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The evolution of dengue viruses has had a major impact on their virulence for humans and
on the epidemiology of dengue disease around the world. Although antigenic and genetic
differences in virus strains had become evident, it is mainly due to the lack of animal models
of disease that has made it difficult to detect differences in virulence of dengue viruses.
However, phylogenetic studies of many different dengue virus samples have led to the
association between specific genotypes (within serotypes) and the presentation of more or
less severe disease. Currently, dengue viruses can be classified as being of
epidemiologically low, medium, or high impact; i.e., some viruses may remain in sylvatic
cycles of little or low transmissibility to humans, others produce dengue fever (DF) only,
and some genotypes have been associated with the potential to cause the more severe
dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) in addition to DF.
Although the factors that contribute to dengue virus epidemiology are complex, studies have
suggested that specific viral structures may contribute to increased replication in human
target cells and to increased transmission by the mosquito vector; however, the immune
status and possibly the genetic background of the host are also determinants of virulence or
disease presentation. As to the question of whether dengue viruses are evolving toward
virulence as they continue to spread throughout the world, phylogenetic and epidemiological
analyses suggest that the more virulent genotypes are now displacing those that have lower
epidemiological impact; there is no evidence for the transmission of antigenically aberrant,
new strains.

I. Introduction
Understanding dengue virus variation is especially important because we still know little
about the disease; what has become evident over the many years of dengue research is that
dengue epidemiology is determined by many factors, including those in the host, vector, and
environment. Dengue virus evolution is also determined by many complex interactions,
from the cellular to the populational level, in humans and mosquitoes. Some of the genetic
changes that occur during the natural transmission cycles of dengue viruses have ultimately
affected virulence or the potential to cause disease in humans, and it would benefit us
greatly if we could narrow these down for inclusion in the development of control measures.
The understanding of these virus-specified determinants of virulence has been difficult to
achieve because of the lack of in vivo and in vitro markers to correlate with disease severity
in humans. Therefore, what little we understand today has been acquired indirectly by the
association between evolutionary groupings of virus strains and their epidemiological and/or
disease clinical presentations. These associations are still being revealed, as in the case of
dengue viruses of serotypes 1 and 4, about which we have little information, and as more
dengue virus samples are being analyzed. It is also evident that we have a limited window in
time from which to derive our information—virus fossils do not exist, and virus strains have
only recently begun to be acquired and stored properly, with documentation of the
associated epidemiological and clinical associations. Therefore, it behooves us to understand
the mechanisms of dengue virus evolution, but we are only at the beginning stages of being
able to associate specific viral sequences or structures with virulence for humans. The study
of laboratory-prepared, attenuated dengue viruses is the subject of other reviews in this
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volume, and virulence in that context refers to the propensity of candidate vaccine viruses to
cause any disease at all. This review attempts to summarize our current interpretations of
dengue virus sequence analyses and how we can use this information to follow, understand,
and possibly predict the evolution of dengue viruses around the globe.

II. Genetic Variation within Dengue Serotypes
As with other viruses, the evidence for strain differences among dengue viruses was first
detected serologically using antibodies made by inoculating laboratory animals (Sabin,
1952). However, none of these animals showed signs of disease comparable to humans.
Nonhu-man primates develop transient viremias, but even the apes, our most closely related
primates, do not develop the rash and hemorrhagic symptoms consistent with DF or DHF.
Some investigators have resorted to using mouse neurovirulence (after intracranial
inoculation) as a surrogate model of virulence for humans. The first observations concerning
differences in strain virulence came from clinical and epidemiological associations, where
more severe disease was associated with specific outbreaks and the virus strains were
isolated from patients with hemorrhagic disease (Barnes and Rosen, 1974; Gubler et al.,
1978; Rosen, 1977, 1986). Meanwhile, others observed an increase in disease severity in
patients who had been infected by more than one dengue virus serotype; this became known
as the immune enhancement phenomenon (Halstead, 1970, 1988). Thus, two opposing
theories of dengue pathogenesis came into existence, with one describing virulence as a viral
characteristic and the other relating the severity of disease to the immune status of the host.
Controversies surrounding both of these theories still exist, but it is most probable that both
the virus and the host immune system play a role in dengue pathogenesis.

The first genetic evidence for differences between dengue viruses of the same serotype came
from RNA fingerprinting studies (Repik et al., 1983; Vezza et al., 1980). This method uses
an enzyme to digest viral RNA into strands, with the number and size of strands varying
according to the entire viral sequence. This is a relatively crude surveying technique that
does not give results that are directly comparable across strains. The resulting groupings of
viral samples were called “topotypes,” reflecting the two-dimensional topology of the RNA
strand electrophoresis patterns. Another method, using a similar approach of digesting a
cDNA copy of the viral RNA template with endonucleases, gave somewhat more resolution,
but it also failed to identify the regions of the genome in which the sequences differed
among viruses (Kerschner et al., 1986). It was not until the mid-1980s that direct sequencing
of specific genome regions became amenable to the study of many different viruses.
Because primer-extension sequencing off of the viral RNA required very large quantities of
relatively pure virus preparations to obtain clear sequence information, the first analyses of
dengue virus variation used relatively short sequences for comparison or used very few
strains (Blok et al., 1989; Chu et al., 1989; Rico-Hesse, 1990). What has become clear is
that with more sequence information, i.e., either full genomic sequences for one virus or
entire genes for many different viruses, our understanding of dengue evolution and virulence
has increased dramatically. Current controversies center on how to interpret this information
rather than whether dengue viruses differ in their potential to cause disease. The
classification of viruses into genetic groups (“genotypes”) within serotypes is constantly
changing, as methods for sequencing and evolutionary analysis improve and the available
database expands.

Current methods for obtaining dengue virus sequences no longer require a viable virus
isolate; in fact, the entire genome sequence can be obtained by enzymatic amplification of
the viral RNA template in the patient’s blood sample (Leitmeyer et al., 1999). Thus, most of
the sequences available from the 1990s to date were generated with the reverse
transcriptase-polymerase chain reaction (RT-PCR), which has substantially improved the
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quality or fidelity of the sequences available from many laboratories around the world.
Unfortunately, there is no uniform approach to determining which sequences will be
compared among strains; this has led to a vast quantity of information available on the
sequence database (GenBank) for which there has been no systematic interpretation. In
addition, there are numerous sequences that contain errors (sequencing or editing artifacts),
which have led to serious mistakes in interpretation, especially regarding the possibility of
intramolecular recombination (see later). Therefore, it is wise to obtain virus isolates for
further genetic characterization if in fact the initial sequence information obtained proves to
be unusual.

III. Phylogenetics of Dengue Viruses
As sequencing methods have become more accessible technically and financially, there has
been a concomitant increase in the number of dengue virus strains that have been analyzed.
This has led to a refinement in the analyses of dengue evolution (thus we now speak of
“microevolution” of dengue viruses), but this advance has also been dependent on the
development of statistical methods for determining sequence relationships, known as
“phylogenetics.” In the last decade, the computer algorithms used in the generation of
phylogenetic or evolutionary trees of virus relationships have increased in number and
complexity; this is a field of research that is evolving on its own, and most virologists tend
to apply the algorithms that are handy, compatible with their computer, or are used by
nearby colleagues. Therefore, it is difficult to say which phylogenetic method is best unless
one does several comparisons under specific dataset assumptions (number of taxa, character
weighing, rooting options, etc.). Currently, the consensus among “phylogeneticists” is that a
large number of taxa (virus strains), with long sequence strings (i.e., one gene or more)
analyzed by the maximum likelihood (ML) method, with its incorporated transition/
transversion rate calculation, and with bootstrap (statistical) support for the branching
patterns, are probably sufficient to yield an accurate phylogenetic tree for viral genotype
classification (Hillis, 1998; Lemmon and Milinkovitch, 2002). Calculations of molecular
clocks (rates of evolution over time), theoretical ancestors, and selective pressure
estimations require many assumptions for which we have no hard evidence; these
interpretations may be misleading when based solely on laboratory or in vitro observations.
It is clear that we also suffer from a taxa inclusion bias because we obtain samples from
humans who are ill (and historically analyze those from patients with more severe disease)
and do not have enough samples from vertebrates involved in sylvatic cycles or from
mosquitoes. Thus, quantitations of natural dengue virus diversity (Holmes, 1998; Zanotto et
al., 1996) are premature. Currently, the accuracy of phylogenetic trees is usually limited by
the number and type of taxa analyzed and the investigator’s access to high-speed computing
resources.

The selection of domains or genome regions for sequence comparison is very important with
regard to analysis outcome and limits of interpretation. When using the maximum
parsimony method of phylogenetic analysis, it is common to state how many parsimony
informative sites were included in the dataset; however, this approach is not available in ML
and we are left with bootstrap values to support the monophyletic or genotype groupings
after estimating numerous trees. It has become clear that different areas of the dengue virus
genome evolve or fix mutations at different rates and will sometimes exhibit “hot spots” of
higher mutation rates within a region (e.g., the E gene or the 3′-untranslated region). In
general, when long enough sequences are used, the trees generated from different genome
regions usually correspond or overlap, and discrepancies occur only when trying to interpret
the minor branches of the trees (i.e., genotype groupings usually remain the same). It is this
characteristic of varying mutation rates across the genome that prevents us from establishing
a uniform cutoff rate of divergence for different genotypic groups; thus, it is important to
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state that arbitrary cutoffs for genotypes apply only to the region or sequences being
compared (Rico-Hesse, 1990). Until more complete genome sequences of dengue viruses
are available, we will not be able to establish the natural, full range of nucleotide or amino
acid variability within serotypes and genotypes; in addition, viruses or templates should be
of low passage from their original sources to avoid artificial selection of mutants (Lee et al.,
1997). This is a difficult but not impossible task given the large number of mutations that
can potentially occur in all areas of the dengue genome. At this point in time the actual
mechanisms governing the natural selection of dengue mutants have not been determined,
and we are limited to statistical inferences of positive or negative selection on specific
genome regions or amino acids (Twiddy et al., 2002a, 2002b). Suffice it to say that these
mechanisms appear to influence codon usage (Jenkins et al., 2001), RNA folding (Brinton
and Dispoto, 1988; Leitmeyer et al., 1999; Shi et al., 1996), or protein structures of dengue
and other flaviviruses; i.e., there are structural and functional limitations to the plasticity of
dengue viruses in addition to the dogma of immune selection by host antibodies.

The possibility of intramolecular recombination among dengue viruses has received
considerable attention (Gould et al., 2001; Holmes and Burch, 2000; Holmes et al., 1999;
Uzcategui et al., 2001; Worobey et al., 1999); however, no virus isolates meeting stringent
criteria for recombination have yet been described. In one instance, most of the purported
recombinant sequences acquired from the GenBank database were shown to contain
sequencing artifacts, which made them behave as recombinants in statistical analyses
(Worobey et al., 1999). In other examples, the virus isolate can no longer be obtained for
independent verification (Holmes et al., 1999) or the investigators were not able to meet
virological criteria for recombinant classification (Tolou et al., 2001; Uzcategui et al.,
2001). Such criteria include obtaining a virus isolate whose purity is confirmed by plaquing,
probe hybridization, and/or neutralization with serotype-specific antisera, ruling out mixed
templates, and direct sequencing of multiple ampli-cons from several RNA template
preparations, as has been done with polioviruses (Cuervo et al., 2001; Liu et al., 2000).
Although the possibility of recombination among dengue viruses may not be remote because
dual (serotype) infection of humans has been demonstrated (Gubler et al., 1985; Laille et al.,
1991; Lorono-Pino et al., 1999), the probability of simultaneous infection of cells in human
or vector hosts may be low because of replication interference (Dittmar et al., 1982).
However, this phenomenon has not kept other single-stranded, nonsegmcntcd RNA viruses,
such as poliovirus, from often producing inter- and intraserotype recombinants, which has
occurred in vaccine (live-attenuated, trivalent Sabin strain) recipients. It remains to be
determined whether and at what frequency dengue viruses do undergo recombination in
nature, where the main concern would be the creation of interserotype hybrids, which might
be capable of escaping immunity to the four known serotypes. So far, the aforementioned
phylogenetic or statistical methods for detecting recombinants have possibly demonstrated
evidence for dengue virus hybrids within but not across serotypes.

The ultimate application of understanding virus evolution is to derive information that could
be helpful in disease control. Thus, it is important that all of the information used for
phylogenetic tree interpretation meet certain standards so that our conclusions are not
erroneous. Both the clinical and epidemiological information we use to relate samples or
genotypes to disease potential should therefore clearly meet dengue case definitions for
disease classification (i.e., DF or DHF/DSS). Countries reporting outbreaks or epidemics
should use the resources of reference laboratories to confirm their findings. In fact, the best
samples for full genome sequencing of dengue viruses have come from prospective studies,
where patients are enrolled and sampled when febrile and their clinical progress documented
along with other immunological and epidemiological parameters (Rico-Hesse et al., 1998;
Vaughn et al., 2000). Dengue virus phylogenies cannot be interpreted without clear
information about their phenotypic or biological properties, and the trees will only be as
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accurate as the tests used to address our hypotheses. Therefore, different trees can be
generated with differing sequences or discrete genome regions, depending on the question
posed. For most dengue serotypes, we are still attempting to determine which genotypes are
associated with higher virulence, severe disease, or larger epidemics. However, for dengue
serotype 2 and 3 viruses, we appear to have identified genotypes that have undergone greater
spread than the other genotypes and have the potential to cause DHF. The transmission of
these genotypes is being monitored in several countries and the ministries of health have
understood the urgency to reduce transmission of these strains, albeit by vector reduction.

In an attempt to clarify or unify the current classification of dengue genotypes within
serotypes, phylogenies of all four serotypes are described using nucleotides from the entire
E gene region. All sequences were aligned with representatives of the other serotypes (using
the Clustal W program) (Aiyar, 2000; Higgins et al., 1996) and were compared by the
computing-intensive ML method, with inherent estimations of transitions/transversions, and
with bootstrap support for branching patterns (Swofford, 2002). Only the latest versions of
sequences deposited in the GenBank database were used for comparisons to avoid the
inclusion of laboratory artifacts or errors. These results and interpretations should not be
construed to represent actuality but rather the best approximations of dengue virus
evolutionary relationships we have at this time.

A. Phytogeny of Dengue Serotype 1
The first genetic comparison of dengue type 1 strains was reported in 1983 using RNA
fingerprinting (Repik et al., 1983); these investigators were able to distinguish three
geographic groupings (Caribbean, Pacific/Southeast Asian, and African) among 12 different
strains isolated at different times. A review published in 1990 mentioned the possibility of
up to eight topotypes of serotype 1 viruses, but the original data were not published (Trent et
al., 1990). Subsequent E gene sequencing studies confirmed the original groupings and also
noted a failure to detect specific virulence markers (Chu et al., 1989); that is, there was no
correlation of specific amino acid sequences in this gene with dengue disease of greater or
lesser clinical severity. Another sequencing study, using only 240 nucleotides from the E/
NS1 gene junction, showed that 40 serotype-1 strains could be classified into five genotypic
groups when using an arbitrary cutoff point of 6% divergence for groupings, but because
more strains were analyzed, the global routes of transmission of these viruses could be
followed (Rico-Hesse, 1990). A large number of strains were analyzed in another report
(Chungue et al., 1995), but this study used a different region of the genome (180 nucleotides
from E gene) for comparisons and the results were not directly comparable; however, these
investigators used the 6% divergence cutoff mentioned earlier to distinguish three
genotypes. Only recently has a more complete study of serotype 1 strains been reported
(Goncalvez et al., 2002), where the full E gene sequences were determined, allowing for the
correction of some of those reported earlier. The trees reported in that study differ from the
analysis shown here only in that representatives of the other serotypes were included as an
outgroup in the current study. Also, genotypes are denoted here by their apparent
geographical origins (and not necessarily to where they have since spread) and not by
numbers (Roman numerals).

The phylogeny of 36 dengue serotype 1 viruses is shown in Fig. 1. The statistical analyses of
validity of branching patterns (bootstrap) continue to support the classification of these
viruses into five genotypes: sylvatic/Malaysia, Americas/Africa, South Pacific, Asia, and
Thailand. The tree also supports the previous hypothesis (Wang et al., 2000) that sylvatic
strains, one from Malaysia in this case, evolved earlier from a hypothetical ancestor shared
by all dengue viruses, which is why most sylvatic viruses are basal (branch off first) in all
ML-estimated trees. However, only one dengue type 1 virus has been isolated under these
ecological conditions (from a sentinel monkey) (Rudnick, 1965); it is also unclear if this
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virus cycle still exists, as field work has ceased and other isolates from Malaysia are now
from urban epidemics and involve other genotypes (Chow et al., 1994). It is clear, however,
that this sylvatic genotype, albeit represented by one isolate, is of low epidemiological
importance to humans, as it is not causing detectable disease in humans and there is no
evidence that reintroduc-tion from a sylvatic cycle is required for persistence of dengue
transmission year-round. Some of the other four genotypes may no longer exist either, as
one of them is represented only by older Thai strains (from 1954 to 1964) and the Japan/
Hawaii strains that are basal to the Asian genotype (including a Thai 1980 strain) have no
other closely related neighbors. Only further sampling will allow clarification of these
observations.

Because the clinical classifications of the patients from which some of these older viruses
were obtained are unclear and because sequences for serotype 1 viruses, which have caused
more severe dengue, are lacking in most analyses (e.g., recent Thai viruses), it is not
possible to find an association between some of these genotypes and increased virulence.
Only from the most recent study do we know that the American/African genotype has the
potential to cause DHF because of the inclusion of two samples from patients in Venezuela
(Goncalvez et al., 2002). In addition, this genotype had been spreading to many other
countries or geographic regions during the past decade (see Brazil, 1997; Colombia, 1996;
Peru, 1991; and Venezuela, 1997). Therefore, this genotype would be considered of higher
epidemiological impact than the sylvatic genotype. It is evident from these results that a
more complete and systematic survey of serotype 1 samples is necessary before a link can be
established between specific genotypes and virulence of these viruses.

B. Phytogeny of Dengue Serotype 2
Dengue viruses of serotype 2 have traditionally been studied in more detail than those
belonging to the other serotypes because of their association with more frequent and severe
epidemics. In southeast Asia, the first detailed descriptions of disease and epidemics were
those caused by viruses belonging to serotype 2 (Burke et al., 1988; Sangkawibha et al.,
1984); in the Americas, the appearance of serotype 2 virus was associated with the first
epidemics of DHF in this region (Kouri et al., 1983). It was with viruses of this serotype that
numerous methods for detecting genetic differences among strains were first attempted:
antigen signature analysis compared specific epitopes using monoclonal antibodies to the E
glycoprotein (Monath et al., 1986), restriction enzyme mapping of cDNA and probing
detected some nucleotide differences (Kerschner et al., 1986), and RNA fingerprinting of
many different patient samples from the same location gave an estimate of the large number
of variants circulating during 1 year in Thailand (Walker et al., 1988). One large
fingerprinting study concluded that numerous variants circulated in southeast Asia over a
25-year period (Trent et al., 1989), and in one summary, up to 10 distinct topotypes of
serotype 2 viruses could be identified (Trent et al., 1990). It was not until the first
sequencing studies that an attempt was made to identify the genetic differences between
strains from DF patients and viruses isolated from DHF patients. Comparisons of E gene
sequences from 12 serotype 2 viruses showed no correlation between disease severity and
specific nucleotides or amino acids (Blok et al., 1989), and a similar conclusion was drawn
after comparison of the NS1 gene from eight virus strains (Blok et al., 1991). Subsequent
full genome analyses of viruses from patients in southeast Asia also failed to identify
specific sites that might determine virulence (Mangada and Igarashi, 1998; Pandey and
Igarashi, 2000).

Sequence analysis of many more strains of serotype 2 first gave rise to the idea that specific
genotypes could show differences in virulence potential, resulting in epidemics of DHF. A
study of 40 strains from different areas of the tropical world, collected over a 45-year period,
showed that dengue serotype 2 viruses could be classified into five genotypes by comparison
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of the E/NS1 gene junction sequences (240 nucleotides) (Rico-Hesse, 1990). Subsequent
comparisons of E gene sequences from 16 strains (Lewis et al., 1993), then more sylva-tic
strains (Wang et al., 2000), and, more recently, the comparison of only the 3′-untranslated
region of serotype 2 strains continued to support these groupings (Shurtleff et al., 2001).
Subsequently, after the analysis of many other samples, especially those from southeast
Asia, a region with a long history of DHF epidemics and numerous cocirculat-ing virus
variants, the groupings were broken down into four genotypes (Rico-Hesse et al., 1998):
sylvatic/west Africa, Americas, southeast Asia, and Malaysia/Indian subcontinent (Fig. 2). It
became clear that the introduction of the southeast Asian genotype into the Americas in
1981, specifically into Cuba, and its subsequent spread to other parts of the Caribbean were
directly associated with the appearance of DHF in the western hemisphere (Rico-Hesse,
1990). Prior to 1981, there had been sporadic reports of cases of dengue with hemorrhagic
manifestations, but it was unclear if the DHF/DSS case definitions had been met. It took a
much more detailed analysis of the viruses circulating in the Americas to directly link more
severe dengue disease with the southeast Asian genotype virus. The availability of samples
from patients with well-documented clinical records from three countries with DHF cases
(Brazil, Mexico, and Venezuela) helped prove this point (Rico-Hesse et al., 1997). Others
have continued to corroborate this hypothesis (Gubler, 1998) and, to this date, all dengue
serotype 2 viruses from DHF/DSS patients have been shown to belong to the southeast
Asian genotype. The American and Malaysia/Indian subcontinent genotypes have so far
been isolated from patients with DF only and are therefore considered to be of intermediate
epidemiological impact.

An anomaly that currently has no explanation is the repeated, independent isolation of
viruses genetically similar to the original New Guinea C (NGC) prototype (isolated in 1944)
virus by several laboratories around the world: Cuba (Guzman et al., 1995), Venezuela
(Rico-Hesse et al., 1997), Mexico (P. A. Armstrong, unpublished), China (GenBank,
AF204177), and Vietnam (Twiddy et al, 2002a). Because these contemporary,
independently isolated and sequenced samples vary (in general, <2%) from the old, high-
passage NGC prototype virus, it is possible that these isolates represent contamination with
the NGC laboratory strain, which had been passaged to fix some mutations. The NGC virus
has been used for many decades in most national laboratories as the reference strain for
serotype 2. It could have potentially been maintained under different in vitro conditions,
which could have made the resulting sequences different for these countries. The only other
explanation seems to be that NGC is, in fact, being transmitted in these countries. However,
there is very little evidence to support this, as these isolations are very rare. The disease
associated with these samples is not unusual in that there are a mixture of DF and DHF cases
from which these were purportedly isolated; this is the only type of isolate that remains from
the Cuban 1981 epidemic (Guzman et al., 1995).

As for serotype 1 viruses, serotype 2 sylvatic viruses do not seem to spread to other urban
areas even within west Africa (the Malaysia/ Indian subcontinent genotype has been
imported) and could be classified as being of low epidemiological impact. Furthermore,
because of their basal or ancestral position on the phylogenetic tree (Fig. 2), it seems likely
that they were the first to evolve from the progenitor shared by all four serotypes. Because
of their great genetic distance from the other genotypes, it is hard to determine if they are the
origin of all other serotype 2 viruses. Further research is required to explain the low
transmissibility or virulence of these viruses to humans and whether this is a consequence of
their adaptation to canopy-dwelling mosquito vectors, which do not bite or infect large
numbers of humans.

Serotype 2 viruses have also shown the potential to establish transmission in very distant
areas of the world. It has been documented previously that the southeast Asian and the
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Malaysia/Indian subcontinent genotypes have spread from one continent to another in a
matter of years (Rico-Hesse, 1990). Classical epidemiological investigations have helped
trace the pathways of these introductions and the establishment of endemic or hyperendemic
cycles of transmission in some countries (e.g., Venezuela, Brazil). Currently, the main
concern is that the southeast Asian genotype, of high epidemiological impact, continues to
spread through several countries, including Peru and Mexico. In the case of Peru, good
epidemiological evidence shows that the native, American genotype did not cause DHF in
patients, even upon secondary infection (Watts et al., 1999). It remains to be seen if and how
severe the epidemics will become upon the establishment of transmission of the southeast
Asian genotype (Rocha et al., 2002). In Mexico, the introduction of the southeast Asian
genotype has been gradual, with the first documented viruses from cases in south and central
Mexico in 1995 (Rico-Hesse et al., 1997), but with some areas of northern Mexico (close to
the Texas border) still occupied by the American genotype (P. A. Armstrong and R. Rico-
Hesse, personal communication). The availability of a very large database of serotype 2
sequences (several hundred strains) will facilitate the documentation of movement of dengue
2 around the world.

C. Phylogeny of Dengue Serotype 3
The first published report of the analysis of genetic variation in serotype 3 viruses occurred
in 1972 (Russell and McCown, 1972), but used serologic tests to show this difference; the
geographical distinction of strains (Puerto Rico and Tahiti, separate from Asian strains) still
holds true. Fingerprinting studies identified five topotypes for this serotype (versus 8 and 10
for dengues 1 and 2, respectively) (Trent et al., 1990); this lower number of distinct groups
is evident in serotype 4 viruses also. Thus, the interpretation of the phylogeny of serotype 3
viruses is somewhat more complex because the rates of fixation seem to be lower, i.e., there
is less distance or divergence between the genotypic groups.

The first phylogenetic analysis of these viruses required the comparison of the entire E gene
sequences (Lanciotti et al., 1994), and four genotypes were distinguished. This classification
has remained unchanged with the study and inclusion of new isolates (Fig. 3), although the
lines demarcating genotypic groups are somewhat blurred mainly by older strains (see
Philippines 1956 and Thailand 1962). Again, most of the genotypes can be identified by
geographical origin, but there is no evidence for a sylvatic group: Americas (most basal),
Indian subcontinent, Thailand, southeast Asia/South Pacific.

In this case, the genotype with low epidemiological potential seems to be the one that
circulated in the Americas prior to 1989; isolates of this type came from patients with DF
only. In the 1980s through the 1990s, in both the Americas and the South Pacific, there were
two independent introductions of new genotypes: the southeast Asian genotype was
associated with large epidemics with DHF in Tahiti and Fiji (Chungue et al., 1993) and the
Indian subcontinent genotype was introduced to Central America in the mid-1990s
(Balmaseda et al., 1999; Harris et al., 1998, 2000; Usuku et al, 2001), displacing the
American genotype in both areas.

Evidence shows that the Indian subcontinent genotype has evolved, since 1989, to produce
more DHF in Sri Lanka (Lanciotti et al., 1994), a country that maintains good
epidemiological and virological records. Current studies are focused on documenting the
mutations responsible for this phenotypic variation, as was done for viruses of serotype 2
(Messer et al., 2002). In prospective studies in Thailand, the direct correlation between
viremia caused by dengue serotype 3 viruses and the severity of disease (DHF) has also been
shown (Libraty et al., 2002). Thus, it is important to determine if some of these genotypes
also replicate to higher levels in human cells, which are targets involved in the pathogenesis
of dengue disease. The more virulent Indian subcontinent genotype has also been associated
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with epidemics currently occurring in Mexico and Central and South America, and viruses
from these outbreaks need to be studied more closely, especially with the new assay systems
described later. It remains to be seen if viruses of serotype 3 have consistent genetic
differences in regions of the viral genome that encode determinants of more severe disease.

D. Phytogeny of Dengue Serotype 4
Dengue viruses of serotype 4 were shown to differ antigenically and genetically in 1986
(Henchal et al., 1986), and five topotypes were identified in 1990 (Trent et al., 1990).
However, comparison of short (180-nucleotide) sequences from the E gene failed to classify
28 isolates into genotypic groups (Chungue et al., 1995). Only after the comparison of full E
gene sequences was it possible to distinguish two genotypes (Lanciotti et al., 1997) and the
rates of variation among 20 strains were shown to reach a maximum of 6%. The inclusion of
longer nucleotide sequences (preM-E genes) has failed to add more resolution to the
phylogenetic trees, and only two genotypes could be resolved (Fig. 4); the inclusion of only
E gene sequences from one sylvatic virus (Wang et al., 2000) adds one extra group, as for
serotype 1 viruses. Thus, there are currently the Malaysia, southeast Asia, and Indonesia
genotypes. As with the other serotypes, it is not known if the sylvatic cycle in Malaysia still
exists, as that country had imported the urban cycle virus, apparently from southeast Asia
(see Malaysia 1969). At this point in time, it seems that the genotype that includes viruses
from Indonesia, the South Pacific, and the Americas is the one of greater epidemiological
impact, if only because it continues to spread to other countries, mainly in the Americas
(Lanciotti et al., 1997). It is obvious that we know much less about the genetic variation of
viruses of this serotype other than that their rates of mutation in nature are lower and that
there is less transmission of this virus, as evidenced by the lack of epidemics associated
strictly with these viruses.

IV. Viral Determinants of Disease
As mentioned earlier, dengue virus virulence has been difficult to measure because of the
lack of in vivo and in vitro models of disease. One approach to determining the viral
sequences or structures involved in virulence has been to compare the entire genome
amplified directly from samples from patients with clearly differing disease presentations,
after having the virus isolates identified as to serotype and genotype, usually from the same
blood sample. This requires samples of serum or plasma containing high titers of virus from
patients in the acute phase of disease (before the onset of severe symptoms, if they develop)
and ultralow temperature storage (−70 °C) until processing and sequencing with RT-PCR
methods. So far, these conditions have been met only for dengue viruses belonging to
serotype 2, with a detailed comparison between sequences belonging to the American (low
virulence) and southeast Asian (high virulence) genotypes (Leitmeyer et al., 1999). The
results pointed to consistent differences between these genotypes in certain nucleotides and
folding patterns of the 5′- and 3′-untranslated regions of the viral genome, along with amino
acid charge differences in the prM, E, NS4b, and NS5 genes. Others had shown that
mutations in the untranslated regions of dengue serotype 4 infectious clones yielded viruses
with altered mouse neurovirulence (Blaney et al., 2001) and that differences in amino acid
position 390 of the E glycoprotein of serotype 2 viruses also have such an effect (Sanchez
and Ruiz, 1996). The working hypothesis is that substitutions at these positions affect RNA
structures and properties of the E protein and contribute in some way to alter the
pathogenesis of DHF. Support for this hypothesis has come from complex, prospective
studies showing that severe disease correlates with higher titers of virus in the bloodstream
when associated with southeast Asian genotype virus infection (Vaughn et al., 2000).

Current studies of viral determinants of disease involve the modification of infectious clones
(Kinney et al., 1997) and the measurement of the effects of mutations in new, target cell
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assay systems. The discovery of dendritic cells as primary targets for dengue virus
replication (Wu et al., 2000; in contrast to many earlier studies focusing on monocytes as
target cells) has led to attempts to use this characteristic as a correlate of differences in
virulence. For instance, it has been shown (Cologna and Rico-Hesse, 2003) that the
replacement of southeast Asian genotype 5′- and 3′-untranslated regions and one amino acid
(E-390) with American genotype structures significantly reduce the level of replication of
infectious clone-derived viruses in human, primary dendritic cell cultures. The virus yield
(measured by quantitative RT-PCR) of the triple mutant (three regions substituted) was
identical to that of a wild-type American genotype virus in the same assays, whereas that of
the unmodified southeast Asian virus was 10-fold higher. Others have shown that the
modification of amino acid residue 390 alone of the E protein reduces the rate of replication
of dengue virus infectious clones in human monocytes (Pryor et al., 2001). It is anticipated
that dendritic cell assay systems may serve as an in vitro surrogate for dengue virus
virulence, but many more detailed investigations are necessary to determine the molecular
mechanisms involved in the differences in virus yield. However, a comparison of 12
different wild-type, low-passage, dengue serotype 2 viruses belonging to the southeast Asian
and American genotypes almost uniformly showed lower virus output by the latter in
primary human dendritic cells. It remains to be seen whether these dengue viruses behave
similarly in other human target cells, but it is tempting to speculate that the differences in the
behavior of these viruses could explain the increase in cytokine release (i.e., as a result of
higher virus burdens in infected monocytes and dendritic cells) and the subsequent plasma
leakage by endothelial cells seen in DHF (Bosch et al., 2002). Another assay system under
development involves the use of dengue virus-infected, primary lymphocyte cell cultures in
chambers below human, primary endothelial cell cultures to measure the effects of cytokine
secretion by lymphocytes on the latter cells as a surrogate for plasma leakage in vivo (C.
Kubelka, R. Cologna, and R. Rico-Hesse, personal communication). Thus, the availability of
in vitro systems to measure the effect of virus infection on isolated human target cells might
also help us understand the mechanisms behind immune enhancement of disease. Other
desirable models of disease might also include immuno-deficient mice that have been
reconstituted with human cells or factors that may be involved in the pathogenic cascade
that leads to more severe dengue disease. However, no one has yet reported successful en-
graftment of dendritic cells or the reproduction of severe dengue symptoms in such an
animal model (An et al., 1999; Lin et al., 1998; Wu et al., 1995).

V. Viral Determinants of Transmission
Another way of measuring dengue virus epidemic potential comes from studies of the ability
of different viruses to infect and be transmitted to other humans by the mosquito vector,
Aedes aegypti (Gubler et al., 1979). It follows that if some dengue viruses are capable of
producing higher and longer viremias in their human hosts, these viruses could possibly
infect more vectors and thus have a higher chance for transmission. This hypothesis was
tested by infecting low-passage (F2–F4 generation) A. aegypti mosquitoes collected in
McAllen, Texas, and Iquitos, Peru, with the same 12 wild-type dengue virus preparations
used for dendritic cell infections described earlier and measuring time for virus
dissemination to the salivary glands as a surrogate for transmission potential (Armstrong and
Rico-Hesse, 2001). These mosquitoes were infected per os with the same amount of virus as
measured by quantitative RT-PCR and mosquito infectious dose. Results suggested that the
transmission of southeast Asian genotype viruses is more robust, with more efficient
infection and dissemination in mosquitoes from different geographical areas. However,
others have shown that mosquito populations also vary in their ability to become infected
by, and to disseminate, a single dengue virus, albeit a very high passage strain (Bosio et al.,
1998, 2000). It is clear that mosquitoes vary in their ability to get infected and reproduce
enough virus to become infectious to humans by injection of their saliva. Laboratory-
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maintained strains of A. aegypti seem to have lost their potential to replicate dengue viruses
differentially (southeast Asian versus American genotype), and there is also some variability
of this transmission efficiency within field-derived populations (Armstrong and Rico-Hesse,
2001). Additional studies are needed to identify the factors that influence mosquito vectorial
capacity, including the genetics of high and low transmitters (Miller and Mitchell, 1991).

VI. Viral Displacement and Epidemiology
Although the efficiency of dengue virus transmission is a complex phenomenon, the
displacement of one genotype by another more “virulent” type has been documented in the
past and is currently occurring in some countries. To understand this process, it is important
to have good continuous epidemiological surveillance systems in place to detect the spread
of different dengue virus genotypes. Such systems have allowed for the detection of the
displacement of the American genotype of dengue serotype 2 by the southeast Asian
genotype in the Americas in at least four countries in the past (Brazil, Colombia, Mexico,
and Venezuela) (Rico-Hesse et al., 1997), and presently in one country (Peru) (Rocha et al.,
2002). The failure to detect DHF in Peru has been associated with the lack of transmission
of the southeast Asian genotype, although the American genotype virus was being
transmitted at high rates (Watts et al., 1999). Unfortunately for the people of Peru, the
southeast Asian genotype virus has been detected in mosquitoes in Iquitos, and this regional
population has therefore become a natural test bed for the virus virulence hypothesis.

The same phenomenon of displacement seems to be occurring for dengue serotype 3, where
the more virulent Indian subcontinent genotype had appeared after a nearly 20-year hiatus
by the native American genotype in Nicaragua and Guatemala (Balmaseda et al., 1999;
Usuku et al., 2001). The transmission of this virus has been associated with massive
outbreaks of DF and DHF in Brazil, Ecuador, el Salvador, and Honduras (World Health
Organization, 2002). These introductions and/or displacements have been clearly correlated
with the appearance of DHF. Thus, by monitoring the transmission of specific dengue
genotypes, we can predict the appearance of more severe epidemics. This phenomenon
seems to occur uniformly because virus transmission is so high that invariably those with the
propensity to present with severe disease become infected. However, more studies are
needed to identify the viral determinants that impart to the virus an increased potential to
replicate in certain hosts and vectors and a subsequent role in the epidemiology and
pathogenesis of dengue disease.
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Fig 1.
Phylogeny of 36 serotype 1 dengue viruses using 1485 nucleotides from the E gene.
Representatives of the other serotypes were used as an outgroup. Strains are denoted by
number, country of isolation, and year of isolation; genotypes are shaded and names given to
the right. Bootstrap values of statistical support for major branches are shown as percentage
equivalents.
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Fig 2.
Phylogeny of 50 serotype 2 dengue viruses using 1485 nucleotides from the E gene.
Representatives of the other serotypes were used as an outgroup. Strains are denoted by
number, country of isolation, and year of isolation; genotypes are shaded and names given to
the right. Bootstrap values of statistical support for major branches are shown as percentage
equivalents.
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Fig 3.
Phytogeny of 26 serotype 3 dengue viruses using 1479 nucleotides from the E gene.
Representatives of the other serotypes were used as an outgroup. Strains are denoted by
number, country of isolation, and year of isolation; genotypes are shaded and names given to
the right. Bootstrap values of statistical support for major branches are given as percentage
equivalents.
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Fig 4.
Phylogeny of 22 serotype 4 dengue viruses using 1635 nucleotides from preM-E genes,
except for two strains from Malaysia, for which only E gene sequences were available (1485
nucleotides). Representatives of the other serotypes were used as an outgroup. Strains are
denoted by number, country of isolation, and year of isolation; genotypes are shaded and
names given to the right. Bootstrap values of statistical support for major branches are
shown as percentage equivalents.
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