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RESUMEN 

El dengue representa un importante problema de salud pública en América debido a 

que la incidencia de esta enfermedad se ha incrementado notablemente en los últimos años, 

cambiado regiones hipoendémicas a regiones hiperendémicas. El análisis filogenético del gen 

E en cepas del virus del dengue (DENV; serotipos 1-4) de México mostró la ausencia de 

introducción de nuevos serotipos en el país hasta el 2010. El análisis de genomas a gran escala 

enfocado en el uso de codones y usando el análisis de correspondencias reveló que cada una 

de las cepas de DENV1-4, incluyendo las de México, se encuentra influenciada por su origen 

geográfico. En un análisis de correlación en un contexto global del eje con mayor fuente de 

variación en los genomas contra el contenido de GC en las tres posiciones de nucleótidos 

(codón de GC1, GC2 y GC3), así como el número efectivo de codones indicó que la presión 

de mutación es uno de los principales factores que influyen en el uso de codones, pero con 

distinto nivel de acuerdo a la posición específica de nucleótidos en el codón. Por otra parte, 

nuestro estudio mostró que no sólo el GC3, sino también el GC1 y el GC2 tienen una buena 

correlación con el eje de mayor variación, lo que sugiere que todos los sitios de codones están 

relacionados con la agrupación de las cepas geográficas, incluidas las cepas mexicanas. El 

análisis detallado de las firmas genómicas de aminoácidos en la proteína de la envoltura de 

DENV-1-4 mostraron que el patrón de aminoácidos de las cepas mexicanas es muy similar a 

las cepas de América del Norte y América del Sur. Además, el análisis estadístico 

multivariado confirmó la alta influencia del origen geográfico. El análisis de epítopes permitió 

identificar aquellos que podrían estar relacionados con el desarrollo de la enfermedad. El 

presente análisis en un contexto global de secuencias de DENV, incluyendo secuencias 

mexicanas, revela información valiosa sobre la evolución genómica, epidemiología e 

inmunología de los DENV.  
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ABSTRACT 

Dengue represents a major public health problem in the Americas because the dengue 

incidence has been markedly increased in recent years so that the Americas have been 

changed from hypoendemic regions to hyperendemic regions. The E gene phylogenetic 

analysis for Mexican DENV 1-4 sequences showed the absence of new serotype strains in the 

country until 2010. The large-scale codon usage genome analysis using correspondence 

analysis revealed that the DENV1-4 Mexican strains are located in the North and South 

American clusters. This finding showed that Mexican strains, along with the other American 

strains, have a limited codon usage restrained by their geographic origin. In a global context, 

the correlation of the first axis position in the correspondence analysis of the genomes with 

the GC content at the three nucleotide positions of codon (GC1, GC2 and GC3) as well as the 

Effective Number of Codons revealed that the mutation is one of the major forces influencing 

the codon usage, but with distinct pressure on specific nucleotide position in the codon. 

Furthermore, our study showed that not only GC3, but also GC1 and GC2 have a good 

correlation with Axis major variation, suggesting that all the codon sites are related to 

clustering of geographical strains, including the Mexican strains. The detailed analysis on the 

genomic amino acid signatures on the envelope protein of DENV-1-4 showed that the amino 

acid pattern of the Mexican strains is quite similar to the North American and South American 

strains. Further, the multivariate statistical analysis confirmed the strong influence of the 

geographic origin on aminoacid frequency. Some epitopes were identified to be related to 

disease development. These analyses in global DENV sequences along with Mexican 

sequences provided new information on DENV genomic evolution, epidemiology and 

immunology. 
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1. INTRODUCTION 

Dengue viruses (DENV) are RNA viruses of the family of Flaviridae and they are 

causative agents of dengue fever (DF), the most prevalent arthropod-born viral disease 

worldwide, and they are considered as an emerging global health threat. There are four related 

but antigenically distinct DENV serotypes (Beaumier and Rothman, 2009).  

The principal vectors of DENV are mosquitoes of Aedes genus, predominately Aedes 

aegypti. DENV are classified as re-emerging pathogens by National Institute of Allergy and 

Infectious Disease (NIAID), an organization of the United States National Institutes of Health 

(NIH). These pathogens are now causing disease in areas where human was heretofore not 

infected, or are causing more severe diseases in areas where only mild disease once occurred 

(Vaughan et al., 2010) 

Genome sequence is basic information, which could be used to analyze the evolution 

and biological function of an organism by of comparative genomics techniques. The 

increasing information of molecular data accumulated in public databases about dengue 

genomes offers an opportunity to study the genomic nature of DENV.  

The main objective of this study was to perform a large-scale sequence analysis 

through comparative genomics in order to understand the evolutionary molecular mechanisms 

and adaptation to the host for DENV 1-4, including the available Mexican sequences. The 

structure of the thesis comprehends four objectives in order to understand some evolutionary 

aspects of DENV, which include Mexican strains. 
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2. BACKGROUND 

2.1. Dengue disease 

The causal agent of dengue disease is dengue virus (DENV), which is transmitted to 

humans by the bite of mosquitoes of the genus Aedes. After the DENV infection is achieved, 

two distinct clinical syndromes may develop. These two syndromes are dengue fever (DF) 

and dengue hemorrhagic fever (DHF) (WHO, 2011). While these two clinical entities can be 

considered as a result of the same pathological process and the same viral agent could be 

implicated, the signs and symptoms differ from each other. These syndromic differences can 

be explained by the kind of host immune response, the genetic load from the host and the kind 

of DENV serotype. 

 

2.1.1. Dengue fever 

DF is the most common clinical form of DENV infection; it begins after an average 

incubation period of 2-8 days and is distinguished by three clinical stages: i) Prodromal phase: 

This quiescent phase is characterized by symptoms such as nasal congestion, rhinorrhea, sore 

throat and tearing, occasionally with conjunctivitis. At this phase the fever is absent. The half 

of clinical cases occurs only in adults, who are more prone to this symptomatology (Jelinek, 

2000). ii) Clinical Phase: This phase is characterized by high fever with chills, frontal 

headache, myalgias, arthralgias, and retrorbital pain. The fever lasts for three to five days, and 

has a biphasic intermittent pattern, when it remits may cause rash, which indicates the 

disappearance of the virus from the blood stream (Gurugama et al., 2010). This phase occurs 

in both the adult and the pediatric population and (Guha-Sapir and Schimmer, 2005). iii) 

Convalescence phase. This stage only occurs in the adult population in a small number of 
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cases; it is characterized by depression, fatigue and weakness for a prolonged period (Murillo-

Llanes et al., 2007).  

DF is considered a benign pathogenic process and it does not require great efforts for 

treatment handling. However, the clinical features of this disease may mimic other viral 

infections. Thus is important to be familiar with the clinical presentation to improve the 

diagnosis and monitoring to establish their possible evolution to DHF (Jelinek, 2000). 

 

2.1.2. Dengue hemorrhagic fever 

DHF may develop two or three days after DF is diagnosed. This severe DENV 

infection is manifested by a high vascular permeability and hemostatic changes, related to the 

presence of haemoconcentration due to the plasma leakage to the extravascular space 

(Avirutnan et al., 2006). The signs and symptoms are characterized frequently by the presence 

of bleeding (epistaxis, bleeding gums, urogenital bleeding, bleeding from puncture sites, 

hemoptysis and bleeding of the digestive tract) and extravasation of fluids (bruising or 

petechiae). The laboratory tests often have shown a hematocrit of less of 20% or 

thrombocytopenia less than 100,000 platelets per cubic milliliter (Murillo-Llanes et al., 2007). 

DHF can evolve to more severe clinical form called dengue shock syndrome (DSS), that 

cause a systemic circulatory failure manifested by a rapid and weak pulse, hypotension and it 

has high mortality (WHO, 2011). 
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2.1.3. Epidemiological evolution of dengue 

The first illness clinically related to DF described as break-bone fever was 

documented by Benjamin Rush in Philadelphia in 1780 (Rush, 1789). Nevertheless, dengue 

disease was recognized at the end of 18
th

 century in French West India, Batavia, Cairo and 

Philadelphia (Carey, 1971). 

The expansion of dengue around the world began near to the end of World War II as a 

result of the large-scale urbanization processes due to the increase of birth rate and life 

expectancy which favored the colonization of previously man free areas by the mosquito 

vector (Murillo-Llanes et al., 2007). However, during the expansion of dengue disease, the 

serotypes were no dispersed simultaneously, thus the production of outbreaks and epidemics 

over time on the countries have been attributed to new serotype introductions or mutations 

(Carrillo-Valenzo et al., 2010).  

The DHF is considered a contemporary disease of this century. The first case was 

reported in 1954 in the Philippines; onwards dengue disease has been well-known around the 

world. Thailand reported its first DHF cases in 1958, and in less than one year other regions, 

such as Asia and the Pacific reported similar epidemics (Montes, 2001). In the 1980s, DHF 

began a second expansion into Asia when Sri Lanka, India and the Maldives reported their 

first outbreaks and China reported cases of hemorrhagic dengue after 35 years of absence. In 

all the countries from Asia where DHF is considered endemic, the outbreaks have worsened 

over the past 15 years. In the Pacific, dengue viruses were reintroduced in the 70s, after more 

than 25 years without reporting confirmed cases (Montes, 2001). In Africa, FD epidemics 

caused by all serotypes have increased since the 1980s. In 1970, the serotype 2 predominates 

in the Americas. However DENV3 had a focal distribution in Colombia and Puerto Rico. In 
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1977, DENV1 was introduced, which resulted in outbreaks that persist in the region for a 

period of 16 years. In 1981, DENV4 was introduced, also causing epidemics, mainly in the 

Caribbean (Gomez-Dantes and Willoquet, 2009). In 1981, a strain of DENV2 from Southeast 

Asia led to the first major outbreak of DHF in the Americas. A strain, also of Asian origin, 

expanded quickly through the region and caused outbreaks of DHF, eight years after the first 

one of DHF in Venezuela, Colombia, Brazil, French Guyana, Suriname and Puerto Rico 

(Montes, 2001). In 1997, 18 countries of America reported confirmed cases of DHF, which is 

now endemic in many developing countries, including Mexico. The dramatic rise in the 

number of dengue cases over the last decade has been associated to demographic changes and 

ecological alterations due to global warming, which facilitates vector breeding and facilitates 

human contact with mosquitoes.  

The World health organization estimates that 390 million infections occur annually, in 

over 100 countries (Figure 1); 96 million of those manifest clinically (Bhatt et al., 2013).  
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Figure 1. World distribution of dengue. From http://www.healthmap.org/dengue/es/ 

In Mexico, dengue is also a major public health problem. With the control of A. 

aegypti in the decade of the 60s, Mexico was free of dengue until 1978 when it was re-

invaded again by the primary vector. Since then, the cases attributed to DENV have an annual 

pattern with peaks in the rainy months. Currently the four DENV serotypes are circulating in 

México (Carrillo-Valenzo et al., 2010).  

 

2.1.4. Diagnosis 

After the DF or DHF is diagnosed a confirmatory test is obligatory. The confirmation 

of dengue is done through laboratory techniques (Alexander Diaz-Quijano et al., 2006), that 

include:  

Viral isolation.- it can be carried out in two forms: in the first, a presumable sample 

infected by DENV is inoculated on newborn intracerebrally to induce the developing of CNS 

disease with distinct clinical features. This form is less sensitive and is not recommended at 

present. The most used form is the viral isolation from cell lines from mammalian or 

mosquito cells, being the last ones the highest sensitivity for diagnosis (Guzmán and Vázquez, 

2002).  

Viral identification.- This test is a fast, simple and inexpensive method for the 

diagnosis, it can be done through monoclonal antibodies that generate hybridomas 

independently from the cell culture source. It requires a large amount of samples due to the 

poor viral replication obtained using antibodies (Acosta-Bas and Gómez-Cordero, 2005).  
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Antigenic test.- It consists in the antigen identification on the patient serum. It is a 

rapid and specific technique. The disadvantage is the low sensitiveness and it does not 

determine the kind of DENV serotype (Guzmán and Vázquez, 2002). 

Serologic test.- This is the most used and fast method employed in epidemic 

situations; it consists in the identification of antibodies in the serum of patients for detecting 

both acute disease (IgM detection, that appears from the fifth day of infection and remains 

positive up to 90 days of after withdrawal of the disease) and memory (IgG during the rest of 

life) (Alexander Diaz-Quijano et al., 2006). These tests do not discern between each of the 

four DENV serotypes. However, the study by Delgado et al., (Delgado et al., 2002) reports 

that is possibly the serotype identification through the titer levels of IgM, but only in countries 

where two serotypes are circulating.  

Molecular test.- The molecular techniques is the most reliable way to establish the 

diagnosis in terms of serotype and is used in epidemiological surveillance when epidemics or 

outbreaks that may involve atypical mutations identified any serotype or geographical variant 

of any of them. The RT-PCR has become the best way to diagnose cases of dengue, which not 

only confirms the serotype and variant of this but it is also fast and successful using several 

kind of samples (serum, tissue, cell supernatants, insects, etc.) (Lanciotti et al., 1992). 

 

2.1.5. Treatment 

To establish a proper management for DENV infected people is necessary its 

segregation from uninfected people. This epidemiological measure allows take the control of 

the people that need treatment in order to save time and resources (WHO, 2011). Actually 
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symptomatic treatment is provided for DF, and for the severe forms, intensive fluid 

replacement could be necessary. At present there is no drug or vaccines to treat DENV 

infection (Rajapakse et al., 2014).  

 

2.2. Dengue virus (DENV) 

DENV is an arbovirus of the genus Flavivirus genus of the Flaviviridae family, which 

causes millions of infections worldwide and although its mortality rate is very low, the high 

number of cases reported in recent times exceed the total cases by death endorsed to this 

pathogen, obeying the importance of the study of this kind of viruses (Gubler, 2002). 

 

2.2.1. Classification  

DENV is grouped into the Flaviviridae family, very related to the Togaviridae 

because they share similar viral structure (Velandia and Castellanos, 2011). The Flaviviridae 

family includes the genera Flavivirus, Pestivirus and Hepacivirus (Hepatitis C virus); the first 

are the causal agents for the known arthropod-borne diseases (Guha-Sapir and Schimmer, 

2005).  

The Flaviviruses are 40 to 60 nanometers in size, and they have a nucleocapsid 

containing genetic material (single strand RNA with positive polarity) surrounded by an 

envelope. Those viruses have a similar appearance on the microscope view (Thurner et al., 

2004). This genus species is variously according to the vector transmitter and within these 

species, DENV are one of the most important viruses transmitted by mosquitoes. Within 

DENV species exists a sub classification based on immunological and molecular criteria that 

sorted DENV into four serotypes, such as: DENV-1, DENV-2, DENV-3 and DENV-4. Each 
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DENV1-4 creates lifetime immunity against re-infection of the same serotype (homologous) 

and a short cross-immunity against the other three serotypes (heterologous), which can last 

several months. The four strains are capable of producing DF as well as the severe forms of 

the disease (DHF, DSS) that can lead to death. Some DENV genetic variants within serotypes 

appear to be more virulent or have greater pathogenic potential for epidemics than others. 

 

2.2.2. Viral structure  

DENV, consists of an RNA genome conformed by a icosahedral nucleocapsid (size 

approx. of 30 nm diameter), surrounded by a lipid bilayer or envelope of 10 nm thickness 

where two viral proteins are associated originating the 50 nm diameter virion (Velandia and 

Castellanos, 2011). The lipid bilayer is associated with the E and M protein. The viral 

particles released into the extracellular medium are indistinguishable from those found in the 

intracellular vesicles (Modis et al., 2003). The immature particles contain only the 

unprocessed precursor of the protein prM, and are less pathogenic than the released particles 

(Tomlinson et al., 2009). In relation to the physical-chemical characteristics for DENV, they 

possess a density of 1.23 gr/cm
3
 and a sedimentation coefficient of 210S (Henchal and 

Putnak, 1990).  

The lipid composition of the virus is poorly understood, reflecting the composition of 

the host cell membrane, where the budding occurs and they are probably intracellular 

membranes of the ER. Total lipids are 7% of virion dry weight; of which 90% are 

phospholipids, 7% sphingomyelin, cholesterol and other neutral lipids (Henchal and Putnak, 

1990). In the electronic microscope view we can identify these structures: The icosahedral 

virion composed asymmetrically by 90 subunits (250 Å), each of which can be can hold up to 

4 protein subunits of E. A greater depth of between 185-220 Å, a structure was observed with 
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only 60% of the surface with respect to the above but the presence of glycoproteins and E 

protein is identified in the higher definition. With a range of 140-185 Å is distinctive the lipid 

membrane including internal and external layer and the presence of phosphates. At 105-135 Å 

the nucleocapsid is visible, which represents 50% of the size of the virus (Henchal and 

Putnak, 1990). 

 

2.2.3. DENV life cycle 

Once the mosquito bite, DENV is internalized within dentritic cells of the skin by 

binding to the host cell through the two different mechanisms (Clyde et al., 2006) 

Host cellular Receptor mechanism.- This mechanism is used by the virus during the 

primary infection. The mechanism involves the domain 3 of the envelope glycoprotein, which 

binds to multiple receptors of the host permissive cells (monocytes, macrophages and dentritic 

cells) to start the process of entry and fusion (Rodenhuis-Zybert et al., 2010). This mechanism 

is responsible of the infection for almost every body cell lines (Chen et al., 1997).  

Inmunocomplex mechanism.- This process occurs during secondary infections and is 

responsible for immune attack to lymphocytes, monocytes and macrophages producing the 

host immunosuppression. In this mechanism, the virus is anchored in an immunoglobulin, 

which makes the cellular interaction via the Fc portion of the IG (Montes, 2001).  

Once performed the virus-cell binding, a conformational change occurs in the cellular 

cytoskeleton permitting the induction of the heat shock proteins that aid for the fixation of the 

virus to the cell membrane and the total fusion virus-host cell membrane (Reyes-Del Valle et 

al., 2005). In the cytoplasm, the virus escapes from the endosome due to the acidic pH, that 
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promotes a change in the shape of the domain 2 of the viral glycoprotein allowing it`s 

anchoring to the endosomal membrane and releasing the nucleocapsid into the cytoplasm and 

the envelope viral membrane (Velandia and Castellanos, 2011). 

Viral RNA replication. Once nucleocapsid is free in the cytoplasm, the cellular 

ribosomes initiate the translation. The viral genome has a single open reading frame for 

translation initiation of the viral protein which is held in the endoplasmic reticulum (ER) 

(Clyde et al., 2006). This polyprotein undergoes proteolitically cleavage mainly by a cellular 

signalase and the viral serin protease NS·3/BS2B. Once the RNA the RNA-Dependent RNA 

Polymerase (RdRp), has been synthesized (NS5) and the partial circularization of viral RNA 

is achieved the viral replications begins, (Alvarez et al., 2005; Erbel et al., 2006). 

Assembly, Maturation and Release of Virus. The replication process of DENV viral 

genome occurs with the aid of the NS proteins. The new viral RNA is packaged to form the 

nucleocapsid with the assistance of the C protein. The immature virions formed in the ER 

contain heterodimers of the pr and E proteins oriented into its lumen (Rodenhuis-Zybert et al., 

2010). Those heterodimers associate into oligomeric trimmers to induce the curved surface 

lattice that guides the virion budding. From the ER the immature travel through the secretory 

pathway until de Golgi apparatus. In the trans-Golgi network the viral particles undergoes a 

structural reorganization of the glycoproteins prM/E enabling the cellular endoprotease furin 

the cleavage of the prM generating the M and “pr” peptides. These two peptides stabilize the 

E protein preventing premature conformational changes that would lead to the membrane 

fusion (Kuhn et al., 2002; Zhang et al., 2004). Upon dissociation of the pr peptide, the mature 

virions are ready to infect other cells from the host 
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2.2.4. DENV genome 

DENV virions possess a positive-sense, single-stranded RNA genome. The viral 

genome is approximately 11 kb in length and consists in a single open reading frame encoding 

a polypeptide of 3300 amino acids which is pos-translationally cleaved to produce a three 

structural proteins [Capsid (C), pre-membrane/membrane (prM) protein and envelope (E) 

protein], seven non-structural proteins (NS-1, -2A, -2B, -3, -4A, -4B and -5) and two non-

translated region (5’NTR, 3’NTR) (Chambers et al., 1990). The virion proteins all arise by 

proteolytic processing from a large poly protein precursor. The structural proteins are located 

at the 5 'portion and the remaining non-structural proteins are located in the terminal segment 

(Alvarez et al., 2005). 

 

2.2.4.1. Structural Proteins 

The C protein also called the core protein, is the first synthesized polypeptide, has a 

weight of 11 kD and is composed of four helices with different functions (Filomatori et al., 

2006). i) the helix one is located on the N-terminal with a cytoplasmic orientation that allows 

the anchoring to a newly synthetized RNA through its basic amino acids, protecting it from 

degradation and helps for shaping the nucleocapsid through their associations in homodimers 

(Jessie et al., 2004). ii) the helix two is hydrophobic and it is involved in the formation of the 

ribo nucleoprotein and virion; has a form of “hinge”, that facilitates the association of the 

viral RNA to the endoplasmic reticulum where nucleocapsid is produced. It is also allows 

small lipid droplets, where the C proteins is located, with the two other structural (E, M) 

proteins to complete the formation of the virus (Tomlinson et al., 2009). iii) the helixes three 
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and four allows the anchoring of the viral RNA to the ER through their hydrophobic 

properties.  

The precursor membrane protein (prM) has a weight of 26 KD and is processed by 

furin protease in the late state of the replicative cycle, just before the virion release. This 

cleaveage generates a “pr” portion of 17 kD, that lead to the early formation of antibodies to 

this region, allowing the destruction of immature virions that still possess this portion (Chiu et 

al., 2005). The second section generates the M protein, which weighs only 8 kD and is present 

only in mature virions. The M protein is responsible for forming the membrane around the 

nucleocapsid because it has two transmembrane domains that allow the interaction with the 

protein C and the endoplasmic reticulum. Recent studies confirm the existence of an 

ectodomain 40 in the M protein, producing the so-called ApoptoM, which triggers cell 

apoptosis where the virus is conceived, allowing their release; thus the M protein through its 

ectodomain could be responsible for the tissue damage during infection (Khumthong et al., 

2002).  

Protein E is the envelope protein and the antigenic determinant of the virus. This 

protein is anchored to the viral membrane and is responsible for promoting interaction virus-

cell host in the endocytosis process. It consists of three domains (I, II and III or A, B and C), 

that promote infection. The four serotypes of DENV that infect humans are distinguished by 

unique antigen determinants (epitopes) located on the envelope (E) protein. The E protein is 

the primary antigenic site for DENV and is responsible for inducing neutralizing antibodies 

and cell mediated immune responses in DENV-infected hosts. 
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2.2.4.2. No Structural Proteins 

The NS1 protein has a weight of 46 kD and is not well known although their function 

has been determined as part of the viral assembly. This protein is highly antigenic since not 

only elicits humoral immunity but also complement activation. It can be found in the 

circulation and cytoplasm non-associated with the virion (Vaughn et al., 2000). This 

immunity however, generates damage because antibodies against it are able to recognize 

infected and healthy cells, including endothelial cells generating the plasma extravasation and 

dengue hemorrhagic fever (Ma et al., 2004) 

The protein NS2A (22 kD) participates in the viral replication and assembly since it 

coordinates the generation of replicative or intermediates forms of the viral genome during the 

synthesis of RNA and it will associate the nucleocapsid to generate the mature virion 

(Velandia and Castellanos, 2011). 

The NS2 protein of the DENV undergoes scission to form the portion corresponding 

to the NS2B, which has a weight of approximately 14 kD and is characterized by a 

hydrophobic region which serves to anchor together with the NS3 protein, to the membrane of 

the endoplasmic reticulum. Furthermore, the hydrophilic region allows activation of the 

protease activity of NS3 (D'Arcy et al., 2006) 3. The two roles that the NS2B in virus 

replication are: 1.-NS3-Stabiliser NS2B.-alone, the NS3 protein has no function because it 

requires that the chains be anchored by means of hydrogen bonds to the N-terminus of the 

protein NS2B, this portion allows the stabilization of the complex and remain attached to the 

endoplasmic reticulum, which it is a critical step (Erbel et al., 2006). 2.-activator NS2B.- 

NS3protein is in an inactive form until it is stabilized, so the protein of interest is essential for 

the initiation of viral replication. This activation is due to the binding of the portion C-
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terminal and NTPase portion of NS2B and NS3 protease respectively (Khumthong et al., 

2002). 

The NS3 protein has a weight of 70 kD and is one of the most important for the 

replication process and perpetuity of this enzyme because it has three main functions (Erbel et 

al., 2006). NTPasa, this function is located at the C-terminal and is responsible for providing 

the energy needed for the replication process is carried out by inserting nucleotides to the 

positive strand of RNA. Helicase, this domain is located at the C-terminal and is responsible 

for unwinding the viral RNA in order that the RNA polymerase can bind on to start the 

process of viral translation. Protease effect, NS3pro domain is located at the N-terminal and 

acts as a protease to cleave some part of the viral polypeptide chain to generate mainly the 

non-structural viral proteins.  

The NS4 protein is modified and generates two variants NS4A and NS4B, both are 

very hydrophobic and have a weight of 16 and 27 kD, respectively. The functions of these 

two proteins are a question, however it has been established that function as cofactors for 

replication (Khumthong et al., 2002). NS4B has been implicated in the evasion of interferon 

response 

The NS5 protein is the most conserved among all flaviviruses. This protein is 

multifunctional, as the N-terminal end has enzymatic activity and guanidiltransferase 

methyltransferase is responsible for the capping and 5'methylation of the genomic RNA, 

while, at the C-terminal domain of RNA dependent RNA polymerase. Therefore, the NS5 

protein acts as the only polymerase during replication and viral transcription (Tassaneetrithep 

et al., 2003). Although these processes take place entirely in the cytoplasm of infected cells, 
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has been in the nucleus; however, the reason and function of the NS5 in this compartments 

not completely understood (Zhang et al., 2003). 

 

2.2.6. DENV Genome evolution 

The organization and interrelation of the huge amount of heterogeneous information 

linked to genome analysis in order to find all the functional parts of genome sequences is one 

of the main focuses of genomics field (Hardison, 2003). The genomic information can helps 

in the analysis of phenotypic behaviors, designing experiments to know the relationship 

between structure and function or obtaining detailed understanding of molecular processes.  

The genomic studies also provide clues about patterns of evolution from different 

perspectives; for example, can helps to uncover the heterogeneous nature of genes or 

genomics regions, or understand the factors that shape the evolutionary constraints of the 

lineages under study (Baldauf, 2003; Miller et al., 2004).  

DENV has been also studied from the angle of viruses’ evolution providing worth 

information. For example, several studies support that DENV has evolved from a nonhuman 

primate virus transmitted by mosquitoes before diverging into the four DENV serotypes 

(DENV-1 to DENV-4), that later emerged into the human population (Vasilakis et al., 2007b). 

Wang et al. (Wang et al., 2000) tested this hypothesis using phylogenetic analyses to compare 

envelope protein gene sequences of the endemic (human and A. aegypti) isolates to sequences 

of sylvatic (nonhuman primate and arboreal Aedes spp.) DENV-1, -2 and -4 strains of 

Southeast Asian origin, as well as DENV-2 sylvatic strains from West Africa. These analyses 

indicated that endemic DENV-1, -2 and -4 emerged independently from sylvatic progenitors 
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at a time, consistent with the establishment of urban populations in the Asia-Oceania (Kuno, 

1995). The Asiatic origin of DENV sylvatic progenitors is supported by serological surveys of 

ecologically diverse rural habitats in Southeast Asia (Smith, 1956). Those evolutionary 

studies on dengue virus indicated the rise of distinct endemic genotypes within each serotype 

(Gubler, 1997). 

Other evolutionary studies focused on selection pressure analysis and his correlation 

with disease considered that the most common pressure acting on DENV in nature is 

purifying selection, with little or no evidence of adaptive evolution (Zanotto et al., 1996). 

Contrariwise, a study reported adaptive evolution in DENV 3 and most strongly in DENV 4 

(Twiddy et al., 2002), this implies that different serotypes are subject to different selection 

pressures even though the reasons are unclear. The above-mentioned researches were 

conducted in the most studied protein: the envelope protein.  

Another point of view from DENV comparative genomics focusing on the detection of 

genomic recombination (which is a kind of genomic evolutionary feature), has been 

previously analyzed. The study of (Tolou et al., 2001) through rigorous sequence analysis 

provided strong evidence for the occurrence of intragenomic recombination events between 

eight DENV-1 compared genomes belonging to different lineages. Another comparative 

analysis of DENV also with focus on detecting events of recombination (Carvalho et al., 

2010) comparing 42 genomes of DENV-1 and found three detectable intra-American DENV-

1 recombinants. Recombination events might have major implications for virus evolution, 

pathogenicity, vaccine safety and efficiency, or diagnosis. 

The analysis of codon usage is a scarce evolutionary field of study for DENV. 

Although these viruses have been previously studied in the context of genus Flavivirus 
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(Jenkins et al., 2001), RNA type viruses (Jenkins and Holmes, 2003), or DENV genomic 

comparisons (Behura and Severson, 2013; Ma et al., 2013; Ming-Wei et al., 2007; Zhou et al., 

2013). These studies have provided important information; but; only a limited number of 

genomes were employed for their analyses.  

Molecular evolutionary studies have long relied on the availability of genomic 

sequence data. The increase in the number of completely sequenced genomes has facilitated 

to address a number of fundamental questions about deep evolutionary relationships among 

the proteins encoded in virus genomes and by inference, among genomes themselves. Several 

efforts are currently underway to understand the global population structure of DENV and its 

genomic correlation with severe disease. The Broad institute 

(http://www.broadinstitute.org/annotation/viral/Dengue/GlobalPopulationStructure.html) 

initiate in 2005 a construction of a database with the aim to sequence >3500 dengue genomes 

of distinct geographic origin and disease to build the genomic infrastructure needed to study 

and combat the virus. This database contains at present 3199 complete genomes of DENV 

with information on the related disease and the isolation time. The information generated for 

The Broad institute is also deposited in GenBank 

(http://www.ncbi.nlm.nih.gov/genomes/VirusVariation/Database/).  

The increasing number of genome sequences reported from Mexico and all over the 

world could thus help to reveal how DENV genomes diverge and what are the principal 

contributing factors for their evolution.  
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2.2.7. DENV molecular patterns associated with their pathogenesis 

2.2.7.1. Genomic Signatures 

Regarding to the more severe diseases previously commented, numerous 

epidemiologic studies had observed that severe dengue disease (DHF/DSS) is more often 

associated with secondary dengue infections (Kliks et al., 1988). The answer for development 

to the severe forms dengue disease could be deciphered thorough the analysis of genomic 

signatures of the virus proteins. In this respect some genomic comparative analyses on DENV 

has been achieved.  

A research published in 1999 (Leitmeyer et al., 1999) compared full genome 

sequences of 11 dengue viruses of serotype 2 and found several structural differences between 

those viruses associated with DF only and those viruses with the potential to cause DHF: a 

total of six encoded amino acid charge differences were seen in the prM, E, NS4B, and NS5 

genes while sequence differences observed within the 5’ nontranslated region (NTR) and 3’ 

NTR were predicted to change RNA secondary structures. The approach used in the study on 

dengue virus genome differences allowed their association with pathogenesis specially the 

aminoacid 390 forn the Envelope protein that was associated with the development of DHF 

(Leitmeyer et al., 1999) . 

Another more recently comparative analysis realized manually on Envelope protein of 

several flaviviruses genera including DENV serotypes, revealed that, at the position 

corresponding to the glycosylated Asn-67 in dengue virus, the asparagine (Asn), is present in 

all compared viral species that cause hemorrhagic disease in humans (Barker et al., 2009). 

Thus for this pathogen, it is crucial to identify the molecular elements that are involved in the 
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disease development. Hence, the analysis of genomic signatures is important to understand 

the serotype determination and disease development. 

 

2.2.7.2. DENV immunopathogenesis 

The main target cells of DENV infection are monocytes, macrophages, dendritic cells 

and CD4 + and CD8 + lymphocytes. In vitro studies has been reported that DENV is capable 

to infect endothelial cells, liver cell lines, fibroblast and nervous cells, this could explain the 

syndromic behavior of dengue diseases (Modis et al., 2003).  

During the primary infection, the antigenic determinants of the infected cells are 

presented to the lymphocytes via the MHC, it triggers an inflammatory process in the whole 

body (Libraty et al., 2001). In the course of the immune responses, the T cells release IFN 

alpha and gamma that stops the viral replication, and then, the NK cells are activated by 

cytokines that elicits a cytotoxic response that decline the infectious process. In addition, the 

release of large amounts of ILs and TNF prompts a pro-inflammatory defense on free viral 

zones and anti-inflammatory response in areas where the infection is active to limit tissue 

damage (Libraty et al., 2002). These factors regulate a correct immune response to achieve the 

viral clearance and only allow the presentation of DF clinical form.  

Once the infection is controlled and has spent at least 7 days of antigen presentation to 

T cells, their counterparts (B lymphocytes) develop and begin to secrete IGs to form the 

humoral memory response and a second infection. In secondary infection by the same 

serotype or one with more than 70% homology, the immune response is immediately 

activated and release pro-inflammatory cytokines for viral control, which is efficient and 
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allows stopping the infection from the start, even without symptoms occur (Durán et al., 

2010). However, if the infective virus is a new serotype (type 2 generally lack homology to 

the other), or which is not genetically homologous (within 70%, mainly due to mutations in 

the viral genome) the immune response is activated but this is not effective and it ends up 

being more damaging this latter because of two fundamental processes (Chaturvedi et al., 

2000): The secondary responses activate the release of inflammatory cytokines (IL-4, IL-6, 

IL-8 and IL-10) by lymphocytes, leading to an increase of vascular permeability favoring the 

development of dengue hemorrhagic fever. Aforementioned viral immune complexes are 

captured by monocytes and macrophages which destroy the virus in phagosomes, however, 

the virus escapes (just as it happens in the endosome) generates destruction of immune cells 

and the spread of virus to other tissues due to increased migration presented by these cells. 

These two elements generate the pathophysiological basis for the development of dengue 

fever and while one can spread the virus, the other induces a state proinflammatory clotting 

activation (causing a CID for dengue shock) and bleeding (by blood extravasation) making 

this virus deadly in susceptible individual (Noisakran and Perng, 2008). 

This has led to the hypothesis of antibody dependent enhancement (ADE) of DENV 

infection in which antibodies from a primary infection are able to recognize, but do not 

neutralize, the virus during a secondary infection, and the virus-antibody complex gains an 

entry into target cells via the Fc receptor (Burke and Kliks, 2006; Halstead, 2003). 
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3. JUSTIFICATION 

Dengue virus is a serious public health problem in Mexico and in the world. The four 

serotypes of dengue viruses have been confirmed in the most parts of our country. However, 

only a small number of viral sequences from Mexico have been performed. Thus, providing 

new viral genome sequences and making genomic comparison at large scale will help us to 

understand globally the genetic features and evolutionary trends of dengue virus populations 

in Mexico and in the other regions of the world. 
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4. HYPOTHESIS 

Dengue virus nucleotide and amino acid sequences contain the information that determines 

functional adaptation and their evolutionary history. 
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5. OBJECTIVES 

5.1. General objective  

To perform a large-scale sequence analysis using the tools of comparative genomics helps to 

understand the evolutionary mechanisms and adaptation to the host of dengue virus. 

5.2. Specific objectives 

1. To analyze the codon usage patterns of dengue virus genomes for the four serotypes 

2. To identify genomic signatures that could be related to disease  

3. To identify the epitope structures that could distinguish the four serotypes and could 

be related to distinct the immunology response 

4. To analyze the genome sequences of dengue virus isolated in Mexico and perform 

comparison with the genomes published in public databases 
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6. MATERIALS AND METHODS 

6.1. DENV culture in laboratory and viral fragment sequencing 

6.1.1. Cell infection and RT-PCR  

The C6/36 cell line was maintained in Eagle's Minimum Essential Medium (Sigma) 

supplemented with 10% fetal bovine serum (BioWest) and cultured at 28 degree with 5% 

carbon dioxide. When the cell line was confluent, the subcultures were performed by scraping 

or pipetting to new flasks. The yuc17438 DENV 2 virus stock, isolated from a patient 47 

years old male from Yucatan México with DF, was provided by Dr. Isabel Salazar. 10 µL of 

the virus stock was used to infect the C6/36 cell lines. The infected cells were cultured for 7 

days in the 28 degree incubator. The infected cells were harvested by pipetting and 

centrifuged at 4 degree (2000g for 10min). The supernatant and the pellet were used for 

dengue 2 virus RNA extraction respectively. 

RNA was extracted from infected cells C6/36 using Qiagen for supernatant and Trizol 

reagent for the cell pellets according to the manufacturer instructions. The complementary 

DNA (cDNA) was produced using a reverse transcription system according to the 

PROMEGA company instructions, as follow. cDNA was synthesized using in a 0.2mL 

RNAse-free microtube, first 9.5 µL of viral RNA was incubated at 70 ºC for 10 min, then was 

briefly centrifuged and placed on ice. While a 10µL reaction was prepared, as follows: 1µL of 

25mM genome specific synthetic oligonucleotide primer, 2µL of 10mM dNTP mix, 2µL of 

10× RT buffer (PROMEGA), 4µL of 25Mm MgCl2, 0.5 µL RNasin ribonuclease inhibitor, 

and 1µL AMV RT enzyme at high concentration (15 U/µL) was added to the RNA mixture 

on ice for a final volume of 20µL. The resulting mix was incubated at 25 ºC for 10 min, then 

incubated at 42 ºC for 40 min. and heated at 95 ºC on Dyad Thermocycler (Peltier thermal 
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cycler). The cDNA product was then chilled on ice for 5min. The First strand cDNA products 

were stored at −80 ºC or used immediately in PCR assays.  

6.1.2. PCR assays 

PCR assays were performed in a 25 µL of reaction system containing 5 µL of cDNA 

in PCR reaction buffer, with 0.65 µL of 50 mM of MgCl2, 0.5 µL of 10mM dNTP mix, 2.5 

µL of 10× PCR buffer, 1µL of 25mM of each primer, and 1.25 U of Taq DNA polymerase 

(Perkin-Elmer). PCR amplifications were implemented in a Dyad Thermocycler (Peltier 

thermal cycler) with the following conditions: an initial denaturation at 95 ºC for 2 min; 30 

cycles of denaturation for 30 s at 95ºC, annealing for 30 s (55–60 ºC, according to the 

different Tm value of each pair of primers) and extension at 72 ºC (30 s – 4 min, depending 

on the length of the target products); and a final extension at 72 ºC for 10 min. The E 

amplification PCR products were separated in 1% agarose gel and visualized under UV light 

after SYBR Green ® stain (Figure 3)  

 

6.1.3. Sequencing 

The BigDye Terminator v3.1 Cycle-Sequencing Kit was used for cycle-sequencing 

reaction according to the manual. The program for the reaction is 96 ºC for 1 min; then 25 

cycles at 96 ºC for 10 s, 50 ºC for 5 s, 62 ºC for 4 min; and 62 ºC for 1 min, then 4 ºC for 

maintenance. 

The BigDye Terminator TM Purification Kit was applied for cleaning the cycle-

sequencing reaction products. After the incubation at 25 ºC for 30 min, the mixture was 

centrifuged at 14,000 rpm for 2 min. The samples were used for sequencing in ABI 3130 

automated sequencer. The chromatograms obtained from sequencing were assembled into 
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overlapping contigs using GeneStudio software version 2.2.0.0 (www.genestudio.com) and 

edited manually when the contigs were aligned to sequences of other known genomes of the 

same serotype.  

 

6.2. Bioinformatic analysis 

6.2.1. Gene and Genome sequences 

The E gene accession numbers from Mexican sequences were obtained from (Carrillo-

Valenzo et al., 2010; Diaz et al., 2006) and searched on the NCBI database along with the 

new reported Mexican sequences. The whole genome sequences of 3047 DENV 1-4 were 

downloaded from the NCBI DENV resource at: 

http://www.ncbi.nlm.nih.gov/genomes/VirusVariation/Database/. This website provided 

DENV information that includes sample sequence, location, serotype, etc. (Resch et al., 

2009). Four datasets that correspond to each one of the four serotypes were established. They 

included 1336 genomes for DENV1, 927 genomes for DENV2, 670 genomes for DENV3, 

and 114 genomes for DENV4. The coding sequences of genomes were collected in a dataset 

for each serotype orderly according to their geographic regions of isolation as Africa, Asia, 

North America, Oceania, and South America and for the samples from the same continent 

along with the order of host sources as human, mosquito, monkey and unknown host. A 

number was then assigned to each genome in each dataset, which facilitates the subsequent 

analyses.  

6.2.2. Nucleotide compositions and codon usage bias 

The total GC% (GC) and GC% at 1
st
 (GC1), 2

nd
 (GC2) and 3

th
 (GC3) codon position 

of coding sequences for each DENV genome sequence were calculated in order to show the 
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impact of selection on codon usage of DENV. The total GC content was calculated with the 

following equation: 

𝐺𝐶 =
(𝐺 + 𝐶)

(𝐴 + 𝑇 + 𝐺 + 𝐶)
 

Where the G, C, A and T are the number of nucleotides in the genome. For the calculation of 

GC at the three codon positions we used the following equation: 

𝐺𝐶𝑛 =
𝐺𝑛 + 𝐶𝑛

(𝐿
3⁄ )

 

Where Gn, Cn are the number of guanines and cytosines at the nth (1, 2 or 3) position of the 

codon and L is the length of the genome. 

Relative synonymous codon usage (RSCU) (Sharp and Li, 1987) was estimated as a 

proportion of the observed occurrence of codons to the expected occurrence when all codons 

for the same amino acid are equally used. The RSCU was calculated with the following 

equation. 

𝑅𝑆𝐶𝑈 =
𝑋𝑖𝑗

∑ 𝑋𝑖𝑗𝑛𝑖
𝑗

 𝑛𝑖 

 

Where Xij is the observed number of the ith codon for the jth amino acid which has ni kinds of 

synonymous codons. It was measured for 59 codons except Met, Trp and the three stop 

codons for each genome tested in this study. Effective number of codons (ENC) is a 

parameter to reveal the number of equally used codon that could yield the observed codon 
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usage bias in a gene or a genome (Wright, 1990). ENC was calculated with the following 

equation. 

𝐸𝑁𝐶 = 2 +  
9

F 2
+

1

F 3
+

5

F 4
+

3

F 6
 

 

Where F k (k = 2, 3, 4, 6) is the mean of F k values for the k-fold degenerate amino acids. 

ENC’s values range from 20, the strongest bias, to 61, no bias. Because the genomes of 

DENV have unique uninterrupted polyprotein ORF, we applied ENC to quantify the level of 

codon usage bias on genome level in the present study. ENC prime (ENCp) was also used to 

quantify the codon bias taking into account the nucleotide background of the genomes 

(Novembre, 2002). The GC at three codon positions and RSCU were calculated with package 

seqinr (Charif and Lobry, 2007) for R (R-Development-Core-Team., 2010) and ENC and 

ENCp was calculated with the software Codonw and ENC prime, respectively (Novembre, 

2002; Peden, 1999). 

 

6.2.3. Correspondence Analysis 

Correspondence Analysis (CA) is an effective method to show the relationship among 

multiple categorical variables by a statistical procedure. The unique condition is to have a 

non-negative data ordered in a two-way table for analysis. It is much better if the table 

consists of large enough dataset and homogenous variables (Greenacre, 2007). The RSCU and 

Aminoacid dataset form a table that should meet well the CA conditions. The RSCU and the 

Aminocid tables was read and formatted as data.frame in order to perform the CA with the 
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function “dudi.coa” using the ADE-4 package (Dray and Dufor, 2007) in R. In the results 

obtained, each genome was represented as 59-orthogonal axes (20-orthogonal axes for 

aminoacids), and each axis corresponds to one of 59 codons or 20 aminoacids. Thus the 

results of CA show how much DENV genomes are correlated to the level of codon usage or 

aminoacid variation patterns. The advantage of CA is that the results can be depicted as a 

map, in which each row and each column is represented as a point, which facilitates to 

understand the relation of codon usage and aminoacid bias among the genomes. 

 

6.2.4. Evaluation of influencing evolutionary factors of DENV codon usage 

Correlation analysis among GC1, GC2, GC3, GC, ENC, ENCp values and the selected 

axis of variation among each DENV1-4 dataset was performed, using the Pearson’s rank 

correlation method. For better explanation of the correlation results only the coefficient ≥0.70 

was considered as strong correlation (Suzuki et al., 2008; Taylor, 1990). As regards the 

evaluation of correlation coefficients, the null hypothesis of no correlation between the 

variables was tested at significance level of p=0.01. 

 

6.2.4. Hierarchical Clustering based on codon usage 

A distance matrix that accounts for differences in RSCUs for DENV genomes was 

constructed with the function “dist” and the Euclidean distance method by the software R. 

The matrix obtained were then used to aggregate the RSCU values of each genome sequence 

into hierarchical clusters of similar codon patterns with the function “hclust” and the ward 

method by the software R. The hclust objects produced, were then transformed to a phylo 
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objects for plotting the final trees with the ape (Paradis et al., 2004) and pyloch packages for 

R. 

 

6.2.5. Gene, Genome and protein alignments 

Alignments based on the nucleotide and protein sequences of genomes were done with 

the software MAFFT (Katoh and Standley, 2013). We used the default “--auto” function to 

run all the alignments on MAFFT.  

 

6.2.6. Phylogenetic trees 

The FastTree (Price et al., 2010) software was used to construct approximately-

maximum-likelihood phylogenetic trees for each of DENV1-4 from whole alignments data. 

FastTree software can handle large alignments in a practical amount of time and memory. The 

generalized time-reversible (GTR) model was used for phylogenetic tree construction. To 

estimate the local support values of each split in the tree, the Shimodaira-Hasegawa test was 

used. The Newick tree files generated were used with the ape and pyloch packages for R to 

plot the phylogenetic trees. As the recombination has also impact on the evolution of DENV 

(Worobey and Holmes, 1999), we also tested this pattern using the software Recombination 

Analysis Tool (RAT) (Etherington et al., 2005) for each DENV dataset. 

 

6.2.7. Aminoacid signature analysis 

The whole DNA genome alignments for DENV1-4 datasets were separated by gene 

regions, and then each gene dataset was translated to aminoacids with the software seaview 
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(Gouy et al., 2010). The aminoacid proteins datasets obtained were searched by aminoacid 

polymorphism with the function “fasta2genlight” of adegenet package for R. Once the 

polymorphisms were extracted they were separated by continental regions and inspected with 

the weblogo tool (Crooks et al., 2004).  

 

6.2.8. Epitope analysis 

The epitopes of DENV were extracted from the Immune Epitope DataBase (IEDB) 

(Kim et al., 2012; Zhang et al., 2008). All epitopes retrieved from IEDB have been confirmed 

by experiments. The present study focuses on B and T-cell epitopes identified in situations of 

DF and DHF. All sequences of each viral protein were used to search for epitopes with the 

epitope conservancy analysis tool provided by IEDB. The shortest analyzed sequence of 

epitope was limited to be ≥ 5 residues for linear epitopes and ≥ 4 residues for discontinuous 

epitopes. After obtaining the required B and T-cell epitopes the conservation of epitopes on 

specific protein among the groups of strains were manually implemented. Only the epitopes 

with 100% identity were considered.  
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7. RESULTS 

7.1. PCR and Sequencing 

The use of the general primer d2a5B for reverse transcription designed for DENV-2 

serotypes (Christenbury et al., 2010) enabled us to obtain the whole genome cDNA of the 

strain tested in this study (Figure 2). From the cDNA the PCR amplification with primers 

designed for Mexican DENV2 strains facilitated us to obtain three overlapping amplicons of 

the envelope gene region (Figure 2). 

 

Figure 2. Schematic representation of the E gene location and the general reverse primer used for RT-

PCR. The numbers at the extremes of the black line indicates the genome region of the E gene that is 

represented in the three overlapping amplicons, the black arrow represents the direction of the d2a5b primer used 

to amply the whole genome. 
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Figure 3. PCR amplification products for E gene DENV2 genome. L indicates the 100 bp DNA ladder, the 

numbers on the columns indicates the combinations of primers used and they are showed in the right side of the 

figure 

The three overlapping PCR products (Figure 3) were sequenced, assembled and the 

curated nucleotide results were analyzed first by nucleotide blast analysis confirming that the 

DNA obtained was from a DENV2 serotype. Moreover, the blast result showed the close 

genetic relation of this Mexican strain with a New Guinea DENV 2 strain with 99% of 

identity (Appendix 1). 
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7.2. E gene phylogenetic analysis for new sequences reported from Mexico in the NCBI 

The Bayesian phylogenetic analysis for DENV 1 revealed that the new sequences 

belongs to the genotype III, this result is very similar to a previous study. In the phylogeny, 

we observed the three introductions previously described and evidenced by the grouping 

pattern (Figure 4). The new reported sequences with isolation time of from 2008 to 2010, 

showed the absence of new DENV1 subtype introductions in the country. 

 

Figure 4. Phylogenetic analysis for DENV1 using representative E Mexican sequences. The cyan shaded 

branches indicate the sequences reported and not analyzed in the previous studies. The legends in front the tips 

indicates the genotype. 

 

G-I 

G-II 
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Using gene E of Mexican strains (DENV2) downloaded from NCBI database together 

with the sequenced E gene from DENV2 of this study (isolated in 2007 in Yucatan, Mexico), 

the bayesian phylogenetic analysis revealed that this new sequence DENV-2 belongs to the 

Asian 2 genotype (Figure 5), and closely related to a couple of Mexican strains from the 

Guerrero state. This genotype for DENV-2 could be introduced to Mexico in 1940s due to the 

close relation with the New Guinea strain isolated in 1944. In general, the phylogeny for 

DENV2 did not show new genotype introduction as in the last study and the new reported 

sequences belong to the Asiatic-American genotype. 

 

Figure 5. Phylogenetic analysis for DENV2. The red branch indicates the sequence obtained in this study. The 

cyan shaded branches indicate the sequences reported and not analyzed in the previous studies. The legends in 

front the tips indicates the genotype as follows AM (America), AS (Asia), Cosm (Cosmopolitan) and AS/AM 

(Asiatic/American) 
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For the analysis of the representative isolates from Mexico and two new DENV3 

sequences isolated in 2007 showed that those sequences belong to the genotype 3 (Figure 6). 

This genotype is the current serotype circulating in Mexico according to the previous 

phylogenetic analysis. Thus, there are not new genotype introductions for DENV3. 

 

Figure 6. Phylogenetic analysis for DENV3. The cyan shaded branches indicate the sequences reported and not 

analyzed in the previous studies. The legends in front the tips indicates the genotype. 

G-I 

G-II 

G-III 
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The phylogenetic analysis for DENV4 is shown in the Figure 7. We employ two 2006 

isolates along with the previous reported sequences for the analysis. These two sequences 

were clustered within the genotype 2, which is the current circulating genotype for DENV4. 

 

Figure 7. Phylogenetic analysis for DENV4. The blue shaded branches indicate the sequences reported and not 

analyzed in the previous studies. The legends in front the tips indicates the genotype. 

 

7.3. Codon usage 

The G＋C content and ENC. The overall G + C patterns at three nucleotide positions 

of codons were distinct for each DENV serotype (Figure 8A). The percentage of GC at the 

first nucleotide position of codon (GC1) is always the highest and GC2 is the lowest. GC1 in 

G-I 

G-II 
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Asia was the highest in comparison to the other regions. The total GC showed variability 

among the serotypes (Figure 8A) and a characteristic pattern was observed for each serotype. 

GC3 was more variable than GC1 or GC2 in general and its change was in expense of GC 

content at preceding positions, particularly GC2. The GC3 value was very close to the total 

GC and also showed high relationship to it (Appendix 3). DENV4 had higher GC3 than other 

serotypes. Meanwhile, the variation profile in GC content among genomes within a DENV 

serotype was apparently related to their geographic origin (Figure 8A).  

 

 

Figure 8. The nucleotide composition (G+C) and ENC, ENCp for the 3047 DENV1-4 genomes tested. A) 

Total GC and GC content at the three codon position for each genome. B) ENC and ENCp for each genome. The 

dashed lines in both figures indicate the geographical separation within a DENV serotype. The abbreviation 

means as follow: AF, Africa; AS, Asia; NA, North America; SA, South America; OC, Oceania. 
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A matrix correlation analysis with the total GC content and the GC at the three 

nucleotide positions of codons is shown in Appendix 3. The total GC content showed a strong 

correlation with the GC3 (r≥0.7, p=0.01) for DENV1-4. GC1 had also a strong correlation 

with GC2 and GC3 in DENV1.  

The ENC was also analyzed for each serotype. DENV2 appeared with the highest 

codon bias with a mean 48.8 ± 0.28 whereas DENV4 showed the lowest bias mean (50.87 ± 

0.17). ENC bias among genomes within a DENV serotype was correlated with their 

geographic origin (Figure 8B, line red). The ENCp analysis showed that the four serotypes 

had a homogenous codon bias in contrast to ENC (Figure 8B, line blue). A curve of ENC and 

ENCp values for each DENV 1-4 genome v.s. their corresponding GC3s data is shown in 

Figure 9 A, B. All points of the genome coding sequences lay below the predictable curve. 

The correlation analysis of ENC and ENCp showed almost no correlation with GC at any of 

the three codon positions for all DENV 1-4 (Appendix 3). These results indicate that, 

independent of compositional constraint, some other factors that affect the codon usage 

variations exist. 
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Figure 9. Effective Number of Codons vs GC3s plot of genomes of DENV1-4. A) ENC vs GC3s, B) ENCp vs 

GC3s.  

Preferred codons. The mean and standard deviation of RSCU for 18 amino acids 

except Met, Trp, and stop codons were determined for each serotype (Table 1). Eleven 

preferred codons, AGA (Arg), AAC(Asn), GAC(Asp), GAA(Glu), GGA(Gly), ATA(Ile), 

AAA(Lys), CCA(Pro), TCA(Ser), ACA(Thr) and GTG(Val) were consistently shared for all 

the four DENV (highlighted in blue). There was no extreme bias in preferred codons among 

specific serotypes. Although in some cases we observed the preferred codons for specific 

serotypes, these codons still belonged to the set of codons mainly used for the other serotypes. 

For example, DENV1 used more commonly TAT (Tyr) codon instead of the preferred TAC 

(Tyr) by DENV2-4. The CAC (His), not CAT (His) codon was preferred in DENV1 and 3 

while DENV2 and 4 use these two codons Tyr or His at proximate frequency. Codon CTG 

(Leu) was preferred by DENV1 and 2, but DENV3 and 4 preferred the codon TTG (Leu). 
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Table 1. RSCU for DENV 1-4 

AMINOACID CODON DENV1 DENV2 DENV3   DENV4 

Ala GCA 
1.41 

±0.05 

 1.56 ± 

0.05 

 1.28 ± 

0.03 

 1.16 ± 

0.03 

 
GCC 

1.28 

±0.03 

 1.15 ± 

0.06 

 1.12 ± 

0.05 

 1.29 ± 

0.05 

 
GCG 

0.36 

±0.03 

 0.31 ± 

0.04 

 0.47 ± 

0.04 

 0.39 ± 

0.02 

 
GCT 

0.94 

±0.04 

 0.99 ± 

0.05 

 1.13 ± 

0.04 

 1.17 ± 

0.04 

Arg AGA 
3.15 

±0.04 

 3.40 ± 

0.08 

 3.31 ± 

0.04 

 3.13 ± 

0.08 

 
AGG 

1.38 

±0.04 

 1.19 ± 

0.07 

 1.56 ± 

0.05 

 1.71 ± 

0.06 

 
CGA 

0.50 

±0.04 

 0.44 ± 

0.04 

 0.31 ± 

0.02 

 0.44 ± 

0.04 

 
CGC 

0.40 

±0.04 

 0.36 ± 

0.06 

 0.33 ± 

0.04 

 0.32 ± 

0.03 

 
CGG 

0.27 

±0.03 

 0.17 ± 

0.06 

 0.22 ± 

0.05 

 0.22 ± 

0.04 

 
CGT 

0.30 

±0.05 

 0.43 ± 

0.06 

 0.27 ± 

0.04 

 0.18 ± 

0.03 

Asn AAC 
1.12 

±0.06 

 1.01 ± 

0.06 

 1.17 ± 

0.04 

 1.18 ± 

0.04 

 

AAT 
0.88 

±0.06 

 0.99 ± 

0.06 

 0.83 ± 

0.04 

 0.82 ± 

0.04 

Asp GAC 
1.09 

±0.04 

 1.16 ± 

0.04 

 1.12 ± 

0.03 

 1.11 ± 

0.03 

 

GAT 
0.91 

±0.04 

 0.84 ± 

0.04 

 0.88 ± 

0.03 

 0.89 ± 

0.03 

Cys TGC 
0.95 

±0.05 

 0.97 ± 

0.11 

 0.98 ± 

0.05 

 1.07 ± 

0.04 

 

TGT 
1.05 

±0.05 

 1.03 ± 

0.11 

 1.02 ± 

0.05 

 0.93 ± 

0.04 

Gln CAA 
1.19 

±0.04 

 1.24 ± 

0.06 

 1.29 ± 

0.03 

 1.00 ± 

0.04 

 

CAG 
0.81 

±0.04 

 0.76 ± 

0.06 

 0.71 ± 

0.03 

 1.00 ± 

0.04 

Glu GAA 
1.21 

±0.03 
 1.4 ± 0.04 

 1.18 ± 

0.01 

 1.25 ± 

0.02 

 

GAG 
0.79 

±0.03 
 0.6 ± 0.04 

 0.82 ± 

0.01 

 0.75 ± 

0.02 

Gly GGA 
2.35 

±0.04 

 2.25 ± 

0.06 

 2.11 ± 

0.03 

 2.04 ± 

0.04 

 
GGC 0.51  0.55 ±  0.63 ±  0.54 ± 
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±0.02 0.04 0.03 0.04 

 
GGG 

0.65 

±0.04 

 0.73 ± 

0.03 

 0.85 ± 

0.02 

 0.92 ± 

0.04 

 

GGT 
0.48 

±0.02 

 0.47 ± 

0.03 

 0.41 ± 

0.02 

 0.50 ± 

0.04 

His CAC 
1.13 

±0.04 

 0.98 ± 

0.06 

 1.08 ± 

0.09 

 1.00 ± 

0.06 

 

CAT 
0.87 

±0.04 

 1.02 ± 

0.06 

 0.92 ± 

0.09 

 1.00 ± 

0.06 

Ile ATA 
1.37 

±0.02 
 1.2 ± 0.05 

 1.31 ± 

0.03 

 1.16 ± 

0.03 

 
ATC 

0.82 

±0.03 

 1.02 ± 

0.05 

 0.74 ± 

0.03 

 0.89 ± 

0.05 

 
ATT 

0.82 

±0.04 

 0.78 ± 

0.04 

 0.95 ± 

0.04 

 0.95 ± 

0.04 

Leu CTA 
1.36 

±0.13 

 1.06 ± 

0.08 

 0.91 ± 

0.09 

 0.86 ± 

0.07 

 
CTC 

0.63 

±0.04 

 0.93 ± 

0.04 

 0.91 ± 

0.05 

 1.00 ± 

0.05 

 
CTG 

1.51 

±0.07 

 1.52 ± 

0.06 

 1.21 ± 

0.07 

 1.29 ± 

0.04 

 
CTT 

0.70 

±0.03 

 0.64 ± 

0.04 

 0.84 ± 

0.04 

 0.71 ± 

0.04 

 
TTA 

0.68 

±0.09 
 0.7 ± 0.08 

 0.82 ± 

0.04 

 0.76 ± 

0.05 

 
TTG 

1.11 

±0.10 

 1.14 ± 

0.07 

 1.31 ± 

0.05 

 1.38 ± 

0.05 

Lys AAA 
1.34 

±0.02 
 1.3 ± 0.04 

 1.16 ± 

0.02 

 1.25 ± 

0.01 

 

AAG 
0.66 

±0.02 
 0.7 ± 0.04 

 0.84 ± 

0.02 

 0.75 ± 

0.01 

Phe TTC 
1.06 

±0.04 

 1.09 ± 

0.08 

 0.93 ± 

0.06 

 0.78 ± 

0.05 

 

TTT 
0.94 

±0.04 

 0.91 ± 

0.08 

 1.07 ± 

0.06 

 1.22 ± 

0.05 

Pro CCA 
2.30 

±0.05 

 2.32 ± 

0.04 

 2.18 ± 

0.07 

 1.84 ± 

0.03 

 
CCC 

0.70 

±0.06 

 0.65 ± 

0.09 

 0.74 ± 

0.05 

 1.09 ± 

0.06 

 
CCG 

0.34 

±0.04 

 0.27 ± 

0.05 

 0.18 ± 

0.04 

 0.37 ± 

0.02 

 

CCT 
0.66 

±0.05 

 0.76 ± 

0.07 
 0.9 ± 0.05 

 0.70 ± 

0.05 

Ser AGC 
0.83 

±0.05 

 0.92 ± 

0.09 
 0.9 ± 0.07 

 0.71 ± 

0.06 

 
AGT 

0.73 

±0.04 

 0.99 ± 

0.07 

 0.72 ± 

0.06 

 0.81 ± 

0.06 
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TCA 

2.22 

±0.05 

 2.02 ± 

0.07 

 2.17 ± 

0.06 

 2.08 ± 

0.06 

 
TCC 

1.11 

±0.06 

 0.88 ± 

0.07 

 0.97 ± 

0.05 

 0.89 ± 

0.08 

 
TCG 

0.26 

±0.03 

 0.37 ± 

0.05 

 0.44 ± 

0.07 

 0.42 ± 

0.04 

 
TCT 

0.85 

±0.06 

 0.82 ± 

0.06 

 0.81 ± 

0.05 

 1.10 ± 

0.10 

Thr ACA 
1.81 

±0.04 

 2.03 ± 

0.03 

 2.13 ± 

0.03 

 1.82 ± 

0.04 

 
ACC 

0.97 

±0.07 

 0.85 ± 

0.06 

 0.74 ± 

0.04 

 1.03 ± 

0.03 

 
ACG 

0.51 

±0.04 

 0.51 ± 

0.03 

 0.48 ± 

0.03 

 0.48 ± 

0.03 

 
ACT 

0.70 

±0.05 

 0.61 ± 

0.06 

 0.64 ± 

0.04 

 0.67 ± 

0.04 

Tyr TAC 
0.96 

±0.04 

 1.25 ± 

0.07 

 1.14 ± 

0.05 

 1.03 ± 

0.03 

 

TAT 
1.04 

±0.04 

 0.75 ± 

0.07 

 0.86 ± 

0.05 

 0.97 ± 

0.03 

Val GTA 
0.61 

±0.06 

 0.58 ± 

0.06 

 0.59 ± 

0.04 

 0.62 ± 

0.04 

 
GTC 

0.73 

±0.05 

 0.95 ± 

0.08 

 0.91 ± 

0.05 

 0.95 ± 

0.05 

 
GTG 

1.74 

±0.07 

 1.63 ± 

0.07 

 1.64 ± 

0.04 

 1.71 ± 

0.03 

  GTT 
0.91 

±0.05 

 0.84 ± 

0.06 

 0.85 ± 

0.05 

 0.72 ± 

0.04 

*In blue color the shared preferred codons, in yellow color the preferred codons among specific DENV 

serotypes. 

 

Correspondence analysis. One factorial axis accounted for 41.8%, 39.6% and 40.9% 

respectively of the total variability, indicating that one factor was predominant to explain the 

variability in DENV1-3 while for DENV4 dataset the first axis accounted for 25%. The first 

two axes accounted for more than half of that variability (53-56%) for DENV 1-3 except for 

DENV4 (41%). Thus, the first two factorial axes contribute to the principal differences in 

codon usage for DENV datasets.  
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The factor maps produced by crossing axes with the major sources of variation 

showed well-demarcated geographic separation. They exhibit the following features: 1) In the 

first axis, as the most important factor on the maps for each serotype (Figure 10 A-D), the 

genomes were divided into clusters accordingly to their geographic origin; 2) the Asian, 

African and Oceanic genome sequences tend to cluster together; 3) the North American and 

South American clustered together; 4) the Asian appeared more dispersed than those from 

other regions； 5) The genomes from other hosts (mosquito, monkey and unknown host) also 

clustered accordingly with their geographic sites of isolation. DENV2 showed the most 

complex geographic pattern. On the other hand, there were also some noticeable "outliers” 

(including three from Mexico for DENV2) in the figures, i.e. the genomes that were not 

located in the cluster with the majority of strains sharing the same geographic origin (Figure 

10, Appendix 4). Some of these strains have been previously mentioned outside the general 

cluster in their phylogenetic analysis. For example, the genome from Djibouti Africa of 

serotype 1, previously observed more closely related to the Asian strains due to the existence 

of a recombinant sequence region with a strain from Singapore (Asia) (Tolou et al., 2001), 

was located on the Asian cluster in our analysis. Based on this finding we tested if the other 

identified outliers are recombinant strains with the software RAT. However, no sign of 

recombination was detected.  
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Figure 10. Correspondence analysis based on RSCU values for DENV. The geographic regions of isolates 

are indicated in colors as red (African), green (Asian), magenta (North American), blue (South American), 

orange (Oceanic) and black (Mexico). The host sources are respectively represented as circle for human, squares 

for monkey, inverted triangles for mosquito and asterisks for unknown host. A) DENV1; B) DENV2; C) 

DENV3; D) DENV4. 
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The correlations of the GC, GC1, GC2, GC3, ENC and ENCp of each genome with its 

position on the first axis are shown in Table 2. Depending on the specific serotype, the 

genome position on first axis had strong correlation with GC1 and GC3 for DENV1, GC2 and 

GC3 for DENV2 while others showed less correlation. It is interesting that GC3 showed 

negative relation with the first axis of the major variation for DENV1 but showed positive 

correlation with DENV2. ENC and ENCp showed no important correlation with all DENV 1-

4. 

Table 2. The correlation analysis of GC, ENC and ENCp with the first axis of major 

variation 

Serotype 

A1* % of 

variation GC (r) GC1(r) GC2(r) GC3(r) ENC(r) ENCp(r) 

DENV1 41.8 -0.40 0.87 -0.54 -0.88 -0.47 -0.18 

DENV2 39.8 0.57 0.00 -0.79 0.78 0.19 -0.18 

DENV3 40.9 -0.55 -0.55 0.61 -0.59 0.44 0.59 

DENV4 25.4 -0.40 -0.37 0.66 -0.46 -0.55 -0.50 

* It represents the axis 1 in the correspondence analysis. 

Phylogenetic and Hierarchical Clustering-based Trees for whole DENV genomes. The 

Hierarchical Clustering based Trees (HCbT) resulted from the RSCU data is shown in Figure 

11 A-D. The HCbT revealed two major clusters in each serotype virus. The cluster consisting 

of Asian, African and Oceanic genome sequences tends to group together, whereas the cluster 

enclosing South and North American sequences assembles together. However, some Asian 

genomes were located at the cluster of North and South American strains. The genomes 

identified as outliers were also located in the same geographical clusters as indicated in our 
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CA analysis. On the other hand, the phylogenetic relationships among DENV genomes were 

also constructed based on the genome nucleotide sequences (Figure 11 E-H). The comparison 

of these phylogenetic trees showed that these analyses on two datasets produced similar 

results. Moreover, the majority of the outliers were also confirmed by the inferred 

phylogenetic trees. 

 

A 

B 
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G 

H 
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Figure 11. Hierarchical clustering trees based on RSCU data and Phylogenetic trees based on the genome 

nucleotide sequences. All the clades in each analysis of DENV1-4 were marked in different colors according to the 

source origin for better visualizing the phylogenetic clade of each genome representing as red (African), green (Asian), 

Magenta (North American), Blue (South American), Yellow (Oceanic), black (Mosquito) and Cyan (Monkey) . A-D) 

Hierarchical cluster based trees based on RSCU values for DENV 1-4, respectively. E-H) Phylogenetic trees based on the 

GTR nucleotide substitution model for DENV 1-4, respectively.  

 

7.4. Amino acid signatures. 

The analysis of the number of amino acid changes by protein is shown in Table 3. The 

serotype DENV 2 are more polymorphic by protein sequences than the other ones. It is 

interesting that DENV4 showed a similar amount of amino acid polymorphism as DENV1 

and showed less amino acid changes than DENV2. DENV4 and DENV2 serotype showed the 

highest amino acid changes in the NS5 protein (72, 105). The proteins E (54), NS3 (53), 

NS1(48) and NS2A (51) also showed higher polymorphism in DENV2. DENV4 has less 

genomes compared but showed more variations than DENV1 and DENV3, particularly for 

those proteins E, NS1, NS2A, NS4A, NS4B, NS5, which diversified more in DENV4 than in 

DENV1 and DENV3. 

 

Table 3. Aminoacid polymorphism by protein for DENV1-4 

 C M E NS1 NS2A NS2B NS3 NS4A NS4B NS5 

DENV1 13 18 39 26 40 14 27 8 11 56 

DENV2 14 28 54 48 51 14 52 17 24 105 

DENV3 11 11 32 25 24 4 24 14 6 56 

DENV4 10 14 53 44 43 10 24 15 18 72 
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Focusing in the E protein due to the known importance, we analyzed the amino acid 

sequence in more detail. The analysis of the polymorphic aminoacid with the help of the 

weblogo showed that for each serotype exists a clearly an amianoacid pattern related to the 

region of isolation (Figure 12) i.e. those changes correspond to a geographic signature. 

Furthermore, we observed that the aminoacid 390 from the E protein associated to the 

development of DHF (N D) (Leitmeyer et al., 1999) is poorly related to a geographical 

distinction (Figure 13 B).  
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Figure 12. The logo presentation of aminoacid polymorphism for E protein from different regions within 

serotype. A-D) DENV1-4. The numbers under the logos represent the corresponding amino acid polymorphism. 

Each logo consists of stacks of letters, one stack for each position in the sequence. The overall height of each 

stack indicates the sequence conservation measured in bits, whereas the height of symbols within the stack 

reflects the relative frequency of the corresponding amino acid at that position. The left letters indicates the 

source origin of the sequences. The arrow in the figure B indicates de aminoacid 390. 

Due to the previous results we also analyze the aminoacid composition using the CA. 

The first factorial axis accounted for 53.8%, 41.1% and 51.9% respectively of the total 

variability, in DENV1-3 while for DENV4 dataset the first axis accounted for 38.1 %. The 

first two axes accounted for more than half of that variability (53-56%) for DENV 1-4. Thus, 

the first two factorial axes contribute to the principal differences in aminoacid usage for 

DENV datasets.  

The factor maps produced by crossing the axes with the major sources of variation 

showed a well-demarcated geographic separation. Thus, they exhibit a similar feature as in the 

CA-RSCU analysis (though less dispersed than codon usage) : 1) In the first axis, as the most 

important factor on the maps for each serotype (Figure 13 A-D), the genomes were divided 

into clusters accordingly to their geographic origin; 2) the Asian, African and Oceanic 

genome sequences tend to cluster together; 3) the North American and South American 

clustered together; 4)The Asian appeared more dispersed than those from other regions； 5) 

The genomes from other hosts (mosquito, monkey and unknown host) also clustered 

accordantly with their geographic sites of isolation. DENV2 showed the most complex 

geographic pattern. Furthermore, the "outliers” were related as in the RSCU analysis.  
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Figure 13. Correspondence analysis based on aminoacid frequencies for DENV. The geographic regions of 

isolates are indicated in colors as red (African), green (Asian), magenta (North American), blue (South 

American), orange (Oceanic) and black (Mexico). The host sources are respectively represented as circle for 

human, squares for monkey, inverted triangles for mosquito and asterisks for unknown host. A) DENV1; B) 

DENV2; C) DENV3; D) DENV4. 
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7.5. Epitope analysis. 

The epitopes were collected from IEDB. Those epitopes were confirmed by 

experiments in IEDB. These epitope information in relation to dengue immune receptors by 

serotypes predominates for DF over DHF (Table 4) and further, B cell epitopes information is 

more related to DF while T cell epitope information is more related to the DHF. This 

observation has been previously reported in an epitope meta-analysis for flavivirus which 

include DENV (Vaughan et al., 2010). 

 

Table 4. B cell and T cell epitopes by disease state available in IEDB 

 B cell  T cell  

 DF DHF DF  DHF  

DENV1 21* 1* 11 8 

DENV2 252/16* 21/1* 27 52 

DENV3 2*  14 4 

DENV4 5/3*  3 4 

Total 257/42* 21/2* 55 68 

* Discontinuous epitopes 

The epitope information is abundant on the E protein for both B and T cell. NS1 

epitope information is predominantly for B cell and NS3 epitope information for T-cell. 

Those epitopes available for the whole DENV proteins were mapped on their corresponding 

protein sequence. The B and T cell epitopes that were conserved at 100% of identity of 

sequences are shown in table 5 and 6. The majority of the epitopes retrieved are well 
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conserved in the proteins (except for discontinuous epitopes). These conserved epitopes are 

more likely to be associated with the development of the disease (or protection) in all over the 

world isolates.  

 

Table 5. B cell epitopes conserved with 100% of identity on DENV proteins associated 

with disease states 

 C  prM/M E NS1 NS2A NS2B NS3 NS4A NS4B NS5 

DENV1-DF  9*        

DENV1-DHF          

DENV2-DF 2  243 2     4   

DENV2-DHF   21       

DENV3-DF          

DENV3-DHF          

DENV4-DF  2* 4   1    

DENV4-DHF          

Total 2  243/11 27   1 4   

*Discontinuous epitope 
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Table 6. T-cell epitopes with 100% of identity on DENV proteins associated with disease 

states 

 C  prM/M E NS1 NS2A NS2B NS3 NS4A NS4B NS5 

DENV1-DF 1  1    9    

DENV1-DHF  1    6    

DENV2-DF 2 12 3 1 2 4 1  2 

DENV2-DHF 3 3 8 1 1  34 2  1 

DENV3-DF  3 2 1  5   3 

DENV3-DHF    1  1   1 

DENV4-DF  1    2    

DENV4-DHF      4    

Total 4 5 26 6 4 2 65 3 0 7 

 

8. DISCUSSION. 

8.1. Mexican E gene phylogenetic analysis 

A study performed by Carrillo-Valenzo et al. (Carrillo-Valenzo et al., 2010) analyzed 

E gene sequences in order to trace the evolution of DENV Mexican strains collected until 

2007. Since this research, more gene and genome sequences of Mexican strains have been 

reported in the NCBI database. To trace the molecular evolution of those sequences we took 

all the previous sequences for the present analysis. 

The molecular analysis based on the nucleotide sequences from the recent strains 

compared with the previous strains can help us to understand the patterns and dynamics of the 

virus transmission in Mexico. A previous study found DENV-2—C932/Guerrero-Mx/97 and 

C1077/Guerrero-Mx/97 closely related to the New Guinea C (NGC) strain isolated in 1944, 
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this group belongs to the Asian 2 genotype (Diaz et al., 2006), we also identified the strain 

obtained in this study much related to NGC. In addition, the present analysis, using the most 

recent isolates from Mexico and based on the nucleotide of E proteins for DENV1-4, showed 

the similar results to (Carrillo-Valenzo et al., 2010) (Figures 4-7), indicating that there are not 

new introductions of new serotypes in the country. Thus we can infer that Mexican strains 

remain genetically stable confirming the previous comment that limited nucleotide variety 

exists in American DENV strains (Behura and Severson, 2013; Rivera-Osorio et al., 2011). 

These results confirm the subsequent analysis based on whole genomes (including the 

Mexican strains) described in a DENV global context.  

 

8.2. Codon usage 

The identification of principal factors shaping codon usage is important to understand 

the evolution of organisms, including viruses. The DENV1-4 global analysis of total GC 

relation with the three nucleotide positions of codon (GC1, GC2 and GC3) for whole genomes 

showed that the forces shaping codon usage were not the same for all codon positions 

(Appendix 3). The GC3 had the highest correlation with total GC and very close to the total 

GC value in DENV1-4, suggesting a strong mutational pressure on the third position of 

codons. The ENC or ENCp v.s. GC3 plots showed that, in addition to compositional 

constraint, some other factors have effect on the codon usage variations. GC2 has not 

important correlation with total GC in the examined genomes in the present study, implying 

that the constraint on this codon position is possibly due to the functional selection. A recent 

paper showed that the mutations on this position in the analyzed samples were mostly 

nonsynonymous substitutions (Behura and Severson, 2013). These results demonstrated that 
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both mutational and purifying selection pressures are the major forces in influencing the 

codon usage among DENV, consistent with some previous reports (Holmes, 2003; Jenkins 

and Holmes, 2003), but these factors have distinct pressure on specific nucleotide position of 

a codon. 

The analysis of ENC showed an overall weak codon usage bias, shown in Appendix 2, 

where DENV2 has the highest codon bias (48.80) and DENV4 has the lowest (50.87). This 

result is similar to a recent report (Ma et al., 2013), indicating that the result was not affected 

by an increased number of samples and might represent an inherent feature of DENV. One 

plausible explanation could be that DENV4 is less adapted to human environment, whereas 

DENV2 is more adapted to humans. On the other hand, DENV2 has been associated to more 

aggressive diseases forms, and is generally the most prevailing serotype during outbreaks 

situations (Cologna et al., 2005). These could mean that codon bias of DENV2 contribute to 

successful infection in human cells in comparison with DENV4. 

Moreover, the CA and HCbT analyses within each serotype showed similar clustering 

patterns for the four serotypes. The DENV strains occurring in the same continental region are 

more closely related, forming a cluster, indicating that viruses from a geographical group 

show similar codon usage bias. The Asian genomes of the four serotypes showed a wide 

diversity in the clusters and each of them can be further divided into more homogenous 

subgroups. This more diversified clustering could be the consequence of longer times of 

DENV evolution in Asia than in other regions. Some of Asian genomes were clustered closely 

to the Americans, implying an evolutionary link between Asian and American clusters. The 

North and South American strains tend to cluster more homogenously together with less 

codon usage variations, corresponding to the previous observation that a limited nucleotide 
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diversity exists in American DENV strains (Behura and Severson, 2013; Rivera-Osorio et al., 

2011). As the DENV in North and South America came from Asia, the homogenous cluster in 

North and South American population could indicate a simple event of introduction from 

Asia, then spreading over this continent with much less adaptation time than in Asia, as the 

consequence of founder effect.  

The sequences isolated from mosquito and monkey genomes in the CA were also 

grouped with human strains from the same geographic origin, indicating that sylvatic DENV 

changes in adaptation on codon usage in a similar way to endemic human DENV, as indicated 

by the study on nucleotide sequences (Vasilakis et al., 2007a). On the other hand, Zhou et al 

reported no link of geographic origin on the codon usage of DENV (Zhou et al., 2013). 

Behura and Severson found that the silent sites are favoring the geographical diversification 

(Behura and Severson, 2013). Our study showed that not only GC3, but also GC1 and GC2 

have a good correlation with Axis major variation, depending on the serotype, suggesting that 

all the codon sites are related to clustering of geographical strains. Thus, the present study 

demonstrated the strong influence of geographic origin of DENV on shaping codon usage 

patterns. The discrepancy in results from studies may be due to the magnitude of samples for 

analysis.  

The clustering groups based on the codon usage datasets or phylogenetic tree on 

nucleotide sequence dataset showed the similar clustering results. This observation indicates 

the influence of the species evolution of DENV at the level of codon usage. 
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8.3. Aminoacid signatures. 

In this study, we analyzed the aminoacid polymorphism for each DENV protein. We 

found a high frequency of aminoacid polymorphism in DENV 2, reflecting the widespread 

intra-serotype genetic variation, in comparison to the other ones. Interestingly, the serotype 4 

showed a similar high frequency of polymorphism. In general, if more genomes sequenced, 

more polymorphisms could be found. However, the sequenced genomes from DENV4 are 

much less than other serotype’s genomes and showed similar high frequency to DENV2 and 

much higher than DENV1 and DENV3. It means that if the same quantities of genomes are 

compared, DENV4 should show more frequency of polymorphisms than other serotypes. This 

result could indicate that DENV4 has less selection pressure in the hosts (mosquito and 

human). As we know, the DENV4 is much less virulent than other serotypes, which could 

provide the opportunity to have more. The aminoacid changes in the position 390 (N D) from 

the E protein of DENV2 was previously associated to the DHF in the sequences from 

different regions (Leitmeyer et al., 1999). We found the N aminoacid predominates over D 

aminoacid in the geographic populations except the samples from oceanic regions, it could 

indicate that this change is not related to the development of DHF.  

 

8.4. Epitopes. 

The process and causes implicated in protective v.s. pathological immunity could be 

deciphered throughout of the study of epitope reactivity in different disease states. Such 

information may help distinguish the immune reactivity in relation with severe disease or 

uncomplicated disease resolution, and may assist the understanding of host- and pathogen-

mediated immune response.  
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The core process for DENV immunity and/or immunopathology may be related to the 

determinant recognition receptor that leads to protection or production of sub-neutralizing 

antibody (Vaughan et al., 2010), thus the study of these processes at the epitope level is 

important. We retrieved epitope data associated with defined disease states, dengue fever 

(DF), dengue hemorrhagic fever. The majority of epitopes reported in IEDB defined for DF 

were B-cell epitopes, whereas for DHF were T-cell epitopes.  

The reason for explaining this phenomenon is that neutralizing antibodies play a 

critical role in the normal course of DF disease, and that T-cell dysfunction is believed to be 

endorsed for the immunopathology leading to DHF. Some studies that support associations 

for protection from severe disease are the identification of neutralizing antibodies directed at 

the E protein, preM/M, and NS1 (Kurane et al., 1991; Lobigs et al., 1994; Roehrig et al., 

1998; Rothman, 2004). On the other hand, neutralizing antibody and virus-specific T cells to 

these same antigens were also associated with enhancement of disease (Morens and Halstead, 

1990). The mechanisms for disease exacerbation were put forward to include antibody-

mediated enhanced viral uptake and or T-cell (Vaughan et al., 2010). Further we mapped the 

majority of epitopes in a large number of DENV proteins from different continental regions. 

Most of epitopes were well conserved; it could mean that the pathogenic potential is an 

inherent feature that exists across over the world isolates. 
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9. CONCLUSIONS 

We have analyzed the DENV genomes from several aspects summarizing the 

following concluding remarks.  

The phylogenetic analysis based on the E protein showed no introduction of new 

serotypes to the country.  

The Mexican sequences remains genetically stable. The codon usage of DENV 

genomes was analyzed on a large scale and demonstrated that both mutational and purifying 

selection pressures have important contribution to the codon usage; however, these factors 

have distinct pressure on specific codon nucleotide positions.  

The codon usage patterns of DENV genomes showed apparent geographic feature.  

The aminoacid patterns are also a genomic geographic signature.  

The epitopes that could be related to DENV disease pathogenesis were identified. 

DENV4 showed more diverse than other serotypes. 
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10. RECOMENDATIONS 

The genetic or genomic analysis for DENV Mexican strains should be generally 

implemented in the health system of the country to identify the introduction of new strains or 

dynamics of genetic viral population, which should help to take decisions for the control. 

Codon usage and geographic signatures could be employed as complementary measures for 

the monitoring of DENV. 

The analysis of epitope reactivity of DENV related to clinical disease should be a main 

priority for upcoming experimental studies. 
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13. APPENDIX 

Appendix 1. Blast analysis using the nucleotide sequence obtained from the tested DENV 2. 
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Appendix 2. The nucleotide composition and the Effective Number of Codons (ENC) for 

DENV 1-4 genomes 

  DENV1 DENV2  DENV3 DENV4 

GC 0.46 ±0.001 0.46 ±0.002  0.46 ±0.001  0.47 ±0.001 

GC1 0.50 ±0.003  0.49 ±0.001  0.49 ±0.001  0.49 ±0.001 

GC2 0.43 ±0.001  0.43 ±0.002  0.43 ±0.001  0.43 ±0.001 

GC3 0.46 ±0.004  0.45 ±0.007  0.46 ±0.003  0.48 ±0.002 

ENC 49.28 ±0.192  48.80 ±0.288  49.54 ±0.131  50.87 ±0.174 

 

Appendix 3.- Correlation matrix of nucleotide composition, ENC and ENCp. 

Serotype   GC GC1 GC2 GC3 ENC 

DENV-1 GC1 -0.11 
    

 

GC2 0.22 -0.72 
   

 

GC3 0.72 -0.74 0.51 
 

 

 

ENC 0.33 -0.33 0.19 0.46 
 

 

ENCp 0.01 -0.17 0.1 0.13 0.89 

 
      

DENV-2 GC1 0.17 
    

 

GC2 -0.1 -0.01 
   

 

GC3 0.93 -0.03 -0.41 
 

 

 

ENC 0.26 0.38 -0.01 0.17 
 

 

ENCp -0.22 0.36 0.18 -0.33 0.84 

 
      

DENV-3 GC1 0.63 
    

 

GC2 -0.17 -0.37 
   

 

GC3 0.96 0.48 -0.31 
 

 

 

ENC -0.1 -0.34 0.29 -0.07 
 

 

ENCp -0.36 -0.45 0.32 -0.34 0.91 

 
      

DENV-4 GC1 0.53 
    

 

GC2 -0.34 -0.42 
   

 

GC3 0.9 0.2 -0.47 
  

 

ENC 0.02 -0.15 -0.3 0.2 
 

  ENCp -0.2 -0.16 -0.19 -0.07 0.91 
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Appendix 4. The identified outliers in the correspondence analysis for codon usage. 

  ID Accesion 
A1 

position 

A2 

position 
Region Country origin Cluster ubication 

Referen

ce 

D1 1 
AF29880

8 

-

0.008974 
-0.00013 Africa Djibouti Asia [1] 

 

2 
DQ28556

2 

-

0.071635 
-0.00478 Africa Comoros 

Nth and Sth 

America 

 

 

4 
DQ28555

9 

-

0.059043 
0.011857 Africa Reunion 

Nth and Sth 

America 

 

 

964 JN903579 
-

0.052876 
0.011935 Asia India 

Nth and Sth 

America 
[2] 

 

971 JN903580 -0.05706 0.016168 Asia India 
Nth and Sth 

America 
[2] 

 

972 JN903581 -0.0572 0.01333 Asia India 
Nth and Sth 

America 
[2] 

 

980 
AY71347

3 

-

0.053197 
-0.00845 Asia Myanmar 

Nth and Sth 

America 

 

 

983 
AY73247

4 

-

0.065983 
0.001864 Asia Thailand  

Nth and Sth 

America 
[3] 

 

984 
AY73247

6 

-

0.065268 
0.003351 Asia Thailand 

Nth and Sth 

America 
[3] 

 

1054 
EU08125

8 

-

0.055036 
0.014598 Asia Singapore 

Nth and Sth 

America 
[4] 

 

1224 
DQ67256

2 

-

0.026632 
0.034354 

Nth 

America 
USA  Hawaii Oceania [5] 

 

1225 
DQ67256

1 

-

0.026632 
0.034354 

Nth 

America 
USA  Hawaii Oceania [5] 

 

1226 
DQ67256

4 
-0.00083 0.027413 

Nth 

America 
USA  Hawaii Asia [5] 

 

1227 
DQ67256

3 

-

0.024588 
0.03204 

Nth 

America 
USA Hawaii Oceania [5] 

 

1249 
EU86365

0 
-0.02098 0.040953 

Sth 

America 
Chile Ocenia [6] 

         
D2 5 

EU05681

0 
0.010148 -0.05485 Africa Burkina Asia [7] 

 

26 JN819418 -0.03524 0.005203 Asia Viet Nam Nth America 

 

 

394 
GQ86860

0 
0.043494 -0.0528 

Nth 

America 
Puerto Rico Asia 

 

 

395 
EU05681

2 
0.051944 -0.04976 

Nth 

America 
Puerto Rico Asia 

 

 

396 
GQ86858

8 
0.040364 -0.05374 

Nth 

America 
Mexico Asia 

 

 

397 
GQ86858

9 
0.040364 -0.05374 

Nth 

America 
Mexico Asia 

 

 

398 FJ898449 0.04164 -0.03932 
Nth 

America 
Honduras Asia 

 

 

432 
GQ86859

0 
0.027059 -0.05032 

Nth 

America 
Mexico Sonora Asia 

 

 

658 JF730053 0.037205 -0.01011 
Nth 

America 

USA California mouse 

adapted 
Asia [8] 

 

784 JF730050 0.04007 -0.01017 
Nth 

America 

USA California mouse 

adapted 
Asia 

 

 

799 
HQ54179

8 
0.035418 -0.01205 

Nth 

America 

USA California mouse 

adapted 
Asia 
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803 
EU85429

3 
0.041849 -0.01095 

Sth 

America 
Colombia Asia 

 

 

804 
AY70204

0 
0.045401 -0.02918 

Sth 

America 
Colombia Asia [9] 

 

805 
GQ86859

2 
0.045115 -0.02916 

Sth 

America 
Colombia Asia 

 

 

817 
EU05681

1 
0.048425 -0.04921 

Sth 

America 
Peru Asia [7] 

 

894 FJ390389 0.041673 -0.01184 Oceania Papua New Guinea Asia 

 

 

914 
HM48825

7 
0.018495 -0.05251 Oceania Guam Micronesia Asia 

 

 

915 FJ906959 0.037216 -0.01125 Oceania Papua New Guinea Asia 

 

 

927 EF105379 0.048482 -0.05199 Asia Malaysia Asia Monkey [10] 

         D3 1 FJ882575 0.004436 0.003597 Africa Mozambique Asia 

 

 

483 EF629370 -0.03753 -0.01011 
Sth 

America 
Brazil Asia 

 

 

624 JN697379 -0.03552 -0.01032 
Sth 

America 
Brazil Asia 

 

 

668 JN406514 -0.05875 0.024313 Oceania Australia Asia [11] 

 

669 JN406515 -0.05988 -0.07313 Oceania Australia Asia [11] 

         D4 7 FJ196849 -0.01392 0.00423 Asia China Near to America 

 
  112 JQ513345 -0.04373 -0.06771 

Sth 

America 
Brazil Asia   
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Appendix 5. Paper result from this study 
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