infection of human DCs by DENV 

(Tassaneetrithep et al., 2003).  Immature moDCs are susceptible to DENV infection, 

whereas mature moDCs are refractory (Wu et al., 2000). The moDC infection rates 

determined by FACS analysis varied between 6.4% and 18% (Figure 11b). 

I also observed interdonor variation among the levels of moDC infections (data 

not shown), which was within the range of variation described in previous reports of 

DENV infection of human moDCs (Cologna et al., 2005; Sanchez et al., 2006).  The cell-

free supernatants of the infected moDCs were collected at 24 and 48 hrs post-infection 

and viral output was evaluated by focus forming assay (FFA) on C6/36 cells. Mean 

replication titers peaked consistently at 48 hours post-infection (Tables 5 and 6), as 

observed in previous reports (Palmer et al., 2005; Wu et al., 2000). As illustrated in Table 

5, the 6 DENV-2 isolates showed significant differences in levels of replication (df =5, 

F=69.9, P<0.0001); endemic Asian strains consistently generated higher virus outputs 

than the American DENV-2 strains, as demonstrated previously (Cologna et al., 2005), as 

well as the sylvatic DENV-2 isolates (Tukey-Kramer post-hoc test, P < 0.05). However, 

no consistent difference between endemic American and sylvatic DENV-2 replication 

was detected.  One of the 2 sylvatic strains, African PM33974, failed to replicate in the 

moDCs of all but one donor (the limit of detection of FFA assay was 0.5 log10 ffu/ml) 

(data not shown).  To eliminate the possibility that this strain was an abberant outlier, 

possibly due to artificial selection during its passage history, 4 additional African sylvatic 

strains (Table 3) were evaluated in moDCs from 2 human volunteers.  The poor 

replication profile of sylvatic PM33974 was shared by the sylvatic A1247 strain, but not 

by the other 3 sylvatic strains analyzed  (Table 6). As in the previous analyses, all of 



these sylvatic strains replicated to lower titers than the endemic Asian strains, but did not 

differ consistently from the endemic American strains (Tukey-Kramer post-hoc test, 

Table 6).  A comparison of the mean titers of endemic (N=4) and sylvatic (N=6) strains 

showed no consistent difference in the mean level of replication of this expanded group 

of sylvatic DENV-2 strains compared to the endemic isolates (Student’s t-test: df=8; 

t=1.35; P=0.21). 

 

 
 

Figure 11a. FACS analysis of blood-derived DCs.  Cell surface staining of immature 
blood-derived moDCs at day 6 post stimulation with IL-4 and GM-CSF 
cytokine cocktail prior to DENV-1349 infection and infected blood-derived 
DCs at day 2 post infection with DENV-1349.  Surface expression of CD40, 
CD80, CD83, CD86, and DC-SIGN was evaluated to determine the maturity 
of the DCs immediately prior to DENV infection. As expected, CD40, 
CD83 and CD86 where downregulated in the immature moDCs, but 
upregulated in the infected moDCs. CD80, a surface protein expressed on 
activated B cells, macrophages and DCs, remained as expected unregulated 
in both immature and infected moDCs. DC-SIGN is not a marker of moDC 
phenotype but mediates the infection of human DCs by DENV.  Green 
peaks, isotype control; purple-shaded peaks, non-infected immature DCs; 
pink peaks, infected mature DCs. Data are representative of three 
independent experiments. Reproduced with permission (Vasilakis et al., 
2007). 
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Figure 11b: FACS analysis of blood-derived DCs. Infected DCs were examined by 
FACS analysis 48 hours post infection with an α-dengue virus-specific 
antibody, followed by an FITC-conjugated secondary antibody to determine 
the percentage of infected cells. Graph represents pooled data generated 
from 2 individual donors and error bars represent the standard errors of the 
means. Reproduced with permission (Vasilakis et al., 2007) 

 
DISCUSSION 

The presence of neutralizing antibodies in canopy-dwelling nonhuman primates 

(Rodhain, 1991; Rudnick, 1986; Smith, 1956; Wolfe et al., 2001), the relatively recent 

development of large, concentrated human populations in the zone of emergence, and 

phylogenetic (Wang et al., 2000) evidence suggest that sylvatic DENV strains are the 

ancestors of the existing endemic DENV strains that circulate in most of the tropics, 

putting a third of the global human population at risk and causing a huge burden of 

morbidity and mortality.  These sylvatic DENV are maintained in enzootic cycles 

between forest-dwelling Aedes spp. mosquito vectors (not Ae. aegypti or Ae. albopictus) 

and probably nonhuman primate reservoir hosts in the sylvan ecosystems of Southeast 

Asia (Rudnick, 1986) and West Africa (Saluzzo et al., 1986a; Traore-Lamizana et al., 

1994).  

 68
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Table 5: Replication profile of endemic and sylvatic DENV-2 ex vivo. Reproduced      
with permission (Vasilakis et al., 2007) 

Virusa Epidemiological  
Type 

Mean peak virus 
titerb, c, d 

(log10 ffu/ml + S.E.) 

Statistical 
Groupe

16681 Asian Endemic 4.8 + 0.1 A 
1349 Asian Endemic 5.3 + 0.2 A 
1328 American Endemic 2.7 + 0.3 B 
IQT-1950 American Endemic 3.3 + 0.4 Β 
P8-1407 Sylvatic 3.1 + 0.2 Β 
PM33974 Sylvatic 0.6 + 0.1 C 

a  moDCs (2.5 x 105 per sample) from nine healthy human volunteers were infected 
individually with an MOI = 2 of the indicated virus.  Supernatants were collected 48 hrs 
p.i. and viral output was determined on C6/36 cells.   
b Virus titer in serum was determined by FFA in C6/36 cells 
c The limit of detection of the assay is 0.5 log10 ffu/ml 
d Data represent nine individual experiments pooled together  
e Mean ex vivo peak titers were assigned to statistical groups using the Tukey-Kramer 
post hoc test.  Groups sharing at least one letter are not significantly different; groups not 
sharing any letter are significantly different (P < 0.05). 
 
  

 Endemic dengue viruses are believed to have originated from ancestral sylvatic 

strains that switched from arboreal to urban mosquito vectors and from nonhuman 

primate to human reservoir hosts. Assessing the likelihood of current sylvatic DENV 

strains to undergo a similar emergence is important for public health.  Specifically, 

programs to reduce or eradicate dengue from human populations by vector control or 

vaccination might be short-lived if sylvatic DENV strains can readily re-emerge from 

sylvatic cycles not amenable to intervention.  The success of these programs could hinge 

on sustainable vaccination coverage of the susceptible population at risk and/or control of 

endemic vector mosquitoes.  Active employment of these methods should prevent the 

successful introduction of sylvatic DENV into the urban cycle and thus eliminate the 

resurgence of a major public health problem. Nevertheless, if the endemic 
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Table 6: Replication profile of expanded collection of endemic and sylvatic DENV-2 
ex vivo. Reproduced with permission (Vasilakis et al., 2007) 

Virusa Epidemiological  
Type 

Mean peak virus 
titerb, c, d 

(log10 ffu/ml + S.E.) 

Statistical 
groupe

16681 Asian Endemic 5.4 + 0.1 A 
1349 Asian Endemic 5.0 + 0.3 A 
1328 American Endemic 3.1 + 0.6 B 
IQT-1950 American Endemic 4.3 + 0.2 B 
P8-1407 Sylvatic 3.2 + 0.0 B 
PM33974 Sylvatic 0.5 + 0.0 C 
A510 Sylvatic 4.4 + 0.2 B 
A1247 Sylvatic 0.5 + 0.0 C 
2022 Sylvatic 2.6 + 0.1 B 
2039 Sylvatic 4.6 + 0.2 B 

a  moDCs (2.5 x 105 per sample) from two healthy human volunteers were infected with 
an MOI = 2 of the indicated virus.  Supernatants were collected 48 hrs p.i. and viral 
output was determined on C6/36 cells 
b Virus titer in serum was determined by FFA in C6/36 cells 
c The limit of detection of the assay is 0.5 log10 ffu/ml 
e Data represent two individual experiments pooled together 
e Mean peak titers were assigned to statistical groups using the Tukey-Kramer post hoc 
test.  Groups sharing at least one letter are not significantly different; groups not sharing 
any letter are significantly different (P < 0.05). 
 

 

DENV transmission cycle is eradicated as the result of public health measures, cessation 

of the anti-dengue campaigns (vaccination and/or vector control) for a sufficiently long 

time will lead to the rise of susceptible human populations, as well as the establishment 

of adequate populations of endemic vector mosquitoes.  Under such conditions, the re-

emergence of human replication competent disease-producing sylvatic DENV could pose 

a problem to human health. Information critical to assessing the potential for re-

emergence includes: 1) the ability of humans to serve as reservoir hosts for sylvatic 

DENV strains with or without adaptation; 2) the degree of ecological contact between 

humans and sylvatic DENV strains; 3) ability of peridomestic mosquitoes to serve as 



 71

vectors for sylvatic DENV transmission; and 4) the ability of the sylvatic strains to 

evolve to efficiently complete a transmission cycle in human hosts and peridomestic 

vectors. 

Collectively, these findings do not support the hypothesis that emergence of 

endemic DENV strains involved adaptation to human reservoir hosts. The endemic 

strains I tested did not produce higher viremia in the mouse model or higher levels of 

DENV-2 replication in dendritic cells, compared to sylvatic strains.  Assuming that the 

phenotype of the extant sylvatic strains is ancestral, this suggests that emergence of 

endemic DENV-2 strains from sylvatic strains did not require adaptation to replicate 

more efficiently in human reservoir hosts. My data therefore imply that re-emergence of 

human-to-human transmission may occur readily.  Comparable studies with DENV-1 and 

-4 strains [sylvatic DENV-3 strains have not been isolated but are believed to exist in 

Malaysia based on the seroconversion of sentinel monkeys (Rudnick, 1978)] are needed 

to determine if the other sylvatic DENV strains are also capable of efficient human 

infection.  

Data in the literature on disease severity in humans with different racial 

backgrounds suggest that host genetics may influence the outcome of DENV infection 

(Bravo et al., 1987; Kouri et al., 1987). The utilization of the human surrogate animal and 

human dendritic cell models allowed us to control for host genetics to evaluate putative 

differences in the DENV-2 replication phenotypes among sylvatic and endemic strains.  

The significant differences in the replication profiles of Southeast Asian and American 

DENV strains observed in both models support previous evidence for the higher 

pathogenic potential of Southeast Asian strains (Cologna et al., 2005; Leitmeyer et al., 

1999; Watts et al., 1999). Although higher replication profiles in vivo have been 

associated with severe disease (Vaughn et al., 2000; Wang et al., 2003b), other factors 

such as immune enhancement (Halstead, 2003), genetic predisposition (Bravo et al., 

1987), gender and age (Guzman et al., 1984) and nutrition (Thisyakorn and 

Nimmannitya, 1993) may influence the pathogenic outcome to DENV infections.  

Moreover, although my moDCs obtained from a small number of human donors, they 
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represented different ethnicity and no differences were observed in their ability to support 

DENV-2 replication. Lastly, without reaching to conclusions about which was the first to 

evolve, the shared replication profiles of the American endemic and sylvatic strains 

suggest that American strains retained their ancestral phenotype.   

Twiddy et al. (Twiddy et al., 2002a) attempted to identify evidence of positive 

selective pressure during the evolution of sylvatic and human DENV strains, but found 

no evidence of adaptive evolution in the E gene that coincided with the emergence of 

endemic strains.  Although the computational methods used to identify positive selection 

have limitations, the lack of evidence for selective pressure during endemic emergence 

would imply that currently circulating sylvatic strains may not have difficulty spreading 

into the human reservoir host should the appropriate conditions occur.  However, there is 

no evidence for the recent, direct involvement of these enzootic strains in DENV 

epidemics, which always involve genetically distinct endemic strains.  Nevertheless, in 

rural areas of Africa and in Asia where the peridomestic Ae. albopictus mosquito vectors 

often reaches high densities, DENV may be transmitted at low frequency from its sylvatic 

reservoir and humans. Additional ecological studies are necessary to identify and assess 

the role of vertebrate hosts in the maintenance and amplification of sylvatic DENV, 

which may provide valuable insight to the degree of the ecological contact between 

humans and sylvatic DENV.  Ideally infectivity and disease expression of these viruses 

should be evaluated in human volunteers, but ethical or legal considerations may 

preclude experimental infections.  However a comparison of the pattern of replication of 

sylvatic and endemic viruses in non-human primates is certainly warranted at this 

juncture. This information is needed to predict of the risk of sylvatic DENV emergence 

and establishment of an epidemic in humans. 

MATERIALS AND METHODS 

CELL CULTURES AND VIRUSES  
C6/36 (mosquito, Ae. albopictus) cells were maintained in Eagle’s minimal 

essential medium (MEM) supplemented with 5% fetal bovine serum (FBS), 50mg/mL 
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penicillin/streptomycin, 2mM L-Glutamine, and non-essential amino acids (NEAA) 

(Invitrogen, Carlsbad) at 28oC.  Human hepatoma Huh-7 cells (clone JTC-39) were 

obtained from the Japanese Health Sciences Foundation, Osaka and were maintained in 

Dulbecco’s MEM supplemented with 10% FBS, 50mg/mL penicillin/streptomycin and 

2mM L-Glutamine. DENV-2 isolates with the lowest in vitro passage histories (Table 3) 

were selected from the World Reference Center for Emerging Viruses and Arboviruses, 

University of Texas Medical Branch to reduce the chance of cell culture or mouse 

adaptive mutations. Viral isolates were passaged twice in C6/36 cultures to obtain high 

titer stocks. Supernatants were clarified from cellular debris by low-spin centrifugation 

(630 x g, 20 min, 4oC) stabilized with the addition of 10X SPG (2.18 M Sucrose, 0.038M 

KH2PO4, 0.072M K2HPO4 and 0.054M L-glutamate), and stored at –80oC.  

 

FOCUS FORMING ASSAYS (FFA) AND IMMUNOSTAINING  
Ten-fold serial dilutions of virus were added to confluent C6/36 cell monolayers. 

The virus inoculum was removed one hour later, cell monolayers were washed and 

overlayed with 0.8% methylcellulose (Sigma-Aldrich, St. Louis) diluted in Optimem 

(Invitrogen, Carlsbad) supplemented with 2% FBS, antibiotics, 1% L-glutamine and 1% 

NEAA.  Plates were incubated for 4 days at 28oC, the methylcellulose overlay was 

removed, and plates were rinsed with phosphate buffered saline (PBS), pH 7.4. Plates 

were fixed with the addition of ice-cold acetone and methanol (1:1) for 30 minutes at 

room temperature (RT).  The fixation solution was aspirated and plates were allowed to 

air dry.  Plates were then washed with PBS, followed by blocking (PBS supplemented 

with 3% FBS) and addition of mouse anti-DENV-2 ascites fluid (1:1000) and incubation 

for 30 minutes.  The antibody was aspirated and plates washed 3 times in PBS followed 

by addition of secondary antibody conjugated to horseradish peroxidase (HRP) (KPL, 

Gaithersburg) (1:1000) and incubation at RT for 30 minutes. Plates were washed 3 times 

with PBS and aminoethylcarbazole (AEC) substrate (ENZO Diagnostics, Farmingdale), 

prepared according to the manufacturer’s instructions, was added and allowed to incubate 
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in the dark for 10 min.  Substrate solution was aspirated, washed with water and plates 

were allowed to air dry before scoring.  

ISOLATION, STIMULATION OF PERIPHERAL BLOOD MONONUCLEAR CELLS AND 
DENV INFECTIONS OF MODCS  

Nine consenting healthy volunteers, with no history of infection to any of DENV 

serotypes and confirmed as negative by plaque reduction neutralization test (PRNT) 

assay, were used to obtain approximately 100 ml of blood.  Peripheral blood 

mononuclear cells were then isolated from buffy coats by centrifugation over an 

Accuprep gradient according to manufacturer’s protocol (Accurate Chemical Corp, 

Westbury). CD14+ monocytes were positively selected using a magnetic cell sorting 

(MACS) isolation column (Miltenyi Biotec, Auburn).  Cells were counted and seeded in 

6-well plates at a density of 1-2 x 106 cells per well in RPMI 1640 culture medium 

supplemented with 10% heat-inactivated FBS, 100U/mL penicillin, 100mg/ml 

streptomycin and 2mM L-glutamine, containing 1,000U/mL recombinant human 

interleukin 4 (IL-4) (R&D Systems, Minneapolis) and 1,400U/mL granulocyte-monocyte 

colony-stimulating factor (Immunex, Thousand Oaks).  On alternate days, one-half of the 

volume was removed and replaced with medium containing double (2X) the 

concentration of fresh cytokines.  Cultures were maintained under these conditions for a 

total of 6 days, then cells were collected with gentle pipetting, washed and the moDC 

phenotype was confirmed by FACS analysis using a panel of FITC-conjugated 

monoclonal antibodies against CD40, CD80, CD83, CD86 and DC-SIGN.  Subsequently, 

1x105 cells were infected with the selected DENV at MOI = 2 for 2 hours at 37oC.  The 

virus inoculum was removed and the cells were washed 3 times with PBS to ensure 

removal of unadsorbed virus. Cells were resuspended in 2 mL of RPMI 1640 culture 

medium supplemented with cytokines and incubated at 37oC.  Cell-free supernatant 

aliquots were removed immediately prior and after infection, at day one and two post-

infection and were assayed on C6/36 cells to obtain infection and progeny titers 

respectively.  moDC infection rates were established by FACS analysis using a DENV-

specific antibody (7E11, courtesy of Dr. Putnak), as well as IHC on cell cytospins.  
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FLOW CYTOMETRY  
Uninfected and/or infected DCs were washed once in FACS staining buffer (PBS 

containing 1% FBS) prior to confirmation of their immature phenotype with a panel of 

FITC-conjugated monoclonal antibodies against CD40, CD80, CD83, CD86, DC-SIGN 

(Beckman-Coulter), as well as for intracellular DENV antigen.  As a control, the 

appropriate isotype was also utilized.  Cells were allowed to incubate on ice for 30 

minutes followed by washing twice with FACS staining buffer to remove unbound 

antibody.  Cells were then fixed in buffered 2% paraformaldehyde (pH 9.5) and analyzed 

with a FACScan flow cytometer (Becton Dickinson) within 24 hours of staining.  Prior to 

fixation, cells that had been probed for DENV antigen were subjected to secondary 

staining with FITC-conjugated antibody (Molecular Probes) and washed twice with 

FACS staining buffer.   

SCID MICE 
Ten 5-6-week-old SCID mice (Tac:Icr:Ha[ICR]-Prkdcscid ; Taconic Farms) per 

group were xenografted intraperitoneally (i.p.) with 1X107 Huh-7 cells suspended in 

0.2ml phosphate-buffered saline.  Tumors were detected 5-6 weeks later by palpation, 

and mice were infected by direct injection into the tumor mass with 1X104 focus-forming 

units (ffu) of virus diluted in 50 mL of PBS.  Seven days post-infection, the mice were 

sacrificed and blood was isolated by cardiac puncture and the serum stored at -80oC.  

Virus titers were determined by FFA in C6/36 cells. Mice that failed to develop viremia 

were excluded from the experiment.  Prior to implantation, Huh-7 cells were certified to 

be free of mycoplasma, human and mouse viruses using PCR or RT PCR (Taconic 

Anmed, Rockville).  Animal experimentation was approved by the UTMB IACUC and 

mice were maintained in gnotobiotic isolators on specific pathogen-free environment.  

STATISTICAL ANALYSES 
GraphPad Prism version 4 software (GraphPad Software) was used for data 

analyses.  Virus outputs from 11 ex-vivo or 2 in-vivo experiments were grouped by virus 

strain and compared by one-way ANOVA.  The Tukey-Kramer post hoc test was used to 
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test for differences between pairs of strains. Student’s t-tests were used for two sample 

comparisons. 

RNA EXTRACTION AND SEQUENCING   
Viral RNA was extracted from virus preparations using the QIAamp Viral RNA 

mini kit (Qiagen).  PCR primers designed to amplify the E protein gene (Wang et al., 

2000) were used with the Titan one step RT-PCR kit (Roche, Indianapolis).  Viral RNA 

was denatured for 2 min. at 70oC and cDNA was synthesized at 50oC for 30 min., 

followed by 35 rounds of amplification in a 50 mL reaction volume.  The PCR products 

were purified from 1% agarose gels and both strands were sequenced directly using an 

Applied Biosystems (Foster City, California) Prism automated DNA sequencing kit and 

model 3100 Genetic Analyzer sequencer according to the manufacturer’s protocol. 

PHYLOGENETIC ANALYSES 
The obtained nucleotide sequences encoding the envelope (E) protein, and 

representative sequences from the GenBank library, were aligned using the ClustalW 

multiple sequence alignment program with default gap penalties.  Phylogenetic analyses 

of the aligned nucleotide sequences were performed using Bayesian analysis with 1 

million reiterations and/or maximum likelihood, neighbor joining and maximum 

parsimony methods implemented in the PAUP 4.0 software package (Swofford, 1998). 

Homologous nucleotide sequences from DENV-1 and -3 were used as an outgroup to 

root the DENV-2 tree.  Bootstrapping with 1000 replicates was used to place confidence 

values on grouping within the tree (Felsenstein, 1985).  

NUCLEOTIDE SEQUENCE ACCESSION NUMBERS 
The GenBank accession numbers for the DENV viruses used in the phylogenetic 

analyses are as follows: for DENV-2 strain 40274, accession number L10041; 124B, 

AY158340; 49255, AY577430; 6663, AY079424; 360236, AY158331; 360281, 

AY577431; 102954, AY158330; 19966, AY577433; Mara3, AY158329; Oax468, 

AY158341; 15957, AY577434; N.1409, M20558; M56309, X15433; b87MS8455, 
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X15434; ThNH-28, U31950; ThNH-52, U31951; ThNH-7, U31959; ThNH-p11, 

U31952; Puo-218, U87331; 16681, U87411; TH-36, D10514; 1897, L10052; 2088, 

L10045; NGC, AF038403; #10, L10051;  0190, L10042;  1051, L10044;   S-44554, 

L10048; S-44552, L10047; 1583, L10050; 1592, L10040;  271206, L10049;  206714, 

L10055;  271235, L10054;  P7-863, AF231716;  P8-377, AF231715;  PR158, L10046; 

131, AY158332; 132, AY158333; 328298, AY158338;  Ven2, AY158328;  IQT2133, 

AY577439;   IQT2913, AY158339;  780477, AY158327;  200787, L04561;  P9122, 

L10043;  TR1751, L10053;  DAK Ar578, AF231718;  PM33974, AF231719;  DAK 

HD10674, AF231720;   P8-1407, AF231717;  D1/45A25, U88536;  D1/836-1, D00503;  

D1/CV1636, D00501;  D1/AHF82, D00502;  D1/P72-1244,  AF231721;  D3/2783, 

L11438;  D3/260698, L11437;  D3/5987, L11430;  D3/D86-007, L11441;  

D3/CH3489D73-1, L11620;  H87, M93130;  29472, L11422; and 168-Ap-2, L11432.  

The following sequences were determined in this study: IQT-1950; 1328; A510; A1247; 

2039 and 2022.  Nucleotide sequences were submitted to GenBank under accession no. 

DQ917242 to DQ917247. 
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CHAPTER 3:  EVOLUTIONARY PROCESSES AMONG SYLVATIC 
DENGUE TYPE 2 VIRUSES 2

 

ABSTRACT 

Sylvatic DENV are transmitted in an enzootic cycle between non-human primates 

and arboreal Aedes mosquitoes in Southeast Asia and West Africa.  Although previous 

analyses have revealed the evolutionary processes among endemic (human) DENV, little 

is known about viral evolution in the sylvatic cycle.  Through an analysis of 14 complete 

open reading frames of sylvatic DENV-2 virus sampled over a 33-year period, I show 

that both the rate of evolutionary change and pattern of natural selection are similar 

among endemic and sylvatic DENV, although the latter has a uniquely high frequency of 

positive selection in the NS4B protein gene.  These findings support a recent cross-

species transmission event and suggest the possibility of future DENV re-emergence 

from the sylvatic cycle. 

INTRODUCTION 

Dengue is an emerging disease that has spread widely in tropical and subtropical 

regions due to recent changes in human ecology.  The causative positive-sense RNA 

viruses (DENV) are classified within the family Flaviviridae, genus Flavivirus, and 

comprise four serotypes (DENV-1 to DENV-4) that exhibit complex immunological 

interactions (Adams et al., 2006).  The epidemiology of DENV involves both a sylvatic 

enzootic cycle, most likely among non-human primates and arboreal Aedes spp. 

mosquitoes, and an endemic cycle involving humans and the domestic mosquito Aedes 

 
2 This chapter was previously published in the Journal of Virology.  This journal allows including 
information as long as is properly cited. The citation for the article is: Vasilakis N, Holmes EC, Fokam EB, 
Faye O, Diallo M, Sall AA, Weaver SC. ‘Evolutionary Processes among Sylvatic Dengue Type 2 Viruses’. 
J Virol 2007; 81:9591-9595.  Coryright © American Society for Microbiology. 
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aegypti (Cheong, 1986; Cornet, 1993; Saluzzo et al., 1986b).  Sylvatic cycles of DENV 

have been demonstrated in Asia, where serologic and virus isolation data suggest an 

association between Macaca and Presbytis monkeys and zoonotic DENV-1, -2, and -4, 

with Aedes niveus mosquitoes the primary vectors (Rudnick, 1986).  Sylvatic DENV 

cycles have also been documented in West Africa, where only DENV-2 has been found 

to circulate among Erythrocebus patas monkeys and various sylvatic Aedes species, 

including Ae. taylori, Ae. furcifer and Ae. luteocephalus (Diallo et al., 2003; Diallo et al., 

2005; Rico-Hesse, 1990; Saluzzo et al., 1986a).  Although many DENV strains isolated 

in Africa can be genetically defined as sylvatic (Rico-Hesse, 1990; Rodhain, 1991; Wang 

et al., 2000), some were in reality isolated from humans who contacted sylvatic cycles in 

eastern Senegal (Saluzzo et al., 1986a; Zeller et al., 1992).  Conversely, other viruses 

from Somalia and Burkina Faso have been classified genetically as endemic (see chapter 

2). 

Although phylogenetic analyses suggest that endemic DENV strains have their 

ancestry in the sylvatic viruses (Wang et al., 2000), little is known about the evolutionary 

processes that characterize sylvatic DENV. However, revealing the extent and structure 

of genetic diversity of sylvatic DENV is central to understanding how this virus crossed 

species barriers and emerged in humans.  In particular, it is unclear whether sylvatic 

DENV evolves more slowly in their reservoir hosts than endemic isolates in humans 

because of a lower rate of replication, a decreased intensity of transmission, or greater 

purifying selection against amino acid change in viruses that may have reached a fitness 

peak.  The experimental evidence described in chapter 2 suggests that the emergence of 

endemic DENV-2 from sylvatic progenitors may not have required adaptation to replicate 

efficiently in humans, implying that the potential of sylvatic DENV-2 to re-emerge is 

high.  Conversely, although the transmission of sylvatic DENV-2 to humans has been 

documented (Saluzzo et al., 1986a; Zeller et al., 1992), there is no evidence that these 

sylvatic genotypes are involved in outbreaks of epidemic dengue, probably due to their 

confinement to forest habitats (Diallo et al., 2005).  
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Phylogenetic analysis provides a powerful means to reveal rates of evolutionary 

change, the times of viral origin, and the nature of selection pressures acting across the 

DENV genome.  Previous estimates of the rate of nucleotide substitution and age of 

genetic diversity in endemic DENV have been generally consistent; the four DENV 

serotypes have a mean evolutionary rate of ~10-3 nucleotide substitutions per site, per 

year (Dunham and Holmes, 2007; Jenkins et al., 2002; Klungthong et al., 2004; Lanciotti 

et al., 1997; Twiddy et al., 2003; Zhang et al., 2006), with the age of the genetic diversity 

within each serotype dating to ~100 – 300 years ago (Twiddy et al., 2003; Wang et al., 

2000; Weaver and Barrett, 2004; Zanotto et al., 1996).  These dates likely correspond to 

either the time of cross-species transmission from non-human primates to humans, or to 

the emergence of Aedes aegypti as the principle vector for DENV transmission in 

humans.  Evolutionary analyses have also revealed that the major selective pressure 

acting on the endemic DENV genomes is purifying (negative) selection, reflected in a 

low ratio of nonsynonymous (dN) to synonymous (dS) substitutions per nucleotide site 

(dN/dS << 1), with only sporadic occurrences of positive selection (Holmes, 2003; 

Twiddy et al., 2002b).  My determination of the complete genomic sequences of sylvatic 

DENV-2 isolates allows a detailed analysis of the patterns and process of evolution in 

these viruses for the first time. 

RESULTS 

DENGUE EVOLUTIONARY RATES AND PHYLOGENY 
 I sequenced 14 complete open reading frames of sylvatic DENV-2 isolates 

sampled over a 33-year period from 1966 to 1999 (Table 7). Due to the small sample of 

sylvatic DENV sequences, we estimated evolutionary rates for the entire coding region 

rather than for individual genes.  For these data, a model of constant population size was 

best-fit to the data.  The mean evolutionary rates estimated ranged from 3.74 x 10-4 

substitutions per site, per year (95% HPD = 0.178 – 0.550 x 10-3 subs/site/year) for the 

strict molecular clock to 2.350 x 10-3 subs/site/year (95% HPD = 0.752 – 4.038 x 10-3 

subs/site/year) for the relaxed molecular clock. As these rates varied considerably, 
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evidently a function of sample size, we suggest that the true rate lies between these 

estimates.  

 More notably, the rates obtained were within the range of those previously 

estimated for endemic DENV-2 strains (isolated from humans and Ae. aegypti; (Dunham 

and Holmes, 2007; Twiddy et al., 2003; Zhang et al., 2006)).  Hence, this analysis 

suggests that sylvatic DENV strains do not evolve more slowly than endemic strains.  

Further evidence that this is case is that the branch lengths of evolutionary trees are 

similar among endemic and sylvatic strains in large-scale phylogenetic analyses (Figure 

12). 

MOST RECENT COMMON ANCESTOR AND EVOLUTIONARY PROCESSES 
I was also able to estimate the time of the most recent common ancestor (MRCA) 

of the sylvatic DENV-2 isolates studied.  Using a Bayesian MCMC procedure, the 

MRCA of the sylvatic DENV-2 strains sampled existed between 385 years ago (95% 

HPD = 214 – 612 years) assuming a strict clock and 72 years ago (95% HPD = 39 – 126 

years) allowing for a relaxed clock.  Despite this variation, the time-scale of evolution for 

sylvatic DENV-2 is similar to that of human epidemic DENV (Twiddy et al., 2003). 

 The sylvatic DENV-2 viruses were also broadly similar to their endemic 

counterparts in terms of overall selective pressure [Table 8; (Zhang et al., 2006)]. Gene-

specific dN/dS ratios presented a picture of strong selective constraints (dN/dS << 1).  This 

was especially true of NS2B, which was found to be far more conserved at 

nonsynonymous sites in sylvatic compared to endemic DENV-2. While no positive 

selection was detected at any genomic site in sylvatic DENV-2 using the Single 
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Table 7: Passage History of DENV-2 isolates.  Reproduced with permission; Vasilakis et al. ‘Evolutionary Processes 
among Sylvatic Dengue Type 2 Viruses’. J Virol 2007; 81:9591-9595.  Coryright © American Society for 
Microbiology. 

 
Isolate 

 
Hosta

 
Passage Historyb

 
Location 

 
Year GenBank 

Accession no. 

PM33974 Ae. Africanus Tx. Amboinensis – 1, C6/36 – 2 Guinea 1981 EF105378 
P8-1407 Sentinel monkey SM3, C6/36 - 2 Malaysia 1970 EF105379 
Dak Ar 578 Ae. taylori SM8, C6/36 - 2 Ivory Coast 1980 EF105380 
Dak Ar 510 Ae. taylori SM4, C6/36 -2 Ivory Coast 1980 EF105381 
Dak Ar 2039  Ae. luteocephalus SM6, C6/36 - 2 Burkina Faso 1980 EF105382 
Dak Ar A1247 Ae. taylori SM5, C6/36 - 2 Ivory Coast 1980 EF105383 
Dak HD10674 Human SM25, mosq – 1, C6/36 – 1 Senegal 1970 EF105384 
Dak Ar D20761 Ae. luteocephalus SM8, C6/36 - 1 Senegal 1974 EF105385 
Dak Ar A2022 Ae. africanus SM6, C6/36 - 1 Burkina Faso 1980 EF105386 
IBH11206 Human SM30, C6/36 – 1 Nigeria 1966 EF105387 
IBH11664 Human SM5, C6/36 - 1 Nigeria 1966 EF105388 
Dak Ar D75505 Ae. luteocephalus AP61 - 1, C6/36 - 3 Senegal 1991 EF457904 
Dak Ar 141069 Ae. luteocephalus AP61 - 5, C6/36 - 1 Senegal 1999 EF105389 
Dak Ar 141070 Ae. luteocephalus AP61 - 5, C6/36 - 1 Senegal 1999 EF105390 

aSource of virus isolation. 
b C6/36 - Ae. albopictus  cell line; SM – suckling mouse; AP61 - Aedes pseudoscutellaris cell line 
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Likelihood Ancestor Counting (SLAC) method, 16 amino acid sites showed evidence for 

positive selection using the more powerful Random Effects (REL) method. These 

putatively selected codons were unevenly distributed across the DENV genome, only 

being located in the E (2 codon sites), NS2A (1 site), and most notably in NS4B (13 sites) 

genes. 

 The SLAC method is a heavily modified and improved derivative of the Suzuki–

Gojobori counting approach and can process an alignment using likelihood-based branch 

lengths, nucleotide and codon substitution parameters and ancestral sequence 

reconstructions. This method has good power to detect non-neutral evolution in large 

(>50 sequences) alignments. On the other hand, the REL method is an improved variant 

of the Nielsen–Yang approach, which uses flexible but not overly parameter-rich rate 

distributions and allows both dS and dN to vary across sites independently. It has been 

suggested that accounting for nucleotide substitution biases and synonymous site-to-site 

variation helps reduce Type I errors (Kosakovsky Pond and Frost, 2005a). This method 

has been parallelized to run on an message passing interphase (MPI) cluster, and while it 

is the most powerful of the available methods, REL is somewhat susceptible to Type 1 

errors, especially for small datasets, where parameter estimates are likely to have large 

associated errors. 

For all selected sites identified in my analyses, the functional importance of the 

observed changes remains undetermined and none has previously been shown to exhibit 

adaptive evolution in DENV (Twiddy et al., 2002b).  Strikingly, there was no evidence of 

positive selection on NS4B in endemic DENV-2 strains (Table 8), and 11 positively 

selected sites remained in the sylvatic lineage analysis when the divergent P8-1407 

sylvatic DENV-2 isolate from Malaysia was excluded.  Notably, no positive selection 

was detected in the sylvatic lineage at E390, a key virulence determinant (Sanchez and 

Ruiz, 1996) that has previously been reported to exhibit positive selection in endemic 

DENV-2 (Twiddy et al., 2002b).  In the future, reverse genetic techniques may allow the 

interpretation of the functional importance of these positively selected sites.  Of particular 

interest is the concentration of putative positive selection in NS4B, a gene functioning as 



 84

an interferon (IFN)-signaling inhibitor, and whether or not these mutations distinguish 

endemic and sylvatic DENV phenotypes. 

  

DISCUSSION 

 Overall, my data support previous studies which suggest that the recent 

emergence of all endemic dengue serotypes from sylvatic progenitors occurred 

concomitant with the appearance of human populations large enough to support 

continuous viral transmission (Zanotto et al., 1996).  Emergence in humans may also 

have been facilitated by the accumulation of adaptive mutations to replicate efficiently in 

the domestic Aedes vectors (Moncayo et al., 2004), although later analyses using a larger 

number and diversity of isolates have not supported this conclusion (N. Vasilakis, 

unpublished observations; K. Hanley, personal communication).  Moreover, the ability of 

domestic Aedes mosquitoes to serve as vectors for sylvatic DENV transmission (Diallo et 

al., 2005), as well as the lack of evidence that any adaptation of sylvatic DENV is needed 

to replicate efficiently in humans (as was demonstrated by the similarity of the mean 

replication titers of human and sylvatic DENV isolates in two surrogate human model 

hosts of DENV replication in chapter 2) , suggests that there is a relatively high potential 

for sylvatic DENV to re-emerge in human populations.  

Several key issues in the evolutionary ecology of DENV remain unanswered, 

including the role of other vertebrate hosts in the maintenance of sylvatic DENV, the 

degree of ecological contact between humans and sylvatic DENV, and the replication and 

immunological dynamics of sylvatic DENV in non-human primates. Our analyses 

indicate that sylvatic DENV evolves in a similar manner to endemic DENV, suggesting 

that the dynamics of mutation, replication and selection are broadly equivalent for 

DENV-2 across its host range. 
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Figure 12: Phylogenetic relationships of 14 complete coding regions of sylvatic 
DENV-2 genomes compared to human isolates of DENV-2 and 
representatives of DENV-1, DENV-3 and DENV-4.  The phylogeny was 
inferred using a maximum likelihood procedure and all horizontal branches 
are scaled according to the number of substitutions per site.  All sylvatic 
isolates (from DENV-1, DENV-2 and DENV-4) are shown in italics and 
those from DENV-2 are boxed.  The genome sequences of sylvatic DENV-1 
(P72-1244) and DENV-4 (P75-215) were determined in this study with 
GenBank accession numbers EF457905 and EF457906 respectively.  
Bootstrap values (>95%) are shown for key nodes. Reproduced with 
permission. Vasilakis et al.  ‘Evolutionary Processes among Sylvatic 
Dengue Type 2 Viruses’. J Virol 2007; 81:9591-9595. Coryright © 
American Society for Microbiology.
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Table 8:  Evolutionary processes among the proteins of DENV-2 virus.  Reproduced with permission. Vasilakis    
et al. ‘Evolutionary Processes among Sylvatic Dengue Type 2 Viruses’. J Virol 2007; 81:9591-9595.  
Coryright © American Society for Microbiology. 

Protein Length 
(Codons) 

Endemic DENV-2a

Total Tree Lengthb
Human 

DENV-2 
dN/dS

Sylvatic DENV-2 
Total Tree Length 

Sylvatic 
DENV-2 

dN/dS

Sylvatic DENV-2 
Positively 

Selected Sites 

Capsid 114 0.380 0.104 0.174 0.075 - 
Membrane 166 0.582 0.097 0.206 0.048 - 
Envelope 495 0.473 0.055 0.238 0.075 177, 329 
NS1 352 0.514 0.085 0.235 0.060 - 
NS2A 218 0.626 0.074 0.307 0.084 195 
NS2B 130 0.494 0.045 0.206 0.005 - 
NS3 618 0.535 0.042 0.210 0.036 - 
NS4A 149 0.586 0.038 0.269 0.025 - 
NS4B 249 0.549 0.037c 0.273 0.052 12, 19, 21, 24, 26, 

49, 96, 113, 116, 
123, 197, 242, 

246 
NS5 900 0.525 0.066 0.222 0.048 - 

aEstimated from a data set of 54 DENV-2 complete coding region sequences 
bTree length in substitutions per site 
cNo evidence for positive selection was observed under the SLAC and Fixed Effects Likelihood (FEL) methods in 
human NS4B
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MATERIALS AND METHODS 

SEQUENCING 
Viral RNA was extracted using the QIAamp Viral RNA mini kit (Qiagen) and 

overlapping PCR amplicons spanning the entire length of the genome were purified from 

1% agarose gels and both strands were sequenced directly using ABI protocols with both 

the PCR and internal primers to derive a consensus sequence. 

PHYLOGENETIC ANALYSES 
A phylogenetic tree including 54 endemic isolates of DENV-2 and three 

representatives each of DENV-1 (including sylvatic isolate P72-1244), DENV-3 (sylvatic 

DENV-3 have not been isolated to date, but are believed to exist in Malaysia based on the 

seroconversion of sentinel monkeys (Rudnick, 1984)), and DENV-4 (including sylvatic 

isolate P75-215) (total data set of 77 isolates, 10,185 nt in length) was inferred using the 

maximum likelihood (ML) method available in the PAUP* package (Swofford, 2003), 

employing the best-fit GTR+I+G4 model of nucleotide substitution as determined by 

MODELTEST (Posada and Crandall, 1998) (Figure 12).  To assess the reliability of 

major groupings, a neighbor-joining bootstrap analysis (1000 replications) was used with 

the ML substitution model. 

POPULATION GROWTH MODEL AND MOST COMMON RECENT ANCESTOR 
The rates of nucleotide substitution, model of population growth, the ages of the 

Most Recent Common Ancestor (MRCA) of the 14 sylvatic isolates were estimated using 

a Bayesian MCMC (Markov Chain Monte Carlo) method as implemented in the BEAST 

program (http://evolve.zoo.ox.ac.uk/beast/) (Drummond and Rambaut, 2003).  Two 

models of demographic history were compared: (i) constant population size, and (ii) 

exponential population growth.  To account for any variation in substitution rate among 

lineages, we employed both strict and relaxed (uncorrelated exponential) molecular 

http://evolve.zoo.ox.ac.uk/beast/
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clocks.  All analyses were again run using the GTR+I+G4 substitution model.  Akaike’s 

Information Criterion (AIC) was used to determine which model best fit the data in hand, 

with uncertainty in parameter estimates (taken over millions of sampled trees) reflected in 

the 95% highest probability density (HPD) values, and all chains were run for a sufficient 

time to ensure convergence. 

SELECTION PRESSURES 
To determine the gene- and site-specific selection pressures acting on sylvatic 

DENV I estimated dN/dS using two likelihood procedures available in the HYPHY 

package and accessed through the Datamonkey facility (Kosakovsky Pond and Frost, 

2005b); the Single Likelihood Ancestor Counting (SLAC) and the more powerful 

Random Effects (REL) methods, both incorporating the GTR model of nucleotide 

substitution, with phylogenetic trees inferred using the neighbor-joining method. These 

methods have previously been shown to be reliable estimators of the selection pressures 

acting on gene sequences (Kosakovsky Pond & Frost 2005b), although all site-specific 

estimates of selection pressures, such as that undertaken here, need to be treated with 

caution because of the small numbers involved. 



 89

                                                

CHAPTER 4: PHYLOGENETIC EVIDENCE OF SYLVATIC 
DENGUE VIRUS TYPE 2 ACTIVITY IN HUMANS, NIGERIA, 19663

 

ABSTRACT 

Using phylogenetic analysis of whole virus genomes from human isolates 

collected in Nigeria in 1966, I identified sylvatic DENV strains from three febrile 

patients.  This finding extends current understanding of the role of sylvatic DENV in 

febrile disease and documents another focus of sylvatic DENV transmission in West 

Africa. 

 

INTRODUCTION 

The sylvatic strains of DENV are the evolutionary progenitors of the endemic and 

epidemic (henceforth called endemic) DENV strains that are transmitted among humans 

by the peridomestic mosquitoes Ae. aegypti and Ae. albopictus. These endemic DENV 

strains circulate in urban and periurban environments throughout the tropics and 

subtropics, putting at risk of infection about a third of the world’s human population 

(Gubler, 1997). Until now there has been no evidence that sylvatic DENV cycles are 

involved in outbreaks of human dengue, which involve the genetically and ecologically 

genetically distinct endemic strains. The available data suggest that the sylvatic strains 

are either confined to forest habitats and/or produce relatively mild human illness, as 

described in a few documented human sylvatic DENV-2 infections in West Africa (Robin 

et al., 1980; Saluzzo et al., 1986b; Zeller et al., 1992). Additionally, the small number of 

documented human infections suggests that sylvatic DENV-2 strains do not produce 

 
3 This chapter has been accepted for publication in Emerging Infectious Diseases.  Because ‘Emerging 
Infectious Diseases’ is published by the Centers for Disease Control and Prevention, a U.S. Government 
agency, all materials published in this publication are in the public domain and can be used without 
permission.  The citation for the article is: Vasilakis N, Tesh RB, Weaver SC. Sylvatic Dengue Virus Type 
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secondary human infections (spillover epidemics). One possible explanation for the 

confinement of sylvatic DENV strains to the forest is that they do not contact the 

peridomestic DENV vectors, Ae. aegypti and Ae. albopictus, which are not abundant in 

regions where they circulate. 

Recent reports have shown that gallery forest-dwelling mosquito Ae. furcifer is 

highly susceptible to sylvatic DENV infection (Diallo et al., 2005), and shows a pattern 

of movement into peridomestic habitats (villages) in eastern Senegal (Diallo et al., 2003), 

suggesting that this species may act as a bridge vector for exchange between forest and 

peridomestic habitats.  Furthermore, the ability of peridomestic Ae. aegypti and Ae. 

albopictus to serve as vectors for sylvatic DENV transmission (Diallo et al., 2005), as 

well as the lack of evidence that any adaptation of sylvatic DENV is needed to replicate 

efficiently in humans (see chapter 2), suggests that the transfer between forest and human 

habitats could occur regularly. 

Given the evidence provided above, we hypothesized that unrecognized, spillover 

epidemics may be caused by sylvatic DENV-2 strains in West Africa.  To test this 

hypothesis, I examined isolates of DENV recovered from febrile patients, ranging in age 

from 3 months to 38 years, who were seen at the outpatient department of the University 

College Hospital, Ibadan, Nigeria between August 1964 to December 1968 (Carey et al., 

1971). Complement fixation and neutralization tests (utilizing the Hawaii and Trinidad 

1751 as reference strains of DENV-1 and DENV-2, respectively) classified 14 out of the 

32 original isolates as DENV-2 (Carey et al., 1971). Three of these 32 isolates were 

obtained from the UTMB World Reference Center for Emerging Viruses and 

Arboviruses; the other 29 are not known to exist in any virus collection (Table 9).  

RESULTS 

Viral RNA was extracted from these 3 isolates after passage in C6/36 mosquito 

cells, and their complete genomic sequence was determined by designing overlapping 

 
2 Activity in Humans, Nigeria,1966.  Accepted for publication Emerg. Infect. Dis. 
DOI:10.3201/eid1403.070843 



 91

PCR amplicons. I then generated phylogenetic trees, inferred using Bayesian analysis 

with 1 million reiterations (Huelsenbeck and Ronquist, 2001) as well as maximum 

parsimony and neighbor joining implemented in PAUP 4.0 (Swofford, 1998). 

All my analyses indicated that all 3 Nigerian isolates are genetically distinct from 

endemic DENV-2 isolates and fall within the sylvatic DENV-2 clade (Figure 13). Among 

sylvatic isolates, the Malaysian and West African sylvatic DENV-2 strains were 

genetically distinct. All analyses also delineated a chronological divide among isolates 

within the sylvatic African DENV-2 clade; all pre-1980 isolates formed a group distinct 

from all post-1980 isolates. This observation supports the evidence of rapid sylvatic 

DENV-2 turnover due to their high nucleotide substitution rates presented in chapter 3.  

These findings also extend the temporal span in which sylvatic DENV-2 are known to 

circulate in West Africa. The first documented isolation of sylvatic DENV in West Africa 

came from a febrile patient in Senegal identified in 1970 (Robin et al., 1980); the sylvatic 

isolates from the Nigerian patients predate the Senegalese sample by 4 years. 

 

DISCUSSION 

Epidemiologically, the recorded DENV-2 activity among humans in Ibadan in 

1964-1968 is quite interesting. Although we were able to obtain only 3 of the 10 isolates 

of DENV-2 collected in 1966 (Table 9), their identification as sylvatic strains and 

isolation from febrile patients suggests the first documented outbreak of sylvatic DENV-

2 in humans. We define ‘outbreak’ to describe a small, localized group of people affected 

by an illness, where such groups are often confined to a village or a small geographic 

area. Although there are no written records on the above patients’ location of residence or 

exposure, all resided within the Ibadan city limits (D.E. Carey, personal communication).
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Table 9.  History of DENV-2 isolates collected in Ibadan, Nigeria, 1964-1968. Available DENV isolates were obtained 
from the UTMB World Reference Center for Emerging Viruses and Arboviruses. 

   

Isolatea Host (age/sex)b Source Passage Historyc,d Location Date of 
Collection 

GenBank 
Accession no.

IBH319 Human (3 mth/F) Blood N/A Ibadan 08/11/1964 - 
IBH10126 Human (8 yr/M) Blood N/A Ibadan 06/01/1966 - 
IBH11208e Human (3.5 yr/F) Blood SM5, C6/36 – 1  Ibadan 08/17/1966 EF105387 
IBH11234e Human (31 yr/M) Blood SM16, C6/36 – 1  Ibadan 08/18/1966 EU003591 
IBH11358 Human (5 mth/F) Blood N/A Ibadan 08/24/1966 - 
IBH11444 Human (6 yr/F) Blood N/A  Ibadan 08/31/1966 - 
IBH11449 Human (1.5 yr/F) Blood N/A  Ibadan 08/31/1966 - 
IBH11664e Human (1.5 yr/M) Blood SM30, C6/36 – 1  Ibadan 09/12/1966 EF105388 
IBH11935A Human (13 yr/M) Blood N/A Ibadan 09/23/1966 - 
IBH12541 Human (23 yr/M) Serum N/A Ibadan 10/17/1966 - 
IBH13028A Human (24 yr/M) Serum N/A Ibadan 11/07/1966 - 
IBH24075 Human (1.5 yr/F) Blood N/A Ibadan 01/12/1968 - 
IBH26489A Human (5 yr/M) Blood N/A Ibadan 04/24/1968 - 
IBH26953 Human (3 yr/M) Blood N/A  Ibadan 05/15/1968 - 

a A complete inventory of DENV isolated in Ibadan during the years of 1964-1969 is described within the 1969 annual 
report of the University of Ibadan, Arbovirus Research Project, pages 152-157 
b mth – month old; yr – year old; M – male; F – female  
c N/A; SM – suckling mouse; C6/36 – Ae. albopictus  cell line  
d Virus isolates passaged once in C6/36 cultures in our laboratory to obtain high titer stocks  
e Virus isolates used in this study 



 

Figure 13. Phylogenetic relationships of 3 complete coding regions of Nigerian DENV-
2 isolates collected from febrile patients in Ibadan during the 1966 rainy 
season. A total of 15 sylvatic DENV-2 genomes compared to human  isolates 
of DENV-2 and representatives of DENV-1, DENV-3 and DENV-4.  The 
phylogeny was inferred using Bayesian analysis and all horizontal branches 
are scaled according to the number of substitutions per site. Bootstrap values 
are shown for key nodes. The scale shows a genetic distance of 0.01 or 1% 
nucleotide sequence divergence.
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Interestingly, serosurveys of both humans and non-human primates living within four 

diverse ecological zones (rainforest, derived savannah, Southern Guinea savannah and 

plateau) of Nigeria demonstrated high levels of DENV-2 neutralizing antibodies, 

suggesting enzootic/endemic DENV-2 and a potential sylvatic cycle in Nigeria 30 years 

ago (Fagbami et al., 1977).  Furthermore, the clinical presentation of dengue infection 

due to these Nigerian sylvatic DENV-2 strains was indistinguishable from disease due to 

endemic DENV (D.E. Carey, personal communication) (Fagbami and Fabiyi, 1976; 

Robin et al., 1980; Saluzzo et al., 1986b; Zeller et al., 1992).  Isolation of sylvatic 

DENV-2 from febrile patients in an urban environment (Carey et al., 1971), the ability of 

peridomestic Aedes mosquitoes (Ae. aegypti and Ae. albopictus) to serve as vectors for 

similar West African strains (Diallo et al., 2005), and the lack of evidence that any 

adaptation of sylvatic DENV is needed to replicate efficiently in humans (see chapter 2), 

suggest that spillover epidemics occur in urban settings. 

Currently, the limited availability of reliable epidemiological information and the 

inability to differentiate clinically or serologically between infections with urban and 

sylvatic strains of DENV-2 prevents an accurate assessment of the true extent of human 

exposure to sylvatic DENV-2 in West Africa.  Thus further study is needed to elucidate 

the interactions of sylvatic and urban transmission.  Even with functional reporting and 

surveillance systems, clinical diagnosis of dengue in West Africa is complicated by co-

circulation of several other viruses that cause clinically similar febrile diseases (i.e. 

Chikungunya, O’nyong-nyong, Zika viruses) (Moore et al., 1975). Other obstacles to 

accurate assessment of the public health impact of sylvatic DENV in remote areas in 

Africa include, (i) limited access of the population to health care facilities, (ii) lack of 

access to viral and serological diagnostics, (iii) popular beliefs that discourage standard 

medical treatment unless illness is severe, and (iv) a lack of veterinary (i.e. monkey) 

surveillance. To overcome these obstacles, comprehensive ecological and 

epidemiological studies are needed to assess the roles of non-human primates and other 

vertebrate hosts in the maintenance of sylvatic DENV, the degree and routes of 
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ecological contact between humans and sylvatic DENV, and the replication and 

immunological dynamics of sylvatic DENV in non-human primates.  

MATERIALS AND METHODS 

RNA EXTRACTION 
Viral RNA was extracted from these 3 isolates after passage in C6/36 mosquito 

cells using the QIAamp Viral RNA mini kit (Qiagen, Valencia). Their complete genomic 

sequence was determined by designing overlapping PCR amplicons. After purification 

from 1% agarose gels, both strands were sequenced directly, using ABI (Roche 

Diagnostics) protocols with both the PCR and internal primers to derive a consensus 

sequence. The 5’ and 3’- terminus sequences of DENV-2 viruses are highly conserved 

and thus are identical to the amplification/sequencing primers based on the endemic 

16681 DENV-2 strain. Although it is unlikely that these sequences differ from the primer 

sequence used, the sequences should be considered incomplete at the termini. 

PHYLOGENETIC ANALYSES 
The obtained complete genome sequences, and 22 endemic DENV-2 isolates 

representing strains from diverse localities in the tropics and neotropics, as well as 

representatives of DENV-1, DENV-4 (including sylvatic isolates P72-1244 and P75-215, 

respectively) and DENV-3 strains as outgroups, were aligned using the ClustalW 

multiple sequence alignment program with default gap penalties (total data set of 41 

isolates, 10,185 nt in length).  Phylogenetic trees were inferred using Bayesian analysis 

with 1 million reiterations (Huelsenbeck and Ronquist, 2001) as well as maximum 

parsimony and neighbor joining implemented in PAUP 4.0 (Swofford, 1998) (Figure 13). 

Bayesian bootstrap analysis (1000 replications) was used to assess the reliability of 

groupings. 

 



 96

CHAPTER 5: GENETIC AND PHENOTYPIC 
CHARACTERIZATION OF SYLVATIC DENGUE VIRUS TYPE 2 

STRAINS 

 

ABSTRACT 

 The four serotypes of endemic DENV circulate between humans and peridomestic 

Aedes mosquitoes.  At present endemic DENV infect 100 million people per year, and a 

third of the global population is at risk. In contrast, sylvatic DENV strains are maintained 

in a transmission cycle between non-human primates and sylvatic Aedes species, and are 

therefore evolutionarily and ecologically distinct from endemic DENV strains.  

Phylogenetic analyses place sylvatic strains at basal positions in each of the serotypes, 

supporting the hypothesis that each of the endemic DENV serotypes emerged 

independently from a sylvatic ancestor.  I utilized complete genome analyses of both 

sylvatic and endemic dengue type 2 (DENV-2) to expand our understanding of their 

genetic relationships.  A high degree of conservation was observed in both the 5’- and 3’- 

untranslated genome regions, whereas considerable differences at the nucleotide and 

amino acid levels were observed within the open reading frame.  Additionally, replication 

of the two genotypes was compared in cultured cells, where endemic DENV strains 

produced a significantly higher output of progeny early in infection in mammalian, but 

not mosquito cells. Understanding the genetic relationships and phenotypic differences 

between endemic and sylvatic DENV genotypes may provide valuable insight into 

DENV emergence and guide monitoring of future outbreaks. 
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INTRODUCTION 

The natural history of dengue viruses (DENV, genus Flavivirus, family 

Flaviviridae) encompasses two ecologically and evolutionarily distinct transmission 

cycles: sylvatic (forest) enzootic maintenance cycles probably involve transmission 

among nonhuman primates by arboreal mosquitoes of the genus Aedes, whereas 

endemic/epidemic cycles (henceforth called endemic) involve humans reservoir and 

amplification hosts and peridomestic Aedes spp. vectors, primarily Ae. aegypti and Ae. 

albopictus (Gubler, 1998).  The four serotypes of endemic DENV (DENV-1-4) are the 

etiologic agents of several forms of dengue disease, a cause of severe morbidity and 

mortality among urban and peri-urban populations in the tropics and neotropics 

worldwide. By current estimates, 100 million cases of DF occur annually, including up to 

500,000 cases of DHF with a case fatality ratio of up to 5% (Halstead, 1997b).  While the 

biology of endemic DENV has been studied extensively (Halstead et al., 1973a; Halstead 

and O'Rourke, 1977; Halstead et al., 1977; Halstead and Palumbo, 1973; Halstead et al., 

1973c; Halstead et al., 1973d; Kuberski et al., 1977; Marchette et al., 1973; Rosen, 

1958a; Rosen and Gubler, 1974; Sabin, 1952; Scherer et al., 1978), much less is known 

about the sylvatic strains.   

DENV sylvatic cycles have been demonstrated in Asia, where serologic evidence 

as well as virus isolation indicate transmission of sylvatic strains of DENV-1, -2, and -4 

among Macaca and Presbytis monkeys, vectored by Ae. niveus mosquitoes (Peiris et al., 

1993; Rudnick and Lim, 1986).  In West Africa, only sylvatic DENV-2 is known to 

circulate, between Erythrocebus patas monkeys and various sylvatic Aedes sp., including 

Ae. taylori, Ae. furcifer, Ae. vitattus, and Ae. luteocephalus, in a sylvatic focus in the 

vicinity of Kedougou, Senegal (Diallo et al., 2003; Diallo et al., 2005; Rodhain, 1991; 

Saluzzo et al., 1986b).  

Phylogenetic analyses of DENV based on E gene nucleotide (nt) sequences 

representing strains from diverse localities around the world consistently place each 

sylvatic DENV serotype (DENV-1, -2 and -4) at basal positions within each DENV 
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serotype (Chang et al., 1994; Rico-Hesse, 1990; Twiddy et al., 2002a; Wang et al., 2000), 

consistent with an ancestral status of the sylvatic lineages and independent emergence of 

the endemic lineages from sylvatic ancestors. Furthermore, DENV-2 are grouped into 

five genotypes (Shurtleff et al., 2001; Twiddy et al., 2002a) based on the phylogenetic 

relationships of the E gene nucleotide sequences (Chang et al., 1994; Rico-Hesse, 1990; 

Wang et al., 2000). Varying degrees of adaptation of DENV-2 to distinct geographical 

and host-vector niches is reflected by the differences in incidence and virulence exhibited 

within these DENV-2 genotypes (Shurtleff et al., 2001). While initial evidence suggested 

that emergence of sylvatic DENV-2 into the endemic cycle was likely facilitated by 

adaptation to replicate more efficiently in the peridomestic mosquito vectors Ae. aegypti  

and Ae. albopictus (Moncayo et al., 2004), more extensive studies have indicated that this 

adaptation pertains only to the Asian genotype of endemic DENV-2 (Cologna et al., 

2005).  Moreover, as I have described in chapter 2, comparison of the replication of 

sylvatic and endemic DENV-2 in models of human infection indicate that emergence of 

endemic DENV-2 from sylvatic progenitors may not have required adaptation to replicate 

efficiently in humans.   

Although limited spillover transmission of sylvatic DENV-2 to humans has been 

documented in West Africa (Saluzzo et al., 1986a; Zeller et al., 1992), there is no 

evidence that these sylvatic DENV are involved in secondary amplifications in humans, 

perhaps due to their confinement to forest habitats and lack of contact with the 

peridomestic DENV vectors (Diallo et al., 2003). However, recent reports have shown 

that the gallery forest-dwelling mosquito Ae. furcifer is highly susceptible to sylvatic 

DENV infection (Diallo et al., 2005) and shows a pattern of movement into peridomestic 

habitats (villages) in eastern Senegal (Diallo et al., 2003), suggesting that this species 

may act as a bridge vector for exchange between forest and peridomestic habitats.  

Furthermore as described in chapter 4, phylogenetic analyses based on complete DENV-2 

genomes from human isolates associated with a 1966 outbreak of dengue fever in Nigeria 

(Carey et al., 1971), suggest the occurrence of limited spillover outbreaks of sylvatic 

DENV (defined as the enzootic transmission into a small, localized group of people often 
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confined to a village or a small area due to favorable ecological conditions, such as 

increased vector densities, in the absence of secondary transmission).  Collectively, these 

data imply a high potential for sylvatic DENV-2 emergence into the endemic cycle. 

Previous analyses of endemic DENV-2 based on full genomic sequences 

(Leitmeyer et al., 1999; Twiddy et al., 2002b) or of endemic and sylvatic DENV-2 based 

on envelope gene sequences (Wang et al., 2000), identified various mutations that were 

hypothesized to play a role in DENV Darwinian evolution and pathogenesis. I sought to 

expand our understanding of the phylogenetic relationships between sylvatic and endemic 

DENV-2 by performing phylogenetic analyses of full genomic sequences using isolates 

of low passage histories.  Moreover, I analyzed the distribution of specific mutations that 

are likely to contribute to phenotypic differences.  I included in this study 25 endemic 

DENV-2 whole genome sequences from GenBank that represent the full genotypic 

diversity of this serotype. I also included the complete genome sequences of 15 West 

African and one Southeast Asian DENV-2 sylvatic isolates (Table 10) I utilized in 

chapter 3. To better link genetic and phenotypic variation, I also measured the replication 

of a subset of endemic and sylvatic isolates in both mammalian and mosquito cells in 

culture. 

 

RESULTS AND DISCUSSION 

PHYLOGENETIC ANALYSES 
Phylogenetic analyses of 40 DENV-2 isolates (25 endemic and 15 sylvatic), 

representing strains from diverse localities throughout the tropics and neotropics were 

performed based on complete genome sequences. The isolates selected for this study are 

representative members of all previously-defined major genotypes (Holmes and Twiddy, 

2003; Twiddy et al., 2002a; Wang et al., 2000), and as expected they clustered into six 

distinct clades in this study as well (Figure 14).  Consensus trees based on ML or 

Bayesian analyses exhibited identical strain topologies and only minor differences in 

bootstrap values and thus I present only Bayesian phylogenies. Sylvatic DENV-1 and -4, 
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as well as endemic DENV-1 and -3 were used as outgroups to root the tree (Figure 14). 

Considerable genetic diversity was apparent within each of the major DENV-2 

genotypes, reflecting a continual process of divergence within each lineage. All sylvatic 

DENV-2 strains were distinct from and basal to the endemic clade, and the Malaysian 

and West African sylvatic DENV-2 strains were genetically distinct. As initially 

described in chapter 4, all my analyses here also delineated a chronological divide among 

isolates within the sylvatic African DENV-2 clade; viruses isolated pre-1980 formed a 

group distinct from all post-1980 isolates. This observation supports the evidence I 

described in chapter 3 indicating the rapid sylvatic DENV turnover (rapid generation of 

viral diversity) due to their high nucleotide substitution rates.  

 The endemic DENV-2 phylogeny also showed subdivision between the American 

and the Asian genotypes.  Within the Asian genotype, two further sub-lineages 

represented the cosmopolitan and the Asian clades, with bootstrap support of 100%. The 

former included isolates that are geographically dispersed throughout the tropics (Twiddy 

et al., 2002a), whereas the latter included isolates found exclusively in Asia (Asian) as 

well as recent isolates that have been implicated with the appearance of DHF and and 

displacement of American genotypes in the New World (Asian/American) (Cologna et 

al., 2005) (Figure 14). 

 The endemic DENV-2 phylogeny also showed subdivision between the American 

and the Asian genotypes.  Within the Asian genotype, two further sub-lineages 

represented the cosmopolitan and the Asian clades, with bootstrap support of 100%. The 

former included isolates that are geographically dispersed throughout the tropics (Twiddy 

et al., 2002a), whereas the latter included isolates found exclusively in Asia (Asian) as 

well as recent isolates that have been implicated with the appearance of DHF and and 

displacement of American genotypes in the New World (Asian/American) (Cologna et 

al., 2005) (Figure 14).
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Table 10. Passage History of DENV-2 Strains.  

Virus Strain Epidemiolo
gical Typea

Host Passage Historyb Location Year GenBank 
Accession no.

16681c Endemic Human BSC-1 –X, MK2 – 6, 
Rh. Macaque – 1 ,Tx. 

Amboinensis – 2 , C6/36 – 4, 
MK2 – 1, C6/36 – 1 

Thailand 1964 U87411 

1349c Endemic Human SM – 2, C6/36 – 2 Burkina Faso 1982 EU056810 
IQT-1950c Endemic Human C6/36 – 2  Peru 1995 EU056811 
1328c Endemic Human Mosq - 2, C6/36 1 Puerto Rico 1977 EU056812 
PM33974c Sylvatic Ae. africanus Tx. Amboinensis 1, C6/36 – 2 Guinea 1981 EF105378 
Dak Ar 578 Sylvatic Ae. taylori SM – 8, C6/36 – 1 Cote d’Ivoire 1980 EF105380 
Dak Ar 510c Sylvatic Ae. taylori SM – 4, C6/36 – 1 Cote d’Ivoire 1980 EF105381 
Dak Ar 2039c Sylvatic Ae. luteocephalus SM – 6, C6/36 – 1 Burkina Faso 1980 EF105382 
Dak Ar A1247c Sylvatic Ae. taylori SM – 5, C6/36 – 1 Cote d’Ivoire 1980 EF105383 
Dak Ar HD10674 Sylvatic Human SM – 25, mosq – 1 Senegal 1970 EF105384 
Dak Ar D20761 Sylvatic Ae. luteocephalus SM – 8, C6/36 – 1 Senegal 1974 EF105385 
Dak Ar A2022c Sylvatic Ae. africanus SM – 6, C6/36 – 1 Burkina Faso 1980 EF105386 
Dak Ar D75505 Sylvatic Ae. luteocephalus AP61 – 5, C6/36 – 1  Senegal 1991 EF457904 
Dak Ar 141069 Sylvatic Ae. luteocephalus AP61 – 1, C6/36 – 1 Senegal 1999 EF105389 
Dak Ar 141070 Sylvatic Ae. luteocephalus AP61 – 5, C6/36 – 1 Senegal 1999 EF105390 
IBH11208 Sylvatic Human SM – 30, C6/36 – 1 Nigeria 1966 EF105387 
IBH11234 Sylvatic Human SM – 16, C6/36 – 1 Nigeria 1966 EU003591 
IBH11664 Sylvatic Human SM – 5, C6/36 – 1 Nigeria 1966 EF105388 
P8-1407c Sylvatic Sentinel Monkey SM – 3, C6/36 – 2 Malaysia 1970 EF105379 

a Endemic denotes human or Ae. aegypti isolates or strains that are associated with peridomestic transmission 
b SM – suckling mouse; C6/36 – Ae. albopictus  cell line; MK2 – Rhesus monkey kidney cells; BSC-1 – African green 
monkey kidney cells; AP61 – Aedes pseudoscutellaris cell line 
c Virus strains selected for phenotypic characterization.



 
 

Figure 14. Phylogenetic tree derived from complete genome nucleotide sequences of 
sylvatic and representative endemic DENV-2 strains using Bayesian 
analysis.  Genomic sequences from sylvatic dengue serotypes 1 (strain P72-
1244) and 4 (strain P75-215), as well as endemic serotypes 1 (strain FGA) 
and 3 (strain H87) were used as outgroups to root the DENV-2 tree.  
Numbers indicate bootstrap values for monophyletic groups to the right. The 
scale shows a genetic distance of 0.01 or 1% nucleotide sequence 
divergence. 

GENETIC ANALYSIS 
The DENV genome is a single stranded RNA approximately 10.7 kilobases (kb) 

long, capped and of positive polarity, comprising a single open reading frame (ORF) 

flanked by non-coding regions (NCR) at both the 5’- and 3’-ends.  The ORF encodes 

three structural proteins: capsid (C), premembrane/membrane (prM) and envelope (E), as 

well as seven non-structural proteins, NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5.  

The 5’ NCR is about 100 nucleotides long, whereas the 3’ NCR is approximately 400 nt 

long.  
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 5’- and 3’- NCRs  
 As demonstrated in previous studies, both 5’- and 3’- NCRs were highly 

conserved (Hahn et al., 1987; Proutski et al., 1997; Rauscher et al., 1997; Thurner et al., 

2004). Both endemic and sylvatic strains showed high similarity within and between 

groups at both the 5’ and 3’ NCR in primary sequence (Table 11, Table 12, Appendix 1), 

as well as secondary structure (data not shown).  

Table 11: Nucleotide identity (%) between the consensus sequence for the 5'-NCR 
(above the diagonal) and 3’-NCR (below the diagonal) of the Asian, 
American endemic, and sylvatic DENV-2. 

 
5’ UTR Asian American Sylvatic 

Asian 100.0   96.9  92.8 
American   92.7 100.0  91.8 

Sylvatic   91.2   89.4    100.0 
 

 

 The flavivirus 3’-NCR can be subdivided into three subregions: the Variable 

Region (VR), the core, and the 3’ terminus (Markoff 2003).  A number of highly 

conserved sequence elements have been identified in the core and 3’ terminus, including: 

(i) the last two plus-strand 3’-terminal nucleotides (UC-3’), which are complimentary to 

the 5’-terminal nucleotides (5’AG), and play a role in the cyclization of the genome 

during the early stages of replication (Markoff, 2003; Rice et al., 1985; Wengler, 1981); 

(ii) the pentanucleotide sequence 5’-CACAG, between nucleotides 43 and 47, which 

form a closed loop located within the conserved stem and loop structure (3’-SL) of the 

3’-NCR terminal 95 nucleotides (Brinton et al., 1986; Hahn et al., 1987; Irie et al., 1989), 

and are thought to play a role during viral replication by facilitating the binding of 

cellular and/or viral factors to the 3’-SL (Blackwell and Brinton, 1995; Blackwell and 

Brinton, 1997; Ta and Vrati, 2000). However, recent evidence suggests that conservation 

of the pentanucleotide sequence may not be required for replication (Silva et al., 2007); 

(iii) the cyclization sequence (CYC) 5’-ATATTGAC, a fully conserved sequence among 
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DENV genotypes between nucleotides 97 and 102, located within the longer semi-

conserved motif CS1 (Khromykh et al., 2001a; Markoff, 2003); and (iv) the tandem 

repeat sequences CS2, RCS2, TL1 (5’- GAAGCUGUACG) and TL2 (5’-

GAAGCUGUA), the former two located approximately 20 and 90 nucleotides upstream 

of CS1, whereas the latter two are located upstream of RCS2 and between RCS2 and 

CS2, respectively.  Several investigators have suggested that the conserved sequences 

(indicated above in bold) within TL1 and TL2 could interact through hydrogen bonding 

with the conserved sequences 5’-ACAGC and 5’-GCUGC (located downstream of CS2 

and between RCS2 and CS2 respectively) to form pseudoknots (Olsthoorn and Bol, 2001; 

Proutski et al., 1997; Rauscher et al., 1997). A possible function for these pseudoknots is 

to facilitate the proper folding of the 3’-NCR, thus contributing to its proper function in 

flavivirus replication. However, a recent study suggested that substantial distortion of the 

pseudoknot secondary structure by mutations may be tolerated without abolishing viral 

replication (Romero et al., 2006).  All of these sequence features were conserved in both 

the endemic and sylvatic DENV-2 strains. However, in the VR, the Asian and American 

endemic genotypes exhibited 2 and 10 nt deletions, respectively (Appendix 2).  It has 

been suggested these deletions were introduced during their evolution from sylvatic 

progenitors (Leitmeyer et al., 1999; Wang et al., 2000). Moreover sylvatic genotypes 

IBH11208 and IBH11664 contained a 14 nt deletion in this region. Among other 

flaviviruses, this region may act as a spacer to protect the well-conserved and structurally 

important distal 3’ terminus, which exhibits similar variability (Proutski et al., 1999).
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Table 12. Genetic sequence of selected dengue-2 sylvatic strains 
 

Virusa Epidemiological 
Type 

Location Genome 
Length 

% nt 
Identityb

% aa 
Identityb

ORF 
(nt) 

5’NCR
(nt) 

3’NCR 
(nt) 

PM33974 Sylvatic Guinea 10722 -- -- 10176 96 450 
P8-1407 Sylvatic Malaysia 10719 87.7% 98.6% 10176 96 447 
DakAr510 Sylvatic Côte d’ Ivoire 10722 98.8% 99.8% 10176 96 450 
DakAr2039 Sylvatic Burkina Faso 10722 98.8% 99.7% 10176 96 450 
DakAr A1247 Sylvatic Côte d’ Ivoire 10700 98.6% 99.8% 10176 96 428 
DakAr578 Sylvatic Côte d’ Ivoire 10722 98.7% 99.8% 10176 96 450 
DakAr HD10674 Sylvatic Senegal 10724 96.7% 99.4% 10176 96 452 
DakAr A2022 Sylvatic Burkina Faso 10721 98.8% 99.9% 10176 95 450 
DakArD20761 Sylvatic Senegal 10724 96.6% 99.3% 10176 96 452 
DakArD77505 Sylvatic Senegal 10724 97.4% 99.6% 10176 96 452 
DakAr141069 Sylvatic Senegal 10723 97.3% 99.5% 10176 96 450 
DakAr141070 Sylvatic Senegal 10717 97.2% 99.5% 10170 96 442 
IBH 11208 Sylvatic Nigeria 10709 96.6% 99.2% 10176 96 437 
IBH 11234 Sylvatic Nigeria 10515c 94.8%d 99.1% 10176 96 243c

IBH 11664 Sylvatic Nigeria 10711 96.6% 99.2% 10176 96 437 

a  Low passage DENV isolates were obtained from the UTMB World Reference Center for Emerging Viruses and 
Arboviruses and amplified once on C6/36 mosquito cells to achieve sufficiently high titers for further evaluation 
b Denotes % identity compared to West African PM33974 sylvatic strain 
c Partial sequence 
d % nt identity was based on partial sequence comparison 
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OPEN READING FRAME (ORF)   
 Multiple sequence alignment of the ORFs of the selected genotypes (endemic and 

sylvatic), and comparison of the sylvatic sequences to the prototype Southeast Asian 

endemic 16681 sequence revealed a large number of nucleotide differences, many of 

which were non-synonymous (Appendix 3). 

 Structural Genes 
The capsid protein (C) an 11 kDa homodimer protein with an unusually high net 

charge (Trent, 1977) essential for the specific RNA genome encapsidation (Chang et al., 

2001), contained 5 non-synonymous (I26V, S79N, F104M/V/I, L105I and V108L/M) 

differences between all endemic versus sylvatic genotypes (Appendix 3). The α-helical 

rich content of the C structure (Jones et al., 2003; Kuhn et al., 2002; Ma et al., 2004) was 

fully conserved (V26-L35, K45-T58, A63-W69 and K74-N96) within all genotypes, 

except for endemic-specific differences at positions 26 (I26V) and 79 (S79N) located 

within the first and fourth a-helical domain.  Similarly conserved was the hydrophobic 

region 46L-66L.  Whether the observed residue changes have any effect in the assembly 

or processing of the C during the late stages of DENV infection is not known.  The 

membrane protein (prM), a 27-31 kDa N-glycosylated protein cleaved in the trans-Golgi 

by a resident furin-like protease during late stage virus assembly, contained 14 non-

synonymous mutations of which 4 [K28E, I31T (pr) and A61V and V70I (M)] were 

specific to American genotypes, and one (I31V) shared among all Asian-endemic 

genotypes (Appendix 3). Amino acid 68, the only available site for N-linked 

glycosylation, the six cysteine residues linked by disulfide bridges (Nowak and Wengler, 

1987), as well as the consensus sequence 87R-X-K-R90 proximal to the cleavage site 

were fully conserved.   

The envelope (E) protein is a 53 kDa class II N-glycosylated dimeric membrane 

fusion protein that mediates virus binding and fusion to host cell membrane (Johnson et 

al., 1994; Modis et al., 2004; Rey et al., 1995b), as well as confers protective immune 

responses by elicitsing neutralizing, antifusion and virus-enhancing antibodies (Chen et 
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al., 1996; Roehrig et al., 1998). Each of the monomer subunits of the E protein is 

composed of three distinct domains: the centrally located domain I, a β-barrel structure 

oriented parallel to the viral membrane; domain II, a finger-like structure composed of a 

pair of discontinuous loops one of which is highly conserved among all flaviviruses 

functioning as an internal fusion peptide and is stabilized by three disulfide bridges; and 

the C-terminal domain III (aa 303 – 395), containing a single disulfide bond and located 

in the outer lateral surface of the dimer,  Domain III has been suggested to contain 

residues that are responsible for the determination of host range, tropism and virulence 

among flaviviruses (Rey et al., 1995b). Twelve cysteine residues that form the six 

disulfide bridges, as well as the two N-linked glycosylation sites (N67 and N153) 

(Johnson et al., 1994) were conserved among all DENV-2 strains. There were 25 evenly 

distributed endemic-specific non-synonymous mutations of which five (D330G, K345R, 

I365V, V379I and N390D) were located within the critical domain III (Appendix 3). One 

of these mutations (N390D), which is shared only among the American genotypes, is 

located within the putative glycosaminoglycan binding motif (386L-411M) responsible 

for the binding of DENV onto the host cell membrane via a non-Fc receptor (Chen et al., 

1996).  N390D has also been implicated as a potential virulence determinant in American 

DENV genotypes (Leitmeyer et al., 1999), and has been shown to alter virulence in mice 

(Sanchez and Ruiz, 1996). An amino acid substitution at E71D that is also shared among 

American genotypes has been implicated in controlling virulence in mice (Bray et al., 

1998). Furthermore, residues 381-384, which facilitate the formation of a loop 

responsible for the serotype-specific attachment of domain III to mosquito cells, were 

conserved among all DENV-2 genotypes (Hung et al., 2004). Maximum likelihood 

analysis indicated that amino acid positions L122K and D330G were subject to weak 

(possibly immune) positive selective pressure (Twiddy et al., 2002b).  Among the 

compared genotypes, no non-synonymous mutations resulted in a net change in charge in 

the E protein, an important observation since charged residues are important in the 

interaction of antigenic sites with antibodies (Hasegawa et al., 1992; Leitmeyer et al., 

1999; Mandl et al., 1989). Many of the afore mentioned amino acid substitutions have 
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been mapped to epitopes that are recognized by elements of the cellular and humoral 

branches of the immune response, and some may play a role in cellular tropism via 

modification of the receptor binding sites. Disrupting the immune response’s ability to 

detect and/or respond to DENV infection could have a dramatic effect on pathogenesis 

and transmission. However additional studies in non-human primates are needed to 

clearly define the roles of these mutations in vivo. Moreover, mosquito infections with 

viruses harboring these mutations have not been studied, effectively ignoring a critical 

part of the transmission cycle in nature that is essential to understanding how these 

mutations truly function. Thus, generation of sylvatic infectious clones utilizing reverse 

genetics may allow the interpretation of the functional importance of these mutations in 

cell tropism differences in sylvatic and endemic dengue viruses. 

 Nonstructural genes 
Several non-synonymous mutations were present throughout the nonstructural 

protein genes.  In NS1, a 46 kDa dimeric N-glycosylated glycosyl-phosphatidylinositol 

(GPI) anchored protein that exists in both intra- and extracellular forms (Jacobs et al., 

2000; Winkler et al., 1989), 26 endemic-specific non-synonymous mutations were 

present.  Of these, seven (P73S, A99V, R170K, M/T177A, I242V, Y256N and M347S) 

were shared among American genotypes, whereas 2 (R112K and M/T177V) were shared 

among all Asian genotypes (Appendix 3). However, the 12 cysteine residues that form 

disulfide bonds, as well as the two N-linked glycosylation sites (N131 and N218) were 

fully conserved.  In the NS2A, a 22 kDa protein involved in the coordination of change 

between RNA packaging and replication (Khromykh et al., 2001b) and possibly 

antagonism of interferon (IFN) (Jones et al., 2005; Munoz-Jordan et al., 2003), 34 

endemic-specific non-synonymous mutations were present, of which two pairs (I12V and 

N115V) and (N115T and V120I), were shared only among Asian and American 

genotypes, respectively (Appendix 3).  The lysine residue at position 190, an important 

determinant for infectious flavivirus production was fully conserved (Kummerer and 

Rice, 2002).  In NS2B, a membrane-associated 14 kDa protein that serves as a cofactor in 

the structural activation of the DENV serine protease of NS3 (Erbel et al., 2006; Leung et 
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al., 2001), a total of 6 endemic-specific non-synonymous mutations were present of 

which two (A57T and E62D) were common among American genotypes (Appendix 3). 

One of these mutations (V77I) is located within a 12-amino acid hydrophobic region 

(70GSSPILSITISE81), Φx3F, that associates directly with NS3 and results in reduced 

autoproteolytic efficiency (Brinkworth et al., 1999; Niyomrattanakit et al., 2004). The 

NS3, a 70kDa multifunctional protein with a series of enzyme activities such as trypsin-

like serine protease, helicase, and RNA triphosphatase (RTPase) (Gorbalenya et al., 

1989; Li et al., 1999) involved in the processing of the polyprotein and RNA replication, 

had 29 endemic-specific, non-synonymous mutations. Four (K117R, A367T, K466R and 

I568T) of these mutations were shared among the American genotype strains, whereas 3 

(I273V, R381K and R569K/Q) were confined to the Asian genotype (Appendix 3).  The 

mutation at amino acid position 186 (K186R) is located within a stretch of basic residues 

(184RKRR187) that is essential for the RTPase activity of NS3 (Li et al., 1999). NS4A 

and NS4B, small hydrophobic proteins of 16 and 27 kDa, respectively, with the latter 

functioning as an IFN-signaling inhibitor (Jones et al., 2005; Munoz-Jordan et al., 2003), 

showed 10 and 8 non-synonymous mutations respectively.  In the NS4A, two (R39K and 

V138I) mutations were shared among the American genotype strains, whereas in the 

NS4B, two pairs (G17H, I201V) and (G17S, S245N) were shared among the American 

and Asian genotype strains, respectively (Appendix 3). None of the NS4B mutations 

occured at the positively selected sites identified in chapter 3. However, the G17H/S 

mutation and 10 out of 13 positively selected sites identified in chapter 3 fell within a 

region previously identified as critical for IFN suppression (Munoz-Jordan et al., 2005). 

NS5 is a large multifunctional, well-conserved protein of 103 kDa with RNA cap-

processing, RNA-dependent RNA polymerase (Ackermann and Padmanabhan, 2001; 

Egloff et al., 2002),  interleukin-8 (IL-8) (Medin et al., 2005) induction and nuclear 

localization (Pryor et al., 2007; Uchil et al., 2006) activities. It exhibited 56 non-

synonymous mutations, of which 10 and 12 were shared among the American and Asian 

genotype strains, respectively (Appendix 3).  Three of the non-synonymous mutations 

were located within the S-adenosylmethionine-utilizing methyltransferase (SAM) 
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domain, 10 within the importin-β-binding and nuclear localization sequence (NLS) 

domains and 43 are within the RNA-dependent RNA polymerase (RdRp).  Interestingly, 

two of the 3 lysine residues (386K – 387K) of the distal cluster located within the NLS, 

and shown to be indispensable for efficient nuclear import of NS5 (Pryor et al., 2007), 

were substituted with arginine (Appendix 3). Although these substitutions do not alter the 

net charge of the cluster, previous studies have demonstrated that net charge changes lead 

to virus attenuation (Hanley et al., 2002; Pryor et al., 2007), probably due to IFN-

antagonist properties of IL-8 production (Khabar et al., 1997; Medin et al., 2005). 

Although the functional importance of the non-structural gene mutations is not yet 

known, reverse genetic techniques may elucidate their role, for example, in the 

emergence of endemic strains from sylvatic progenitors.  Of particular interest is the 

concentration of putative positive selection in NS4B, a gene that functions as an 

interferon (IFN)-signaling inhibitor, and their possible role in distinguishing endemic and 

sylvatic DENV genotypes. 

PHENOTYPIC ANALYSES 
To assess replication in 2 primate cell lines as well as those of a mosquito vector, 

replication kinetics were compared between endemic and sylvatic DENV-2 genotypes. 

Mean virus outputs of both endemic and sylvatic genotypes increased at a linear rate until 

day 2 in Huh-7 liver carcinoma cells (Figure 15b) and day 4 p.i. in Vero (African green 

monkey kidney) and C6/36 mosquito cells (Figure 15a and 15c, respectively), after which 

viral output leveled off or declined in all cell types.  Huh-7 cells exhibited pronounced 

cytopathic effects (CPE) by day 4 p.i., which became severe by 6 p.i. due to infection 

from all strains (data not shown). Although Vero cells exhibited CPE due to infection 

from all strains, it was less severe than the CPE observed in Huh-7 cells; C6/36 cells 

exhibited no signs of CPE at all.  Overall there was no noticeable difference in CPE in 

response to sylvatic versus endemic DENV infection in either Huh-7 or Vero cells. 

Significant inter-genotypic variation in mean virus output was observed among strains of 

both endemic and sylvatic DENV-2 genotypes in all cell types (Figures 15a-c).  In Vero 
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cells, repeated measure ANOVA revealed that both isolate (F0.05, 9, 36 = 338.4, P < 0.001) 

and sampling day (F0.05, 4, 36 = 88.7, P < 0.001) affected mean titers, and that there was a 

significant interaction between the two (F0.05, 36,40 = 185.8, P < 0.001), indicating that the 

shape of the replication curve differed among isolates. Moreover, the replication kinetics 

of every isolate differed from every other in Vero cells  (Tukey-Kramer post-hoc test, P < 

0.05) with only four exceptions: American endemic 1328 was not significantly different 

from Asian endemic 1349 or sylvatic P8-1407, American endemic IQT-1950 was not 

significantly different from sylvatic 2039, and sylvatics A1247 and PM33974 did not 

differ significantly.   In Huh-7 cells, both isolate (F0.05, 9, 27 = 462.3, P < 0.001) and 

sampling day (F0.05, 3, 27 = 6,386.4, P < 0.001) had a significant impact on titer and there 

was a significant interaction between the two (F0.05, 27, 30 = 79.8, P < 0.001).  In this cell 

line and in C6/36 cells, sampling day 6 was excluded from analysis because titers were 

declining.  Replication dynamics of every isolate differed from every other in Huh-7 cells 

with six exceptions: American endemic IQT-1950 did not differ from American endemic 

1328 or sylvatic 2039; sylvatic PM33974 did not differ from sylvatics P8-1407 or A1247, 

and sylvatics 2022 and A520 as well as A1274 and P81407 did not differ.  Finally in 

C6/36 cells both isolate (F0.05, 9, 27 = 31.6, P < 0.001) and sampling day (F0.05, 9, 27 = 

1,425.2, P < 0.001) had a significant impact on titer and there was a significant 

interaction between the two (F0.05, 27, 30  = 4.7, P < 0.001).  In C6/36 cells, only 20 of the 

45 possible pairwise comparisons were significantly different, and the pattern of variation 

was complex.  Notably, sylvatic isolate PM33974 replicated to a significantly high level 

than any other DENV-2 isolate. 

The average replication dynamics and maximum titers of endemic and sylvatic 

strains in each of the three cell types are shown in Figure 15d-e.  In Huh-7 cells, the 

endemic strains reached significantly higher maximum titers than the sylvatic strains (t = 

2.97, df = 8, P = 0.018) and the difference in the replication dynamics between the two 

genotypes approached significance (F0.05, 1, 3 = 4.7, P = 0.066). The significant inter-strain 

variation in mean virus output, as well as the higher maximum titer that was observed in 

both endemic and sylvatic DENV-2 genotypes in Huh-7 cells in vitro (Figure 15b), 
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differs slightly from previous results in SCID-Huh-7 mice described in chapter 2, though 

the magnitude of the difference in vitro is not large. However, there are no differences 

between endemic versus sylvatic DENV titers at day 6 post infection (Figure 15b).  In 

Vero and C6/36 cells, neither maximum titer nor replication dynamics differed between 

the two genotypes (P > 0.08 for all comparisons).  Overall, my data described above are 

in agreement with the in vivo and ex vivo results described in chapter 2, where various 

DENV-2 strains showed significant inter-strain variation in mean replication titers in both 

models, but no overall detectable difference between sylvatic and endemic strains in 

either model.  These data suggest that extant, sylvatic DENV strains could reemerge into 

the human population. 

 

CONCLUSION 

 The phylogenetic analyses based on complete genome sequences demonstrate that 

sylvatic DENV-2 genotypes are evolutionarily distinct from endemic DENV-2 isolates. 

Although the genetic analyses revealed considerable differences at both the nucleotide 

and protein levels, several key elements (i.e. disulfide bridges, glycosylation sites) were 

fully conserved. 

  



 
 

Figures 15 a-c.  Comparative one step growth curves of DENV-2 strains. (a). Virus 
output of sylvatic (West African PM33974, A1247, A2022, A2039, A510 
and Asian P8-1407) and select endemic (Asian 16681, 1349 and American 
IQT-1950, 1328) DENV-2 genotypes was evaluated on Vero cells; (b) Huh-
7 cells; and (c) C6/36 cells, up to 6 days p.i.   
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Figures 15 d-f.  Comparative one step growth curves of DENV-2 strains. 
Comparison of pooled mean virus output of endemic and sylvatic DENV-2 
genotypes in vertebrate (d-e) and mosquito cell lines (f).  Mean virus output 
for endemic and sylvatic genotypes are represented by square and triangle 
bars respectively. 
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Several studies have suggested the importance of the cyclization sequences in the 

replication of flaviviral genomes (Khromykh et al., 2001a; Khromykh and Westaway, 

1997; Men et al., 1996; You and Padmanabhan, 1999). It is thought that both 5’- and 3’-

NCR play an indispensable role throughout viral infection; in early stages facilitating the 

initiation of negative-strand synthesis and translation, whereas in late stage replication 

allowing for strand-switching thus facilitating the synthesis of plus-strand progeny RNAs 

and possibly their packaging in progeny virus particles.  Thus, nucleotide changes in the 

5’ and/or 3’ NCRs, as well as in the ORF, could alter the virus phenotype and virulence 

(Hanley et al., 2004; Romero et al., 2006; Sirigulpanit et al., 2007; Tajima et al., 2007; 

Whitehead et al., 2007). Furthermore, computer-generated (Mathews et al., 1999; Zuker, 

2003) secondary structure predictions predict the involvment of these cis interactions in 

either the 5’- or 3’-NCRs.  Such structures may also interact in trans, leading to the 

formation of double stranded panhandle structures that share similar shape and thermal 

energy (Markoff, 2003).  

The roles of the amino acid substitutions revealed by my analyses in the 

emergence of endemic viruses from sylvatic progenitors, as well as on the 

transmissibility of sylvatic DENV-2 in the peridomestic mosquito vectors Ae. aegypti and 

Ae.albopictus, are not known and merit further study. The replication analyses in 

mammalian and mosquito cell lines of select endemic and sylvatic genotypes, 

representing diverse localities throughout the tropics and neotropics, demonstrated no 

significant differences in peak virus outputs, implying the potential of sylvatic emergence 

into the endemic transmission cycle. Utilization of reverse genetics to engineer specific 

mutations identified in this study into a sylvatic DENV-2 genome may provide valuable 

insights into the role of particular genes or amino acids in the emergence of endemic 

viruses from sylvatic progenitors. Although, evaluation of every observed mutation by 

reverse genetics would not be realistic or feasible, generation and evaluation of mutants 

viruses based on mutations located within ‘hot spots’ such as, in the NS4B, or E, could 

provide clues for the genetic aetiology of DENV emergence, as well as whether or not 

these mutations distinguish endemic and sylvatic DENV phenotypes. Moreover, many 
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aspects of sylvatic DENV, including the identity of vertebrate hosts in the maintenance 

and amplification of sylvatic DENV and the ecological contact between humans and the 

sylvatic DENV cycle, have received little attention for the last few decades.  Although, as 

I described in chapter 3, the rate of evolutionary change and pattern of natural selection 

are similar to those of endemic DENV, little is known about the processes that shape 

DENV evolution in this sylvatic cycle. Understanding the genetic relationships between 

endemic and sylvatic genotypes may enhance our understanding of dengue emergence, as 

well as allow us to explore the biological properties of sylvatic genotypes. 

MATERIALS AND METHODS 

VIRUSES AND SEQUENCING 
Low passage DENV isolates (Table 10) were obtained from the UTMB World 

Reference Center for Emerging Viruses and Arboviruses and amplified once in vitro on 

C6/36 mosquito cells to achieve sufficiently high titers. The reason for choosing a viral 

isolate of defined early passage history is mainly due to the error-prone nature of RNA 

polymerases leading to rapidly accumulating mutations and genotype variation, as well as 

alteration of viral fitness (Domingo and Holland, 1994; Drake and Holland, 1999; Duarte 

et al., 1994).  

Genomic viral RNA (vRNA) was isolated with the Qiagen viral RNA isolation kit 

(Qiagen, Valencia). The 5’- and 3’- terminus sequences of DENV-2 viruses are highly 

conserved and thus are identical to the amplification/sequencing primers based on the 

endemic 16681 DENV-2 strain.  Initial overlapping cDNA fragments and amplicons of 

these viruses were generated using primer pairs and primers specific to DENV 16681 by 

utilizing the one-step reverse transcriptase polymerase chain reaction (RT-PCR) (Roche 

Diagnostics, Indianapolis), in eight overlapping cDNA fragments containing genome 

nucleotide regions 1-1396, 1333-2688, 2619-4049, 3986-5358, 5305-6736, 6667-8041, 

7990-9382, and 9310-10723 (Kinney et al., 1997) (Appendix 4).  First strand synthesis 

was performed at 50oC for 30 minutes, whereas amplification underwent for a total of 35 

cycles with annealing temperature set at 5oC below the lowest melting temperature (Tm) 
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of the used PCR primer pairs and extension set at one minute per 500 nucleotides.  

Amplified sequences were gel purified and automated sequencing with specific 

sequencing primers for both strands provided consensus sequences.  

NUCLEOTIDE SEQUENCE ACCESSION NUMBERS 
The GenBank accession numbers for the genome sequences of DENV viruses 

used in the phylogenetic analyses are as follows: for DENV-2 strain 900663, accession 

number AB189122; TB16i, AY858036; BA05i, AY858035; TSV01, AY037116; FJ11, 

AF359579; CH43, AF204178; NGC, AF038403; CH44, AF204177; 16681, U87411; 

NH29, AF169678; TH36, AF169679; NH81, AF169688; CUB205, AY702038; CUB115, 

AY702036; CUB13, AY702034; 703, AF208496; DR59, AB122022; 64022, AF489932; 

IQT2913, AF100468; 348600, AY702040; and N.1409, M20558.  DENV-1 and -3 

strains, accession numbers AF226686 and NC_001475 respectively. The following 

DENV-2 genome sequences were determined in this study:  P8-1407, EF105379; 

PM33974, EF105378; 1349, EU56810; IQT1950, EU56811; 1328, EU56812; DakAr 

510, EF105381; DakAr A1247, EF105383; DakAr 2039, EF105382; DakAr A2022, 

EF105386; DakAr HD10674, EF105384; DakAr D20761, EF105385; DakAr 578, 

EF105380; DakAr 141069, EF105389; DakAr141070, EF105390; DakAr D75505, 

EF457904; IBH11208, EF105387; IBH11664, EF105388; and IBH11234, EU003591. 

DENV-1 and -4 sylvatic strains P72-1244, and P75-215, accession numbers EF457905 

and EF457906 respectively. 

PHYLOGENETIC ANALYSES 
The obtained full genome sequences and representative genome sequences from 

the GenBank library were aligned using the ClustalW multiple sequence alignment 

function of MacVector® version 8.0 (Accelrys) with default gap penalties.  Phylogenetic 

analyses of the aligned genomic sequences were estimated with maximum likelihood and 

distance/neighbor joining using the PAUP* program version 4.10 (D.L. Swofford, Illinois 

Natural History Survey, Champaign) under the general time-reversible model of 

nucleotide substitution. The parameter values used for the substitution type, optimal base 
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composition, proportion of invariable sites, as well as the shape parameter of the Γ 

distribution of rate variation among sites were estimated from the data and are available 

upon request. We also utilized Bayesian analysis (MrBayes v3.1.0) where 4 MCMC tree 

searches of one million generations each were run simultaneously sampling 1 in 100 trees 

and computing a 50% majority-rule consensus tree out of the last 9,800 sampled trees. 

Although we observed identical strain topologies with either method, minor differences 

were observed among the bootstrap values and thus I present only Bayesian phylogenies.  

Homologous genome sequences from DENV-1, -3, and -4 were used as outgroups to root 

the DENV tree.  Bootstrapping obtained by the Bayesian analysis was used to place 

confidence values on grouping within the consensus tree (Felsenstein, 1985). Character 

evolution was traced using Maclade 4.0 (Sinauer Associates, Sunderland, MA). 

VIRAL REPLICATION KINETICS 
Comparative one-step growth curves of select sylvatic (West African PM33974, 

DakAr A1247, DakAr A2022, DakAr 2039, DakAr 510 and Asian P8-1407) and endemic 

(Asian 16681, 1349 and American IQT-1950, 1328) DENV-2 were generated in 

duplicate on simian kidney (Vero) human liver (Huh-7) and mosquito epithelial (C6/36) 

cells. Vero, Huh-7 and C6/36 cells, at 1x106, 1x106, and 2.5x106 cells per well 

respectively, were plated in 6-well plates and infected with an MOI=10 in duplicate. 

Several dishes (30mm in diameter) containing confluent Vero, mosquito C6/36 or Huh-7 

cell monolayers were prepared and cell number was accurately determined. Human 

hepatoma Huh-7 cells (clone JTC-39) were obtained from the Japanese Health Sciences 

Foundation, Osaka. Viruses were diluted in minimal essential medium (MEM) 

supplemented with 5% fetal bovine serum (FBS), 2mM L-Glutamine, 1% non-essential 

amino acids (NEAA), and 50mg/ml penicillin/streptomycin (Invitrogen, Carlsbad), at an 

MOI of 10 pfu/cell are infected simultaneously in duplicate.  Infected dishes were 

incubated for one hour with periodic gentle rocking to facilitate virus adsorption at 37oC. 

Viral inocula were removed and cell monolayers were washed thrice with PBS to remove 

un-adsorbed virus.  Two ml of complete cell media (MEM supplemented with 5% FBS, 
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2mM L-Glutamine, 1% non-essential amino acids (NEAA), and 50mg/ml 

penicillin/streptomycin) was then added and dishes were incubated at 29oC or 37oC for 

the mosquito or mammalian cell lines respectively.  At various times (1, 2, 4, and 6 days) 

post infection, virus from individual dishes will be harvested, purified by low speed 

centrifugation, and stored at –80oC.  Upon completion of the experiment virus samples 

representing the various time points were assayed to determine virus titer by focus 

forming immunoassay (FFA).  Virus yield at each timepoint is recorded as ffu/cell, 

represented as the ratio of the total amount of virus present in the sample by the number 

of cells originally infected. 

FOCUS FORMING ASSAYS AND IMMUNOSTAINING 
Ten-fold serial dilutions of virus in minimal essential medium (MEM) 

supplemented with 2% fetal bovine serum (FBS) and antibiotics (Invitrogen, Carlsbad), 

were added in dublicate to confluent C6/36 cell monolayers attached to 24-well Costar® 

plates, and incubated for one hour with periodic gentle rocking to facilitate virus 

adsorption at 37oC.  Subsequent to hour-long incubation wells were overlayed with 1 ml 

solution of 0.8% methylcellulose (Sigma-Aldrich, St. Louis) diluted in warm Optimem 

(Invitrogen, Carlsbad) supplemented with 2% FBS, antibiotics and 1% (w/v) L-glutamine 

and incubated undisturbed for 3-4 days at 28oC. Methylcellulose overlay was aspirated 

and cell monolayer rinsed once with phosphate buffered saline (PBS), pH 7.4 (Invitrogen, 

Carlsbad) followed by fixation with a mixture of ice-cold acetone and methanol (1:1) 

solution and allowed to incubate for 30 minutes at room temperature (RT).  Fixation 

solution was aspirated and plates were allowed to air dry. Plates were washed thrice with 

PBS supplemented with 3% FBS, followed by hour-long incubation with a dengue-

specific mouse ascitic fluid.  Plates were washed thrice followed by hour-long incubation 

with a secondary antibody conjugated to HRP(KPL, Gaithersburg). Detection proceeded 

with the addition of AEC substrate (ENZO Diagnostics, Farmingdale) prepared according 

to vendor instructions.  Antigen stained cells were counted against a white background 

and viral titers were recorded as the reciprocal of the highest dilution where adequate 
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plaques (greater than 20 but lower than 90) and expressed as focus forming units per ml 

(ffu/ml).   

STATISTICAL ANALYSES 
The replication dynamics of each of the 10 isolates was compared using a 

repeated measures ANOVA on the duplicate titer values of each isolate at each timepoint, 

followed by a Tukey-Kramer post-hoc test to compare individual pairs of isolates.  

Similarly, the replication curve of endemic and sylvatic isolates was compared using a 

repeated measures ANOVA of the average titer value for each of the 6 sylvatic and 4 

endemic isolates at each timpoint.  Maximum titer values of endemic and sylvatic isolates 

were compared using a student’s t-test. All analyses were conducted using Statview 

software (SAS Institutes, Inc., Cary, NC). 
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CHAPTER 6: ANTIGENIC RELATIONSHIPS BETWEEN 
SYLVATIC AND ENDEMIC DENGUE VIRUSES4

 
 
 
 

ABSTRACT 

Sylvatic dengue viruses (DENV) are transmitted in an enzootic cycle between 

non-human primates and arboreal Aedes spp. mosquitoes in Southeast Asia and West 

Africa. Recent evidence suggests that the risk for re-emergence of sylvatic DENV into 

the endemic cycle may be high, which could limit the potential for eradicating the human 

transmission cycle with effective vaccines now under development.  In the present study 

we assessed the likelihood of current sylvatic DENV re-emergence in the face of 

immunity to endemic strains by evaluating the neutralization capacity of sera from 

DENV vaccinees and convalescent patients after primary infection with DENV-2 and -3 

serotypes.  Our data indicate robust homotypic cross-immunity between human sera and 

sylvatic DENV strains, but no heterotypic neutralization.  Thus, should a licensed vaccine 

lead to the eradication of the endemic transmission cycle in the future, re-emergence of 

sylvatic strains into the endemic cycle would be limited by homotypic immunity 

mediated by virus neutralizing antibodies. 

 

 
4 This chapter has been submitted for publication in the American Journal of Tropical Medicine and 
Hygiene. This journal allows including information as long as is properly cited.  The citation for this article 
is: Vasilakis N, Durbin A, Travasos da Rosa AAP, Munoz-Jordan J, Tesh RB, Weaver, SC.  ‘Antigenic 
Relationships between Sylvatic and Endemic Dengue Viruses. 
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INTRODUCTION 

Limited spillover transmission of sylvatic DENV to humans has been documented 

in West Africa (Robin et al., 1980; Saluzzo et al., 1986b) and until recently, the available 

data suggested that these sylvatic viruses were confined to forest habitats. However, as 

was described in chapter 4 phylogenetic and seroepidemiologic evidence suggests that 

spillover epidemics are possible into urban settings (Carey et al., 1971). 

Phylogenetic analyses suggest that the recent emergence of human DENV from 

sylvatic progenitors occurred at a time when human populations become large enough to 

support a continuous viral transmission (Wang et al., 2000). This process may also have 

been facilitated by vector switch from arboreal canopy-dwelling Aedes spp (other than 

Ae. albopictus and Ae. aegypti) to the peridomestic anthropophilic mosquito vectors Ae. 

aegypti and Ae. albopictus (Moncayo et al., 2004), although later analyses using a larger 

number and diversity of isolates have not supported this conclusion (K. Hanley, personal 

communication). Recent reports have shown that the forest canopy-dwelling mosquito 

Ae. furcifer is highly susceptible to sylvatic DENV infection (Diallo et al., 2005).  Ae. 

furcifer shows a pattern of movement into peridomestic habitats in eastern Senegal 

(Diallo et al., 2003), suggesting that this species may act as a bridge vector for exchange 

between forest and peridomestic habitats.  Furthermore, the ability of peridomestic Aedes 

mosquitoes to support sylvatic DENV-2 transmission (Diallo et al., 2005) suggests that 

little or no change in vector infectivity accompanied the emergence of endemic DENV-2 

from sylvatic progenitors, consequently peridomestic vector susceptibility is probably not 

an impediment to further sylvatic DENV-2 emergence.  Finally, the apparent lack of 

adaptation of sylvatic DENV-2 to replicate efficiently in humans (see chapter 2), as well 

as, the rapid sylvatic DENV turnover due to their high nucleotide substitution rates (see 

chapter 3), suggest the risk for sylvatic DENV-2 re-emergence into an endemic cycle 

may be high, which could limit the potential for eradicating the human transmission cycle 

with the dengue vaccines now under development (Blaney et al., 2006; Deauvieau et al., 

2007; Durbin et al., 2006b; Guirakhoo et al., 2004).   
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In the present study I assessed the likelihood of current sylvatic DENV re-

emergence in the face of immunity to endemic strains by evaluating the neutralizing 

capacity of sera from DENV vaccinees and convalescent patients after primary infection 

with DENV-2 and -3 serotypes, against geographically and genetically diverse sylvatic 

and endemic DENV-2 strains (Table 13).  This information is important because it may 

allow me to: (i) predict the long-term success of candidate vaccines currently under 

development, and (ii) evaluate the degree to which pre-existing antibodies to endemic 

DENV-2 in the human population could influence the re-emergence of sylvatic DENV-2. 

RESULTS 

First, I utilized the plaque reduction neutralization test (PRNT) to evaluate the 

neutralizing capacity of sera from twenty-six (18 test and 8 placebo), twenty-seven (19 

test and 8 placebo) and twenty-four (20 test and 4 placebo) DENV vaccinees (Durbin et 

al., 2006a; Durbin et al., 2006b; Durbin et al., 2005) collected 42 days post vaccination 

with rDEN1Δ30, rDEN2Δ30 and rDEN4Δ30 respectively. The vaccine candidate 

rDEN4Δ30, a live recombinant DENV-4 virus, was derived from the 814669 

(Dominica/81) strains and contains a 30 nt deletion in the 3’ – NCR (nts 10,478 – 10507) 

of the genome (Durbin et al., 2001). The vaccine candidates, rDEN1Δ30 and rDEN2Δ30 

were derived from the Nauru/74 and Tonga/74 strains respectively, and contain a 30 nt 

deletion in the 3’ – NCR of their genome (Blaney et al., 2005; Durbin et al., 2006a). 

My data indicate that a robust homotypic virus neutralization response was 

mounted against both endemic and sylvatic DENV-2 viruses (range, reciprocal PRNT80
   

20 –  >1280 and 20 – 640 respectively), with one sample from a DENV-4 vaccinated 

subject exhibiting weak heterotypic virus neutralization (Table 14).  However, sera from 

vaccinated subjects to rDEN1Δ30 exhibited a weak homotypic virus neutralization 

response (range, reciprocal PRNT80 20 – 40), and sera from seven vaccinated subjects 

failed to neutralize sylvatic DENV-1 P72-1244 at the sensitivity range of our test system 

(reciprocal PRNT80 <20) (Table 15).  Nevertheless, most sera from vaccinated subjects 

exhibited a robust virus neutralization capacity (range, reciprocal PRNT80 40 – 640) for 



 124

the endemic DENV-1 OBS7690 although sera from 4 individuals failed to neutralize the 

virus (Table 15). 

Although, in a previous study (Durbin et al., 2006a) only one volunteer failed to 

seroconvert, this discrepancy is due to the stringency of our assay (PRNT80 vs PRNT60). 

Moreover sera from nine vaccinated subjects exhibited weak heterotypic virus 

neutralization to DENV-2 and DENV-4 (range, reciprocal PRNT80
   20 – 40) (Table 15).  

In a similar manner to sera from DENV-1 vaccinees, sera from rDEN4Δ30 vaccinated 

subjects exhibited relatively weak homotypic virus neutralization  (range, reciprocal 

PRNT80 20 – 40) (Table 16). Sera from three vaccinated subjects exhibited heterotypic 

virus neutralization to DENV-2 (range, reciprocal PRNT80
   40 – 160), whereas serum 

from one vaccinated subject exhibited a relatively strong virus neutralizing response 

DENV-2 (range, reciprocal PRNT80 320 – >1280) (Table 16).  For the latter subject, I 

obtained a similar profile by the haemagglutination inhibition (HI) assay (data not 

shown).  Although volunteer participation in this study required stringent eligibility 

criteria, including absence to prior exposure to flaviviruses (Durbin et al., 2006a), the 

volunteer’s robust neutralization titer (>1280) to DENV-2 may be attributed to ‘original 

antigenic sin’ (Halstead et al., 1983; Kuno et al., 1993). This concept has been proposed 

by Halstead (Halstead et al., 1983) as a mechanism of DENV serotype identification 

involved in sequential infections for assessing the risk of DHF development.  According 

to this concept, the response to a secondary challenge is dominated by the proliferation of 

cross-reacting memory cells induced by the primary infection, which may be of lower 

affinity for the secondary challenging antigen. Sera from all placebo subjects were unable 

to neutralize virus (PRNT80
   <20) (Tables 14 – 16) in any test conducted.
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Table 13.  Sylvatic and endemic DENV strains used in this study are both geographically and genetically diverse.  

Isolatea Serotype Hostb Epidemiological 
typec

Location Year GenBank 
Accession no.d

P75-1244 1 Ae. niveus Sylvatic Maylasia 1975 EF457905 
OBS7690 1 Human Endemic Bolivia 1999 N/A 
16681 2 Human Endemic Thailand 1964 U87411 
1349 2 Human Endemic Burkina Faso 1982 M32939 
IQT-1950 2 Human Endemic Peru 1995 DQ91724 
1328 2 Human Endemic Puerto Rico 1977 DQ917243 
P8-1407 2 Sentinel monkey Sylvatic Malaysia 1970 EF105379 
Dak Ar 510 2 Ae. taylori Sylvatic Ivory Coast 1980 EF105381 
Dak Ar A1247 2 Ae. taylori Sylvatic Ivory Coast 1980 EF105383 
Dak Ar A2022 2 Ae. africanus Sylvatic Burkina Faso 1980 EF105386 
FSP-032 3 Human Endemic Peru 2000? N/A 
P75-215 4 Ae. niveus Sylvatic Malaysia 1975 EF457906 
H241 4 Human Endemic Philippines 1956 AY947539 

a DENV isolates were obtained from the UTMB World Reference Center for Emerging Viruses and Arboviruses 
b  Source of virus isolation. 
c  “Endemic” indicates human or Ae. aegypti isolates or those associated with peridomestic transmission; “sylvatic” 
indicates sentinel monkey or canopy-dwelling mosquito isolates 
d N/A – not available 
 
 
 
 



Table 14. Homotypic and Heterotypic Sylvatic Neutralizationa of DENV – 2 Serab 

 
a 80% reduction measured by Plaque Reduction Neutralization Test (PRNT80) assay 
b Sera obtained from healthy human vaccinees 42 days post vaccination with rDEN2Δ30 
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Table 15. Heterotypic and Heterotypic Sylvatic Neutralizationa of DENV – 1 Serab 

 
a 80% reduction measured by Plaque Reduction Neutralization Test (PRNT80) assay 
b Sera obtained from healthy human vaccinees 42 days post vaccination with rDEN1Δ30 
c NT – Not tested
 127
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Table 16. Heterotypic and Heterotypic Sylvatic Neutralizationa of DENV – 4 Serab  

a 80% reduction measured by Plaque Reduction Neutralization Test (PRNT80) assay 
b Sera obtained from healthy human vaccinees 42 days post vaccination with rDEN4Δ30 
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The ability of sera from convalescent patients after primary infection with DENV-

2 and -3 serotypes to neutralize sylvatic DENV-2, was then examined. Primary cases 

were defined as cases with positive virus identification by RT-PCR (DENV-2 or DENV-

3)(Chien et al., 2006) and IgG antibody titer ≤ 1:80 during acute phase of disease (0-5 

days after onset of symptoms). Paired, convalescent serum specimens obtained 12-20 

days after the onset of symptoms were used for neutralization assays. These specimens 

were obtained from routine surveillance, and they have been de-identified and approved 

for research studies under IRB exemption 4797 at CDC.  

Because no sylvatic DENV-3 have been isolated to date (Rudnick, 1984), I only 

tested for the neutralization capacity of DENV-3 sera to endemic DENV-3. Furthermore, 

the limited volume of available sera prohibited me from evaluating their neutralization 

capacity with a larger collection of DENV.  Sera from convalescent patients from 

primary DENV-2 infection exhibited robust homotypic virus neutralization capacity for 

both endemic and sylvatic DENV-2 (range, reciprocal PRNT80 80 –  >1280) and no 

heterotypic virus neutralization of DENV-3 (Table 17a).  Similarly patient sera from 

primary DENV-3 infection exhibited robust homotypic virus neutralization for DENV-3 

(range, reciprocal PRNT80 80 – 320) and no heterotypic virus neutralization for either 

endemic or sylvatic DENV-2 (Table 17b). Control sera from two consenting healthy 

volunteers, with no history of infection to any of DENV serotypes and confirmed as 

negative by the PRNT assay were unable to neutralize virus (PRNT80
   <20) (Tables 17a - 

b). 
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Table 17a. Homotypic sylvatic DENV – 2 neutralizationa of patient sera  

a 80% reduction measured by Plaque Reduction Neutralization Titer (PRNT80) assay  
 b  Sera were obtained from convalescent patients recovering from primary DENV-2 infection 

a 80% reduction measured by Plaque Reduction Neutralization Titer (PRNT80) assay  
 b Sera were obtained from convalescent patients recovering from primary DENV-3 infection

Table 17b. Heterotypic sylvatic DENV – 2 neutralizationa of patient sera 
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CONCLUSION 

Collectively, these findings demonstrate the capacity of sera from DENV 

vaccinated subjects and convalescent patients after primary infection with DENV-2 and -

3 serotypes, to neutralize geographically and genetically diverse sylvatic and endemic 

DENV-2 strains, due to strong homotypic humoral immunity.  Furthermore, my data 

suggest a limited heterotypic virus neutralization activity in sera of DENV vaccinated 

subjects, which is in line with previous observations where dengue infection to any 

serotype produces a short-lived heterotypic response, lasting up to 12 weeks. The strong 

homotypic virus neutralization by PRNT, including against sylvatic strains, demonstrated 

by the sera of convalescent patients after primary infection, could explain the periodicity 

of sylvatic amplification cycles and absence of epidemics in the human population. Thus, 

should a licensed vaccine lead to the eradication of the endemic transmission cycle in the 

future, re-emergence of sylvatic strains into the endemic cycle may be limited by 

homotypic humoral immunity. 

Several lines of evidence suggest that the probability of re-emergence of current 

sylvatic dengue viruses into the human transmission cycle is quite high (Diallo et al., 

2005)(see chapters 2 – 4), and thus it can pose a major public health problem. Therefore, 

reduction and ultimately eradication of dengue from human populations solely due to 

vaccination campaigns may be at best short-lived and unrealistic in the long term, if 

sylvatic DENV can readily re-emerge from sylvatic cycles not amenable to intervention.  

However, success could hinge on universal vaccination coverage of the susceptible 

population at risk and on the control of the endemic vector mosquitoes as a result of 

sustainable vector control programs. Active employment of these methods should prevent 

the re-emergence of sylvatic DENV into the human transmission cycle and thus eliminate 

or dramatically reduce a major public health problem.  Nonetheless, cessation of these 

public health measures for a sufficiently long time will lead to the rise of susceptible 

human populations and establishment of populations of endemic vector mosquitoes, 
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which can serve as a platform for the re-emergence of disease-producing sylvatic DENV 

into the human population. 

MATERIALS AND METHODS 

PLAQUE REDUCTION NEUTRALIZATION TEST 
 Sera obtained from vaccinnees and convalescent patients were heat-inactivated at 

56oC for 1 hr and 2-fold serial dilutions were prepared in MEM  (Invitrogen, Carlsbad) 

containing 2% heat-inactivated FBS.  Once virus stock was prepared at a concentration of 

800 ffu/ml and two fold dilutions were also prepared, equal volume (150 μl) of stock 

virus (800 ffu/ml) was added to tubes containing the 2-fold serum serial dilutions.  The 

serum/virus mixture and the virus dilutions were then incubated at 37oC for 1 hour.  

Subsequently, 250 μl of each serum/virus mixture and the virus dilutions were added into 

a well of Vero cells (12-well plate).  Each plate was incubated at 37oC for 1 hour with 

gentle rocking at 15-minute intervals. Subsequent to hour-long incubation, wells were 

overlayed with 1 ml solution of 0.8% methylcellulose (Sigma-Aldrich, St. Louis) diluted 

in warm Optimem (Invitrogen, Carlsbad) supplemented with 2% FBS, antibiotics and 1% 

(w/v) L-glutamine and incubated undisturbed for 4 days at 28oC. Methylcellulose overlay 

was aspirated and cell monolayer rinsed once with phosphate buffered saline (PBS), pH 

7.4 (Invitrogen, Carlsbad) followed by fixation with a mixture of ice-cold acetone and 

methanol (1:1) solution and allowed to incubate for 30 minutes at room temperature 

(RT).  Fixation solution was aspirated and plates were allowed to air dry.  

The plates were then assayed by FFA to determine the level of virus 

neutralization, as described in Chapter 2. PRNT titers were scored as the highest dilution 

of serum that inhibited 80% of foci (number of foci that are ≤ 20% of the number present 

in the 1:2 virus titration well). 



 133

CHAPTER 7: EFFECT OF ALTERNATING PASSAGE ON 
ADAPTATION OF DENGUE VIRUS TO VERTEBRATE AND 

INVERTEBRATE CELLS 

 

ABSTRACT 

The transmission of dengue viruses (Family Flaviviridae, genus Flavivirus) 

involves an alternating host cycle between vertebrates and mosquitoes, which may 

constrain their evolution.  Dengue viruses exhibit lower evolutionary rates compared to 

many RNA viruses that replicate solely in single vertebrate hosts.  This genetic stability 

has been hypothesized to be an attribute to the unique requirement for replication in 

divergent hosts, which imposes genetic constraints, where optimal replication in one host 

involves a fitness tradeoff for the alternate host. Thus releasing DENV from alternate 

host replication will facilitate faster evolution and adaptation in repeated passages in the 

single host. To test these hypotheses, I used sylvatic and endemic, cloned or uncloned 

dengue strains that were serially passaged either in one cell type to eliminate host 

alteration or alternatively between vertebrate (Huh-7) and mosquito (C6/36) cells.  After 

10 passages, mutations in the progeny viruses were identified and changes in fitness were 

assayed by evaluating their replication kinetics against their surrogate parents.  Viruses 

that were allowed to specialize in single host cells exhibited fitness gains but fitness 

losses in the bypassed and other (Vero, a control cell line) hosts, and most but not all 

viruses passaged in alternate cycles exhibited detectable fitness gains in both cell lines.  

These results support the hypothesis that releasing DENV from alternate host replication 

facilitates adaptation in repeated passages in the single host, but there is limited support 

that the dengue evolution is constrained by the alternate host transmission and 

replication. Lastly, amino acid changes common in both passage series suggest 

convergent evolution via positive selection. 
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INTRODUCTION 

 Many human pathogens have emerged via a host shift from another vertebrate 

species.  Some of these pathogens, such as the severe acute respiratory syndrome 

coronavirus  (Guan et al., 2003; Rota et al., 2003), hantavirus pulmonary syndrome 

(Nichol et al., 1993), and Ebola virus (Feldmann et al., 2004) are primarily zoonotic RNA 

viruses, where humans are occasional incidental hosts. But other RNA viruses, 

representatives of diverse families as Retroviridae, Orthomyxoviridae, Togaviridae and 

Flaviviridae have permanently or semi-permanently emerged across cross-species 

boundaries to use humans as their reservoir and/or amplification hosts, resulting in 

widespread diseases like AIDS (Gao et al., 1999), influenza (Webster and Hulse, 2004), 

Venezuelan equine encephalitis (Anishchenko et al., 2006) and dengue (Wang et al., 

2000).  These cross-species transfers are often mediated by the genetic plasticity of these 

RNA viruses, as well as their ability to adapt quickly to new host environments 

(Domingo and Holland, 1997).   

 Phylogenetic evidence indicates that DENV, an arthropod-borne virus (arbovirus), 

was once primarily a non-human primate virus that emerged to infect humans but that the 

human adapted virus also had the capacity to be maintained in arthropod vectors (Wang 

et al., 2000).  Emergence was also facilitated by vector switch, from arboreal canopy-

dwelling Aedes mosquito species to peridomestic Aedes mosquitoes (Wang et al., 2000).  

The rise of urban populations large enough to sustain transmission, as well as the 

peridomestic nature of the major mosquito vectors (Ae. aegypti and Ae. albopictus), 

provided a unique opportunity for dengue virus emergence into the major urban centers 

worldwide. The global expansion of all four DENV serotypes in the aftermath of World 

War II, was accompanied with a dramatic increase of genetic diversity among each 

serotype, leading to the emergence of strains with increased pathogenicity. Today, 

endemic cycles of DENV transmission between humans and peridomestic Aedes are both 

ecologically and evolutionarily independent from the ancestral sylvatic cycles.  

Furthermore, as described in chapters 2 and 3, the similarity of the rate of evolutionary 
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change and pattern of natural selection among endemic and sylvatic DENV, and the lack 

of DENV adaptation to human reservoir hosts, suggest that sylvatic DENV can re-emerge 

into the human population.  

Flaviviruses, with the exception of the “no known arthropod vector” (NKV) 

clade, are maintained by horizontal arthropod-borne (mosquito-borne or tick-borne) 

transmission among vertebrate hosts.  These viruses must therefore replicate in 

alternation in the very different environments created by invertebrate and vertebrate 

hosts.  Flaviviruses, as well as other arthropod-borne viruses show a lower rate of 

sequence evolution (by a factor of 10) than many other RNA viruses, such as poliovirus 

or HIV, that are maintained in single host transmission cycles (Jenkins et al., 2002; 

Parvin et al., 1986; Wolfs et al., 1990). This genetic stability of arboviruses presents a 

paradox.  The RdRp of RNA viruses does not possess any proofreading activity (Holland 

et al., 1982; Steinhauer et al., 1992), and the absence of a repair mechanism leads to 

approximately one mutational event per genome replication.  One possible explanation 

may be attributed to the unique requirement of arthopod-borne RNA viruses 

(arboviruses) for replication in divergent hosts which could impose additional selective 

constraints on arboviruses compared to single-host viruses.  Because arboviruses utilize 

both vertebrate and invertebrate hosts they have adapted to replicate efficiently in either 

host through genetic constraints, where as result optimal replication in one host involves 

a fitness tradeoff for the alternate host (Cooper and Scott, 2001; Greene et al., 2005; 

Weaver et al., 1999; Weaver et al., 1992).  Thus, releasing arboviruses from alternative 

host replication will facilitate faster evolution and adaptation to the individual hosts; on 

the other hand, parental and non-adapted viruses will be at replicative disadvantage in a 

given host when compared to viruses that were allowed to adapt in that host.  However, 

some experimental evidence does not support the notion that alternating host replication 

produces negative fitness trade-offs (Novella et al., 1999).  An alternative explanation for 

the observed arbovirus stability could also be attributed to the establishment of persistent 

infections, a phenomenon most common in tick-borne arboviruses, where replication is 

probably modulated by RNA interference (Sanchez-Vargas et al., 2004).  Nevertheless, 
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sequence comparisons suggest the presence of strong purifying selection in nature, 

supporting strong selective constraints on arbovirus evolution (Holmes, 2003; Jerzak et 

al., 2005; Klungthong et al., 2004; Woelk and Holmes, 2002). Consequently, arboviruses 

evolve at a slower rate than other RNA viruses transmitted by a single host (Jenkins et al., 

2002). 

Experimental evolution in vivo has been a valuable approach to elucidate the 

constraints that shape arbovirus evolution. For example alphaviruses showed phenotypic 

stability during alternate passages in Ae. aegypti and mice but increased in 

neurovirulence after serial passage in mouse brains, suggesting that host alternation 

restrains the evolution of virulence (Taylor and Marshall, 1975a; Taylor and Marshall, 

1975b). Similarly, Venezuelan equine encephalitis (VEEV) lineages passaged 10 times in 

Aedes aegypti mosquitoes in vivo exhibited increased mosquito infectivity, while rodent 

specialized strains produced higher viremias in rodents compared to parent or the 10th 

alternate passage viruses.   However both serially passaged lines exhibited fitness 

declines in the bypassed host.  VEEV passaged in mosquitoes and rodents in alternation 

demonstrated no detectable fitness gains, or losses, in mosquitoes or vertebrates (Coffey 

et al., submitted for publication).   

Similarly experimental evolution in vitro, while subject to particular caveats 

discussed below, has also yielded valuable insights. Studies of serially-passaged Sindbis 

virus (SINV) confirm fitness gains in single host-adapted viruses and fitness losses in the 

bypassed cell line, and fitness gains in most alternatively passaged viruses (Greene et al., 

2005).  Similar results, in regard to fitness gains in single host-adapted viruses and fitness 

losses in the bypassed cell line, were observed with Eastern equine encephalitis virus 

(EEEV) on mammalian and mosquito cell lines (Weaver et al., 1999) or avian and 

mosquito cell lines (Cooper and Scott, 2001).  Surprisingly, fitness increases occurred in 

both cells for alternately passaged viruses, in a manner similar as to those observed for 

single host-adapted viruses, but the mutation rate was lower in the alternate passage 

series.   However, studies with VSV do not support the notion that alternating host 

replication produces negative fitness trade-offs, as fitness increases were observed in both 
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single host-adapted and alternate-passaged viruses (Novella et al., 1999). Nonetheless, in 

another study where VSV was allowed to adapt to a vertebrate cell host [baby hamster 

kidney cells (BHK)], it exhibited substantial fitness gains but fitness declines on new 

cell hosts (HeLa or MDCK) cells (Turner and Elena, 2000). 
Like most RNA viruses, DENV has been shown to circulate within hosts in nature 

as a population of closely related genomes around a dominant master genome sequence, 

indicating that DENV are maintained as a quasispecies (Wang et al., 2002).  The term 

refers to the steady-state, organized distribution of the mutant spectrum of a master 

sequence, a fit sequence that dominates the ensemble (Domingo and Holland, 1997; 

Eigen and Schuster, 1977; Holmes and Moya, 2002). However, even though the master 

sequence with the highest fitness value may dominate this ensemble, it may or may not 

represent the consensus sequence of the mutant distribution.  Thus, this master sequence 

or ‘wild type’ is not an individual genome with a defined nucleotide sequence, but an 

ensemble of closely related sequences upon which selective forces act (Domingo and 

Holland, 1997).  Fitness is a complex parameter that describes the ability of the virus to 

produce stable infectious progeny in a given environment.  Therefore the existence of 

extensive genetic diversity within DENV populations, suggests that genome variants 

within these populations may play a role in viral fitness, replication and their ability to 

successfully adapt to new and dynamic environments.  

Three hypotheses were put forward for investigation in this study: (i) releasing 

DENV from alternate host replication will facilitate faster evolution and adaptation in 

repeated passages in the single host; (ii) adaptation to a given host is specific and results 

in fitness declines in other hosts; and (iii) alternating between hosts, selects for virus 

populations that are genetically conserved and adapted for both hosts. To investigate the 

effect of alternating host cell replication on genetic and fitness stability of DENV, I used 

an in vitro model system to study adaptation of the sylvatic P8-1407 and endemic IQT-

1950 strains with passaged, but uncloned, as well as clonal virus populations. Adaptation 

was evaluated either by serial or alternate passage for 10 cycles in Huh-7 or C6/36 

mosquito cells, and then compared the phenotypic and genetic characteristics of progeny 
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to those of the parents. In the absence of an established and practical in vivo model for 

studying flavivirus evolution of host range, I used the vertebrate Huh-7 and invertebrate 

C6/36 cell lines as surrogate models of arbovirus host range evolution. The rationale of 

utilizing the Huh-7 cell line lies in the in vivo liver involvement in DENV infection (Itha 

et al., 2005; Seneviratne et al., 2006; Wahid et al., 2000).  Cloned (plaque-purified 

biological clones) viruses, that are genetically homogeneous, allowed me to determine 

whether cell-specific fitness gains in the generated viruses were the result of specific 

mutations.  Passaged, but uncloned viruses (which represent a diverse mutant spectrum 

surrounding the ‘master’ genotype that possesses the highest fitness value) allowed me to 

determine the mutant spectrum’s impact in shaping the generated adapted phenotypes.  

RESULTS 

 One important consideration for studies of virus evolution in vitro is that viruses 

may adapt to features of cultured cells, such as temperature (Clarke et al., 1993; Novella 

et al., 1999), defective interfering (DI) particles, or overexpression of heparan sulfate 

(Byrnes and Griffin, 1998; Klimstra et al., 1998; Wang et al., 2003a), that are irrelevant 

in vivo. To overcome this limitation, the following experimental guidelines were used: (i) 

to eliminate temperature sensitivity as a factor in the outcomes, all infected cell cultures 

were incubated at 32oC; (ii) a low multiplicity of infection (MOI) was maintained to 

minimize the influence of DIs, which may promote genetic disequilibrium and rapid 

experimental evolution (Holland et al., 1979; Spindler et al., 1982; Steinhauer and 

Holland, 1987); and (iii) to assess variance in outcomes and to identify common 

convergent mutations arising due to positive selection, duplicate parallel passage series 

were performed for each treatment. 

To assess the influence of host alternation on the pattern of genetic and 

phenotypic evolution, two ecologically and genetically distinct DENV-2 strains were 

passaged ten times in the human hepatocarcinoma Huh-7 cell line (Nakabayashi et al., 

1982) alone, in the Ae. albopictus C6/36 cell line (Igarashi, 1978) alone, or in an 

alternating cycle between Huh-7 and C6/36 cells for 10 passages in each cell line.  Low 
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passage isolates of the Asian sylvatic P8-1407 and the American endemic IQT-1950 

DENV-2 strains (see Figure 5), were used to initiate the passage series.  To measure 

fitness of the evolved lines and of the parent virus, the multicycle replication kinetics 

(growth curve) of each line were measured on both the cell type in which the single-cell 

line virus had been passaged, as well as in the bypassed cell line and a novel cell type 

(Vero) that had not been used previously in the experiment.  

 To determine whether cell-specific fitness gains in the passaged viruses were the 

result of specific mutations, the two ecologically and genetically distinct DENV-2 strains 

were cloned (plaque-purified biological clones) in Vero cells to generate genetically 

homogeneous populations (see Materials and Methods).  I also wanted to ensure that the 

seleceted cloned viruses did not represent a selected minority within the spectrum of 

cloned viruses, with altered morphologic and phenotypic characteristics (i.e. rapid 

penetration mutants) due to the selection of mutants with increased dependency to cell 

surface HS. Therefore, immunohistochemical staining was performed on the cellular 

substrate immediately following plaque selection to determine whether plaque purified 

clones were representative of typical foci of infection (see Materials and Methods and 

Serial Passage and Alternate Passage of Cloned DENV section).   

Ideally, to overcome the inherent limitations of growth curves, such as: (i) 

dependence of virus replication on inoculum titers which results in inaccuracies of 

replication estimates, and (ii) underestimation of the cell-adapted (i.e. Huh-7) virus titer 

due to loss of the ability to form visible plaques in C6/36 cells (where progeny virus titer 

is evaluated), competition of genetic markers should be utilized as an accurate benchmark 

for fitness changes (Coffey et al., submitted for publication; Greene et al., 2005; Weaver 

et al., 1999).  Although the lack of an available sylvatic infectious clone prevents the use 

of genetic markers, the use of a focus forming assay based on the immunological 

detection of expressed antigen on the surface of infected cells, rather than cell killing, 

minimizes the possibility for underestimation of the cell-adapted virus titers. 
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FITNESS IN VERTEBRATE CELL LINES 

Serial Passage and Alternate Passage of Uncloned DENV 
 In general, the fitness of duplicate lineages were similar to one another (Tables 18  

and 20), with the exception of the two lines passaged on alternating cell types in Table 

18, which showed substantial variation. Exclusive passage in Huh-7 resulted in an 

increase in fitness, relative to the parent, for the uncloned isolates of both the sylvatic 

(P8-1407) and endemic (IQT-1950) DENV strains.  Alternating passage, in contrast, did 

not usually result in an increase in fitness (Figure 16a, b). Mean virus outputs of both 

endemic and sylvatic strains increased at a linear rate until day 4, after which viral output 

leveled off (parent and alternate passage) or declined (Huh-7-adapted).  

 To determine whether increases in fitness in the cell line used for passage came at 

the cost of decreased replication in other cell lines, growth curves were also evaluated in 

the bypassed cell lines.  Mean virus outputs of both Huh-7-adapted endemic and sylvatic 

DENV strains were significantly lower than those of the parents and alternate passage 

viruses when their replication was evaluated in C6/36 cells (Figure 17a, b). Mean virus 

outputs of both endemic and sylvatic strains increased at a linear rate until day 6.  

To determine whether increases in fitness in the cell line used for passage came at 

the cost of decreased replication in other cell lines, growth curves were also evaluated in 

a novel cell line, namely Vero cells. Mean virus outputs of both Huh-7-adapted endemic 

and sylvatic DENV strains were significantly lower than those of the parents and 

alternate passage viruses when their replication was evaluated in Vero cells (Figure 18a, 

b).  Interestingly, the mean virus output of the alternate passaged viruses was also 

significantly lower than the parent virus in most lineages (Figure 18a, b).  These results 

indicate that adaptation was vertebrate cell-specific and are summarized in Table 18. 

Serial Passage and Alternate Passage of Cloned DENV 

 Mean virus outputs of the cloned sylvatic and endemic strains passaged 

exclusively in Huh-7 cells were significantly higher (P<0.001) than those of the parent 

when their replication was evaluated in Huh-7 cells (Figure 19a, b).  Interestingly, the 
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cloned sylvatic parent’s mean virus output was significantly less than the uncloned parent 

(Figure 16a) at day 4 (5.53±0.07 vs 4.2±0.03 log10 ffu/ml) and 6 p.i. (5.73±0.03 vs 

4.45±0.05 log10 ffu/ml).  A similar pattern was observed for the uncloned and cloned 

endemic parent at day 4 (5.75±0.02 vs 3.28±0.03 log10 ffu/ml) and 6 p.i. (5.9±0.02 vs 

4.19±0.06 log10 ffu/ml) (Figure 16b). A possible explanation for the significant reduction 

of the cloned parent viruses mean virus output could be attributed to sequence differences 

compared to the uncloned viruses (Table 23).  Unexpectedly, the mean virus outputs of 

the alternate passaged viruses for both sylvatic and endemic strains were significantly 

higher than those of the parent virus, and the overall fitness of the exclusive and alternate 

passaged viruses did not differ.  Similarly, the mean virus outputs of the alternate 

passaged viruses for both sylvatic and endemic strains were significantly higher than 

those of the parent virus, in the bypassed C6/36 cell line (Figure 20a, b).  However, the 

mean virus outputs of the Huh-7-adapted viruses were significantly lower from the virus 

outputs of the alternate passaged viruses (Figure 20a, b). In Veros, a novel cell line, mean 

virus outputs of both Huh-7-adapted endemic and sylvatic DENV strains were higher 

than those of the parents and alternate passage viruses (Figure 21a, b). The results are 

summarized in Table 18. 

 



 

 
 

 
 

Figure 16. Replication of Huh-7-adapted uncloned DENV-2 in Huh-7 cells.  (a) Huh-7 
- adapted sylvatic P8-1407 DENV-2.  (b) Huh-7 - adapted endemic IQT-
1950 DENV-2. Timepoint T = 0 represents residual virus after washing.

 142



 

 

 
 

Figure 17.  Replication of Huh-7-adapted uncloned DENV-2 in C6/36 cells.  (a) Huh-7 
- adapted sylvatic P8-1407 DENV-2.  (b) Huh-7 - adapted endemic IQT-
1950 DENV-2. Timepoint T = 0 represents residual virus after washing.
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Figure 18. Replication of Huh-7-adapted uncloned DENV-2 in Vero cells.  (a) Huh-7 - 
adapted sylvatic P8-1407 DENV-2.  (b) Huh-7 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 
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 These results, summarized in Table 18, differ from those obtained with uncloned 

viruses.  The data suggest that cloning of the parent viruses leads to the selection of lower 

fitness lines (as is indicated above by difference in the mean virus outputs of the parents). 

An explanation for the lower fitness of the cloned viruses lies in the process of plaque-to-

plaque transfers to achieve clonality. To eliminate the possibility that I selected a clonal 

minority within the spectrum of cloned viruses with altered morphologic and phenotypic  

characteristics (i.e. rapid penetration mutants), immunohistochemical staining was 

performed on the cellular substrate immediately following plaque selection. As the data 

indicate, visible plaques for either virus represented ≥86.5% of all plaques identified by 

IHC, whereas ~10% of the plaques identified by IHC were not visible and shared altered 

morphologic characteristics (Table 19).  Since the selected clones for initiating the 

adaptation study were representative of the majority (visible) plaques, they were most 

likely subject to genetic bottlenecks leading to fitness losses relative to the parent 

populations.  Evidence with bacteriophage φ6 (Chao, 1990), VSV (Duarte et al., 1992; 

Duarte et al., 1993), foot-and-mouth-disease virus (FMDV) (Escarmis et al., 1996), and 

EEEV (Weaver et al., 1999) suggests that repeated plaque-to-plaque transfers result in 

fitness losses caused by a progressive deviation of the consensus sequence due to genetic 

bottlenecks. However, because the cloned viruses were subjected to a limited number of 

bottleneck events (2 plaque purification events), when they were allowed to specialize 

(continuous passage in one line) or propagated in alternate passages, fitness was nearly 

recovered. 

 

 

 

Table 19. Morphological characteristics of cloned parent viruses. 
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Sylvatic P8-1407 Endemic IQT-1950 

 Plaquesa (AD)b IHCc (AD)b %d Plaquesa (AD)b IHCc (AD)b %d

Well 1 32 (1 mm) 5 (0.3 mm) 86.5 39 (2mm) 4 (0.4 mm) 90.7 

Well 2 30 (1 mm) 3 (0.3 mm) 91.0 46 (2mm) 5 (0.4 mm) 90.2 

a Number of DENV plaques visible by neutral red on 6-well plates of Vero cells infected 
with DENV 
b AD – Average diameter of plaques in millimeters (mm) 
c Number of DENV plaques in addition to the number of visible by neutral red plaques 
present in the same well after development of IHC.  
d Percent of visible plaques per well.  
 

 

FITNESS IN INVERTEBRATE CELL LINE 

Serial and Alternate Passage of Uncloned DENV 
 The fitnesses of the duplicate lineages were similar to one another with no 

significant variation among them (Table 20).  Exclusive passage in C6/36 cells resulted in 

an increase in fitness, relative to the parent, for the uncloned isolates of both the sylvatic 

(P8-1407) and endemic (IQT-1950) DENV strains.  In contrast, alternating passage did 

not result in an increase in fitness, relative to the parent, for the uncloned isolates of the 

sylvatic DENV strain (Figure 22a), but resulted in a decrease in fitness for the endemic 

DENV strain (Figure 22b). Mean virus outputs for the sylvatic strain increased at a linear 

rate until day 4, after which viral outputs leveled off.  In contrast, mean virus outputs for 

the endemic strain increased at a linear rate until day 6, with the exception of serially-

passaged sample 1. 



 
 

 
 

Figure 19. Replication of Huh-7-Adapted cloned DENV-2 in Huh-7 cells.  (a) Huh-7- 
adapted sylvatic P8-1407 DENV-2.  (b) Huh-7 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 
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Figure 20.  Replication of Huh-7-Adapted cloned DENV-2 in C6/36 cells.  (a) Huh-7- 
adapted sylvatic P8-1407 DENV-2.  (b) Huh-7 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 
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Figure 21. Replication of Huh-7-Adapted cloned DENV-2 in Vero cells.  (a) Huh-7 -
adapted sylvatic P8-1407 DENV-2.  (b) Huh-7 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing.
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Table 18: Comparison of the replication kinetics of individual lineages within an experimental group including the parent virus 
(Parent), duplicate lineages passaged exclusively in Huh-7 cells (P10 Huh-7) or duplicate lineages passaged in 
alternation between Huh-7 and C6/36 cells (P10 Alt).  

  Significance of Comparisons Between Lineages Within Experimental Groups†  
 P8-1407  IQT-1950 P8-1407  IQT-1950 P8-1407  IQT-1950 
 Uncloned Cloned  Ucloned Cloned Uncloned Cloned  Uncloned Cloned Uncloned Cloned  Uncloned Cloned 

Lineage Comparisons HuH-7 HuH-7  HuH-7 HuH-7 Vero Vero  Vero Vero C6/36 C6/36  C6/36 C6/36 

P10-A H7 v P10-B H7         ⇓     ⇑  

P10-A Alt v P10-B Alt ⇓ ⇓    ⇑ ⇑  ⇑       

P10-A H7 v Parent ⇑ ⇑  ⇑ ⇑ ⇓ ⇑  ⇓ ⇑ ⇓ ⇑  ⇓ ⇑ 

P10-B H7 v Parent ⇑ ⇑  ⇑ ⇑ ⇓ ⇑  ⇓ ⇑ ⇓ ⇑  ⇓ ⇑ 

P10-A Alt v Parent  ⇑   ⇑  ⇑  ⇓ ⇑ ⇓ ⇑  ⇓ ⇑ 

P10-B Alt v Parent ⇑ ⇑   ⇑ ⇓ ⇑  ⇓ ⇑  ⇑  ⇓ ⇑ 

P10-A H7 v P10-A Alt ⇑ ⇑  ⇑ ⇑ ⇓ ⇑  ⇓ ⇑ ⇓ ⇓  ⇓ ⇓ 

P10-A H7 v P10-B Alt ⇑   ⇑ ⇑ ⇓ ⇑   ⇑ ⇓ ⇓  ⇓ ⇓ 

P10-B H7 v P10-A Alt ⇑ ⇑  ⇑ ⇓ ⇓ ⇑  ⇓ ⇑ ⇓ ⇓  ⇓ ⇓ 

P10-B H7 v P10-B Alt  ⇑  ⇑ ⇓ ⇓ ⇑  ⇑ ⇑ ⇓ ⇓  ⇓ ⇓ 

† An arrow in a cell indicates a significant difference between two lineages based on a Tukey-Kramer post-hoc comparison, an empty cell 
indicates that no significant difference was detected between the lineages.  The direction of the arrow indicates the overall progeny production of 
the first virus in the comparison versus the second virus. Experimental Groups are defined by the virus used to initiate passages, the population 
of virus, consensus or cloned, used to initiate passages, and the cell line in which the growth curve was conducted



 151

 To determine whether increases in fitness in the cell line used for passage came at 

the cost of decreased replication in other cell lines, replication kinetics were also 

evaluated in the bypassed cell line and in Vero cells. Mean virus outputs of both C6/36-

adapted endemic and sylvatic DENV strains were significantly lower than those of the 

parents and alternate passage viruses when their replication was evaluated in Huh-7 cells 

(Figure 23a,b). Both parent and alternate passaged viruses had similar replication 

kinetics. Mean virus outputs of both endemic and sylvatic strains increased at a linear rate 

until day 4, after which viral output leveled off (parent and alternate passage) or 

increased (C6/36 – adapted). Surprisingly, mean virus outputs of the C6/36-adapted 

sylvatic strain were significantly higher than those of the parents, when their replication 

was evaluated in Vero cells; no fitness changes were observed for the alternate passage 

viruses (Figure 24a).  Mean virus outputs of the C6/36-adapted and alternate passage 

endemic strain were significantly lower than those of the parent (Figure 24b). These 

results indicate that adaptation was not invertebrate cell-specific. 

Serial and Alternate Passage of Cloned DENV 
 The fitnesses of duplicate lineages were similar to one another, with no significant 

variation among them (Table 20).  Exclusive passage in C6/36 cells resulted in an 

increase in fitness, relative to the parent, for the cloned isolates of both the sylvatic and 

endemic DENV strains (Figure 25a, b).  Surprisingly contrary to my hypothesis, 

alternating passage resulted in an increase in fitness, relative to the parent, for the cloned 

isolates of both the sylvatic and endemic DENV strains (Figure 25a, b). Mean virus 

outputs of the sylvatic strains increased at a linear rate until day 4, after which viral 

output leveled off (C6/36 -adapted and alternate passage), except for the parent virus and 

the endemic strains where they increased until day 6 (Figure 25a, b). 



 
 

 
 

Figure 22. Replication of C6/36-Adapted uncloned DENV-2 in C6/36 cells.  (a) C6/36 
- adapted sylvatic P8-1407 DENV-2.  (b) C6/36 - adapted endemic IQT-
1950 DENV-2. Timepoint T = 0 represents residual virus after washing.

 152



 

 
 

Figure 23. Replication of C6/36-adapted uncloned DENV-2 in Huh-7 cells.  (a) C6/36 - 
adapted sylvatic P8-1407 DENV-2.  (b) C6/36 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing.
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Figure 24. Replication of C6/36-adapted uncloned DENV-2 in Vero cells.  (a) C6/36 - 
adapted sylvatic P8-1407 DENV-2.  (b) C6/36 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 
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 To determine whether fitness increases occurred in the cell line used for passage 

came at the cost of decreased replication in other cell lines, replication kinetics were also 

evaluated in the bypassed cell line (Huh-7), as well as in Vero cells. Mean virus outputs 

of both C6/36-adapted endemic and sylvatic DENV strains were significantly lower than 

those of the alternating passage viruses, when their replication was evaluated in Huh-7 

cells (Figure 26a,b). However, the replication kinetics of parent viruses were significantly 

lower than those of the C6/36 – adapted and alternating passaged viruses (Figure 26a, b). 

Surprisingly, mean virus outputs of both C6/36-adapted sylvatic and endemic strains 

were higher than those of the parents and alternate passage (except for the endemic) 

viruses when their replication was evaluated in Vero cells (Figure 27a, b). The results are 

summarized in Table 20. 

  



 
 

 

Figure 25. Replication of C6/36-adapted cloned DENV-2 in C6/36 cells.  (a) C6/36 - 
adapted sylvatic P8-1407 DENV-2.  (b) C6/36 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 
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Figure 26.  Replication of C6/36-adapted cloned DENV-2 in Huh-7 cells.  (a) C6/36 - 
adapted sylvatic P8-1407 DENV-2.  (b) C6/36 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 
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Figure 27. Replication of C6/36-adapted cloned DENV-2 in Vero cells.  (a) C6/36 - 
adapted sylvatic P8-1407 DENV-2.  (b) C6/36 - adapted endemic IQT-1950 
DENV-2. Timepoint T = 0 represents residual virus after washing. 

 

 
 



Table 20: Comparison of the replication kinetics of individual lineages within an experimental group, including the parent virus 
(Parent), duplicate lineages passaged exclusively in C6/36 cells (P10 C6/36) or duplicate lineages passaged in alternation 
between Huh-7 and C6/36 cells (P10 Alt).  

  Significance of Comparisons Between Lineages Within Experimental Groups†  
 P8-1407  IQT-1950 P8-1407  IQT-1950 P8-1407  IQT-1950 
 Uncloned Cloned  Ucloned Cloned Uncloned Cloned  Uncloned Cloned Unclonedd Cloned  Uncloned Cloned 
Lineage Comparisons C6/36 C6/36  C6/36 C6/36 Vero Vero  Vero Vero H7 H7  H7 H7 

P10-1 C6/36 v P10-2 C6/36          ⇑    ⇑ ⇓ 

P10-1 Alt v P10-2 Alt           ⇑       

P10-1 C6/36 v Parent ⇑ ⇑  ⇑ ⇑ ⇑ ⇑  ⇓ ⇑ ⇓ ⇑  ⇓ ⇑ 

P10-2 C6/36 v Parent ⇑ ⇑  ⇑ ⇑ ⇑ ⇑  ⇓ ⇑ ⇓ ⇑  ⇓ ⇑ 

P10-1 Alt v Parent  ⇑  ⇓ ⇑  ⇑  ⇓   ⇑   ⇑ 

P10-2 Alt v Parent  ⇑  ⇓ ⇑  ⇑  ⇓   ⇑  ⇓ ⇑ 

P10-1 C6/36 v P10-1 Alt ⇑ ⇑  ⇑ ⇑ ⇑ ⇑  ⇑ ⇑ ⇓ ⇓  ⇓ ⇑ 

P10-1 C6/36 v P10-2 Alt ⇑ ⇑  ⇑ ⇑ ⇑ ⇑   ⇑ ⇓ ⇓  ⇓ ⇑ 

P10-2 C6/36 v P10-1 Alt ⇑ ⇑  ⇑ ⇑ ⇑ ⇑  ⇓ ⇑ ⇓ ⇓  ⇓ ⇑ 

† An arrow in a cell indicates a significant difference between two lineages based on a Tukey-Kramer post-hoc comparison, an empty 
cell indicates that no significant difference was detected between the lineages.  The direction of the arrow indicates the overall progeny 
production of the first virus in the comparison versus the second virus. Experimental Groups are defined by the virus used to initiate 
passages, the population of virus, uncloned or cloned, used to initiate passages, and the cell line in which the growth curve was 
conducted 

⇓ ⇓  ⇓ ⇑ ⇑   ⇑ ⇑ P10-2 C6/36 v P10-2 Alt ⇑ ⇑  ⇑ ⇑ 
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SEQUENCE ANALYSES 

Uncloned DENV 
The consensus genomic sequences of the 10th serial passage in Huh-7 and C6/36 

cells and the final alternating passage terminating in Huh-7 of each lineage were obtained 

and compared to the parental DENV sequences. Sylvatic strain P8-1407 accrued 11 

consensus mutations in both series after 10 alternating passages, which were distributed 

throughout the genome. Five mutations were presented as nucleotide mixtures, whereas 3 

of the 11 mutations, were synonymous (Table 21).  Surprisingly, when the same strain 

was allowed to specialize in Huh-7 cell for 10 consecutive passages it accrued 10 

consensus mutations, of which 4 were presented as nucleotide mixtures (a mixture of two 

nucleotides, parental and mutant, was indicated on sequence electropherograms of both 

DNA strands) (Table 21). Six of the mutations were synonymous. Three of the accrued 

mutations at nucleotide positions 1120 (domain I of E gene), 9179 (RdRp domain of 

NS5) and 10400 (3’ – NCR) were common in both serial and alternating passaged 

viruses, suggesting convergent evolution via positive selection (Table 21).  Endemic 

strain IQT-1950 accrued 12 consensus mutations after 10 alternating passages, which 

were distributed mostly in the E (5 mutations) and NS4B (3 mutations) genes.  Five 

mutations were presented as nucleotide mixture, and 6 of the 12 accrued mutations were 

synonymous (Table 22). When the same strain was allowed to specialize in Huh-7 cells 

for 10 consecutive passages, it accrued 10 consensus mutations of which 5, were 

presented as nucleotide mixture (Table 22).  Five of the accrued mutations were 

synonymous.  Two of the accrued mutations at nucleotide positions 1539 (domain II of 

the E gene) and 10392 (3’ – NCR) were common in both serially and alternating 

passaged viruses, suggesting convergent evolution via positive selection (Table 22). 

 

 

 

 



 161

Table 21.  Nucleotide (nt) and amino acid (aa) changes in sequences of alternating and 
Huh-7 – adapted P8-1407 DENV relative to low passage uncloned parent 
DENV following full-genome analysis 

 

Virus Passagea nt position Region nt change aa change 

P8-1407 P10 – 1 Alt 325 Cap G → R (G/A) (A → T) 
P8-1407  P10 – 2 1120 ENV G → R (G/A) (E → K) 
P8-1407 P10 – 1 Alt 1120 ENV G → R (G/A) (E → K) 
P8-1407 P10 – 2 Alt 1120 ENV G → A E → K 
P8-1407 P10 – 2 Alt 1405 ENV A → G K → E 
P8-1407 P10 – 1 1540 ENV G → A E → K 
P8-1407 P10 – 2 1673 ENV A → W (A/T) (K → M) 
P8-1407 P10 – 2 Alt 2720 NS1 A → G - 
P8-1407 P10 – 2 2722 NS1 A → R (A/G) K → E 
P8-1407 P10 – 2 Alt 2739 NS1 C → T K → E 
P8-1407 P10 – 1 4378 NS2B A → R (A/G) (S → G) 
P8-1407 P10 – 1 4902 NS3 C → T - 
P8-1407 P10 – 1 6579 NS4A T → A - 
P8-1407 P10 – 2 Alt 7724 NS5 A → C H → P 
P8-1407 P10 – 2 9179 NS5 G → C G → A 
P8-1407 P10 – 1 Alt 9179 NS5 G → S (G/C) (G → A) 
P8-1407 P10 – 2 Alt 9179 NS5 G → C G → A 
P8-1407 P10 – 1 Alt 9186 NS5 C → Y (C/T) - 
P8-1407 P10 – 1 Alt 9276 NS5 C → Y (C/T) - 
P8-1407 P10 – 1 Alt 9746 NS5 T → C - 
P8-1407 P10 – 1 9987 NS5 T → C - 
P8-1407 P10 – 2 10400 3’- NCR T → C - 
P8-1407 P10 – 1 Alt 10400 3’- NCR T → C - 
P8-1407 P10 – 2 Alt 10400 3’- NCR T → C - 

a Each passage was performed in dublicate; P10 = passage 10; Alt = alternate passage. 
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Table 22. Nucleotide (nt) and amino acid (aa) changes in sequences of Huh-7 - 
adapted IQT-1950 DENV relative to low passage uncloned parent DENV 
following full-genome analysis 

 

Virus Passagea nt position Region nt change aa change 

IQT-1950 P10 – 1  506 prM T → Y (T/C) - 
IQT-1950 P10 – 2 Alt 978 ENV G → S (G/C) (V → L) 
IQT-1950 P10 – 1  1119 ENV G → A E → K 
IQT-1950 P10 – 2  1121 ENV G → A - 
IQT-1950 P10 – 1 Alt 1121 ENV G → R (G/A) - 
IQT-1950 P10 – 1 Alt 1412 ENV T → Y (T/C) - 
IQT-1950 P10 – 1  1539 ENV G → R (G/A) (E → K) 
IQT-1950 P10 – 2  1539 ENV G → A E → K 
IQT-1950 P10 – 1 Alt 1539 ENV G → A E → K 
IQT-1950 P10 – 2 Alt 1539 ENV G → A E → K 
IQT-1950 P10 – 2  1657 ENV A → G - 
IQT-1950 P10 – 2 Alt 2014 ENV A → G E → G 
IQT-1950 P10 – 2 Alt 4472 NS2B A → R (A/G) (I → M) 
IQT-1950 P10 – 1  5031 NS3 G → R (G/A) (G → S) 
IQT-1950 P10 – 2  7083 NS4B A → W (A/T) (M → L) 
IQT-1950 P10 – 2 Alt 7409 NS4B T → C - 
IQT-1950 P10 – 2  7505 NS4B G → T - 
IQT-1950 P10 – 1 Alt 7505 NS4B G → K (G/T) - 
IQT-1950 P10 – 2 Alt 7514 NS4B T → G - 
IQT-1950 P10 – 1  7775 NS5 T → Y (T/C) - 
IQT-1950 P10 – 2 Alt 8117 NS5 T → C - 
IQT-1950 P10 – 2 Alt 10362 3’- NCR A → G - 
IQT-1950 P10 – 2  10392 3’- NCR T → C - 
IQT-1950 P10 – 1 Alt 10392 3’- NCR T → C  - 
IQT-1950 P10 – 2 Alt 10392 3’- NCR T → C - 

a Each passage was performed in dublicate; P10 = passage 10; Alt = alternate passage; - = 
no change 

 

When either strain was allowed to specialize in the Ae. albopictus C6/36 cell line, 

a different mutation spectrum emerges.  Whereas serial passages in the vertebate Huh-7 
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cell line or alternating passages between vertebrate and invertebrate cell lines result in a 

mutation spectrum is distributed throughout the genome (Tables 21 and 22); serial 

passage in invertebrate cells leads to mutations within the non structural genes and 3’ – 

NCR (Table 23).  The preponderance of mutations 4902 and 6579 of the sylvatic strain 

and mutations 4471, 7416, and 10392 of the endemic strain arising independently in both 

duplicate series, suggests convergent evolution resulting through positive selection. 

Overall, the limited variability in the consensus sequences of the generated virus 

populations suggests minor shifts in the population makeup during single host cell 

passage in vertebrate cells and cell alteration.  However, virus populations generated 

during single host cell passage in C6/36 cells had identical consensus sequences, 

suggesting no shifts in the population makeup during single host cell passage. 

 To eliminate the possibility that the developed mutations in the alternate passaged 

viruses were accrued at the first round of replication between invertebrate and vertebrate 

cells due to bottleneck events, the progeny virus of both strains derived from either cell 

line was sequenced.  No mutations were observed at that stage, however when progeny 

derived from the 5th alternate round of replication was sequenced, a number of mutations 

that were observed in passage 10 were present (data not shown), suggesting that the 

accrued mutations were not due to bottleneck events occurring early on the cyclic 

transitions from vertebrate and invertebrate cells, but developed over time stochastically 

or due to positive selection.   

Cloned DENV   
Biological clones of both strains were generated by two rounds of plaque 

purification on Vero cells in order to establish a homogeneous population, and obtained 

their consensus genome sequence.  Subsequent comparison of their genome sequence to 

the sequence of the uncloned viruses revealed a number of nucleotide differences (Table 

24).  Interestingly, the nucleotide position 10392 of the cloned endemic IQT-1950 strain 

at is cytosine, which was selected by convergent evolution with both serially and 

alternating passaged uncloned strain (Table 22).  
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Table 23. Nucleotide (nt) and amino acid (aa) changes in sequences of C6/36 - 
adapted DENV relative to low passage uncloned parent DENV following 
full-genome analysis 

 

Virus Passagea Cell line nt position Region nt change aa change

IQT-1950 P10 – 1 C6/36 2906 NS1 A → R (A/G) - 
IQT-1950 P10 – 1 C6/36 4471 NS2B T → C I → T 
IQT-1950 P10 – 2 C6/36 4471 NS2B T → C I → T 
IQT-1950 P10 – 1 C6/36 5144 NS3 T → Y (T/C) - 
IQT-1950 P10 – 1 C6/36 7416 NS4B A → G T → A 
IQT-1950 P10 – 2 C6/36 7416 NS4B A → G T → A 
IQT-1950 P10 – 1 C6/36 10392 3’-NCR T → Y (T/C) - 
IQT-1950 P10 – 2 C6/36 10392 3’-NCR T → C - 
IQT-1950 P10 – 1 C6/36 10551 3’-NCR G → R (G/A) - 
       
P8-1407 P10 – 1 C6/36 4902 NS3 C → T - 
P8-1407 P10 – 2 C6/36 4902 NS3 C → Y (C/T) - 
P8-1407 P10 – 1 C6/36 6579 NS4A T → A - 
P8-1407 P10 – 2 C6/36 6579 NS4A T → W (T/A) - 
P8-1407 P10 – 1 C6/36 9179 NS5 G → S  (G/C) (G → A) 
P8-1407 P10 – 1 C6/36 10560 3’-NCR T → C - 

a Each passage was performed in dublicate. P10 = passage 10. 
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Table 24. Synopsis of sequence differences among uncloned and cloned IQT-1950 and 
P8-1407 viruses 

Virus nt position 
(cloned/uncloned) 

Amino Acid Change Region/Gene 

P8-1407 T2535C - NS1 
P8-1407 T4010C L → S NS2A 
P8-1407 T4902C - NS3 
P8-1407 A6579T - NS4A 
P8-1407 C9909T N → T NS5 
P8-1407 A9986C - NS5 
    
IQT-1950 T6359C - NS3 
IQT-1950 C10392T NA 3’ NCR 

- = no change; NA = not applicable 

 

The consensus genomic sequences of the 10th serial passage in Huh-7 and C6/36 

cells and the final alternating passage (in Huh-7) of DENV were obtained and compared 

to the parental cloned DENV sequences.   Sylvatic strain P8-1407 accrued 5 consensus, 

synonymous mutations after 10 alternating passages, of which 2 were located in the 3’ – 

NCR (10400 and 10422) and one in the E (1905), NS1 (2883) and NS3 (5974) 

respectivelly (Table 25). The mutations in E and NS3 were presented as nucleotide 

mixture.  Interestingly, the mutation at nucleotide 10400 was also selected in the 

uncloned serial and alternating passaged viruses (Table 21).  Surprisingly, when the same 

strain was allowed to specialize in Huh-7 cell for 10 consecutive passages it also accrued 

5 consensus mutations, of which two at nucleotide positions 2030, and 7385 were 

nonsynonymous (Table 25). The mutation at nucleotide positions 2030 was shared by 

both isolates, suggesting positive selection. 

Endemic strain IQT-1950 accrued 3 consensus mutations after 10 alternating 

passages, which were distributed in the E (1539), NS3 (5348), and NS4B (6980) genes; 

the latter two were synonymous mutations (Table 25). When the same strain was allowed 

to specialize in Huh-7 cells for 10 consecutive passages, it accrued 4 consensus mutations 
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of which 3 were presented as nucleotide mixture (Table 25).  All of the accrued mutations 

were non-synonymous.  Interestingly, the mutation at nucleotide position 1539 (domain 

II of the E gene) was shared in both serially and alternating passaged viruses (Table 25), 

as well as in the uncloned viruses (Table 22), suggesting convergent evolution via 

positive selection. 

 

Table 25. Nucleotide (nt) and amino acid (aa) changes in sequences of Huh-7 - 
adapted and alternate-passaged DENV relative to cloned parent DENV 
following full-genome analysis 

 

Virus Passagea nt position Region nt change aa change 

IQT-1950 P10 – 1  1539 E G → A E → K  
IQT-1950 P10 – 2  1539 E G → R (G/A) (E → K) 
IQT-1950 P10 – 2 Alt  1539 E G → A E → K 
IQT-1950 P10 – 1  2310 E A → W (A/T) (I → L) 
IQT-1950 P10 – 2  4411 NS2B C → Y (C/T) (T → I) 
IQT-1950 P10 – 2 Alt 5348 NS3 A → G - 
IQT-1950 P10 – 1 Alt 6980 NS4B G → T - 
IQT-1950 P10 – 1  7147 NS4B C → T T → I 
      
P8-1407 P10 – 1  228 C A → G - 
P8-1407 P10 – 2 Alt  1905 E A → R (A/G) - 
P8-1407 P10 – 1  2030 E T → C I → T 
P8-1407 P10 – 2  2030 E T → C I → T 
P8-1407 P10 – 1 Alt  2883 NS1 A → G - 
P8-1407 P10 – 1 4707 NS3 A → G - 
P8-1407 P10 – 1 Alt  5974 NS3 T → Y (T/C) (C → R) 
P8-1407 P10 – 2  7385 NS4B C → T T → M 
P8-1407 P10 – 1  8334 NS5 C → T - 
P8-1407 P10 – 1 Alt 10400 3’ – NCR T → C - 
P8-1407 P10 – 2 Alt  10422 3’ – NCR G → T - 

a Each passage was performed in dublicate; P10 = passage 10; Alt = alternate passage; - = 
no change 

Serial passage of either strain in the Ae. albopictus C6/36 cell line reveals a 

similar mutation profile as the profile observed with the uncloned strains. All accrued 
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mutations are within the non structural genes and 3’ – NCR. Specifically, the endemic 

IQT-1950 strain developed one consensus non-synonymous mutation at nucleotide 

position 4471, located in the NS2B gene (Table 26).  This mutation was shared by both 

samples as a nucleotide mixture (Y = T/C) and was also present in the serially passaged 

uncloned viruses (Table 21), which suggests this site is subject to positive selection when 

allowed to specialize in invertebrate cells. However, in the uncloned serially passaged 

viruses the nucleotide change was complete by passage 10 (cytosine versus thymine of 

the parent), resulting in amino acid substitution (threonine versus isoleucine in the parent) 

(Table 23).  The sylvatic P8-1407 strain accrued 5 consensus mutations of which one 

presented as nucleotide mixture (Table 26). Three mutations were located in the 

nonstructural NS1, NS3 and NS4B genes, and two within the 3’ – NCR.  Interestingly, 

the latter two were also observed in the alternative passaged viruses (Table 25). 

 

Table 26. Nucleotide (nt) and amino acid (aa) changes in sequences of C6/36 - 
adapted DENV relative to cloned parent DENV following full-genome 
analysis 

 

Virus Passagea nt position Region nt change aa change 

IQT-1950 P10 – 1  4471 NS2B T → Y (T/C) (I → T) 
IQT-1950 P10 – 2  4471 NS2B T → Y (T/C) (I → T) 
      
P8-1407 P10 – 1  2883 NS1 A → R (A/G) - 
P8-1407 P10 – 2  5390 NS3 A → G D → G 
P8-1407 P10 – 2  7305 NS4B C → T - 
P8-1407 P10 – 1  10400 3’- NCR T → C - 
P8-1407 P10 – 2 10422 3’- NCR G → T - 

a Each passage was performed in dublicate; P10 = passage 10; - = no change 

 Overall, the uncloned single host cell passage series exhibited a mean of 4.75 

nucleotide and 2.5 amino acid changes in Huh-7 cells, and 2.75 nucleotide and 1.25 
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amino acid changes in C6/36 cells (nucleotide changes outside the ORF were not 

considered).  The alternative passage series, which underwent replication comparable to 

the sum of the Huh-7 and C6/36 single host cell passages, exhibited a mean of 5.75 

nucleotide and 3.25 amino acid changes, less than the sum (mean of 7.5 nucleotides and 

3.75 amino acids) of the single host cell passage series. The cloned single host cell 

passage series exhibited a mean of 2.75 nucleotide and 2 amino acid changes in Huh-7 

cells, and 1.25 nucleotide and 0.75 amino acid changes in C6/36 cells (nucleotide 

changes outside the ORF were not considered). The alternative passage series, which 

underwent replication comparable to the sum of the Huh-7 and C6/36 single host cell 

passages, exhibited a mean of 1.5 nucleotide and 0.5 amino acid changes, less than the 

sum (mean of 4 nucleotides and 2.75 amino acids) of the single host cell passage series. 

These results suggest that alternate host cell replication may have a stabilizing effect on 

DENV sequence change. 

DISCUSSION 

 I hypothesized that DENV evolution is constrained by the virus’ unique 

requirement of a disparate two-host transmission and replication cycle.  My hypothesis 

predicts that releasing DENV from alternate host replication will facilitate faster 

evolution and adaptation in repeated passages in the single host or cell line (either 

vertebrate or invertebrate).  I also hypothesized that adaptation to a given host or cell line 

is specific and results in fitness declines in other host or cell line.  To evaluate of these 

hypotheses, I used genetically homogeneous cloned, and uncloned DENV viruses that 

were passaged for 10 times, either continuously or alternately in vertebrate and 

invertebrate cells.  Subsequently, the consensus genetic sequence of the generated viruses 

was obtained and their fitness was measured by multicycle replication kinetics (growth 

curve) on both the cell type in which the single-cell line virus had been passaged, as well 

as in the bypassed cell line and a novel cell type that had not been used previously in the 

experiment. 
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 My results from both cloned and uncloned DENV viruses are consistent with the 

hypothesis that releasing arboviruses from the alternating host cell transmission and 

replication cycle will result in the acquisition of higher fitness for the retained host cell 

(vertebrate or invertebtate), than will occur in an alternating cell cycle (Tables 18, 20 and 

Figures 16a, b; 19a, b; 22a, b; and 25a, b).  However, there is limited support to the 

hypothesis that DENV and other arboviruses must adopt a fitness compromise, where 

optimal replication in one host cell or involves a fitness tradeoff for the alternate host 

cell.  Support for the hypothesis was mainly provided by the alternate passage of the 

uncloned viruses (Tables 18, 20 and Figures 16a, b and 22a, b), whereas in the cloned 

viruses significant fitness increases were observed (Figures 21a, b and 25a, b).  A 

possible explanation for the ability of the alternating host cell passaged cloned viruses to 

acquire fitness gains almost similar to those observed from exclusive passage in the 

single host cell line is that they acquired both host cell-specific and amphi-cell-specific 

adaptations.  An alternate explanation for the fitness increases in the alternate passage of 

the cloned viruses is due to genetic bottleneck effects of the cloning.  Evidence with 

bacteriophage φ6 (Chao, 1990), VSV (Duarte et al., 1992; Duarte et al., 1993), foot-and-

mouth-disease virus (FMDV) (Escarmis et al., 1996), and EEEV (Weaver et al., 1999) 

suggests that repeated plaque-to-plaque transfers (≥40) result in fitness losses caused by a 

progressive deviation of the consensus sequence due to genetic bottlenecks.  The serial 

plaque transfers of genetically homogeneous viruses, eliminates any possibility for the 

competitive optimization of the quasispecies and limits optimization only to the stage of 

plaque development and leads to accumulation of deleterious mutations.  However, 

because these cloned viruses were subjected to a limited number of bottleneck events (2 

plaque purification events), when they were allowed to specialize (continuous passage in 

either Huh-7 or C6/36 host cells) or propagated in alternate passages, fitness was nearly 

recovered.   

 The hypothesis that adaptation to a given host cell (Huh-7 or C6/36) is specific 

and results in fitness declines in the bypassed cell line or other host cells (Vero cells), is 

supported in some respects.  Fitness decreases by both uncloned (Tables 18, 20 and 
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Figures 17a, b, 18a, b, 23a, b and 24b) and cloned (Tables 18, 20 and Figures 20a, b, 21a, 

b, and 26a,b) endemic and sylvatic DENV viruses supported the hypothesis, but fitness 

increases in the uncloned sylvatic DENV passaged exclusively in the invertebrate cell 

line did not support the hypothesis (Figure 24a). These observations are consistent with 

the hypothesis that adaptation to a given host or cell (Huh-7 or C6/36 cells) is specific 

and results in fitness declines in the bypassed cell line or in other hosts or cell (Vero 

cells).  Contrary to the stated hypothesis, significant fitness increases were observed by 

both cloned endemic and sylvatic DENV viruses upon evaluation in Vero cells (Figures 

21a, b and 27a, b).  It is possible that the apparent fitness increases observed in the 

serially passaged cloned viruses are due generation of genetically diverse virus 

populations (quasispecies) that have recovered from the reduced replication potential of 

the parent viruses due to genetic bottlenecks, generated during the clonal selection 

process. 

   A prediction of the hypothesis that releasing DENV from alternating host cell 

transmission and replication cycle will result in the acquisition of higher fitness for the 

retained host cell, is that generated DENV from the retained single-host cell passage 

series would undergo more nucleotide and amino acid changes in their consensus 

sequences, compared to the viruses that were forced to replicate alternatively in both host 

cell types.  As predicted, viruses that were exclusively passaged in a single host cell 

accumulated more nucleotide and amino acid changes in their concensus sequences, 

compared to viruses that were allowed to replicate in alternating invertebrate-to-

vertebrate host cell passages.  Overall, 45% and 50% of the mutations generated within 

the uncloned and cloned viruses were non-synonymous.  These ratios are considerably 

higher to what has been observed in nature, where the vast majority of generated 

mutation are synonymous which strongly suggests purifying selection as the major force 

of shaping arbovirus evolution. Nonetheless, several observed non-synonymous 

mutations common to both passage series within the same host cell line and/or alternating 

host cells strongly suggests convergent evolution via positive selection. 
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 Exclusive passage in the vertebrate host cell or alternating host cells led to the 

emergence of a qualitatively and quantitatively different mutation spectrum than 

exclusive passage in the invertebrate host cell line. Whereas serial passages in the 

vertebrate Huh-7 host cell or alternating passages between vertebrate and invertebrate 

host cells resulted in a mutant spectrum that is distributed throughout the genome, serial 

passage in the invertebrate host cell led to mutations located exclusively within the non-

structural genes and 3’ – NCR.  These observations support the notion that selection 

occurs mainly within the vertebrate host.  Furthermore, reverse genetic studies may in the 

future examine the contribution of the individual mutations in conferring fitness 

advantages in either host cell or possibly both.  However, an inherent limitation of 

utilizing consensus sequences to generate inferences in regard to the fitness of viral 

populations is that consensus sequences only reflect the majority nucleotide at any given 

position of the viral genome.  Consequently, it does not represent the true range of the 

quasispecies spectrum of a master fit sequence that dominates the ensemble. Therefore, it 

is possible mutations present at a low frequency in the quasispecies ensemble could 

remain undetected.  Since low frequency viral sequences within the mutant spectrum may 

have dominant phenotypes, further sequencing of biological clones should be undertaken.  

In fact, a recent West Nile virus (WNV) study demonstrated the importance of the mutant 

spectrum’s size in the establishment of the adaptive phenotype (Ciota et al., 2007).  

MATERIALS AND METHODS 

CELL CULTURES    
Monolayer cultures of Huh-7 cells (clone JTC-39 was obtained from the Japanese 

Health Sciences Foundation, Osaka) were grown at 37oC in Dulbecco’s minimal essential 

medium (DMEM) (4.5 g/L D-Glucose) with 10% heat-inactivated bovine serum and 1% 

penicillin/streptomycin.  Aedes albopictus C6/36 mosquito cells were grown at 32oC in 

Dulbecco’s minimal essential medium (DMEM) (4.5 g/L D-Glucose) with 10% heat-

inactivated bovine serum, 1% penicillin/streptomycin and 1% tryptose phosphate broth 

(TPB). 
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VIRUSES AND SEQUENCING  
 Low passage sylvatic P8-1407 and endemic IQT-1950 DENV-2 (passaged, but 

uncloned) strainss were obtained from the UTMB World Reference Center for Emerging 

Viruses and Arboviruses and amplified once in vitro on C6/36 mosquito cells to achieve 

sufficiently high titers. The underlying reason for choosing a viral isolate of defined early 

passage history is mainly due to the error-prone nature of RNA polymerases leading to 

rapidly accumulating mutations and genotype variation, as well as viral fitness alterations 

(Domingo and Holland, 1994; Drake and Holland, 1999; Duarte et al., 1994).   

 In order to establish homogeneous virus populations for my study, biological 

clones of each strain were generated by two rounds of plaque purification on Vero cells. 

Specifically, each virus was serially diluted (10-fold dilutions) in duplicate and allowed 

to infect confluent Vero cell monolayers (6-well plates) for 1 hour at 32oC. Following 

infection, viral inocula were aspirated and monolayers were washed thrice with 1X PBS 

to remove unadsorbed virus.  Each well was then overlayed with 4 ml of 2% low melting 

point agarose (LMPA) diluted in 2x MEM without phenol red (final concentration of 1X 

MEM:2% LMPA).  The overlay was allowed to solidify at RT for 30 minutes and then 

placed in a 32oC 5% CO2 incubator for 5 days.  The plates were removed from the 

incubator and a second 2 ml overlay, consisting of 1X MEM:2%LMPA:1/50th volume 

neutral red, was applied on top. The plates were then covered in aluminum foil and the 

2nd overlay was allowed to solidify at RT.  The plates were then placed back in the  32oC 

5% CO2 incubator.  Two days later the plates were removed from the incubator and 

placed in a sterile biosafety hood.  Plates infected with endemic IQT-1950 DENV had 

well established and visible plaques (see table 19). Plates infected with sylvatic P8-1407 

DENV had not yet developed clearly visible plaques, and thus covered again with 

aluminum foil and placed in the 32oC 5% CO2 incubator for 2 additional days. Two well 

separated plaques (at -5 dilution) were picked with a sterile 200 μl pipette tip and placed 

in a 1.5 ml eppendorf tube containing 500 μl of 37oC prewarmed media (DMEM-5% 

FBS).  The contents of the tube were serially diluted (up to -4 dilution) and 250 μl were 

applied (in duplicate) to a 90% confluent monolayer of Vero cells. The cloning process 
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was repeated once more as described above. To ensure at that the ‘picked’ visible clonal 

DENV populations were not representing a minority population with unique phenotypic 

and morphologic characteristics, each visible plaque was scored (at the back bottom of 

each well) with a non-erasable felt pen (sharpie). Then the agarose plug was carefully 

removed not to disturb the monolayer, and each monolayer was fixed with 1ml of 1:1 

methanol:acetone for 20 minutes at RT.  After removal of the fixative, the plates were 

allowed to airdry and detection of infected cells was facilitated by FFA (see subsequent 

section).  As the data indicate in Table 19, the selected visible clones to seed the 

adaptation study were representative of the majority of clones present in the well.  Each 

of the generated clones was then propagated once in C6/36 cells in order to generate 

stocks for the passage and growth kinetics studies.  Each virus stock was quantified by 

FFA assay on C6/36 and Huh-7 cell lines, aliquoted and stored at -80oC.     

Genomic vRNA was isolated with the Qiagen viral RNA isolation kit (Qiagen, 

Valencia).  The 5’ and 3’- terminus sequences of the specific genomes were determined 

by their ligation and sequencing as demonstrated by Mandl et al. (Mandl et al., 1991).  

Overlapping cDNA fragments and amplicons of these viruses were generated using virus-

specific primer pairs and primers by utilizing the one-step RT-PCR (Roche Diagnostics, 

Indianapolis), in seven overlapping cDNA fragments containing genome nucleotide 

regions 1-1582, 1236-3601, 3315-5129, 4886-7965, 7662-9139, 8968-9675 and 9451-

10,719 for sylvatic DENV P8-1407. For endemic DENV IQT-1950, six overlapping 

cDNA fragments containing genome nucleotide regions 1-4043, 3111-4913, 4520-6249, 

5312-8420, 8012-9710, and 9323-10,713 were used.  First strand synthesis was 

performed at 50oC for 30 minutes, whereas amplification underwent for a total of 35 

cycles with annealing temperature set at 5oC below the lowest melting temperature (Tm) 

of the used PCR primer pairs and extension set at one minute per 500 nucleotides.  

Amplified sequences were gel purified and automated sequencing with virus-specific 

sequencing primers for both strands. 
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DENGUE VIRUS INFECTIONS   
Three different types of passage series were performed for each DENV strain: (a) 

serial (specialized) passage in Huh-7 cells; (b) serial (specialized) passage in C6/36 cells; 

and (c) alternating passage between Huh-7 and C6/36 cells.  In order to eliminate 

temperature sensitivity as a factor in the outcomes, all infected cell cultures were 

incubated at 32oC.  Infected cell culture supernatants were harvested at 4 days post 

infection to achieve maximum titers.  Cell-free cell culture supernatants were diluted to a 

multiplicity of 0.01 ffu/ml (based on titers obtained on C6/36 cells) to initiate subsequent 

infections.  A low MOI was maintained to minimize the influence of defective interfering 

particles.  To assess variance in outcomes and to identify common mutations arising due 

to positive selection, duplicate parallel passage series were performed for each treatment. 

A representative panel of viruses [Parent, Passage 6 (Huh-7), and Passage 6 

(C6/36)] were also titrated on Vero and Huh-7 cells to ensure that the C6/36 cells was the 

most sensitive cell line. Titers of DENV were consistently ten-fold (one log) higher when 

titered C6/36 cells than either Vero or Huh-7 cells (Figure 28).   

GROWTH KINETICS  
Multistep step growth curves were performed to measure virus replication over 

time. Several dishes (30mm in diameter) containing confluent Vero, mosquito C6/36 or 

Huh-7 cell monolayers were prepared and cell number was accurately determined. 

Human hepatoma Huh-7 cells (clone JTC-39) were obtained from the Japanese Health 

Sciences Foundation, Osaka. Viruses were diluted in MEM supplemented with 5% FBS, 

2mM L-Glutamine, 1% NEAA, and 50mg/ml penicillin/streptomycin (Invitrogen, 

Carlsbad), at an MOI of 0.1 ffu/cell (based on titers obtained on C6/36 cells) are infected 

simultaneously in triplicate.  Infected dishes were incubated for one hour with periodic 

gentle rocking to facilitate virus adsorption at 37oC. Viral inocula were removed and cell 

monolayers were washed thrice with PBS to remove un-adsorbed virus.  Two ml of 

complete cell media (MEM supplemented with 5% FBS, 2mM L-Glutamine, 1% NEAA, 

and 50mg/ml penicillin/streptomycin) was then added and dishes were incubated at 29oC 
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or 37oC for the mosquito or mammalian cell lines respectively.  At various times (0, 1, 2, 

4, and 6 days) post infection, virus from individual dishes will be harvested, purified by 

low speed centrifugation, and stored at –80oC.  Upon completion of the experiment, virus 

samples representing the various time points were assayed by FFA to determine virus 

titer.  Virus yield at each timepoint is recorded as ffu/cell, represented as the ratio of the 

total amount of virus present in the sample by the number of cells originally infected. 

FOCUS FORMING ASSAY (FFA) 
Ten-fold serial dilutions of virus in MEM supplemented with 2% FBS and 

antibiotics (Invitrogen, Carlsbad), were added in dublicate to confluent C6/36 cell 

monolayers attached to 24-well Costar® plates, and incubated for one hour with periodic 

gentle rocking to facilitate virus adsorption at 37oC.  Subsequent to hour-long incubation 

wells were overlayed with 1 ml solution of 0.8% methylcellulose (Sigma-Aldrich, St. 

Louis) diluted in warm Optimem (Invitrogen, Carlsbad) supplemented with 2% FBS, 

antibiotics and 1% (w/v) L-glutamine and incubated undisturbed for 3-4 days at 28oC. 

Methylcellulose overlay was aspirated and cell monolayer rinsed once with PBS, pH 7.4 

(Invitrogen, Carlsbad) followed by fixation with a mixture of ice-cold acetone and 

methanol (1:1) solution and allowed to incubate for 30 minutes at RT.  Fixation solution 

was aspirated and plates were allowed to air dry. Plates were washed thrice with PBS 

supplemented with 3% FBS, followed by hour-long incubation with a dengue-specific 

mouse ascitic fluid.  Plates were washed thrice followed by hour-long incubation with a 

secondary antibody conjugated to HRP (KPL, Gaithersburg). Detection preceeded with 

the addition of AEC substrate (ENZO Diagnostics, Farmingdale) prepared according to 

vendor instructions.  Antigen stained cells were counted against a white background and 

viral titers were recorded as the reciprocal of the highest dilution where adequate plaques 

(greater than 20 but lower than 90) and expressed as focus forming units per ml (ffu/ml). 

STATISTICAL ANALYSIS   
 The growth curves of each experimental group, defined by the virus used to 

initiate passages, the population of virus, uncloned or cloned, used to initiate passages, 
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and the cell line in which the growth curve was conducted (5 virus lineages/group), was 

compared using repeated-measures ANOVA.  All comparisons revealed a significant 

effect of lineage (df = 4, P< 0.001 for each comparison), a significant effect of day (df = 

4, P< 0.001 for each comparison), and a significant interaction between the two factors 

(df = 16, P< 0.001 for each comparison).  A Tukey-Kramer post-hoc test was used to 

detect differences among lineages within each experimental group. 



 

Figure 28.  Titration of DENV in various cell lines  
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CHAPTER 8: CONCLUSIONS AND FUTURE DIRECTIONS 

 

 
Dengue viruses are transmitted to humans by Ae. aegypti and Ae. albopictus 

mosquitoes, causing approximately 100 million infections of DF annually, including up 

to 500,000 cases of DHF with a case fatality of 5%. DF and DHF/DSS occur in over 100 

countries and pose a significant threat to the health of more than 2.5 billion people in 

urban, peri-urban and rural areas of the tropics and subtropics.  Recent WHO data 

identify DHF as the leading cause of hospitalization and death among young children 

throughout Southeast Asia. The global prevalence of DENV has grown dramatically in 

recent decades mainly due to expanding urban populations, increased vector density due 

to unsustained control programs, and the advent of commercial air travel facilitating the 

rapid movement of viremic humans.  These factors have converged into a potent mix for 

the rapid and dramatic reemergence of DENV in the tropics since the end of World War 

II.  

The epidemiology of DENV involves both a sylvatic enzootic cycle, most likely 

among non-human primates and arboreal Aedes spp. mosquitoes, and an endemic cycle 

involving humans and the domestic mosquito Aedes aegypti.  Sylvatic cycles of DENV 

have been demonstrated in Asia, where serologic and virus isolation data suggest an 

association between Macaca and Presbytis monkeys and zoonotic DENV-1, -2, and -4, 

with Aedes niveus mosquitoes the primary vectors.  Sylvatic DENV cycles have also been 

documented in West Africa, where only DENV-2 has been found to circulate among 

Erythrocebus patas monkeys and various sylvatic Aedes species, including Ae. taylori, 

Ae. furcifer and Ae. luteocephalus.  In rural areas of Africa, Asia and the Americas (also 

known as the ‘zone of emergence’) where the vector often reaches high densities, the 

virus could transfer between nonhuman primates and humans.  

The independent evolutionary events that resulted in the emergence of DENV 

were facilitated by the adaptation of DENV progenitors in Asia to new vectors and hosts 

that occurred gradually over a period of several hundred years.  Assessing the likelihood 
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of current sylvatic DENV strains to undergo a similar switch in their transmission cycle is 

important for public health.  In this study I evaluated the hypotheses that: 

 

Dengue emergence was also facilitated by adaptation of sylvatic DENV strains to 

utilize humans as reservoir and amplification hosts for peridomestic transmission 

This hypothesis was evaluated in Chapter II.  I utilized DENV-2 as the model 

serotype for the following reasons: (i) extensive endemic and sylvatic strain availability 

and (ii) it exhibits favorable growth kinetics in a variety of cell lines, which allows for the 

generation of high titer virus stocks. Although, the lack of a suitable animal model that 

recapitulates human disease and viremia could present as a major limitation for 

evaluating my hypothesis, I utilized two surrogate human model hosts, moDCs and mice 

engrafted with human hepatoma cells, to determine whether adaptation to humans is a 

necessary component of dengue emergence. I selected virus six strains of low passage 

histories that represented all major DENV-2 genotypes, including both African and Asian 

sylvatic strains, and Asian, African and American endemic strains.  Both Asian and 

American endemic strains were included for evaluation because they are reported to 

differ in their human virulence.   

My in vivo data demonstrated significant overall differences among the mean 

serum titers of the six strains and statistical analyses revealed multiple significant 

differences among individual pairs of strains.  Surprisingly, this complex pattern of 

differences did not indicate a consistent or overall difference between sylvatic and 

endemic strains or between Asian endemic and American endemic strains. For example, 

the titer of Asian endemic strain 16681 was significantly higher than any of the other 

three endemic strains but not significantly different from sylvatic strain P8-1407.  

Furthermore, the sylvatic strains replicated to lower titers than the endemic Asian strains, 

but did not differ consistently from the endemic American strains. Similarly, my ex vivo 

data detected significant inter-strain variation in mean replication titers among the 

various DENV-2 strains, but no overall difference between sylvatic and endemic strains.  

The ex vivo model also provided an opportunity to determine whether host genetics (i.e 
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different racial backgrounds) may influence the outcome of DENV infection. Although 

my moDCs were obtained from a small number of human donors representing different 

ethnicities (Caucasian, West African, and Southeast Asian), no differences were observed 

in their ability to support DENV-2 replication. 

Collectively, my data demonstrated significant inter-strain variation in mean 

replication titers in both models, but no overall detectable difference between sylvatic 

and endemic strains in either model. Thus my findings do not support the stated 

hypothesis and suggest that emergence of endemic DENV strains from ancestral sylvatic 

strains may not have required adaptation to replicate more efficiently in human reservoir 

hosts.  This implies that the potential for re-emergence of sylvatic dengue strains into the 

endemic cycle is high. However, one potential limitation of this study could be the small 

sample size (n = 2) of strains representing the major DENV-2 genotypes.  It is possible 

that there is a detectable difference between sylvatic and endemic strains, however any 

meaningful differences were masked by the limited sample size. Future studies with 

extended sample size could provide statistical support for my hypothesis. These studies 

should also extend to the other dengue serotypes, although at present evaluation for 

serotype type 3 is not possible due to the lack of sylvatic virus isolates. 

Even though sylvatic transmission cycles occupy ecologically distinct 

environments, the studies of Smith and Rudnick in Southeast Asia and the small number 

of documented human infections from Senegal suggest that sylvatic DENV comes into 

limited human contact, with no secondary transmission into the human population. The 

mechamisms for the apparent inability of sylvatic DENV strains to establish transmission 

among humans are not known and perhaps could be attributed to their limited genetic 

diversity, low pathogenicity potential, lower rate of replication, decreased intensity of 

transmission or greater selective constraints against amino acid change in viruses that 

have already reached a fitness peak. A previous study by Twiddy et al. (Twiddy et al., 

2002a) attempted to identify evidence of positive selective pressure during the evolution 

of sylvatic and human DENV strains using a small sample size (N=4) of sylvatic DENV; 

no evidence of adaptive evolution was found that coincided with the emergence of 
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endemic strains. This lack of evidence for selective pressure during endemic emergence 

implies that currently circulating sylvatic strains may not have difficulty spreading into 

humans should the appropriate conditions occur. 

In Chapter 3, my determination of the complete genomic sequences of sylvatic 

DENV-2 isolates allowed a detailed analysis of the patterns and process of evolution in 

sylvatic DENV for the first time. Previous evolutionary analyses revealed that the major 

selective pressure acting on the endemic DENV genomes is purifying (negative) 

selection, which is reflected in a low ratio of nonsynonymous (dN) to synonymous (dS) 

substitutions per nucleotide site (dN/dS << 1) (Holmes, 2003; Twiddy et al., 2002b).  My 

data demonstrated that both the rate of evolutionary change and pattern of natural 

selection are similar among endemic and sylvatic DENV, although the latter has a 

uniquely high frequency of positive selection in the NS4B protein gene.  The analyses 

also revealed that the mean evolutionary rates of sylvatic DENV were within the range of 

those previously estimated for endemic DENV-2 strains, suggesting that sylvatic DENV 

strains do not evolve more slowly than endemic strains. 

 

Unrecognized, spillover epidemics may be caused by sylvatic DENV-2 strains in 

West Africa 

 The available data in the literature provide no evidence that sylvatic DENV cycles 

are involved in outbreaks of human dengue, which suggest that the sylvatic strains are 

confined to forest habitats due to lack of contact with the peridomestic vectors, Ae. 

aegypti and Ae. albopictus, which are not abundant in enzootic regions. However, recent 

reports have shown that the forest gallery-dwelling mosquito Ae. furcifer is highly 

susceptible to sylvatic DENV infection (Diallo et al., 2005) and shows a pattern of 

movement into peridomestic habitats in eastern Senegal (Diallo et al., 2003), suggesting 

that this species may act as a bridge vector for exchange between forest and peridomestic 

habitats.  

 In Chapter 4, evidence that unrecognized, spillover epidemics may be caused by 

sylvatic DENV-2 strains in West Africa was presented. I employed phylogenetic analysis 
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to analyze the complete virus genomes isolated from the sera of three febrile patients in 

Nigeria, during the 1964-1968 DENV-2 activity. During those 4 years of DENV activity, 

there were 32 reported DENV cases of which 14 were classified as DENV-2. My data 

demonstrated that these genomes were genetically distinct from endemic DENV-2 

isolates, including those from West Africa, and fell within the sylvatic DENV-2 clade. 

Although I was able to obtain only 3 of the 10 DENV-2 strains collected in 1966, their 

genetic identification as sylvatic and isolation from febrile patients suggests the first 

documented outbreak of sylvatic DENV-2 in humans. My analyses also delineated a 

chronological divide among isolates within the sylvatic African DENV-2 clade, where all 

pre-1980 isolates formed a group distinct from all post-1980 isolates. This observation 

supports my data presented in Chapter 3, where I demonstrated evidence of rapid sylvatic 

DENV turnover due to high nucleotide substitution rates.  

A question that remains unanswered is why there are not more reports of sylvatic 

DENV spillover epidemics into the human population? The major reason is attributed to 

the limited availability and paucity of reliable epidemiological information.  Additionally, 

the inability to differentiate clinically or serologically between urban and sylvatic DENV-

2 infection, prevents an accurate assessment of the true extent of human exposure in West 

Africa.  Furthermore, even with functional reporting and surveillance, clinical diagnosis 

of dengue in West Africa is complicated by co-circulation of several other viruses that 

cause clinically similar febrile diseases (e.g. Chikungunya, O’nyong-nyong, Zika 

viruses).  Other obstacles to accurate assessment of the public health impact of sylvatic 

DENV in Africa include: (i) limited access of the population to health care facilities, (ii) 

lack of access to viral and serological diagnostics, (iii) popular beliefs that discourage 

standard medical treatment unless illness is severe, and (iv) a lack of monkey 

surveillance. To overcome these obstacles, comprehensive ecological and 

epidemiological studies are needed to assess the roles of non-human primates and other 

vertebrate hosts in the maintenance of sylvatic DENV, the degree and routes of 

ecological contact between humans and sylvatic DENV, and the replication and 

immunological dynamics of sylvatic DENV in non-human primates. 
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Because sylvatic DENV-2 strains are both evolutionarily and ecologically distinct 

from endemic DENV-2 strains, pre-existing immunity from prior endemic DENV-2 

infection does not neutralize sylvatic DENV-2 strains 

 The evidence presented in Chapters 2 – 4 supports the notion that re-emergence of 

sylvatic DENV into the endemic cycle could occur at any time, which on the short term 

could affect public health by fueling human epidemics in areas with minimal or non-

existent public health infrastructure.  On a longer timescale, emergence of sylvatic DENV 

into the human transmission cycle could limit the potential for eradicating this 

transmission cycle with effective vaccines now under development.  In Chapter 5, I 

assessed the likelihood of current strains of sylvatic DENV to re-emerge in the face of 

immunity to endemic strains, by evaluating the neutralization capacity of sera from 

DENV vaccinees and convalescent patients after primary infection with DENV-2 and -3 

serotypes. One limitation of this study is the scarce availability of primary convalescent 

sera, which prohibited me from evaluating their neutralization capacity with a larger 

collection of DENV.  Nonetheless, my data indicate robust homotypic cross-immunity 

between human sera and sylvatic DENV strains, but limited heterotypic neutralization. A 

possible explanation for this observation is that the sera of DENV vaccinated subjects 

were collected 42 days post vaccination; this timeframe is too short for the development 

of long lasting homotypic humoral immunity, and is in line with previous observations 

where dengue infection to any serotype produces a short-lived heterotypic response, 

lasting up to 12 weeks.  On the other hand, the strong homotypic virus neutralization 

demonstrated by the sera of convalescent patients after primary infection, could explain 

the periodicity of sylvatic amplification cycles and absence of epidemics in the human 

population. This implies that sylvatic amplification cycles are limited by the effects of 

herd immunity within the non-human reservoir hosts and thus reduce the amplification of 

sylvatic DENV in the enzootic cycle, which ultimately reduces the chance of incidental 

infections in humans by bridge vectors (i.e. Ae. furcifer). Consequently, sylvatic 
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amplification cycles occur when the population of non-immune non-human primate 

reservoir hosts rises to sufficient levels to support a transmission cycle.  Therefore, 

should a licensed vaccine lead to the eradication of the endemic transmission cycle in the 

future, re-emergence of sylvatic strains into the endemic cycle would be limited by 

homotypic immunity mediated by virus neutralizing antibodies. 

 However, as the experience of previous vector eradication efforts in the Americas 

can attest, abatement of vector control programs could send any eradication efforts into 

obsolescence.  Similarly, the recent experience of polio eradication in West Africa 

suggests that abatement of blanket vaccination efforts can lead to the re-introduction of 

virus into areas where the virus was eradicated. Therefore, reduction and ultimately 

eradication of dengue from human populations solely due to vaccination campaigns may 

be at best short-lived and unrealistic in the long term, if sylvatic DENV can readily re-

emerge from sylvatic cycles not amenable to intervention.  However, success could hinge 

on universal vaccination coverage of the susceptible population at risk and on the virtual 

elimination of the endemic vector mosquitoes as a result of sustainable vector control 

programs. Active employment of these methods should prevent the re-emergence of 

sylvatic DENV into the human transmission cycle and thus eliminate or dramatically 

reduce a major public health problem.  Nonetheless, cessation of these public health 

measures for a sufficiently long time will lead to the rise of susceptible human 

populations and establishment of populations of endemic vector mosquitoes, which can 

serve as a platform for the re-emergence of disease-producing sylvatic DENV into the 

human population. 

 
Releasing DENV from alternate host replication will facilitate faster evolution and 

adaptation in repeated passages in the single host, since alternating between hosts 

selects for virus populations that are genetically conserved and adapted for both 

hosts 

Emerging viral pathogens often become human pathogens by changing their host 

range from another vertebrate organism.  Phylogenetic evidence indicates that DENV 
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was once primarily a primate virus that adapted to infect humans, but that the emerged 

human virus also had the capacity to be maintained in arthropod vectors. The 

transmission of DENV (Family Flaviviridae, genus Flavivirus) involves an alternating 

host cycle between vertebrates and mosquitoes, which may constrain their evolution.  

DENV exhibit lower evolutionary rates compared to RNA viruses that replicate solely in 

single vertebrate hosts.  This genetic stability has been hypothesized to be an attribute to 

the unique requirement for replication in divergent hosts, which imposes genetic 

constraints, where optimal replication in one host involves a fitness tradeoff for the 

alternate host. Thus releasing DENV from alternate host replication will facilitate faster 

evolution and adaptation in repeated passages in the single host. In Chapter 7, I used an in 

vitro experimental system to test these hypotheses. To evaluate of these hypotheses, I 

used genetically homogeneous, cloned, versus uncloned DENV viruses that were 

passaged for 10 times, either continuously or alternately in vertebrate and invertebrate 

cells. Viruses that were allowed to specialize in single host cells exhibited fitness gains 

but fitness losses in other host cells and most but not all viruses passaged in alternate 

cycles exhibited detectable fitness gains in both cell lines.  These results support the 

hypothesis that releasing DENV from alternate host replication facilitates adaptation in 

repeated passages in the single host, but there is limited support that the dengue evolution 

is constrained by the alternate host transmission and replication. 

APPENDICES 

 

 
APPENDIX 1.  Aligned DENV-2 5'-NCRs. Generated as well as representative 5'- 
   NCR sequences from the GenBank library were aligned using the  
   ClustalW multiple sequence alignment function of MacVector(r)  
   version 8.0 (Accelrys).  Asterisks (*) indicate conserved nucleotide 
   and gaps (-) indicate absence of nucleotide at that position. 
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APPENDIX 2. Aligned DENV-2 3’-NCRs.  Generated as well as representative  
   3’-NCR sequences from the GenBank library were aligned using  
   the ClustalW multiple sequence alignment function of MacVector® 
   version 8.0 (Accelrys).  Asterisks (*) indicate conserved nucleotide 
   and gaps (-) indicate absence of nucleotide at that position or  
   incomplete sequence (i.e. IBH11234, I348600 and IQT-2913). 
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APPENDIX 3. Summary of consistent amino acid differences between sylvatic  
   and endemic Southeast Asian, American DENV-2 genotypes.  
   Amino acid to the left represents the conserved amino acid on  
   sylvatic viruses and to right the conserved on the endemic viruses.  
   Arrows represent directionality of mutation. 
 

 

 191



 
 

 192



 

 193



 

 194



 

 195



 a Indicates amino acid location from the start of the gene 
b E-Am : endemic American genotype; E-As : endemic Asian genotype; E : endemic 
genotype 
c Indicates amino acid located within the S-adenosylmethionine-utilizing methyltransferase 
(SAM) domain. 
d Indicates amino acid located within the importin-β-binding domain and the adjacent 
nuclear localization sequence (NLS) domain 
e Indicates amino acid located within the RNA-dependent RNA polymerase (RdRp) 
domain 
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APPENDIX 4. List of DENV16681-specific PCR Primer-pairs and Sequencing  
   Primers Utilized for the Generation of Initial Genomic Consensuses 
   for the Selected DENV Genotypes.  Primers designed using the  
   MacVector® (Accelrys) software v7.2. 
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