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RESUMEN

TÍTULO: Identificación de la Diversidad Intra-serotípica en DENV-1 con base en el 
Criterio de Monofilia *
AUTOR: Ayda Susana Ortiz Báez**
PALABRAS CLAVES: Dengue, clasificación, filogenia, genotipo, monofilia
 
CONTENIDO: 
 
La clasificación de mayor prevalencia sobre la diversidad intra-serotípica en dengue tipo 1 
reconoce cinco genotipos con base en un criterio de máxima divergencia nucleotídica del 6%. 
Aunque los genotipos difieren en su distribución geográfica, la variación intra-serotípica es 
frecuentemente asociada con dinámicas espaciales y temporales. En este estudio, evaluamos 
el criterio de monofilia para determinar la diversidad intra-serotípica en dengue tipo 1, además 
describimos la forma como patrones espacio-temporales estructuran la diversidad de secuencias 
y sus relaciones filogenéticas. Para direccionar estos componentes, comparamos 993 secuencias 
completas del gen E a partir de un muestreo extensivo de cepas aisladas en todo mundo e 
incluimos 51 nuevas secuencias para el nororiente de Colombia. El set de datos se seleccionó 
con base en un análisis de agrupamiento en el cual un umbral de identidad de 99.5% fue el 
valor de corte más informativo, representando los datos espaciales y temporales de los aislados 
virales muestreados. La reconstrucción de las topologías fue realizada a partir de acercamientos 
filogenéticos y basados en distancias. Así mismo las hipótesis construidas fueron comparadas a 
partir de un test de selección de árboles bajo el criterio de máxima verosimilitud. En este estudio, 
caracterizamos seis genotipos, los cuales fueron reconocidos bajo la mayoría de acercamientos 
como grupos monofiléticos. Estos genotipos compartieron patrones de distribución parciales 
aunque no se identificó un área común de circulación. El análisis de agrupamiento evidenció una 
asociación estructurada inicialmente por espacialidad y sub-estructurada por patrones temporales, 
los cuales correspondieron a la ocurrencia de períodos epidémicos generalmente evidentes a nivel 
local. Finalmente, identificamos las secuencias generadas en este estudio dentro del genotipo IV, 
agrupandose con secuencias correspondientes a América Latina.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Trabajo de grado
** Facultad: Ciencias Básicas. Escuela: Biología. 
Director: Daniel Rafael Miranda-Esquivel. Codirector: Raquel Elvira Ocazionez 
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ABSTRACT

TITLE: Identification of the Intra-serotypic Diversity in DENV-1 Based on the 
Monophyly Criterion*
AUTHOR: Ayda Susana Ortiz Báez**
KEYWORDS: Dengue, classification, phylogeny, genotype, monophyly
 
DESCRIPTION:
 
The most prevalent classification of the intra-serotypic diversity in dengue type 1 recognizes five 
genotypes based on a genetic distance criterion with maximum nucleotide divergence of 6%. 
Although the genotypes differ in their geographic distribution, the intra-genotypic variation is often 
associated with spatial and temporal dynamics. In this study, we tested the monophyly criterion to 
determine the intra-serotypic diversity in dengue type 1, also we described how spatio-temporal 
patterns structure the sequence diversity and phylogenetic relationships. To address these issues, 
we compared 993 complete E gene sequences from an extensive sampling of worldwide strains 
and including 51 new Colombian sequences from northeastern Colombia. We selected the dataset 
based on a clustering analysis in which a threshold of 99.5% was the most informative cut-off 
value, representing the spatial and temporal data of viral isolates sampled. Tree reconstruction was 
performed using phylogenetic and distance-based approaches whereas topological hypotheses 
were compared using a tree selection test under a maximum likelihood framework. Here we 
characterized six genotypes, which were recognized under most approaches as monophyletic 
groups. These genotypes shared partial distribution patterns but we did not identify a common 
area of circulation among all of them. Likewise, clustering analysis provided evidence that dengue 
sequences are associated first by spatial then temporal patterns. Temporal patterns corresponding 
to the occurrence of epidemic periods were usually evidenced at local level. We identified the 
Colombian sequences isolated in this study into the genotype IV which grouped together with other 
Latin American sequences.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Research project
** Facultad: Ciencias Básicas.  Escuela: Biología.
Director: Daniel Rafael Miranda-Esquivel. Codirector: Raquel Elvira Ocazionez 

12



AUTHOR SUMMARY

Dengue viruses (DENV) are the infectious agents responsible of the most common

mosquito-borne viral disease of humans. These viruses are classified in four distinct

serotypes and each of them exhibits a genetic diversity that is further grouped into

genotypes. Here, we focused on dengue type 1 (DENV-1) which traditionally has been

classified based on a value of 6% of nucleotide divergence. This research assesses the

monophyletic status of genotypes in DENV-1 and proposes monophyly as the criterion

to delimit its intra-serotipic diversity, emphasizing on the phylogenetic relationships

among strains and the recognition of natural groups. We explored different tree recon-

struction approaches which consistently identified the same genotypes but differences

amongst the topological arrangements. Further, we showed the interplay of spatial

and temporal patterns and the level on which each one of them structure the intra-

serotypic diversity and phylogenetic relationships in DENV-1. Our findings provide a

stable classification of DENV-1, its possible evolutionary relationships and new insights

of its spatio temporal dynamics, that could lead to advances in developing more effec-

tive surveillance programs and understanding of the evolution and the epidemiology of

dengue.
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INTRODUCTION

Dengue viruses (DENV) are infectious agents classified within the genus Flavivirus(family

Flaviviridae), and are most widely spread throughout tropical and subtropical regions

[1]. In last decades, changes in their geographic distribution indicate the movement of

viruses to new localities and reemergence in previous epidemic areas [1,2,3,4,5]. These

changes are influenced by the combination of various determinants related to ecological,

human, vectorial and viral factors [6,7]. Given that dengue is not contagious from per-

son to person, the viral transmission in humans is mainly mediated by the bite of Aedes

mosquitoes (family Culicidae) in urban and peridomestic cycles [8]. The distribution

of these mosquitoes is critical to the distribution of arboviruses such dengue [9,10,11,12].

Structurally, these flavivirus are enveloped viruses, which are characterized by a positive-

sense, single-stranded RNA genome, that encodes a polyprotein organized into three

structural and seven nonstructural proteins [13]. DENV viruses are classified into four

antigenically and phylogenetically distinct [14], but closely-related, serotypes (DENV1-

4). The infection can lead to different manifestations of the disease ranging from non-

severe dengue with/without warning signs to severe dengue [15]. As typically occurs

with RNA viruses, dengue exhibits substantial intra-serotypic diversity that is arranged

into groups, so-called genotypes [14, 16]. Conventionally dengue type 1 (DENV-1) has

been classified into five genotypes characterized depending on the author [17, 18] and

based on partial or complete nucleotide sequences of the envelope (E) gene. The tra-

ditional definition of a dengue genotype establishes groups of viruses having no more

than 6% sequence divergence among them [17]. This definition, does not always identify

historical groups in terms of monophyletic entities [19, 20]. The monophyly criterion

establishes a monophyletic taxon as a group comprised of the most recent common

ancestor and all its descendants [21, 22]. The concept is based on the recognition of

systems of common ancestry [21], and is frequently used to delimit taxonomic units as

natural groups that share a common history [23,24,25]. Although, the requirement that

taxa be monophyletic can be considered merely semantic [26], the evidence of mono-

phyly based on members of groups more closely related to each other than to anything
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outside the group [26], can be a close approximation for grouping the intra-serotypic

diversity within Dengue.

Depending of the general framework, the intra-serotipic variation in DENV-1 has been

reconstructed from different phylogenetic or distance-based approaches [27,28,29]. Among

the available methods, maximum likelihood (ML) is one of the most commonly accepted

approaches given the implementation of evolutionary models to describe the patterns

of DNA base substitution and the estimation of branch lengths [30, 31, 32]. In general,

the likelihood function is well known by its powerful statistical basis for phylogenetic

inference [32, 33]. Differences in score among the ML tree and an alternative hypothe-

sis generated under any tree reconstruction method can be statistically compared, by

performing congruence tests, such as the Shimodaira-Hasegawa (SH) test [34]. The test

establishes whether differences between competing hypotheses are significant in likeli-

hood or whether all tree hypotheses are equally good explanations of the data.

The intra-serotypic diversity in DENV-1 has been associated with spatial and tem-

poral dynamics [35, 36, 28]. Genotypes have a varying geographical distribution, de-

termined by the extensive movement of viruses among different localities, and their

spatial range varies from widely distributed to geographically restricted genotypes [37].

Similar strains circulating during the same period or location tend to cluster together

[38, 39]. However, these patterns can be influenced by different factors, such as time

and geographic scales, viral dispersion, introduction of strains, local evolution, amongst

others, which can form different grouping patterns in phylogenetic analyses [40,39,41].

Here we characterized the intra-serotypic diversity of DENV-1 based on the mono-

phyly criterion. We build a dataset using worldwide sequences and including 51 new

sequences from northeastern Colombia. Our results identified six genotypes as mono-

phyletic groups which are stable units among methods although with differences in

branching patterns. In addition, we showed the incidence of the spatio-temporal pat-

terns in structuring the sequence diversity and phylogenetic relationships in DENV-1.
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MATERIALS AND METHODS

COLOMBIAN ISOLATES

Fifty one dengue strains were obtained from serum samples of patients. The samples

were collected by the Laboratorio de Arbovirus in the Centro de Investigaciones Enfer-

medades Tropicales (CINTROP) and taken from different localities of Santander and

Norte de Santander in the Northeastern region of Colombia during the period 1998-

2008 (Table 1). The viruses were isolated in Aedes albopictus cell monolayers (clone

C6/36) maintained in L-15 Leibovitz Medium and supplemented with Fetal Bovine

Serum (FBS), tryptose phosphate (10%) and Penicillin antibiotic. The procedure fol-

lowed Ocazionez et al [42]. Infected cells were examined to identify the presence of

cytopathic effect (CPE) and dengue viruses were typed by indirect immunofluorescence

assay (IFA) using monoclonal antibodies (CDC, Puerto Rico).

RNA EXTRACTION AND RT-PCR

After the second passage to C6/36 cells, viral RNA was extracted from the medium

supernatant of infected cultures using QIAamp Viral RNA Mini Kit (QIAGEN). The

RNA reverse transcription to cDNA by RT-PCR was performed using SuperScript III

Reverse Transcriptase (Invitrogen) and a mixture of random hexaprimers provided in

the kit.
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PCR AMPLIFICATION AND NUCLEOTIDE SEQUENCING

The E gene sequences were amplified by PCR reaction was the E gene (1485 bp).

This gene was amplified in two overlapped fragments using GoTaq DNA polymerase

(Promega, Madison, WI, USA), and oligonucleotide primers (Table S1) were designed

by the authors based on conserved regions from a representative collection of sequences

from GenBank. The size of PCR products were visualized in 2% agarose gel by elec-

trophoresis and fragments were compared with Hyperladder II marker (Bioline). Am-

plified products were purified using the Wizard PCR Preps DNA Purification system

(Promega), and sequencing reactions were conducted at Macrogen Corp. (USA), un-

der BigDyeTM terminator cycling conditions and using 3730XL automatic sequencer.

Nucleotide sequences were assembled with Lasergene software 9.0 (DNASTAR), and

manually inspected. Finally, to confirm the taxonomic identity of all the sequences

generated in this study, they were compared with available sequences using BLAST,

and then submitted to the GenBank sequence database (Table S2).

CONSTRUCTION OF THE DATASET

The dataset was constructed from the 51 nucleotide dengue sequences generated in this

study and combined together with all those DENV-1 sequences available in GenBank

and published up to September 2011. The selection of reference sequences corresponded

to strains isolated worldwide with the complete E gene and partial or full genome

sequences containing this gene. Furthermore, the selection of sequences was based in the

availability of spatial and/or temporal data. In vitro mutants, chimeric, recombinant,

and clones sequences were discarded based on the information available in the database.
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CLUSTERING ANALYSIS

To build a free redundancy dataset the analysis was conducted using USEARCH v5.0

software [43]. First, sequences were sorted by decreasing length and those identical

and chimeric were deleted from the dataset. Based on UCLUST clustering algorithm,

different identity threshold from 90 to 99.9% were evaluated. The selection of the

appropriated identity threshold was addressed following the spatial and temporal trend

of sequences to clustering (Figure 1). From these sequences the E gene region was

selected for subsequent analyses.

ALIGNMENT AND MODEL SELECTION

From the representative dataset, sequences were aligned under the multiple sequence

alignment algorithm implemented in MUSCLE v3.8 [44], under the default parameters.

The statistical selection of best-fit model of nucleotide substitution was performed using

Akaike and Bayesian information criteria implemented in jModeltest v0.1.1 [45]. The

model was assessed including and excluding the outgroups in the dataset to determine

if there was a bias by taking into account them in the selection of the model. HlRT

was non considered due to some problems related with the model selection uncertainty

as documented by Posada and Buckley, 2004 [46].

DISTANCE AND PHYLOGENETIC ANALYSIS

The phylogenetic relationships among viral sequences were reconstructed under the cri-

teria of parsimony, maximum-likelihood and bayesian inference. The parsimony analysis

was performed using a ratchet search and bisection-reconnection (TBR) branch swap-

ping on the Wagner trees. To estimate the support values, bootstrapping was based

on 1000 replications and the values were vizualized on the strict consensus. Trees were

inferred using TNT v1.1 program [47]. The Maximum-likelihood phylogeny was esti-
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mated under GTR+γ model and the starting tree was build using bioneighbor-joining

method [48], implemented in PhyML v3.0 software package [49]. Standard and rapid

non-parametric bootstrap with 1000 pseudo-replicates was used for estimating branch

support on the phylogeny using RAxML v7.2.8 [50]. The Bayesian phylogenetic tree

was reconstructed with MrBayes v3.1.2 program [51], and posterior probabilities were

determined from two independent runs of four Markov chains each and 7x107 genera-

tions. We used the default priors. The sampling frequency was every 7000 generations,

the 25% of the generations were burn-in. Convergence was assessed using the aver-

age standard deviation of split frequencies across independent analyses and Bayesian

MCMC runs were also analyzed using TRACER v1.5 [52]. The distance-tree was con-

structed from a genetic distance matrix based on the Neighbor-Joining method [53]

with a bootstrap of 1000 replicates. The analysis was conducted in the R package Ape

v3.0-3 [54].

To test alternative phylogenetic hypotheses, we used the one-tailed Shimodaira-Hasegawa

(SH) test [34]. One thousand replicates were performed by resampling the estimated

log-likelihoods for each site (RELL model) as implemented in PAUP v4.0 [55]. Geno-

types were defined by following the next steps: 1. Identification of monophyletic groups

in tree reconstructions. 2. Stability of the groups identified among the different ap-

proaches assessed. The stability was evaluated in terms of topological congruence and

recovery of groups. 3. Recognition of a characteristic temporal or spatial structure

of each group. The spatial units identified in this study corresponded to geopolitical

divisions.
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RESULTS

SEQUENCES AND CLUSTERING ANALYSIS

The length of the amplified product corresponding to the E gene sequence from fifty-

one Colombian isolates was 1485 base pairs (bp). These sequences were deposited

in GenBank under accession numbers JQ581602 to JQ581652 (Table S2). The base

composition expressed in terms of the overall GC content showed differences between

Colombian sequences and the complete dataset, with values of 46.50% and 47.43% re-

spectively. The comparison of sequences to establish unique and informative terminals

yield an identity threshold of 99.5%. Given these results, 993 representative and unique

sequences were selected (Table S3). At this threshold, it was possible to recognize ge-

ographic and temporal patterns among the different clusters. Lower thresholds were

discarded due to the loss of fine-scale resolution within clusters, which were very in-

clusive and clustered strains from different geographical localities and sampled times

(Figure 1A and B). Higher thresholds values identified most of the individual locali-

ties where dengue virus has been isolated, however, many clusters represented a single

locality and time sampled, increasing the amount of redundant sequences into the data

set (Figure 1C). Using the selected identity level (99.5%), we attempted to represent

and maximize the geographic and temporal structure in the data set (Figure 1D).

MODEL SELECTION

The selected model of nucleotide substitution was GTR+γ under both Akaike (AIC) and

Bayesian information criteria (BIC). The inclusion of the outgroups yield GTR+γ+I

under AIC.
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PHYLOGENETIC ANALYSES

Our findings, based on all DENV-1 worldwide strains showed six, but differentially-

supported monophyletic groups that were, geographically defined under most the phy-

logenetic and distance-based methods evaluated. The six genotypes were defined as

follows: (I) Asia and Djibouti, subdivided into: (IA) Southeast Asia and East Asia,

(IB) Arabian Peninsula, East Asia, Indochina and Djibouti, (II) Japan and Hawaii,

(III) Southeast Asia, East Asia and Oceania, (IV) Latin America including Caribbean

islands, East and South East Asia, India (South Asia), Arabian Peninsula and Africa,

(V) Malaysia of sylvatic origin (VI) Thailand in 60s (Figure 2).

According to the spatial distribution, genotypes IB and IV were widely distributed,

but they did not circulate through continuous regions, and some localities with dengue

transmission were distantly located from each other, for example, dengue transmission

between the Arabian Peninsula and some localities of East Asia, where genotype IB

circulated. However, temporal limits were noticeably well-defined among isolates from

these regions. Groups of sequences isolated from the same or nearby localities and cir-

culating in the same or similar periods, often showed be related by temporal patterns

(Figure 2). Genotype IV was characterized as the cosmopolitan group, having a nearly

worldwide distribution. Despite differences in the spatial distribution, genotypes had

common geographic patterns amongst them (Figure 3). Even though, all genotypes

shared part of its distribution range with at least another genotype, we did not identify

a common isolation area where they were all represented.

Although there were topological incongruences, the most genotypes were recovered in

all tree reconstructions (Figure 4), and most approaches showed the genotypes as

monophyletic units. Often the placement of the genotypes varied through the topolo-

gies and only the genotypes I showed a stable position within all tree reconstructions.

Genotype I was classified into subgroups IA and IB, which were always recovered as

sister clades under all approaches evaluated and both together represented reciprocally

monophyletic groups. This genotype was often related with genotype II except for the

Parsimony analysis in which genotype II was related to the remaining intra-serotypic

diversity in Dengue (Figure 4B). Genotype III was related in different clades with

different genotypes depending of the method, whereas the genotypes IV and V were

closely related between them as sister taxa or associated with Genotype VI. Bootstrap

values for parsimony and ML usually were higher than 70%, and posterior probabilities
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were in the range of 0.6 - 1.0. The phylogenetic relationships among DENV-1 sequences

under maximum likelihood (ML) was the only approach in which sequences identified as

the genotype VI, were not recovered as a monophyletic group (Figure 4A). Despite the

Bayesian reconstruction was high congruent with the ML tree, there were differences in

the monophyletic condition of genotype VI and the inclusion of one of the outgroups

(DENV-4) into the genotype IV (Figure 4D).

Based on these differences in the branching order of genotypes among all the trees

reconstructed, the results of the SH-test rejected most of the alternative tree hypothe-

ses tested, given the significant differences in likelihood among them and the ML tree.

However, the test supported the monophyletic composition of Thailand sequences of

genotype VI as an equally good explanation of the data (Table 2).

Moreover, given the internal phylogenetic relationships in the genotype IV, we recog-

nized four subgroups consisting of isolates from: (IV-A) Africa, (IV-B) Asia, (IV-C)

Asia, Reunion island and a strains from Brazil, (IV-D) Latin America, Caribbean is-

lands and Angola (Figure 5). Colombian sequences isolated in this study were grouped

together with Latin American isolates into the subgroup IV-E and were closely related

to Venezuelan sequences.
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DISCUSSION

As shown in previous studies [39, 56], estimates of pairwise distances were relatively

small among closely related strains at the spatial and/or temporal level. Nevertheless,

some sequences isolated at different points in time or space were more similar than

isolates from the same period or locality (Table S4). This suggests the movement of

strains among areas and the circulation of multiples lineages within the same locality

[57,28,58], or a much lower mutation rate for these dengue viruses [59].

Although, many of the sequences corresponded to serially isolated viral strains, the

evaluation of identity thresholds between 95 - 98% in the clustering analysis, showed

that the grouping of sequences was driven by their geographical distribution rather than

their temporal proximity (Figure 1A). However, higher identity thresholds between 99

- 99.7% showed groups with temporal structure, following the trend of sequences sam-

pled in similar times to cluster together (Figure 1B and C) [60]. It could be explained

by an association among strains, where clusters of sequences represent a nucleotide con-

sensus that is conserved through geography, while detailed variations among strains are

reflected at the temporal level, representing the periods of circulation. In other words,

sequence diversity is first structured by geography and then structured by temporality.

These patterns of structuring can have implications in dengue vaccine development and

the definition of the appropriate temporal and spatial scale for disease surveillance and

control strategies [61, 4].

We characterized the intra-serotypic diversity in DENV-1 based on the monophyly cri-

terion, in contrast to the maximum nucleotide divergence criterion proposed by Rico-

Hesse [17] and Goncalvez et al [18] and the phylogenetic relationships were prioritized

over how divergent and variable the sequences were. Although there were common

genotypes recognized under both the divergence and monophyly criteria (Table S5),

strains isolated from Japan and Hawaii which were previously identified as genotype

I under the divergence criterion, were here identified as an independent evolutionary

group and designated as a new genotype (Genotype II). Likewise, genotype II was the

subtype with the oldest isolates that dated back to the nineteen forties and was re-
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stricted to these Pacific islands [62]. The fact that all genotypes clearly shared part of

their geographic distribution might be explained by the co-circulation of strains in par-

ticular areas [37]. However, differences in the isolation dates between genotypes showed

that they could share the same dstribution but not always the same time (Figure 2).

This temporal dynamic might be related with some sort of selective pressure [14,41]. In

addition, the circulation of strains could be different at a micro-spatial scale in the same

locality [63, 64, 65]. Although the evolutionary and population dynamics of inter/intro

genotypes was not clear, it is influenced by the interplay of multiple factors related with

the host, vector, and virus [66].

In addition, there were differences in the spread range of the genotypes as ocurred with

genotype IV, which was the most widely distributed, while others were more geographi-

cally restricted. Increases in the fitness or stochasticity could be plausible explanations

[37,67]. Equally important was the continuity of the distribution pattern through space,

for example, the genotype I subgroup IB with strains circulating mainly in East Asia

and existing as an independent viral population in the Saudi Arabia. Previous studies

have pointed to the importation of the virus into the region from different geographic

sources and subsequent microevolution in the area [68,69,70].

Moreover, in the phylogenetic analyses for DENV-1 as well as in the clustering analysis,

temporal patterns were evident (Figure 1 and 2). It is noteworthy, that strains circu-

lating in different regions did not tend to be related just for being isolated in the same

year. As the clustering analysis, there is an important geographical level of structur-

ing in the relationships among sequences showing possible that related strains differ in

space and time as a result of the continual traffic of viruses through vector and human

movement [28,71,41].

Based on tree reconstructions, different hypotheses were formulated according to topo-

logical incongruences (Figure 4). Although it was no clear the recognition of an an-

cestral genotype as sister group of the remaining intra-serotypic diversity in DENV-1,

we recovered different genotypes as potential candidates under the analyses, and based

on their common geographic distribution the most recent common ancestor seemed to

be in strains from Asia [64, 72]. In this study the oldest available isolate came from

Hawaiii in the forties, which corresponds to the prototype strain, however is possible

that strains belonging to another genotype, have circulated in previous periods without

any record in public databases, and therefore this might explain the fact that genotype

II was not the sister group of the remaining genotypes in DENV1.

The second hypotheses was associated with the variation between Thailand sequences
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(genotype VI) as a monophyletic group or as independent lineages, and its relation

with genotypes IV and V (Figure 4). This variation could be the result of the limited

representation of this genotype or due to sequences with differences in the amount of

accumulated change over time, relative to the isolation period and the rate of change

[14]. Likewise, possible topological incongruences among phylogenetic reconstructions,

regarding to the relative position of particular genotypes, could be influenced by the

effect of very short branch lengths which represent few genetic differences among clades

[72]. Then, any change could easily result in different groupings instead of reflecting a

real genealogical discordance [73]. Although the analyses were based on the genealogical

history of a gene, the incongruent phylogenetic signal could be associated with potential

incomplete lineage sorting with the genealogical histories of other genes [74].

An interesting result, as has been shown previously [72] is the recovery of Malaysian

sylvatic isolates from 33 years apart (1972, 2005) that form a monophyletic group (Fig-

ure 2B). Malaysian strains from 2005 may have been maintained in a sylvatic cycle

through an enzootic forest cycle [72], but the sylvatic origin of Malaysian isolate from

1972 has been questioned given its proximity to endemic genotypes [75, 72].

Given the variable phylogenetic patterns reconstructed under the approaches evaluated,

we initially hypothesized that the evolutionary relationships of DENV-1 could be bet-

ter represented by the ML reconstruction than by the additional approaches evaluated.

The implementation of SH-test showed that only the alternative topology that recov-

ered the monophyly in the genotype VI was not significantly different from ML tree.

Given that the only difference between both reconstructions was the monophyletic com-

position of the genotype VI (sequences from Thailand). The topological difference was

not statistically well supported, and the relation between these sequences can change

between a monophyletic and non-monophyletic status without a significant change in

the likelihood score (Table 2) [34, 76]. Although, the SH-test rejected the bayesian

reconstruction, this fact could reflect the bias in BI toward inaccurate branch-length

estimates in response to multiple factors such as non-specific priors and the sensitivity

of this method to place long-branches at every possible location with similar likelihood

[77,78,79].

In summary, we suggest a criterion based on the identification of monophyletic groups

to characterize the intra-serotipic diversity in DENV-1, in contrast with the maximum

divergence criterion traditionally used. Although, we find common genotypes under

both criteria, we tried to improve the previous approach based on the recognition of
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monophyletic groups and the evolutionary content in the phylogenetic relationships. As

noted, diversity can be structured by temporal and geographic components. This struc-

ture provides a preliminary way to identify possible relations among sequences. Spatial

association holds a predominant place in the clustering and phylogenetic grouping of

sequences, reflecting the continual virus dispersion among localities, while temporal

clustering tends to happen locally over epidemic periods in affected areas. Our find-

ings showed that the recognition of intra-serotypic diversity in DENV-1 was stable but

the pattern of the phylogenetic relationships depended on the method. ML approach

generated a close reconstruction of its phylogenetic relationships. Likewise, the evolu-

tionary origin of DENV-1 is supported have occurred in Asia. In addition, although

genotypes are mainly spatially defined, their distribution ranges are frequently over-

lapping showing the circulation of different genotypes in these regions. Future efforts

should to establish whether there is a quantifiable association between spatio-temporal

structure and phylogenetic patterns, and test the real effect of selective and stochastic

process in the phylogenetic relationships of DENV-1.
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TABLES

Table 1. Identity thresholds assessed in clustering analyses

Id Thresholds seeds

90 5

95 13

98 101

98.5 247

99 446

99.5 996

99.7 1368

99.9 1764

Identity thresholds tested in the clustering analysis. The seeds are the representative

sequences recognized under each identity threshold.

Table 2. Alternative topological hypotheses tested using the SH-test

Hypothesis -ln L Diff -ln L P

ML 36289.20955 (best) —

VI (MONO) 36293.03662 3.82707 0.167

(V,VI (MONO) 54576.07288 18286.86332 0.000*

(IV,(V,VI (MONO) 54415.64761 18126.43806 0.000*

PAR 52338.03171 16048.82216 0.000*

NJ 37026.12215 736.91260 0.000*

IB 36379.24089 90.03134 0.012*

Log likelihoods and difference of log lokelihoods from the Maximum Likelihood

reference topology (best) and alternative tree topologies. The monophyletic status of

the genotype VI and variations in the placement among genotypes IV, V and VI were

tested (remaining topology kept equal). Tree reconstructions recovered under

Bayesian inference, Neighbor joining and Parsimony were also contrasted.
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FIGURES

Figures 1. Association among identity thresholds and the spatio-temporal

structure in sequences of DENV-1. A. 98% B. 99%, C. 99.5% and D. 99.9%. The

groups show patterns of temporal and spatial clustering. Ovals with the same color

represent the same cluster. Gray boxes represent sequences evaluated in this example

through the different identity thresholds. The size of the circles is proportional to the

number of sequences that circulated in the same period or location. Variations in the

color shades in C and D represent new clusters.
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Figures 2. Phylogenetic tree reconstruction under the Maximum

Likelihood approach. Genotypes are represented as cartoons in different colors.

The sister groups within genotype I are represented in different shades. Isolation dates

are shown in colors on the sidebar. Bootstrap confidence values are indicated as

percentages above nodes. The tree was rooted using representative strains of

DENV2-4.
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Figures 3. Geographic distribution of DENV-1 genotypes based on

sampling data. 3A. Genotype I, subgroups IA and IB, 3B. Genotype II, 3C.

Genotype III, 3D. Genotype IV, 3E. Genotype V, and 3F. Genotype VI.
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Figures 4. Phylogenetic relationships patterns among genotypes of

DENV-1. A. Maximum Likelihood, B. Parsimony, C. Neighbor joining, D. Bayesian

Inference.
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Figures 5. Phylogenetic relationships of DENV-1 sequences in genotype

IV under Maximum LIkelihood approach. Subgroups are indicated as clades

IV-A to IV-D and included strains isolated from Africa, Asian and America.

Colombian sequences are shown in green whereas venezuelan strains are shown in

blue. Sequences with label XX, represent inderteminated isolation date. Boostrap

values are represented above nodes.
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