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Resumen 
 

 

TITULO: ANÁLISIS DE SENSIBILIDAD DEL MÉTODO, MUESTREO TAXONÓMICO Y 

PARTICIÓN GENÓMICA EN LA RECONSTRUCCIÓN FLOGENÉTICA DEL VIRUS DE 

DENGUE (DENV) * 

 

 
AUTOR: NATALIA GONZÁLEZ PIÑERES** 

 

 
PALABRAS CLAVES: FILOGENIA DENV, CONGRUENCIA TAXONÓMICA, ANÁLISIS 

DE SENSIBILIDAD, MUESTREO TAXONÓMICO, PARTICIONES GENÓMICAS, 

 

 
DESCRIPCIÓN: 

 
La reconstrucción filogenética del virus del dengue (DENV) se ha abordado desde múltiples perspectivas que difieren 

en el método de reconstrucción, el muestreo taxonómico y los datos genómicos. En la mayoría de estos estudios, no 

se han presentado los motivos para seleccionar dichos enfoques. Por lo tanto, el objetivo del presente estudio fue 

determinar los efectos de estas variables en la reconstrucción filogenética del DENV. Realizamos los análisis 

filogenéticos utilizando tres métodos de reconstrucción de árboles: parsimonia, distancia y Maximum Likelihood. 

Utilizamos 410 secuencias del marco abierto de lectura (ORF) de los cuatro serotipos: DENV1-4. Para estimar el 

efecto del muestreo taxonómico, obtuvimos submuestreos del 10%, 36% y 75% del total de taxones. Para cada 

conjunto de datos, utilizamos 22 particiones genómicas del ORF. Comparamos las topologías en términos de 

recuperación de genotipos y serotipos como grupos monofiléticos, nodos comunes, similitud topológica, congruencia 

taxonómica y soporte de nodos. Encontramos que la partición genómica sobrepesó las otras variables con respecto al 

número de nodos comunes, congruencia taxonómica y soporte nodal. Todos los métodos recuperaron la monofilia de 

los serotipos, independientemente del muestreo taxonómico o la partición genómica; pero para las particiones 

genómicas más cortas, la recuperación de genotipos disminuyó a medida que aumentó el número de taxones. Además, 

los resultados mostraron que parsimonia y Maximum Likelihood obtuvieron resultados casi idénticos en términos de 

congruencia con una topología de evidencia total. Con base en estos resultados, discutimos las implicaciones de cada 

variable y una partición genómica que podrían mejorar la eficiencia en estudios posteriores. 

 

 

*Trabajo de Grado 

**Facultad de Ciencias. Escuela de Biología. Director: Daniel R. Miranda-Esquivel, PhD. En Ciencias Naturales. 
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Abstract 
 

 

TITLE: SENSITIVITY ANALYSIS OF THE METHOD, TAXONOMIC SAMPLING, AND 

GENOMIC PARTITION IN THE PHYLOGENETIC RECONSTRUCTION OF THE DENGUE 

VIRUS (DENV)* 

 

 
AUTHOR: NATALIA GONZÁLEZ PIÑERES** 

 

 
KEY WORDS: DENV PHYLOGENY, TAXONOMIC CONGRUENCE, SENSITIVITY 

ANALYSIS, TAXON SAMPLING, GENOME PARTITIONS, MONOPHYLY RECOVERY 

 
 

DESCRIPTION: 

 
The phylogenetic reconstruction of the dengue virus (DENV) has been approached from multiple perspectives that 

differ in the method of reconstruction, taxonomic sampling, and the genomic data. In most of these studies, the reasons 

for selecting these approaches have not been reported. Thence, the aim of the present study was to  determine the 

effects of these variables on the phylogenetic reconstruction of the DENV. We performed the phylogenetic analyses 

using three methods of tree reconstruction: parsimony, distance, and Maximum Likelihood. We used 410 ORF (Open 

Reading Frame) sequences of all the four serotypes: DENV1-4. To estimate the effect of the taxonomic sampling, we 

obtained subsamples of the 10%, 36%, and 75% of the total taxa. For every dataset, we used 22 genomic partitions 

from the ORF. We compared the topologies in terms of recuperation of genotypes and serotypes as monophyletic 

groups, common nodes, topological similarity, taxonomic congruence, and node support. We found that the genomic 

partition overpoised the other variables regarding the number of common nodes, taxonomic congruence and nodal 

support. All the methods recuperated the monophyly of the serotypes, regardless the taxonomic sampling or genomic 

partition; but for the shortest genomic partitions, the recuperation of genotypes decreased as the number of taxa 

increased. Moreover, the results showed that parsimony and Maximum Likelihood obtained nearly identical results in 

terms of congruence to a complete evidence topology. Based on these results we discuss the implications of each 

variable and one genomic partition that could improve the efficiency in further studies. 

 

 

 
 

 

*Bachelor Thesis 

**Facultad de Ciencias. Escuela de Biología. Director: Daniel R. Miranda-Esquivel, PhD. En Ciencias Naturales. 
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Introduction 

 

 

The dengue virus (DENV) has been a widely studied model in phylogeny due to its population 

dynamics (Allicock et al., 2012; Hapuarachchi et al., 2016; Lequime et al., 2016), high 

evolutionary rate (Jenkins et al., 2002; Twiddy et al., 2003; Costa et al., 2012), genotype diversity 

(Rico-Hesse, 1990; Holmes, 2003; Lee et al., 2012), responsibility as the cause of one of the 

reemerging infections with the highest incidence globally (WHO, 2016); and therefore to the fact 

that it is considered a major public health problem (Gubler, 2002; Bhatt et al., 2013). DENV is 

grouped into four antigenically differentiated serotypes, designated as DENV-1, DENV-2, DENV-

3 and DENV-4 (Wang et al., 2000; Ross, 2010). Within each serotype, there are multiple groups 

of lineages or genotypes (Rico-Hesse, 1990; Holmes, 2004), which have been considered as 

monophyletic groups (e.g. Laille and Roche, 2004; Alfonso et al., 2012; Villabona-Arenas and 

Zanotto, 2013). 

 
 

In order to obtain information on the evolution and genetic diversity of this virus, different 

authors have used phylogenetic reconstructions (Araujo et al., 2009; Villabona-Arenas and de 

Andrade Zanotto, 2011; Chen and Vasilakis, 2011), that widely varied in: the method of 

reconstruction (parsimony (PA), distance (DI), Maximum likelihood (ML), and Bayesian 

analysis); the partition of the molecular data, such as the E gene (Twiddy et al., 2002; Chen and 

Vasilakis, 2011; Villabona-Arenas et al., 2016), open reading frame (Aviles et al., 2003; Schreiber 

et al., 2009; Hapuarachchi et al., 2016), complete genome (Tolou et al., 2001; Caceres et al., 2008; 

Azhar et al., 2015), E and NS1 gene junction (Rico-Hesse, 1990; Pires Neto et al., 2005; Nur 

Liyana et al., 2016), or an E gene domain (Chungue et al., 1995; Usme-Ciro et al., 
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2008; Ciccozzi et al., 2014); and the taxonomic sampling or number of tips used, ranging from 8 

(Tolou et al., 2001) to 1619 (Ernst et al., 2015). 

 
 

Given the variety of methodological approaches, it is expected that there will be effects on the 

reconstructed phylogenies and inferences derived from them (Goldberg, 2003; Planet, 2006; Lam 

et al., 2010). In fact, a long discussion has been held about the behaviour of certain methods of 

topological reconstruction (Miyamoto and Fitch, 1995; Leach and Reeder, 2002; Hall, 2005), 

different genomic partitions (Rokas et al., 2003; Kolaczkowski and Thornton, 2004; Gadagkar et 

al., 2005), and taxonomic sampling (Hillis, 1998; Rosenberg and Kumar, 2001; Heath et al., 2008), 

in the nodes obtained and their support (Simmons and Geisler, 2002; Castoe et al., 2004; Kutty et 

al., 2007). 

 
 

Nonetheless, in most phylogenetic studies published at present, the reasons for selecting or 

preferring certain approaches remain unclear. Also, there are no studies about the overall effect of 

the conditions under which these reconstructions are performed, in the topologies obtained. 

Consequently, the aim of the present study was to estimate the effect of the method, taxonomic 

sampling and genomic partition on the phylogenetic reconstruction, using the dengue virus as a 

model. 
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1. Objectives 
 

 

1.1 General Objective 

 

 

To estimate the effect of the method, taxonomic sampling and genomic partition on the 

phylogenetic reconstruction of the dengue virus (DENV). 
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2. Materials and Methods 
 

 

 

 

2.1 Sequence data 

 

 

We downloaded all available sequences of the ORF for the four serotypes (DENV1-4), until 

February 20, 2018, from the NCBI Virus Variation database (Brister et al., 2014, 2015). Given the 

fact that interhost diversity in dengue has determined different evolutionary processes 

(Parameswaran et al., 2012) we did not include the sequences whose host was not human or not 

specified. We removed identical sequences, clones and chimeras using the sequence-split 

algorithm in the usearch program v.8.1.1861 (Edgar, 2010), with a 99.0% identity cutoff. We use 

this cutoff value for two reasons: first, to ensure the removal of all the identical sequences that 

could affect the topological resolution (e.g. Lutzoni et al., 2000; DeFilippis and Moore, 2000; 

Degnan and Rosenberg, 2009); and second, to guarantee that the total taxonomic sampling did not 

exceed 400 terminals. The latter, in order to minimize on computational times. 

 
 

In order to identify recombination in the data set, we applied the statistical test of recombination 

detection, implemented in the program SplitsTree v.4.2 (Bruen et al., 2006). Subsequently, we 

searched for potential recombination events between the input sequences by using different 

methods (RDP (Martin and Rybicki, 2000), GENECONV (Padidam et al., 1999), Bootscan 

(Salminen et al., 1995), Maxchi (Smith, 1992), Chi-maera (Posada and Crandall, 2001), SiSscan 

(Gibbs et al., 2000), PhylPro (Weiller, 1998), LARD (Holmes et al., 1999), 3Seq (Boni et al., 

2007)), included in the pro-gram of analysis of recombinant patterns of viral genomes RDP4 

(Martin et al., 2015). We excluded the recombinant sequences identified in this 
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search, in order to guarantee the non-sub or underestimation of the branch lengths by the mosaic 

behavior of the recombinant sequences in the phylogeny (Schierup and Hein, 2000a,b; Posada, 

2001). 

 
 

2.2 Genotyping 

 

 

We aligned the resulting sequences with the multiple sequence alignment algorithm implemented 

in MUSCLE v.3.8.31 (Edgar, 2004a), using the default parameters, which were established to 

progressively re ne the alignment, thus ensuring accuracy, convergence of parameters, and 

efficiency in computation time (Edgar, 2004a,b). 

 
 

We followed the classification scheme proposed by the authors referenced in Table 2. We 

assigned the genotypes to each sequence according to the result of the phylogenetic analysis by 

Maximum Likelihood, using the ORF, based on the rationale proposed by (Klungthong et al., 

2008; Schreiber et al., 2009). We further reviewed and compared this allocation taking into 

account the current taxonomic classification (Appendix H.); and the search results using the 

algorithm of free alignment sub-typing based on return time distribution RTD (Kolekar et al., 

2012), implemented in the Dengue Subtyper server, accessible at 

http://196.1.114.46:1800/dengue/RTD.html. We conducted this last search with the non-aligned 

sequences. We designated all the sequences to a particular cluster, determined by one of the criteria 

if the other two did not show a result, or by two of the criteria agreeing against one of the three, 

either the ORF phylogeny, the bibliographic revision or the RTD search. 
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2.3 Partition Delimitation 

 

 

Using the total aligned sequences of the Open Reading Frame (ORF) , we obtained 22 partitions 

(P01-P22), corresponding to: the different genes of the DENV genome; combinations of genes, 

which have been widely used in the phylogenetic reconstruction of DENV; the domains of the E 

and NS5 genes; structural genes and non-structural genes (Table 1). We organised these partitions 

taking the number of nucleotides into the account, so P01 would be the smallest partition and P22 

the largest one. The purpose of partitioning genes such as E and NS5 was to assess the similarities 

between the topologies they yield as single domains. We did not take untranslated regions into 

account due to the lack of completely sampled sequences, and the results of preliminary analyses 

we performed using these regions (data included in Supporting Files), which showed they yield 

low topological resolution (< 50% fully resolved nodes). 

 
 

After defining the genome partitions, we divided the dataset into two sets: total terminals, made 

up of the terminals of all serotypes; and subsampled terminals. For the latter, we acknowledged 

that there is an inverse square root relationship between confidence intervals and sample sizes. 

Hence, in order to cut the margin of error in half, one would need to approximately quadruple the 

sample size. Thereby, we obtained sub-sets equivalent to 10%, 36%, and 75% of the total 

terminals, maintaining the proportions of frequency of each serotype in this total sample (DENV1: 

38%, DENV2: 28%, DENV3: 19%, DENV4: 15%), thus guaranteeing that the least frequent clade 

contained at least 2 representatives per genotype. 
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We chose this number of representatives for two reasons. First, some genotypes such as the 

Sylvatic or Divergent for DENV1 only had two representatives after the data cull. Second, each 

node in a tree depicts the last common ancestor of the two lineages that descend from it, therefore 

two representatives are the minimum acceptable number to evaluate the monophyly of a group of 

descendants; in this case, serotypes and genotypes. From each of the genome partitions of the total 

sample (100% of the tips), we did each subsampling (10%, 36%, 75%) using 30 replicates with 

fixed and specific seeds for each replicate. 

 
 

2.4 Phylogenetic analyses 

 

 

For each genome partition of the total terminals and their subsamples, we chose the nucleotide 

substitution model that best fits the data following the Akaike Information Criterion (AIC), using 

the Phymltest function of the ape package v.5.3 (Paradis et al., 2004; Popescu et al., 2012), which 

calls PhyML v.3.0 (Guindon et al., 2010) from the R platform v.3.5.3 (R Core Team, 2019). We 

used three methods of phylogenetic re-construction: Parsimony (Camin and Sokal, 1965; Farris, 

1970; Fitch, 1971), Maximum Likelihood (Cavalli-Sforza and Edwards, 1967; Felsenstein, 1981), 

and Distance based (Sokal and Sneath, 1963; Saitou and Nei, 1987; Gascuel, 1997). 

 
 

We used the TNT v.1.5 (Goloboffet al., 2008) program for parsimony reconstruction. This 

reconstruction was done under equal weights. We set the depth of the searches in dependency of 

the number of tips presented in each of the sub-matrices. For the subsets of the 10% of the 

terminals, we performed 30 replicates of random-addition-sequence e orts (RAS) and 5 ratchet 
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rounds. For the subsets with the 36% and 75% of the terminals, we used new technology searches 

(xmult) with 100 replicates and 30 ratchet iterations. For the matrices with the complete taxon 

sampling, we used also new techs (xmult), but adding sectorial searches, 40 iterations of ratchet, 

40 rounds of tree-fusing and 40 rounds of tree-drifting. The support values for the nodes were 

calculated using 100 pseudo replicates of non-parametric Bootstrap. 

 
 

We did the reconstruction by distance-based method by calculating the distance matrix from 

the TN93+G+I nucleotide substitution model, using the function dist.dna of the package ape 

v.5.3 (Paradis et al., 2004; Popescu et al., 2012). We estimated the topology from the previously 

generated genetic matrix with the BIONJ algorithm V.5.1 (Saitou and Nei, 1987; Gascuel, 1997), 

using the function bionj of the package ape v.5.3 (Paradis et al., 2004; Popescu et al., 2012). We 

calculated the support of the nodes by non-parametric Bootstrap of 100 replicates, using the 

boot.phylo function of the package ape v.5.3 (Paradis et al., 2004; Popescu et al., 2012). We used 

the functions within the R v.3.5.3 (R Core Team, 2019) platform. 

 
 

We did the reconstruction by Maximum Likelihood using a reference tree obtained from the 

selected substitution model, using 30 replicates in RaxML v.8.2.11 (Sta-matakis, 2014). We used 

the GTR CAT approximation (Stamatakis, 2006) for all the topologies, as it was more practical 

for two reasons: first, the coding and automation processes, given the amount of trees we wanted 

to estimate; and second, because it was the nucleotide substitution model selected for most cases. 

We calculated the support of the clades by nonparametric Bootstrap of 100 replicates. We 

inferred all the topologies using the same root, which was conformed by the reference sequences 
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of the West Nile Virus (GenBank accession number: (NC 009942); Japanese Encephalitis (NC 

001437); and Usutu (NC 006551). 

 
 

2.5 Comparisons between topologies 

 

 

2.5.1 Node recovery 

 

 

We evaluated the taxonomic congruence using the common node count metric (Nel-son, 1979; 

Goloboff, 1997; Ramírez, 2003), which we calculated in terms of the percent-age of shared 

nodes between the current topology (each of the topologies reconstructed from each genomic 

partition) and the reference topology (reconstructed from the ORF). Topological similarity 

 
 

To determine the differences or similarities in terms of the branching pattern, we calculated the 

Robinson-Foulds distance (Robinson and Foulds, 1981) between the topologies reconstructed 

from each partition, using the RFdist function of the Phangorn package v.2.4.0 (Schliep, 2011). 

We divided this distance into RFMax for each case and then multiplied by 100. 

 
 

In order to summarize and visualize how the genome partitions are grouped according to 

the similarity between the topologies they generated, we obtained a partition dendrogram for 

each replic. This, by using the topological distances matrix calculated by the Neighbor Joining 

NJ algorithm for all the trees of a replic (Saitou and Nei, 1987). 
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For the case of subsamples, we built a majority-rule consensus dendrogram of the 60% 

using the consensus function of the ape package v.5.3 (Paradis et al., 2004; Popescu et al., 

2012). We chose this percentage taking into account the rationale presented by (Barrett et al., 

1991; Gascuel and Berry, 1996; Bryant et al., 2003; Holder et al., 2008, e.g); and previous 

analyses that showed more resolved summaries (with almost no collapsed branches). 

 
 

2.5.2 Monophyly recovery. We calculated the monophyly recovery as the percentage of 

replicates (out of 30 for the subsamples) that recuperated the monophyly of each of the clades 

of interest; that is, serotypes and/or genotypes as assigned in the typification process of this 

study. 

 
 

To test whether there was a linear correlation between the recuperation values (com-mon 

nodes, monophyly), topological distances and the size of the genomic partition, we performed 

a Pearson correlation analysis Pearson (1896). 

 
 

2.5.3 Node support. To evaluate whether each node of the topology, common nodes, and nodes 

delimiting the monophyly of the clades of interest were representing all of the data, we 

compared the support values. To discriminate the support, we established three categories: low 

(50-75%), moderate (76-94%), and high (95-100%), taking into account previous studies 

comparing this measurement (Erixon et al., 2003; Simmons et al., 2004). To estimate the 

proportion of nodes with high support for each partition, we calculated the per-centage of 

topology nodes for each category. All the procedures described before are summarized in 

Appendix A. 
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3. Results 
 

 

3.1 Sequence data 

 

We retrieved 4471 sequences of complete genomes from 57 countries, encompassing a temporal 

range of 72 years (1944-2016) Appendix G. After excluding the sequences that did not fulfill the 

expected length; that were identical, clones, chimeras, or potential recombinants, we obtained 410 

sequences (9.2% of the total, unfiltered sample) of the complete genomes from 48 countries (67% 

of the total, unfiltered sample), and a temporal range of 42 years (1944-2016), covering 73% of 

the total sample. The proportions of the serotypes in this sampling were kept similarly as the 

original ones (Appendix H.). The total sample includes 155 sequences of DENV1 (37.8%), 116 

sequences of DENV2 (28.3%), 79 sequences of DENV3 (19.3%), and 60 sequences of 

DENV4 (14.6%). 

 

 

3.2 Genotyping 

 

The final dataset contained at least 2 representants per genotype (Table 3). We obtained sequences 

from all the lineages previously proposed for each serotype, but the American genotype for 

DENV2. We excluded the representative sequences for this genotype, either by the identity cutoff 

in the first letter or as a result of being marked as potential recombinants by the analysis of 

recombinant patterns of viral genomes. The latter was supported by at least two of the nine 

recombination detection methods in RDP4 (Appendix I). 

 
 

3.3 Comparisons between topologies 

 

3.3.1 Monophyly Recovery. As shown by Tables 4-9, the monophyly of the four serotypes 

was recuperated by all the methods overall (mean: 93.08, ci: 3.77), regardless the taxonomic 
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sampling (Figure 1). The mean recuperation value for all the serotypes was 100% for the 

topologies reconstructed by distance methods; 97.84% for the topologies reconstructed by 

parsimony (sd: 7.14, ci: 2.92); and 81.42% for the topologies reconstructed by Maximum 

Likelihood (sd: 11.28, ci: 4.61). 

 
 

In spite of the fact that the taxonomic sampling did not affect the recuperation of serotypes 

as monophyletic groups, it did affect the recuperation of genotypes. The average proportion of 

recovered genotypes decreased as the number of tips increased. In the trees reconstructed with 

parsimony, this proportion ranged from 75.06 % to 58.58%, represented by a recuperation of 

18 and 13 out of 19, correspondingly. In the topologies reconstructed with distance, the average 

recuperation ranged from 74.37% to 54.92% (18 and 13 out of 19) and 

in the Maximum Likelihood topologies from 67.57% to 52.86% (18 and 14 out of 19). These 

values varied for the 36% and 75% of tips, albeit, the number of genotypes recovered stayed 

the same for all the methods. 

 
 

Under all the methods of reconstruction, for the full taxonomic sampling, none of the 

topologies of any of the genome partitions recovered the monophyly of the genotypes: divergent 

of DENV1; cosmopolitan of DENV2; I and V of DENV3; I and II of DENV4 (Appendix B-C). 

 
 

Although all the methods inferred similar classification schemes, each of them showed 

particularities (Appendix B-D). For instance, the topologies re-constructed by parsimony, using 

the genomic partitions: (C) and (NS5-DII), did not recover the monophyly of the 
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serotype DENV2. Interestingly, the genome partition (C)   always   recovered    the monophyly 

of the sylvatic genotype of DENV1, despite the taxonomic sampling (Appendix B-E). 

 
 

For the distance trees, the monophyly of the sylvatic genotype of DENV1 was recovered 

by the genomic partitions: (C), (NS2B), (C-M), (E-DII), (NS4B), (E), (prM/M-E), Structural 

genes, (NS5), and (E-NS5) (Appendix C). For Maximum Likelihood trees, the only serotype 

that was recovered for all the cases was DENV3; the monophyly of the sylvatic genotype of 

DENV1 was recovered only by the genomic partition (E-DIII); and the Cosmopolitan genotype 

of DENV2 by the partition (NS4A). 

 
 

Considering all the genotypes within each serotype, we found that all the topologies in all 

the methods, obtained similar average values of monophyly recovery (Appendix B). The 

highest values corresponded to the genotypes within DENV2; followed by DENV4; DENV3; 

and DENV1 was the serotype with the lowest values of recuperation of genotype monophyly 

(Appendix E). 

 
 

3.3.2 Common Nodes. Using the complete coding region (ORF) as the reference topology, for 

the 10% of the taxonomic sampling (53 tips), all the 22 genome partitions recovered at least 

50% of the nodes of the ORF topology (Table 10; Appendix C-D). This, in spite of the inference 

method. In average, the proportion of common nodes from the reference topology was 81.28 

% for the topologies inferred by parsimony (sd: 7.76; ci: 0.60); 78.43 % for the 



SENSITIVITY ANALYSIS IN THE PHYLOGENY OF DENV 26 
  

ones inferred by distance (sd: 8.60; ci: 0.67); and 64.71% for the ones inferred by Maximum 

Likelihood (sd: 5.49; ci: 2.29). 

 
 

As the number of taxa increased, the proportions of common nodes were the highest (above 

65%) and most similar for parsimony and Maximum Likelihood; as we can see their curves in 

the plot almost overlap (Figure 2 and 3). These two methods were not affected by the taxonomic 

sampling when using the ten largest genomic partitions in the tree inference: NS1; E; NS3; NS5-

DII; prM/M-E; SG; NS5; E-NS5; NSG). Nonetheless, for the topologies reconstructed with 

distance methods, only the two largest partitions (E-NS5; NSG), recovered more than 65 % of 

the nodes from the ORF topology in all the taxonomic samples (subsampled tips and total tips). 

 
 

The proportions of common nodes, when using the total taxa, were also the highest for the 

topologies reconstructed by parsimony and Maximum Likelihood. However, for all the 

methods, the proportion of common nodes decreased as the number of taxa increased (Appendix 

C-D). 

 
 

Overall, for the smallest sampling size we used (10% of total taxa: 53 tips), all the genomic 

partitions yielded proportions of above 60% of common nodes with the total evidence topology; 

except (E-DIII) and (C-M) in Maximum Likelihood. However, as the number of taxa increases, 

only the largest partitions (NS1; E; NS3; NS5-DII; prM/M-E; SG; NS5; E-NS5; NSG) could 

recover similar topologies, with at least 60% of common nodes, regardless of the reconstruction 

method. It is important to remark that the highest proportions 
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of common nodes were obtained by the trees reconstructed with parsimony and Maximum 

Likelihood. Using the last method, in every taxonomic sampling, from the genomic partition 

NS3 on, the proportion of common nodes was above 70%. 

 
 

3.3.3 Topological similarity. Using the Robinson-Foulds distance, we found that the 

topologies reconstructed by parsimony methods are very similar, with less of 20% of distance, 

despite the number of tips (Table 11). This method showed to be the least sensitive to the 

taxonomic sampling, remarkably so, in spite of the genomic partition. Maximum Likelihood, 

on the other hand, showed very similar values (min: 23.73, max: 25.01, mean: 24.29). The 

smallest distances, and also in the same range as the ones obtained by parsimony were shown 

by the topologies reconstructed by Maximum Likelihood, but only with the largest genomic 

partitions (E; NS3; NS5-DII; prM/M-E; SG; NS5; E-NS5; NSG; ORF). 

 
 

The highest topological distance values were displayed by the trees inferred by the distance 

method (Figure 4). Although this method was less sensitive when using the largest genomic 

partitions, the RF values were greater than 15 (min: 17.43, max: 39.56, mean: 28.24). In terms 

of how partitions yielded similar nodes, we found that the combination of non-structural genes 

(NSG), (NS5), (NS5-DII), and (E-NS5) generated the most similar topologies to the one inferred 

by total evidence (Appendix G). 

 
 

As indirectly shown by the common nodes count, the topologies reconstructed by 

parsimony and Maximum Likelihood are very similar (Table 11). These topologies showed the 

smallest RF distance values (Figure 5). In average, the distances between these two 



SENSITIVITY ANALYSIS IN THE PHYLOGENY OF DENV 28 
  

methods, in every taxonomic sampling, were less than 30% (min: 24.24, max: 26.32, mean: 

25.25). The most dissimilar methods according to the topologies they yielded were distance and 

Maximum Likelihood (min: 32.45, max: 57.39, mean: 47.42). 

 
 

3.3.4 Node Support. In general, the larger the genomic partition, the higher the proportion of 

nodes with high Bootstrap support (between 95% and 100%) (Figure 6). The trees recon- 

structed using the nine largest partitions yielded more than 30% of their nodes with high 

support, and more than 20% with moderate support (Appendix D-E). The trees inferred by 

parsimony showed higher support values than Maximum Likelihood and distance (Table 12). 

 
 

The taxonomic sampling affected the support values for the genomic partitions that were 

smaller than 1000 nucleotides (from E-NS5 to NS5-DI). For instance, as more tips were added 

into the phylogeny, the support values decreased in the high category for the nodes, 

reconstructed from these genomic partitions. The support values did not vary as much when 

using the genomic partitions whose size surpassed 1000 nucleotides (from E-NS5 to NSG). As 

an example, considering the results of non-structural genes, when using parsimony and 

Maximum Likelihood, correspondingly, the average proportion of nodes in the category of high 

support for was: 76.82% and 67.22% for T10; 68.13% and 66.24% for T36; 66.02% and 64.65% 

for T75 and 61.99% 66.26% for T100 for parsimony. 

 
 

The trees reconstructed by distance methods, however, did not show an effect of the length 

of the genomic partition on the support value. As shown in Figure 5, the only case that was 

similar to the pattern shown by the two other methods of reconstruction was T10. When 
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using more than 60 tips (T36, T75, T100), the number of nucleotides in the sequence showed 

no effect on the relatively low values of node support in the high category. 

 

 
 

4. Discussion 

 

 

 

To our knowledge this study is the first sensitivity analysis of the overall effects of the taxonomic 

sampling, genomic subsampling and method of tree reconstruction on the phylogenetic 

relationships of the dengue virus. Our results show that these variables affected not only the 

phylogenetic relationships, but also the nodal support. 

 
 

4.1 Monophyly Recovery 

 

The recuperation of the monophyly of all serotypes depended more on the method of tree 

reconstruction, than any of the other two variables: sampling size and genomic partition. For 

instance, distance methods always showed a complete recovery of the serotypes as monophyletic 

groups, in all subsampling replics and genomic partitions. This is congruent with the initial 

proposals of serotypification based primarily on the genetic distance (e.g. Rico-Hesse (1990); Pires 

Neto et al. (2005); Ito et al. (2007)). The monophyly of genotypes, on the other hand, was affected 

by the sampling size, being the total tips, the sample size with the smallest number of genotypes 

recovered. Although a higher taxonomic sampling is often related to a higher phylogenetic 

accuracy when given a reference classification (e.g. Zwickl et al. (2002); Heath et al. (2008)), the 

amount of disrupting taxa can also increase when more tips are included in the tree reconstruction. 

Additionally, some authors proposed the idea that the proportion of sampled 
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taxa within a taxonomic group could be more important than the total number of used taxa (Yang 

and Goldman (1997); Hillis (1998)). In the present study, we took both ideas into consideration in 

order to reduce any possible bias given the taxonomic sampling. 

 
 

Regarding the effect of the genomic partition, Klungthong et al. (2008) studied the suitability 

and usefulness of each individual gene region for the molecular genotyping of DENV. They used 

56 tips overall and found specific genes that recovered the majority of clades in each serotype. 

Cuypers et al. (2018) argues that only partitions such as NS1, NS3, and NS5 provide more accurate 

topologies with a respectively high nodal support. Nonetheless, our results show that most of the 

partitions can successfully recover the monophyly of both serotypes and genotypes in DENV. 

 
 

4.2 Common Nodes 

 

Topologies inferred by parsimony had more nodes in common with the total evidence tree than the 

trees inferred by the other two methods. Nonetheless, regardless the method, the taxonomic 

sampling affected the common node count (phylogenetic accuracy) mostly for the first 13 

partitions (all below 1000 nucleotides). This implies that as the number of taxa increases, the 

character sampling plays a more crucial role. Thence, the use of partitions such as the junction of 

the genes (E-NS1), or (C-prM/M); or genes as (C), (NS4A), (NS2A), and (NS4B) is not 

recommended if: the desired approach is towards the complete evidence, being 60% the minimal 

expected proportion of common nodes; and the taxonomic sampling comprises more than 100 tips. 

Otherwise, with a smaller number of tips, any of the genomic partitions presented in this study can 

be used, except (E-DIII) and (C-prM/M). 
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4.3 Topological similarity 

 

According to our results, parsimony was the least sensitive method to taxonomic sampling, despite 

the genomic partition. The aforementioned implies that as the number of taxa is increased, the 

topological distance between the current topology and the total taxa topology almost decreases in 

half. This is consistent with previous observations (e.g. Simmons, 2012, 2014). The topologies 

reconstructed by Maximum Likelihood and distance methods showed that although the topological 

similarity increased with the number of taxa, these values highly depended on the genomic 

partition. Consequently, the largest partitions will yield similar topologies regardless the number 

of taxa. 

 
 

One crucial questions in this study was whether there was a taxonomic congruence sensu 

Mickevich (1978) or not. As shown by the topological distance and indirectly, by the common 

nodes count and monophyly recovery; parsimony and Maximum Likelihood propose similar 

schemes of classification, ergo they are congruent. In fact, they display the same patterns regarding 

the monophyly recovery and the common nodes recovery, as the number of taxa and nucleotides 

increases, the recovery is higher, that so even the taxonomic sampling is no longer an issue. These 

results that were common for over four thousand topologies might indicate that the evolutionary 

rates of the sequences sites are heterogeneous or change non-identically over time (e.g. Steel and 

Penny (2000); Kolaczkowski and Thornton (2009)). Moreover, Tuffley and Steel (1997) proposed 

that these two methods yield equivalent topologies under the assumption of non-common 

mechanism. Also, DeBry and Abele (1995), demonstrated that with relatively long sequences, 

maximum parsimony was guaranteed to give the same estimate of the phylogenetic 
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tree as a Maximum-Likelihood estimator. Their analysis was based on 945 topologies inferred 

from ribosomal genes of 2000 nucleotides, for 8 tips. 

 
 

Besides the methods of inference, we found that the ten largest genomic partitions reconstruct 

very similar topologies. The topological distance tree showed the same clustering for these 

partitions. Thus, we found two main clusters: one made up of the partitions E, structural genes, 

and the combination of prM/M-E; and the second made up of the second domain of NS5, NS5, the 

combination of E-NS5, the non-structural genes and the ORF. From all these partitions, the two 

that produced the most similar trees to the ones inferred from total evidence were the combination 

of the genes E-NS5 and the combination of all non-structural genes. 

 
 

It is important to clarify that although the largest genomic partitions always recuperated a  high 

amount of nodes and clades, despite the method, the length of the genomic sequences might not 

be the main reason. The aforementioned, taking into account that there was not a linear trend 

between this variable and the recuperation values. As an example, the E gene, which is at least 300 

nucleotides smaller than the three next larger partitions; always showed higher recuperation values 

and a closer relationship or similarity to the topologies inferred with the total evidence. 

Comparatively, using this combination of E-NS5 would be more advantageous in terms of not 

only phylogenetic accuracy, but also computational times. The aforementioned given the fact that 

this partition has about 4100 nucleotides, which is 6000 less than the ORF. 
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4.4 Node Support 

 

We found that in spite of the taxonomic sampling, the longer the sequence of the genomic partition, 

the higher the proportion of nodes with the highest support values. Obtaining higher Bootstrap 

support values as the length of the sequences increases has been previously reported by e.g. 

Felsenstein (1985); Rosenberg and Kumar (2001); Rokas et al. (2003); Klötzl and Haubold (2016). 

Notwithstanding the fact that the taxonomic sampling also showed to cause a decrease in the 

support values as more taxa were included, this did not affect the largest genomic partitions. 

Consequently, the variable that weighs the most is the size of the genomic sequences. One 

unexpected result we obtained was parsimony showing higher support values than Maximum Like-

hood, which has been reported as a method that tends to overestimate these values (e.g. Simmons 

and P Norton, 2013). 

 

 
 

5. Concluding remarks 

 
 

As recommended by Hedtke et al. (2006), instead of following a set of assumptions, we assessed 

our variables and measured the variation of the topological reconstruction in the recuperation of 

monophyly, common nodes, and node support. 

 
 

In terms of recuperation of the monophyly of the four serotypes, all the methods of 

reconstruction accomplish it regardless the taxonomic sampling or genomic partition. Nonetheless, 

Distance methods are 100% efficient to recover these clades. Although the taxonomic sampling 

has no apparent effect in the recuperation of serotypes, it does affect the 
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recuperation of genotypes using the three methods of reconstruction, as it decreases as the 

number of taxa increases. 

 
 

Regarding the phylogenetic accuracy to the complete evidence topology, both methods 

Parsimony and Maximum Likelihood obtain the highest proportions of common nodes. 

Furthermore, they are not affected by the taxonomic sampling when using the ten largest genomic 

partitions in the tree inference. Nevertheless, the length of the genomic partition is not the key 

factor to this, because some of the partitions such as the envelope gene consistently display higher 

recuperation values in contrast to some of the longest partitions. For instance, the combination of 

the genes E and NS5 yield the most similar topology to the one inferred from the open reading 

frame. Using this partition would guarantee a recovery of more than the majority of the nodes of 

the total evidence topology and also, less computational time for the analysis. 

 
 

Finally, through Parsimony and Maximum Likelihood we obtain congruent schemes of 

phylogenetic relationships. These nodes present the highest support values, when the topologies 

are reconstructed from partitions that are longer than 1000 nucleotides. In spite of the method, 

when we use shorter genomic partitions, the support values decrease when adding more tips into 

the phylogeny. Thereby, considering the overall effects of these three variables, we propose to take 

these results into account when doing the phylogenetic reconstruction of DENV and further 

analyses that take this reconstruction as a starting point. 
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Tables 
 

Table 1. 

 

Genomic partitions used in this study. Cells are shadowed according to the type of partition. 
 

 
Note: Part.: partition; sg: structural gene; nsg: non-structural gene; cg : combined genes; pd: 

protein domain. The size of partition is expressed as the number of base pairs (bp). 
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Table 2. 

 

Classification schemes for the assignation of DENV genotypes 
 

 

Serotype Genotype Reference 

 
DENV1 

I: Hawai; II: Tailandia; III: Malasia; IV: 

Australia/Pacífico Sur; V: América/África 

Goncalvez et al., 2002; Weaver & 

Vasilakis, 2009; Chen & Vasilakis, 

2011 

 
DENV2 

I: Asiático II; II: Asiático I; III: 

Americano/Asiático; IV: Cosmopolita; V: 

Americano; VI: Selvático 

Rico-Hesse et al., 1997; Twiddy et al., 

2002; Weaver & Vasilakis, 2009;  Chen 

& Vasilakis, 2011 

 
DENV3 

I: Indonesia; II: Tailandia; III: India; IV: 

Puerto Rico; V: Filipinas 

Castro & Aquino, 2010; Chen & 

Vasilakis, 2011; Yasamita et al., 2013 

 
DENV4 

I: Filipinas; IIA: China; IIB: Indonesia, 

Tahití, Nueva Caledonia; III: Tailandia; IV: 

Selvático 

Weaver & Vasilakis, 2009; Chen & 

Vasilakis, 2011; Villabona-Arenas & 

Zanotto, 2011; Yasamita et al., 2013 
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Table 3. 

 

Taxonomic representation of DENV virus clades 

 

Serotype Genotype Number of tips per sampling size (percentage) 

  100 75 36 10 

 Divergent 2 2 2 2 
 I 71 33 10 3 

DENV1 II 22 22 10 3 

 III 58 33 10 3 

 Sylvatic 2 2 2 2 

 Total 155 92 34 13 

 Asian-American 36 33 7 3 
 Asian-I 52 33 7 3 

DENV2 Asian-II 3 3 3 3 

 Cosmopolitan 7 7 7 3 

 Divergent 2 2 2 2 

 Sylvatic 16 15 7 3 

 Total 116 93 33 17 
 I 5 5 5 3 
 II 4 4 4 3 

DENV3 III 57 45 23 3 

 V 13 13 13 3 

 Total 79 67 45 12 

 I 4 4 4 3 
 II 51 45 25 3 

DENV4 III 3 3 3 3 

 Sylvatic 2 2 2 2 

 Total 60 54 34 11 

Total 410 306 146 53 
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Table 4. 

 

Recuperation of the monophyly of all serotypes. 

 

Monophyly of all serotypes 

Method Sampling mean sd se ci 

 T10 97.83 7.20 1.50 2.94 

PA T36 97.86 7.08 1.48 2.89 

 T75 97.86 7.08 1.48 2.89 

 T100 97.83 7.20 1.50 2.94 

 T10 100.00 - - - 

DI T36 100.00 - - - 

 T75 100.00 - - - 

 T100 100.00 - - - 

 T10 80.65 10.04 2.09 4.10 

ML T36 80.07 9.51 1.98 3.89 

 T75 80.18 10.98 2.29 4.49 

 T100 84.78 14.58 3.04 5.96 

 
 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 5. 

 

Recuperation of DENV1 genotypes 

 

Genotypes DENV1 

Method Sampling mean sd se ci 

 T10 57.39 12.92 2.69 5.28 

PA T36 59.19 4.20 0.88 1.72 

 T75 55.77 7.30 1.52 2.99 

 T100 51.30 11.80 2.46 4.82 

 T10 63.59 7.07 1.47 2.89 

DI T36 61.71 11.42 2.38 4.67 

 T75 60.09 10.13 2.11 4.14 

 T100 60.87 16.49 3.44 6.74 

 T10 52.55 11.18 2.33 4.57 

ML T36 49.83 14.65 3.05 5.99 

 T75 46.32 15.49 3.23 6.33 

 T100 44.35 15.90 3.32 6.50 

 
 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 6. 

 

Recuperation of DENV2 genotypes 
 

 
Genotypes DENV2 

Method Sampling mean sd se ci 

 T10 88.09 19.34 4.03 7.90 

PA 
T36 82.66 2.59 0.54 1.06 

T75 82.03 4.12 0.86 1.68 

 T100 81.16 5.74 1.20 2.35 

 T10 89.32 4.36 0.91 1.78 

DI 
T36 77.71 8.88 1.85 3.63 

T75 74.98 11.26 2.35 4.60 

 T100 73.19 14.86 3.10 6.07 

 T10 86.50 7.89 1.64 3.22 

ML 
T36 76.38 7.94 1.65 3.24 

T75 74.25 9.99 2.08 4.08 

 T100 75.36 11.09 2.31 4.53 

 

 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 7. 

 

Recuperation of DENV3 genotypes 

 

Genotypes DENV3 

Method Sampling mean sd se ci 

 T10 48.04 10.61 2.21 4.34 

PA T36 42.72 10.63 2.22 4.34 

 T75 43.15 11.11 2.32 4.54 

 T100 42.39 11.76 2.45 4.81 

 T10 50.29 3.36 0.70 1.37 

DI T36 41.16 10.38 2.16 4.24 

 T75 26.63 7.95 1.66 3.25 

 T100 26.09 9.16 1.91 3.75 

 T10 42.93 8.78 1.83 3.59 

ML T36 38.95 11.29 2.35 4.61 

 T75 37.72 12.34 2.57 5.04 

 T100 38.04 14.83 3.09 6.06 

 
 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 8. 

 

Recuperation of DENV4 genotypes 

 

Genotypes DENV4 

Method Sampling mean sd se ci 

 T10 88.80 21.37 4.46 8.73 

PA T36 66.99 5.40 1.13 2.21 

 T75 53.59 1.32 0.27 0.54 

 T100 50.00 0.00 0.00 0.00 

 T10 89.49 10.97 2.29 4.48 

DI T36 64.93 8.61 1.80 3.52 

 T75 52.46 3.09 0.64 1.26 

 T100 48.91 5.21 1.09 2.13 

 T10 82.57 16.03 3.34 6.55 

ML T36 59.96 10.86 2.27 4.44 

 T75 48.84 8.42 1.76 3.44 

 T100 44.57 12.96 2.70 5.30 

 
 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 9. 

 

Recuperation of all genotypes and serotypes 

 

All serotypes and genotypes 

Method Sampling mean sd se ci 

 T10 79.02 2.27 0.47 0.93 

PA 
T36 70.53 2.90 0.60 1.18 

 T75 67.37 3.48 0.72 1.42 

 T100 65.41 4.99 1.04 2.04 

 T10 79.02 2.27 0.47 0.93 

DI 
T36 70.53 2.90 0.60 1.18 

 T75 67.37 3.48 0.72 1.42 

 T100 65.41 4.99 1.04 2.04 

 T10 79.02 2.27 0.47 0.93 

ML 
T36 70.53 2.90 0.60 1.18 

 T75 67.37 3.48 0.72 1.42 

 T100 65.41 4.99 1.04 2.04 

 
 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 10. 

 

Average common nodes count with the ORF 
 

 

 
 

Method Sampling mean sd se ci 

PA T10 81.28 7.76 0.31 0.60 

 T36 69.98 12.94 0.51 1.00 

 T75 61.62 15.75 0.62 1.22 

 T100 57.50 17.57 3.75 7.34 

DI T10 78.43 8.60 0.34 0.67 

 T36 50.51 3.17 0.67 1.32 

 T75 34.73 1.45 0.31 0.60 

 T100 45.14 15.53 3.31 6.49 

ML T10 64.71 5.49 1.17 2.29 

 T36 48.80 2.98 0.63 1.24 

 T75 37.89 2.18 0.47 0.91 

 T100 56.98 18.23 3.89 7.62 

 

 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 11. 

 

Average RF distance for each case. 

 

Against the total tips topology 

Method Sampling mean sd error ci 

PA T10 10.71 2.67 0.49 0.95 

 T36 7.98 1.52 0.28 0.54 

 T75 4.54 0.89 0.16 0.32 

DI T10 17.43 4.49 0.82 1.61 

 T36 39.56 3.06 0.56 1.09 

 T75 27.74 3.38 0.62 1.21 

ML T10 25.01 5.51 1.01 1.97 

 T36 24.14 4.34 0.79 1.55 

 T75 23.73 3.03 0.55 1.08 

Between methods 

Methods Sampling mean sd error ci 

PAML T10 25.11 4.83 0.88 1.727 

 T36 24.24 2.98 0.54 1.065 

 T75 25.41 1.79 0.33 0.640 

 T100 26.32 - - - 

PADI T10 22.52 4.17 0.76 1.491 

 T36 33.70 2.67 0.49 0.957 

 T75 41.60 1.57 0.29 0.563 

 T100 42.58 - - - 

MLDI T10 32.45 5.17 0.94 1.850 

 T36 45.22 3.59 0.65 1.283 

 T75 54.61 2.10 0.38 0.751 

 T100 57.39 - - - 

 
 

Note: Each case is shown with its inference method and taxonomic sampling. 

 

Method PA: Parsimony; DI: Distance; ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 

146 tips; T75: 306 tips; T100: 410 tips. 
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Table 12. 

 

Average Bootstrap node support in the topologies. 
 

Method Sampling Level mean sd error ci 

 T10 Low 12.13 3.58 0.65 1.28 

T10 Moderate 13.36 3.75 0.68 1.34 

T36 Low 15.60 2.70 0.49 0.96 
PA 

T36 Moderate 15.72 2.68 0.49 0.96 

T36 High 33.26 2.22 0.41 0.80 

T75 Low 17.79 1.65 0.30 0.59 

T75 Moderate 16.30 1.51 0.27 0.54 

T100 Low 19.09 0.00 0.00 - 

T100 Moderate 15.98 0.00 0.00 - 

T100 High 25.16 0.00 0.00 - 

T10 Low 15.31 5.01 3.19 2.05 

T10 Moderate 14.58 4.55 3.04 1.86 

T36 Low 20.39 3.65 4.25 1.49 
DI 

T36 Moderate 16.41 1.89 3.42 0.77 

T36 High 24.94 12.20 5.20 4.99 

T75 Low 18.81 1.90 3.92 0.78 

T75 Moderate 15.00 2.64 3.13 1.08 

T100 Low 18.88 2.31 3.94 0.94 

T100 Moderate 14.03 3.11 2.93 1.27 

T100 High 23.62 7.07 4.93 2.89 

T10 Low 19.87 5.16 0.94 1.85 

T10 Moderate 22.32 4.68 0.86 1.68 

T36 Low 21.74 3.26 0.60 1.17 
ML 

T36 Moderate 20.07 2.92 0.53 1.05 

T36 High 26.03 2.40 0.44 0.86 

T75 Low 20.76 1.92 0.35 0.69 

T75 Moderate 17.78 1.66 0.30 0.60 

T100 Low 19.99 0.00 0.00 - 

T100 Moderate 16.52 0.00 0.00 - 

T10 High 47.25 3.34 0.61 1.20 

T75 High 27.16 1.14 0.21 0.41 

T10 High 45.79 16.01 9.55 6.54 

T75 High 23.60 6.67 4.92 2.73 

T10 High 34.48 3.88 0.71 1.39 

T75 High 23.38 1.27 0.23 0.46 
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T100 High 21.76 0.00 0.00 - 

 

 

Cells are shadowed to emphasize on the high support level. Method PA: Parsimony; DI: Distance; 

ML: Maximum Likelihood. Sampling T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips. 

Level Low (50-75%); Moderate (76-94%); High (95-100%). 
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Figures 
 

 

Figure 1. Recuperation of monophyletic clades in DENVS. All serotypes; GS. All genotypes; CN. 

Common nodes (having the ORF as the reference topology). Each case is depicted with its 

inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood), and taxonomic 

sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). Linear regression 

coefficients (R2) are reported for each case. 
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Figure 2. Effect of the taxonomic sampling on common nodes. Each case is depicted with its 

inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood), and taxonomic 

sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). Linear regression 

coefficients (R2) are reported for each case. 
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Figure 3. Effect of the tree inference method on common nodes. Each case is depicted with its 

inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood), and taxonomic 

sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). 
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Figure 4. Effect of the taxonomic sampling on the topological distance. Each case is depicted with 

its inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood), and taxonomic 

sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). Linear regression 

coefficients (R2) are reported for each case. 
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Figure 5. Topological similarity between methods. Each case is depicted with its inference method 

(PA: Parsimony; DI: Distance; ML: Maximum Likelihood), and taxonomic sampling (T10: 53 

tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). Linear regression coefficients (R2) are reported 

for each case. 
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Figure 6. Effect of the variables on the support. The Bootstrap support values are shown in three 

categories: low (50-75%), moderate (76-94%), and high (95-100%); for each of the genomic 

partitions (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C- prM/M; 

P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; 

P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, 

P23: ORF). Each case is depicted with its inference method (PA: Parsimony; DI: Distance; ML: 

Maximum Likelihood), and taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100:

 410 tip 
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Appendix 

 
 

Appendix A. Summary of the procedures 
 

 

 

Figure 1. Conceptual map showing the basic steps of the procedures described here. 
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Appendix B. Recuperation of monophyly by partitions 

Monophyly of clades 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of the taxonomic sampling on the recovery of serotypes as monophyletic groups using the parsimony method. 

Percentage of topologies (out of 30 replics) recovering the monophyly of the clades (S1: DENV1; S2: DENV2; S3: DENV3; S4: 

DENV4), for each taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips); and genomic partition (P01 : E- 

NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; 

P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, 

P23: ORF). 
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Figure 3. Effect of the taxonomic sampling on the recovery of genotypes as monophyletic groups using the parsimony method. 

Percentage of topologies (out of 30 replics) recovering the monophyly of the clades (1_1: s1g1I; 1_2: s1g1II; 1_3: s1g1III; 1_S: s1g1SI; 

1_D: s1g1DI; 2_S: s2gs2; 2_C: s2gC; 2_1: s2gA1; 2_2: s2gA2; 2_3: s2gAA; 2_D: s2g2DI; 3_1: s3gI; 3_2: s3gII; 3_3: s3gIII; 3_5: 

s3gV; 4_1: s4gI; 4_2: s4gII; 4_S: s4gs; 4_3: s4gIII), for each taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 

410 tips); and genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; 

P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: 

SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). 
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Figure 4. Effect of the taxonomic sampling on the recovery of serotypes as monophyletic groups using Maximum Likelihood. 

Percentage of topologies (out of 30 replics) recovering the monophyly of the clades (S1: DENV1; S2: DENV2; S3: DENV3; S4: 

DENV4), for each taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips); and genomic partition (P01 : E- 

NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; 

P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, 

P23: ORF). 
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Figure 5. Effect of the taxonomic sampling on the recovery of genotypes as monophyletic groups using Maximum Likelihood. 

Percentage of topologies (out of 30 replics) recovering the monophyly of the clades (1_1: s1g1I; 1_2: s1g1II; 1_3: s1g1III; 1_S: s1g1SI; 

1_D: s1g1DI; 2_S: s2gs2; 2_C: s2gC; 2_1: s2gA1; 2_2: s2gA2; 2_3: s2gAA; 2_D: s2g2DI; 3_1: s3gI; 3_2: s3gII; 3_3: s3gIII; 3_5: 

s3gV; 4_1: s4gI; 4_2: s4gII; 4_S: s4gs; 4_3: s4gIII), for each taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 

410 tips); and genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; 

P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: 

SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). 
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Figure 6. Effect of the taxonomic sampling on the recovery of serotypes as monophyletic groups using distance methods. Percentage 

of topologies (out of 30 replics) recovering the monophyly of the clades (S1: DENV1; S2: DENV2; S3: DENV3; S4: DENV4), for each 

taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips); and genomic partition (P01 : E-NS1; P02: E- DIII; 

P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: 

NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). 
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Figure 7. Effect of the taxonomic sampling on the recovery of genotypes as monophyletic groups using distance methods. Percentage 

of topologies (out of 30 replics) recovering the monophyly of the clades (1_1: s1g1I; 1_2: s1g1II; 1_3: s1g1III; 1_S: s1g1SI; 1_D: 

s1g1DI; 2_S: s2gs2; 2_C: s2gC; 2_1: s2gA1; 2_2: s2gA2; 2_3: s2gAA; 2_D: s2g2DI; 3_1: s3gI; 3_2: s3gII; 3_3: s3gIII; 3_5: s3gV; 

4_1: s4gI; 4_2: s4gII; 4_S: s4gs; 4_3: s4gIII), for each taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips); 

and genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-

DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: 

NS5; P21: E-NS5; P22: NSG, P23: ORF). 
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Appendix C. Recuperation of common nodes 

Common nodes 

Figure 8. Effect of the genomic partition on node recovery. Percentage of common nodes shared between the topologies inferred from 

total evidence (P23: ORF) and each genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: 

C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; 

P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG). Each case is depicted with its inference method (PA: Parsimony; DI: 

Distance; ML: Maximum Likelihood), and taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). 
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Figure 9. Effect of the taxonomic sampling on node recovery. Percentage of common nodes shared between the topologies inferred 

from total evidence (P23: ORF) and each genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; 

P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: 

NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG). Each case is depicted with its inference method (PA: Parsimony; 

DI: Distance; ML: Maximum Likelihood), and taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). Methods 

by colors and their shades: PA: green; DI: blue; ML: red. 
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Figure 10. Effect of the method on node recovery. Percentage of common nodes shared between the topologies inferred from total 

evidence (P23: ORF) and each genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C- 

prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; 

P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG). Each case is depicted with its inference method (PA: Parsimony; DI: 

Distance; ML: Maximum Likelihood), and taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). 
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Appendix D. Topological similarity 

 

Figure 10a. Effect of the sampling size. Topological distance (RF) between the reference topology (the tree inferred using all the 

terminals) and the pruned topologies inferred from each taxonomic subsample and taxonomic sampling (T10: 53 tips; T36: 146 tips; 

T75: 306 tips). The graphic shows the distances for each genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: NS5-

D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; P16: 

NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). Each case is depicted with its 

inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood). Methods by colors and their shades: PA: green; DI: blue; 

ML: red. 
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Figure 10b. Effect of the sampling size and method. Topological distance (RF) between the reference topology (the tree inferred 

using all the terminals) and the pruned topologies inferred from each taxonomic subsample and taxonomic sampling (T10: 53 tips; T36: 

146 tips; T75: 306 tips). The graphic shows the distances for each genomic partition (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; 

P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: 

E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). Each case is 

depicted with its inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood). Methods by colors and their shades: 

PA: green; DI: blue; ML: red. 
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Figure 11a. Topological similarity between methods. The graphic displays the distances for each genomic partition (P01 : E-NS1; P02: 

E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; 

P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: 

ORF). Each case is depicted with its inference methods (PAML: Parsimony and Maximum Likelihood; PADI: Parsimony and Distance; 

MLDI: Maximum Likelihood and Distance). It shows that the trees yielded by Parsimony and Maximum Likelihood are more similar 

between them than with distance methods. 
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Figure 11b. Topological similarity between methods. The graphic displays the distances for each genomic partition (P01 : E-NS1; P02: 

E-DIII; P03: C; P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; 

P13: NS5-DI; P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: 

ORF). Each case is depicted with its inference methods (PAML: Parsimony and Maximum Likelihood; PADI: Parsimony and Distance; 

MLDI: Maximum Likelihood and Distance). It shows that the trees yielded by Parsimony and Maximum Likelihood are more similar 

between them than with distance methods. 
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Appendix E. Nodal Support 

 

Figure 12. Nodal support in trees reconstructed by Parsimony. The Bootstrap support values are shown in three categories: low (50- 

75\%), moderate (76-94\%), and high (95-100\%); for each of the genomic partitions (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; 

P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; 

P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). Each case is depicted with 

its taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). 
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Figure 13. Nodal support in trees reconstructed by distance. The Bootstrap support values are shown in three categories: low (50- 75\%), 

moderate (76-94\%), and high (95-100\%); for each of the genomic partitions (P01 : E-NS1; P02: E-DIII; P03: C; P04: NS2B; P05: 

NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: NS1; P15: E; 

P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). Each case is depicted with 

its       taxonomic       sampling       (T10:       53       tips;       T36:       146       tips;       T75:       306       tips;       T100:       410    tips). 
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Figure 14. Nodal support in trees reconstructed by Maximum Likelihood. The Bootstrap support values are shown in three categories: 

low (50-75\%), moderate (76-94\%), and high (95-100\%); for each of the genomic partitions (P01 : E-NS1; P02: E-DIII; P03: C;  P04: 

NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; P14: 

NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). Each case is 

depicted with its taxonomic sampling (T10: 53 tips; T36: 146 tips; T75: 306 tips; T100: 410 tips). 
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Figure 15. Nodal support in trees reconstructed by Maximum Likelihood. The Bootstrap support values are shown in three categories: 

low (50-75\%), moderate (76-94\%), and high (95-100\%); for each of the genomic partitions (P01 : E-NS1; P02: E-DIII; P03: C; 

P04: NS2B; P05: NS5-D; P06: E-DI; P07: C-prM/M; P08: NS4A; P09: E-DII; P10: prM/M; P11: NS2A; P12: NS4B; P13: NS5-DI; 

P14: NS1; P15: E; P16: NS3; P17: NS5-DII; P18: prM/M-E; P19: SG; P20: NS5; P21: E-NS5; P22: NSG, P23: ORF). Each case is 

depicted with its inference method (PA: Parsimony; DI: Distance; ML: Maximum Likelihood), and taxonomic sampling (T10: 53 tips; 

T36: 146 tips; T75: 306 tips; T100: 410 tips). 
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Appendix F. General comparisons 
 

 
Figure 16. Overall recuperation of monophyly of all the clades per serotype, for all the reconstruction methods, and the sampling sizes 

altogether. 
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Figure 17. Average node recovery with the reference topology (total evidence). 
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Figure 18. Topological similarity between genomic partitions. 


