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1
GENERAL INTRODUCTION

ARBOVIRAL DISEASES

Arthropod-borne viruses (arboviruses) are pathogens causing high morbidity and mortali-
ty among humans and domestic animals worldwide (Vasilakis & Gubler, 2016; LaBeaud et al., 
2011). Arboviruses were initially considered to be unimportant causative agents of human dis-
ease (Wilder-Smith et al., 2017). Nowadays, they are recognized as public health and biosecurity 
threats due to their continued emergence and re-emergence in the last five decades (Gubler, 
2002). More than 100 arboviruses are known to cause disease in humans, including members of 
the Flaviviridae, Bunyaviridae, and Togaviridae families. Arboviruses are transmitted to humans 
by the bite of an infected arthropod, predominantly mosquitoes and ticks. The viruses are main-
tained in complex life cycles that include an arthropod vector and a vertebrate host. The dynam-
ics of the life cycle include the infection and transmission among animals other than humans (i.e. 
non-human primates) in sylvatic/rural areas within their so-called zoonotic cycle, also known 
as the primary cycle (Vasilakis & Gubler, 2016). Some viruses can escape this primary cycle and 
establish a secondary cycle within a new vector and a new host. Epidemic events may occur as 
“spillovers” from the primary cycle or permanently if the virus adapts to a secondary cycle using 
humans as an amplificatory host (urban cycle). Among the known arboviruses that have adapted 
to humans and therefore caused infections are yellow fever virus (YFV), dengue virus (DENV), 
Zika virus (ZIKV), Japanese encephalitis virus (JEV), West Nile virus (WNV), chikungunya virus 
(CHIKV), Venezuelan equine encephalitis virus (VEEV), Mayaro virus (MAYV) and Oropouche  
virus (OV). They cause a broad spectrum of diseases that range from asymptomatic infection to 
severe or fatal disease. The clinical features often show either systemic febrile illness, hemor-
rhagic fever or invasive neurological disease (Gubler, 2001). Globally, arboviral infections are the 
most common cause of morbidity. The burden caused by DENV alone (Flaviviridae family) has 
been estimated to be 390 million infected individuals per year worldwide (Bhatt et al., 2013), 
making it the most prevalent arboviral disease in tropical and subtropical countries. Nonethe-
less, other (re-)emergent viruses, such as CHIKV (Togaviridae family) and ZIKV (Flaviviridae 
family), have affected millions of people in the Americas during the last five years (Perkins et al., 
2016; Weaver & Lecuit, 2015; Fauci et al., 2016). 

Although worldwide spread, most arboviruses often show a focal distribution (Vasilakis & Gubler, 
2016) due to the ecological distribution of the host/vector required for effective transmission 
(i.e. the zoonotic cycle). In some cases, such as for YFV, despite that host/vector requirements 
are available for continued transmission among humans (urban cycle) the viral transmission 
remains focal. This is partly due to the herd immunity maintained by vaccination campaigns 
against YFV preventing major expansion of the virus. However, the virus could be introduced 
by travelers into areas with large unvaccinated populations where the vector is widely spread 
causing major epidemics (Monath et al., 2016; Wilder-Smith et al., 2017).

Increased travel globalized traffic and trade, anthropogenic environmental change propelled by 
human population growth (i.e. deforestation) and climate changes are driving local outbreaks 
and global spread of arboviruses (Jones et al., 2008; Wolfe et al., 2007). The rapid and continued 
emergence of arboviral diseases: i) pose a high burden in public health given the high morbid-
ity observed during epidemic periods, and ii) denote a serious challenge for disease control. 
These major challenges have been documented in the Americas where the increased overlap 
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in the geographic distribution of arboviruses and the ample distribution of the mosquito vec-
tors (mainly Aedes aegypti) have allowed both sequential and simultaneous outbreaks of DENV, 
CHIK, and ZIKV (Kraemer et al., 2015; Grubaugh et al., 2018; Vogels et al., 2019). In this context, 
simultaneous epidemics of arboviral diseases are challenging for public health authorities as 
they often have: i) a comparable epidemiologic background, ii) similar attack rates, iii) analo-
gous seasonality, and iv) similar clinical symptoms, which often hinder the diagnosis and virus 
discrimination. Particularly, laboratory diagnosis may be complex with current methodologies 
as serology (cross-reaction between different arboviruses may occur), and (real-time, multiplex) 
reverse-transcriptase (RT-)PCR may not include all possible arboviruses and/or variants or lack 
sensitivity (see also below). Moreover, additional diagnostic complications are the occurrence 
of concurrent arboviral infections within the same host (Zambrano et al., 2016; Acevedo et al., 
2017; Carrillo-Hernandez et al., 2018). 

In Venezuela, arboviral diseases affecting humans such as, dengue, chikungunya and Zika have 
depicted sequential and/or concurrent epidemics as observed in other Latin American coun-
tries. The first DENV epidemic was reported in 1828 (Dominici, 1946) to later apparently disap-
pear and re-emerge in 1964 (PAHO, 1979; Barrera et al., 2002; Uzcategui et al., 2003) becoming 
endemic in the country. In 2014, CHIKV was introduced in Venezuela causing a major epidemic 
that devastated the country (Oletta, 2015; Lizarazo et al., 2019). Two years later the third ar-
boviral introduction, ZIKV, caused large outbreaks in the Americas and Venezuela which were 
associated to birth defects during pregnancy (Johansson et al., 2016; Cauchemez et al., 2016). 
Additionally, other arboviruses with the potential to cause epidemics, such as YFV and MAYV, 
are present in the country. YFV circulates in Venezuela within its enzootic cycle with sporadic 
epizootic/epidemic cycles affecting rural areas (Auguste et al., 2015). WNV has been detected in 
the past among resident birds (Bosch et al., 2007) indicating the establishment of the virus. Fur-
thermore, serological studies revealed a family cluster of MAYV infection in Venezuela in 2004, 
demonstrating its transmission to a secondary host (Torres et al., 2004) and in 2010 an outbreak 
of this virus was reported (Auguste et al., 2015). To improve the surveillance and diagnosis of ar-
boviruses, an unbiased approach for detection of current and future arboviruses is key. This will 
also allow the detection of co-infections and may be helpful for disease treatment. In this thesis, 
we focused on both an endemic arbovirus, i.e. DENV, and an emergent arbovirus, i.e., CHIKV to 
understand the development of epidemics, and propose novel techniques to improve diagnosis 
and molecular characterization of arboviruses.

VIRUSES STUDIED IN THIS THESIS

DENGUE VIRUS 

DENV is an enveloped virus from the family Flaviviridae, containing a single-stranded, positive 
sense RNA genome with a single ORF flanked by 5’ and 3’ untranslated regions (UTRs). The 
genome has a type I cap (m7GpppAmN) that helps to stabilize the structure of the viral RNA 
and initiates its translation (Daffis et al., 2010) and lacks a polyadenylate tail (Wengler et al., 
1978). The genome of approximately 10.7 kb encodes for three structural proteins: the capsid 
[C], pre-membrane [prM] and envelope [E] proteins, and seven non-structural proteins (NS1, 
NS2A, NS2B, NS3, NS4A, NS4B, NS5) (Leitmeyer et al., 1999) (Figure 1) involved in viral RNA 
synthesis and protein processing (Lindenbach et al., 2013). 
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DENV comprises 4 antigenically distinct serotypes (DENV-1 to 4) that share around 65% of 
their genome (Guzman et al., 2010). DENV show high mutation rates in their genome resulting 
from the error-prone RNA polymerase that yields approximately one error per round of genome  
replication (Drake, 1993; Holmes and Twiddy, 2003). Each serotype encompasses several  
genotypes: DENV-1 and DENV-3 comprise each five genotypes (I-V); while DENV-2 includes 
six genotypes (Asian I, Asian II, Cosmopolitan, American, American/Asian and Sylvatic); and  
DENV-4 contains four (I-III and Sylvatic) (Azhar et al., 2015). The genetic variability among  
genotypes play an important role in virulence and transmission since some genotypes are  
associated with increased viremia (Vaughn et al., 2000). Changes in the distribution and  
circulation of genotypes can lead to replacement of less virulent genotypes by genotypes  
frequently associated with severe disease. An example of this was the replacement of the  
American DENV-2 genotype with the more virulent Asian-American DENV-2 genotype (Ric-
co-Hesse et al., 1997). 

Figure 1. Graphic representation of the dengue virus genome organization. 

CHIKUNGUNYA 

CHIKV belongs to the Alphavirus genus of the Togaviridae family. The CHIKV genome consists 
of a positive-sense single-stranded RNA virus of ca. 12 kb. The genome has two open reading 
frames (ORFs): the 5´ORF, translated from genomic RNA, encoding the nsP1, nsP2, nsP3, and 
nsP4 non-structural proteins, and the 3´ORF, translated from sub-genomic RNA, encoding a poly-
protein that is processed into the structural capsid [C], envelope [E1 and E2], proteins and two 
peptides [E3 and 6K] (Figure 2; Schwartz & Albert, 2010; Silva & Dermody, 2017; da Cunha & 
Trinta, 2017). The virus has evolved into three major genotypes: The West African, East/Cen-
tral/South African (ECSA) and Asian genotype (Powers & Logue 2007).

Figure 2. Graphic representation of the chikungunya genome organization. 
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TRANSMISSION CYCLE OF DENGUE AND CHIKUNGUNYA 

Arboviruses such as CHIKV and DENV are maintained in natural (sylvatic ecosystems) 
 transmission cycles between wild non-human primates and hematophagous arthropods (mos-
quitoes) (Figure 3A). These viruses often cause morbidity when there is spillover transmission 
to humans (Figure 3B), after which the virus could return to its sylvatic cycle again (Figure 3C).  
Spillover transmission from the zoonotic cycle to humans is usually how arboviruses reach human  
communities. However, CHIKV and DENV may also evolve into their secondary cycle ensuing 
transmission between humans and mosquitoes in urban centers (Figure 3D). Interestingly, 
CHIKV is the only known alphavirus that is capable of using humans as amplification hosts for 
transmission similar to the flaviviruses DENV and ZIKV, resulting in major epidemics in the last 
decade (Weaver et al., 2009; Johansson et al., 2014).

The DENV sylvatic enzootic cycle involves non-human primates and arboreal mosquito  
species from the genus Aedes in the forest of Africa and Asia, and its endemic urban cycle involves  
humans with the main vector Aedes aegypti. The latter, known to be a domestic mosquito, is 
highly competent for DENV transmission, while Aedes albopictus has shown lower competence 
and is more susceptible to changes in temperature (Liu et al., 2017). Both mosquitoes are vectors 
of other arboviruses as well (Gublerand and Kuno 1997; Scott and Morison, 2010; Higa, 2011). 
On the other hand, in its enzootic cycle, CHIKV circulates in two genetically distinct, enzootic, 
sylvatic transmission cycles in the forests of West Africa and the ECSA (Weaver et al., 2012). This 
sylvatic cycle of CHIKV involves non-human primates with the virus being transmitted by an 
ample range of forest-dwelling (sylvatic) Aedes spp. mosquito vectors (Figure 3). Sylvatic CHIKV 
periodically spills over to humans to cause individual infections and small outbreaks in Africa. 
Eventually, CHIKV developed a human-endemic cycle maintained by the anthrophilic mosquitoes 
Aedes aegypti and Aedes albopictus (Althouse et al., 2018). Likewise, both Aedes species transmit 
CHIKV within the urban (human) cycle across Asia, the Indian Ocean and the Americas (Wolfe et 
al., 2001; Chevillon et al., 2008; Higgs et al., 2015; Stapleford et al., 2016; Shiferaw et al., 2015). 

Figure 3. Transmission cycle of DENV and CHIKV. The enzootic (right) and epidemic (left) transmis-
sion cycles. A) enzootic cycle, B) spillover infections to humans, C) spillback from urban cycles to 
initiate arboreal, enzootic cycles and D) introductions into the urban cycle. Adapted from: S.C. Weaver, 
N.L. Forrester / Antiviral Research 120 (2015) 32–39.
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EPIDEMIOLOGY OF THE VIRUSES

DENGUE VIRUS 

Dengue is currently the most important arboviral disease affecting humans (Yacoub & Farrar, 
2014) with half of the world’s population living at risk of acquiring this infection (Gubler, 2011; 
Murray et al., 2013; Kyle & Harris, 2008) (Figure 4). Dengue is distributed across 128 countries 
in Asia, the Pacific, America, Africa and the Caribbean, with recent (re-)introductions in Europe 
(La Ruche et al., 2010; Lourenco & Recker, 2014; Venturi et al., 2017). DENV are transmitted in 
urban and peri-urban settings by infected females of the day-biting mosquitoes, Aedes aegypti 
and Aedes albopictus (Patterson et al., 2016) although the main vector worldwide is Aedes ae-
gypti. The risk of contracting dengue infection has increased dramatically since the 1940s (Ebi & 
Nealon, 2016). Factors implicated in this rise are poverty, population growth, living in crowded 
conditions (Velasco et al., 2014; Vincenti et al., 2017), uncontrolled urbanization, lack of sanita-
tion, deteriorating public health (Vasilakis & Gubler, 2016), ineffective mosquito control, as well 
as improved surveillance and official reporting of dengue cases. As mentioned, dengue fever is 
caused by any of four closely related serotypes and numerous genotypes. Infection with one 
serotype does not fully protect against the others, and successive infections increase the risk of 
developing severe dengue disease. It is estimated that only 25% of the cases show symptomatic 
disease while the rest progress as mild or inapparent infections

CHIKUNGUNYA VIRUS

CHIKV was first isolated in 1953 in the coastal plateaus of Mawia, Makonde and Rondo, Tanzania 
(Robinson, 1955; Lumsden, 1955). Since then, several episodes of urban transmission have been 
reported in Africa (McIntosh et al., 1963; Saluzzo et al., 1980; Thonno et al., 1999) and Asia. In 
2004, a major large-scale chikungunya outbreak took place in Kenya, later reaching La Réunion 
Island in 2005, and subsequently spreading to several islands in the Indian Ocean and India 
(Caglioti et al., 2013). In Europe, the virus was first reported in 2007 causing two outbreaks in 
Italy (in 2007 and 2017) and sporadic autochthonous cases in Italy, Croatia, France Spain and 
Portugal (Rezza et al., 2007; Grandadam et al., 2011; Tomasello & Schlagenhauf, 2013; Delisle 
et al., 2015; Fernandez-Garcia et al., 2016; Venturi et al., 2017; Barzon 2018) ever since. In the 
Americas, the virus emerged in late 2013 causing a major epidemic in the region. CHIKV local 
infection was first reported in the island of Saint Martin in the Caribbean rapidly spreading to 
and causing epidemics in 45 countries and territories in the Caribbean, Central America, South 
America, and North America (Weaver & Forrester, 2015) (Figure 4). 
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Figure 4. Global distribution of dengue, chikungunya and Zika. Countries and territories where cases 
have been reported until May 2017. Source: Rückert et al., Nature Communications. 8, 15412 (2017).

SPATIAL EPIDEMIOLOGY AND ARBOVIRAL DISEASES

Spatial epidemiology describes how the temporal dynamics of host, vector and virus populations 
interact spatially within an environment to enable pathogen transmission (Reissen, 2010). Con-
sequently, spatial epidemiology adds more factors and levels to what is studied by descriptive 
epidemiology (time, place, people, environment, climate, among others). The inclusion of these 
extra layers of information is relevant in arboviral diseases because the effective transmission 
of dengue or chikungunya viruses require the co-occurrence in space and time of: a) a pathogen, 
b) a susceptible vector (e.g. Aedes aegypti) and c) a susceptible host. Since the distribution of 
these three populations is non-random due to ecological and socio-ecological factors that vary in 
space and time, the transmission of mosquito-borne pathogens is highly heterogeneous (Kitron, 
1998; Ostfeld et al., 2005). On the other hand, a location where overabundance of a disease event 
has occurred is called a hot spot (Ord & Getis 2001). Detecting hot spots is a first step towards 
understanding underlying processes that generates such atypical spatial patterns (Trisayn & 
Boots, 2008) and the factors that govern such patterns as well as those that determine the rate 
of disease spread (Vazquez-Prokopec et al., 2016; Vincenti-Gonzalez et al., 2017). In practice, the 
use of spatial epidemiology tools to model the spatial heterogeneity of arboviral diseases allows 
the detection of patterns and trends of viral diffusion and persistence. This ultimately makes it 
possible to identify places at high risk for arboviral transmission and correlate this with vari-
ables of different nature that may be enhancing disease transmission (Eisen et al., 2009). The 
goal of mapping, spatial epidemiology and cluster identification activities is to reduce disease 
burden by generating information enabling the design of activities and policies that aid public 
health authorities to allocate limited resources for prevention, surveillance and control in a more 
cost-effective manner (Eisen & Eisen, 2011). 
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CLINICAL PICTURE OF THE DISEASE

DENGUE 

Dengue is caused in humans by any of the four virus serotypes. All are widely distributed across 
the world and capable of producing the whole range of disease from asymptomatic or inappar-
ent dengue to the most severe forms of the disease (severe dengue). Symptoms usually begin 4-7 
days after an infected mosquito bite and typically last 3-10 days (Halstead, 2008). The disease is 
usually self-limiting with three phases through the course of DENV infection (Figure 5). Clinical 
presentation includes sudden onset of fever, headache, retro-orbital pain, anorexia, rash, nausea, 
myalgia, arthralgia, petechiae (Halstead, 1980; Harris et al., 2000;) lasting around 15 days, with 
a small proportion of patients progressing to severe disease, which may result in death.

Figure 5. Clinical course of DENV infection. Symptoms of infection usually begin 4-7 days after the bite 
of an infected mosquito, when the virus is also detectable. The febrile phase lasts 4-6 days. Viremia 
usually decreases after the third day of symptoms onset. The critical phase follows the febrile phase 
and the patient condition can improve or worsen during this period. Source: Yacoub et al., Nature 
Reviews Cardiology. 11, 335–345 (2014)

Timely and accurate diagnosis of dengue is important to start prompt treatment and patient 
management. Proper diagnosis is key to discriminate between dengue and other arboviral or 
febrile diseases that may have overlapping clinical symptoms. Indeed, patients with severe den-
gue require meticulous follow-up and clinical management in a hospital whereas patients with 
uncomplicated dengue can be managed on an outpatient basis (Lee et al., 2012). Such decisions 
are also influenced by the case classification used. 

Symptomatic dengue infections were historically grouped into three categories: undifferenti-
ated fever, dengue fever (DF) and dengue hemorrhagic fever (DHF). DHF was further classified 
into four severity grades, with grades III and IV being defined as dengue shock syndrome (DSS) 
(WHO 1997). However, the classification was difficult to apply in clinical settings (Guha-Sapir & 
Schimmer, 2005; Deen J et al., 2006; Rigau-Perez J, 2006; Bandyopadhyay et al., 2006) leading 
to the implementation of a new classification system (WHO, 2009). This classification defines 
criteria for severe dengue (Figure 6) and classifies patients with non-severe dengue into two 
subgroups, a) patients with warning signs and b) those without them. Nevertheless, dengue pa-
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tients without warning signs may still develop severe dengue. 

Figure 6. Suggested dengue case classification and levels of severity dengue. Source: WHO, 2009 
guidelines for diagnosis, treatment, prevention and control.

CHIKUNGUNYA

Chikungunya is a febrile illness resembling dengue in its acute phase. After an incubation period 
typically ranging from 3-7 days, viremia occurs and symptoms develop (Figure 7), which are 
generally self-limiting (Patterson et al., 2016). Most infected individuals (72-93%) develop a 
symptomatic disease characterized by fever, rash, arthritis and incapacitating arthralgia that in 
an important proportion of patients, progresses to chronic long-lasting relapsing or lingering 
rheumatic disease (Caglioti et al., 2013; Marimoutou et al., 2015; Elsinga et al., 2017). Arthralgia 
is the hallmark symptom in 87-98% of the patients and appears mainly in the ankles, wrists, the 
phalanges and some large joints like shoulders, elbows and knees. Rash is found in 40-50% of 
the cases, especially in the extremities, thorax and face (Thiberville et al., 2013). 

Given the similarity in clinical presentation between dengue and chikungunya (fever, muscle 
pain, headache, fatigue), the latter can be misdiagnosed in areas where dengue is common. Nev-
ertheless, some remarkable clinical manifestations of CHIKV infection, which include a sudden 
fever onset, maculopapular rash and a very debilitating joint pain (usually in the ankles, wrists, 
and fingers), aid to the differential clinical diagnosis between DENV and CHIKV. A high percent-
age of patients enter the chronic phase of the disease manifested by persistent polyarthritis / 
polyarthralgia lasting more than 3 years after disease onset (Moro et al., 2012; Loreto-Horcada 
et al., 2014). 
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Figure 7. Clinical course of chikungunya infection. Following transmission after a mosquito bite, in-
fected individuals experience an acute onset of disease 2–4 days after infection. Disease onset coin-
cides with rising viral titers. Patients successfully clear the virus approximately 1 week after infection, 
~30%-60% of individuals experience long-term sequalae that include arthralgia, arthritis, fatigue and 
mental disorders. Adapted from Schwartz, 2010 Nature Reviews.

PAST AND FUTURE DIAGNOSTICS AND TYPING OF ARBOVIRUSES

The last decade has shown a change in the epidemiological landscape of arboviral diseases in 
the Americas that goes from the introduction of chikungunya in 2013-2014 and Zika during 
2015-2016 to the continuous circulation of dengue, West Nile, yellow fever, and other arbovi-
ruses in the region. This co-occurrence of arboviruses has added another layer of complexity 
to the screening process and the requirements in the diagnostic laboratories of different public 
health settings for detection of multiple viruses. Historically, the diagnosis of arboviral diseases 
such as dengue, chikungunya and Zika was performed by serological tests (on post-febrile blood 
samples from patients), and/or isolation of the virus or detection of viral nucleic acid through 
molecular methods (on acute febrile patient’s samples). However, the serologic approach has 
become a challenge after the Zika epidemic which emerged in 2015, due to the high cross-reac-
tivity of anti-Zika virus antibodies with other flavivirus antibodies. The E protein-based ELISA 
(enzyme-linked immunosorbent assay) and neutralization assays encounter difficulties to dis-
tinguish between specific flavivirus infections (Lustig et al., 2018). 

Protocols for detection of nucleic acids from single viruses in clinical samples using PCR (Poly-
merase chain reaction) do exists, but the requirement of multiple oligonucleotides and protocols 
complicates the implementation of a rapid screening for several viruses (Lanciotti et al., 1992; 
Pfeffer et al., 2002; Wang et al., 2016; Faye et al., 2008; Hadfiel et al., 2001; Vazquez et al., 2016). 
Alternatively, detection of nucleic acids of multiple viruses (i.e. dengue, chikungunya and Zika) 
by multiplex, real-time reverse-transcriptase (qRT)-PCR can be used as a diagnostic tool (CDC, 
2017; Santiago et al., 2018). However, this technique may not be sensitive enough, especially 
when referring to the low viral concentrations of ZIKV infections, resulting in the need to in-
crease the volume of input material used (Santiago et al., 2018). Furthermore, proper diagnosis 
and surveillance require typing and tracking of new or re-emergent viral strains using sequenc-
ing-based technologies. Sanger sequencing is an often-used method to obtain targeted gene 
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segments that are informative to establish genetic relationships (Anderson & Schrijver 2010) 
and/or to design proper qRT-PCR assays. Although this is a fast method, it gives partial infor-
mation with limited resolution. Consequently, this approach is slowly being replaced by the use 
of whole-genome sequencing (WGS) which collects data from the complete genome rather than 
single genes. This allows typing at the highest resolution and thereby a better understanding of 
the dynamics of virus evolution and its implications on disease development (Rodriguez-Roche 
et al., 2016). Currently, a step forward in this field is the introduction of next generation se-
quencing (NGS), also called deep or high-throughput sequencing, for diagnosing and monitoring 
infectious diseases caused by both bacteria (Deurenberg et al., 2017) and viruses (Casadella and 
Paredes, 2017; Hoper et al., 2016; Ramamurthy et al., 2017). Within this field, shotgun metag-
enomics sequencing, i.e., non-targeted sequencing of all the nucleic acids in a clinical sample 
without culturing, promises to be a powerful tool. This method has been used for the discovery 
and detection of new viruses while studying environmental samples. 

Shotgun metagenomics is highly valuable when studying viral populations because theoretical-
ly, allows the detection of all variants of a virus. Furthermore, shotgun metagenomics can help 
the understanding of multiple virus interactions with each other and with their host including 
monitoring host immune responses (Graf et al., 2016; Schlaberg et al., 2017). This is particular-
ly relevant in tropical and subtropical countries, where the major burden of viral morbidity is 
due to the multiple and simultaneous circulation of several arboviruses. Thus, applying shotgun 
metagenomics in such settings could be an improvement in the current workflow by adding 
layers of information without the requirement of specific oligonucleotides design, as required 
for qRT-PCR, and having the possibility of processing multiplex samples to speed up screening 
processes during outbreaks and surveillance efforts.
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1
SCOPE OF THE THESIS

Arboviral diseases of clinical and public health importance such as dengue and yellow fever, 
have been endemic in Venezuela during the past decades. In the last 4 years, two new arbovi-
ruses transmitted by the same vector mosquito, i.e., chikungunya and Zika, have entered the 
country and spread in an explosive manner. We used chikungunya to describe and model the 
introduction and spread of an arboviral disease into a naïve population, such as that in Venezu-
ela in 2014 (Chapter 2). We also investigated the observed concomitant epidemics of dengue 
and chikungunya that took place at that time and tackled the question of differential diagnosis 
based on their clinical presentation (Chapter 3). Given the difficulty to differentiate these viral 
diseases only on clinical presentation, we applied an unbiased shotgun metagenomics approach 
and bioinformatic analyses to obtain whole genome sequences of dengue viruses directly from 
clinical samples, a method that will aid in diagnosis, outbreak investigation and epidemiological 
analysis (Chapters 4 & 6). Additionally, despite the high burden imposed by dengue in the coun-
try, molecular surveillance is lacking for the last ten years and no information of recent dengue 
outbreaks is available. Using the methods developed in Chapters 4 & 6, we studied the molec-
ular epidemiology of dengue viruses in Venezuela and analyzed the viral dynamics of dengue 
and evolutionary trends during several epidemics (Chapters 5 & 7). The findings of this thesis 
contribute to the understanding of arboviral dynamics and the improvement of surveillance and 
control of arboviral diseases in Venezuela and the American region.

In Chapter 2, we characterized the spatial dynamics of the introduction of CHIKV in 2014 into 
a naïve population in Venezuela. By describing and quantifying the spatial and temporal events 
following the introduction of chikungunya in the northern region of Venezuela we aimed to gain 
insight into the spatial distribution and speed of the disease spread at both global and local scale. 
To depict the general spatial trend of chikungunya cases during the epidemic, a Trend Surface 
Analysis (TSA) was used, whereas to predict the local spatial distribution pattern of diseases 
cases, the kriging interpolation method was applied. Clustering of chikungunya cases across the 
study area allowed to describe the heterogeneous pattern in space and time.

In Chapter 3, we further investigated the development of the 2014 chikungunya outbreak in the 
context of a concomitant epidemic of dengue disease. We aimed to describe the epidemiologi-
cal, clinical manifestations and potential risk factors of chikungunya during the 2014 epidemic 
in Carabobo state, Venezuela. Likewise, we compared the dynamic of the overlapping epidemic 
with dengue. To achieve this, we: i) characterized the chikungunya confirmed cases in Venezuela, 
ii) classified the unconfirmed cases based on a proposed clinical criterion, iii) compared the clin-
ical manifestations of chikungunya and dengue cases in the north central region of Venezuela.

Both dengue and chikungunya are transmitted by the same vector, thus we witnessed a concom-
itant epidemic in 2014. The question on how to perform a differential diagnosis was tackled by 
analyzing their clinical presentation. However, better diagnostic tools are needed. Therefore, in 
Chapter 4, we used a metagenomics approach for dengue (as a model for arboviruses) to im-
prove diagnosis, which can also be used to characterize the population diversity of arboviruses. 
Specifically, we investigated the applicability of a shotgun metagenomics approach and bioinfor-
matics analyses to genotype DENV directly from clinical samples without any specific amplifica-
tion, and deliberate on the scalability and cost effectiveness of the approach. This method could 
aid in diagnosing, surveillance and outbreak management of dengue and other arboviruses.
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1In Chapter 5, we reported two newly DENV-2 sequences obtained through the shotgun metage-
nomics approach developed in Chapter 4 in order to update the genetic information of current 
circulating strains that have not been reported since 2008. This will help to follow-up the molec-
ular epidemiology of dengue viruses in Venezuela.

The advances in NGS technologies have created a strong need for bioinformatic tools easy to be 
implemented into the clinical microbiology and public health surveillance routine without the 
need for extensive bioinformatic knowledge and infrastructure. Therefore, in Chapter 6, we de-
veloped DE-NIM, an automated workflow enabling the analysis of metagenomic sequencing data 
for identification, serotyping, genotyping, and phylogenetic analysis of dengue viruses.

In Chapter 7, using the methods implemented in Chapters 4, we studied the molecular epidemi-
ology of DENV in Venezuela and analyzed the viral dynamics of dengue and evolutionary trends 
during several epidemics. To this end, we used four distinct datasets with newly and historical 
dengue genome sequences representing the four DENV serotypes. Each dataset was used for 
phylogeny estimation using a Bayesian framework implemented in BEAST v1.8.4. Additional-
ly, selection pressure was assessed with several methods implemented in HiPhy. Furthermore, 
from data obtained through a deep-sequencing approach we studied the frequency of genetic 
variants of dengue and its association with the patients’ clinical outcome. 

Finally, in Chapter 8, I have summarized the results and discussed the most relevant findings of 
this thesis and discussed the future role of NGS platforms such as Illumina short read sequencing 
and Nanopore long read sequencing for arboviral surveillance and outbreak investigation.
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ABSTRACT

Since chikungunya virus emerged in the Caribbean region in late 2013, around 45 countries have 
experienced chikungunya outbreaks. We describe and quantify the spatial and temporal events 
following the introduction and propagation of chikungunya into an immunological naïve popula-
tion from the urban north-central region of Venezuela during 2014. The epidemic curve (n=810 
cases) unraveled within five months with an R0 = 3.7 and a radial spread traveled distance of 9.4 
Km at a mean velocity of 82.9 m/day. The highest disease diffusion speed occurred during the 
first 90 days, while space and space-time modeling suggest that the epidemic followed a partic-
ular geographical pathway with spatio-temporal aggregation. The directionality and heteroge-
neity of transmission during the first introduction of chikungunya, indicated existence of areas 
of diffusion and elevated risk of disease occurrence and highlight the importance of epidemic 
preparedness. This knowledge will help manage future threats of new or emerging arboviruses.
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INTRODUCTION 

Chikungunya, a reemerging mosquito-borne viral infection, is responsible for one of the most 
explosive epidemics in the Western hemisphere in recent years. Since its introduction in the 
Caribbean region at the end of 2013, chikungunya virus (CHIKV) rapidly expanded within a 
year to most countries of South, Central and North America (1,2). CHIKV belongs to the genus 
Alphavirus (Togaviridae) first isolated in Tanzania during 1952 (3). The sylvatic (enzootic) cycle 
of CHIKV in Africa involves non-human primates with the virus being transmitted by an ample 
range of forest-dwelling Aedes spp. mosquitoes (4). Within the urban (human) cycle across Asia, 
the Indian Ocean and the Americas, CHIKV is transmitted by Aedes aegypti and Ae. albopictus 
(5-7). Most infected individuals (72-93%) develop symptomatic disease characterized by fever, 
rash and incapacitating arthralgia progressing in an important proportion of patients to chronic 
long-lasting relapsing or lingering rheumatic disease (8,9). The lack of population immunity to 
chikungunya in the Americas alongside the ubiquitous occurrence of competent Ae. aegypti and 
human mobility may explain the rapid expansion of CHIKV across the continent with monthly 
doubling of cases during the epidemic exponential phase (10,11). At the end of 2014, more than 
1 million suspected and confirmed cases, including severe cases and deaths, were reported in 
45 countries and territories while this figure reached almost 3 million cases by mid-2016 (12). 
Likely, the real number of cases is higher due to misdiagnosis with dengue and underreporting.

In Venezuela, the first official imported case was reported in June 2014 with local transmission 
soon following. Chikungunya quickly spread causing a large national epidemic affecting the 
most populated urban areas of northern Venezuela where dengue transmission is high. Given 
the paucity of official national data, epidemiological inference was used to estimate the number 
of cases. Although nationally the disease attack rate was estimated between 6.9 % and 13.8 % 
(13), the observed attack rate in populated urban areas was around 40-50% comparable to those 
reported in Dominican Republic (14), Asia and higher than those in La Reunion (15,16). 

The rapid expansion and worldwide spread in the last decade make CHIKV one of the most public 
health-relevant arboviruses (17). With the (re)-emergence of other arboviruses, new large-scale 
outbreaks in the near future seem likely (18). Understanding and quantifying the introduction 
and propagation range in space and time of the initial epidemic wave of CHIKV within the 
complex urban settings of Latin America will shed light on arboviral transmission dynamics. 
This knowledge will help manage future threats of new or emerging arboviruses operating 
under similar epidemiological dynamics. This study characterized the epidemic wave of CHIKV 
in a region highly affected by the 2014 outbreak in Venezuela. To this end, we i) described the 
spatial progression of the epidemic using Geographical Information Systems (GIS), ii) quantified 
the global geographic path that CHIKV most likely followed during the first six months of the 
epidemic by fitting a polynomial regression model (trend surface analysis), iii) determined the 
general direction and speed of the propagation wave of the disease, and finally iv) identified the 
local spatial-time disease clusters through spatial statistics.
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MATERIALS AND METHODS

STUDY AREA:

Carabobo State, is situated in the north-central region of Venezuela (Figure 1) and is one of the 
most densely populated regions (19).

Figure 1. Area of study on the spatial dynamics of chikungunya virus, Venezuela, 2014. A) Venezuela. B) 
Carabobo State (2014 population: 2,415,506 inhabitants). C) Parishes of Carabobo State. The grading 
of color blue depicts the population per parish up to 2014. Most persons live in the capital city of 
Valencia (892,530 inhabitants); within the metropolitan area, poorer settlements are located mainly 
in the southern area, and the most organized and urbanized medium- and high-level neighborhoods 
are situated toward the north-central part.

STUDY DESIGN AND DATA COLLECTION:

A retrospective study of patient and epidemiological data collected through the national Notifiable 
Diseases Surveillance System (NDSS) was performed to understand the spatio-temporal spread 
of the 2014 chikungunya epidemic at a local and global scale. A total of 810 patients of all ages 
were diagnosed as suspected chikungunya-infected cases by their physicians and were reported 
via the NDSS to the epidemiological department of the Regional Ministry of Health (INSALUD) of 
Carabobo State. Patients suspected of chikungunya were those presenting with fever of sudden 
appearance, rash and joint pain with or without other flu-like symptoms. Patients who attended 
public or private health care centers across Carabobo State municipalities were included in this 
study. Patient data was obtained for the period between June 10th and December 3rd 2014 
(epidemiological weeks [EW] 22-49) coinciding with the Venezuelan chikungunya outbreak. Data 
corresponding to the first visit of the patients to a healthcare center was included and comprised 
patient address, clinical manifestations and epidemiological risk factors. The information was 
entered in a database, checked for consistency and analyzed anonymously. The index case (IC) 
was defined as the first chikungunya patient reported by the NDSS within this region.
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TEMPORAL DYNAMICS OF CHIKUNGUNYA SPREAD 

We described the growth rate of the disease by plotting the cumulative cases per EW and fitted 
a logistic curve after examining the shape of the epidemiological curve (Figure A1). The average 
number of secondary cases resulting from a primary case in a completely susceptible population, 
e.i. the epidemic’s basic reproductive number (R0), was derived as follows: We estimated R0 from 
the initial phase of the epidemic using the exponential growth method (20) and then calculated 
a real-time estimate of R0, called Rt (21,22) to explore the time-varying transmissibility of 
chikungunya (Technical Appendix). 

SPATIO-TEMPORAL TREND OF THE EPIDEMIC WAVE OF CHIKUNGUNYA 

The address of every patient was georeferenced into a GIS so that the Xi (east-west) and Yi 
(north-south) coordinates of each chikungunya case were derived. We drew the weekly spatial 
progression of the 810 reported chikungunya cases with respect to the IC in a map. To assess the 
spreading pattern before the epidemic reached the steady (plateau) state (Figure 2), we selected 
cases between 0-125 days (EW-40) after the IC appearance. Within this time range the case 
notification rate maintained a sustained growth. 

To explore the general spatial trend of chikungunya cases (or the movement of the epidemic wave 
of infection) across the study area, a map of time of disease spread was developed using Trend 
Surface Analysis (TSA), a global surface fitting methodology (explanation found in Technical 
Appendix). The variable time (in days) was created using the symptoms onset date from the IC 
as the baseline date across the 810 case localities, i.e. time (Xi, Yi). Thus, time is considered as 
the number of days elapsed between the appearance of a case in a specific locality Zi and the IC. 
Results of the TSA were used to generate a contour map or smoothed surface, with each contour 
line representing a specific predicted time-period in this urban landscape setting since the initial 
invasion of the virus. The local rate and direction of the spread of infection was estimated as 
the directional derivative at each case using the TSA fitted model to obtain local vectors that 
depicted the direction and speed (inverse of the slope along the direction of the movement) of 
infection propagation from each locality in X and Y directions. Additionally, we used kriging, 
a local geostatistical interpolation method, to generate an estimated continuous surface from 
the scattered set of points (i.e. time) with z-value to better capture the local spatial variation 
of chikungunya spread across the urban landscape (23). We used ‘ordinary kriging’ to predict 
values of the time-period since the initial invasion of the virus. We selected the model with the 
best fit out of three theoretical variogram models tested by cross-validation to predict the values 
at unmeasured locations and their associated errors (Technical Appendix). 

We also obtained an empirical basic baseline rate of disease spread to quantify the observed 
velocity for each case zi directly from the data by measuring the linear distance (meters) of 
case Zi to the IC and then dividing it by the time in days that elapsed since the IC was reported. 
Differences between velocities were assessed using Kruskal-Wallis test, a non-parametric 
method to test differences between groups when these are non-normally distributed (24). 

Finally, to identify: a) general space-time clusters of chikungunya transmission we performed 
a Knox analysis (25) and b) interactions at specific temporal intervals using the incremental 
Knox test (IKT) (26) For (a) we selected critical values of 100 meters (distance) and three weeks 
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(time) after multiple distance and time windows testing (Table A2). Our selection was based on 
Aedes mosquito flight range and the maximum duration of the intrinsic and extrinsic incubation 
periods of the virus, respectively (27,28). Upon identification of the cluster, the distance between 
the first case of a cluster (C1) and the cases within the cluster Zi was calculated, considering 
this distance as a measure of virus disease spread. For (b) the IKT was used in an exploratory 
mode over the time intervals from 1 to 31 days, and space distances from 25 to 500 m (Technical 
Appendix). Spatial analyses were carried out with R software (The R-Development Core Team, 
http://www.r-project.org) and ArcGIS (v.10.3, ESRI Corporation, Redlands, CA) using the Spatial 
Analyst Toolbox, whilst maps were generated with Quantum GIS 2.14.3 Essen (GNU—General 
Public License) software. Space-time (Knox) analysis was performed using ClusterSeer 2.0 
(Terraseer, Ann Arbor, MI). 

ETHICS STATEMENT

Data were analyzed anonymously and individuals were coded along with the information 
of address with a unique numeric identifier. The study was approved by the epidemiological 
department of the Regional Ministry of Health (INSALUD) of Carabobo State.

RESULTS

TEMPORAL DYNAMICS OF CHIKUNGUNYA SPREAD

A total of 810 suspected chikungunya cases were reported in Carabobo State in 2014 during 
epidemiologic weeks 22–49 (28 weeks) representing the first introduction and propagation of 
the virus in the north-central region of Venezuela. The index case was an imported case (in a 
returning traveler from the Dominican Republic) in epidemiologic week 22 in the north-central 
zone of the capital city (Valencia) (Figure 1). The index case was followed by the other imported 
cases and soon after by locally transmitted cases.

The cumulative cases during epidemiologic weeks 22–49 followed a logistic growth (Appendix 
Figure 1; R = 0.99, n = 810, p<0.05). The reported cases displayed a characteristic epidemic 
curve with a single wave and peaked at epidemiologic week 33, eleven weeks after the index 
case (Figure 2). The epidemic takeoff occurred at epidemiologic week 31, i.e., 9 weeks after the 
index case. The total duration of the outbreak was ~28 weeks; however, the main epidemic curve 
lasted from epidemiologic week 30 until epidemiologic weeks 43–44, ~3 months. The initial 
global growth rate of the epidemic was 0.53 cases per week, and R0 = 3.7 (95% CI 2.78–4.99) 
secondary chikungunya cases per primary case (epidemiologic weeks 22–31). We obtained 
comparable results when we calculated the instantaneous reproductive number (Rt = 4.5, 95% 
CI 2.4–7.1) during the epidemic peak. From epidemiologic week 34, Rt values fell below 1 and 
gradually decreased from there onward (Appendix Figure 2).
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Figure 2. Reported chikungunya cases during the epidemic, Carabobo State, Venezuela, 2014. Black 
line with open black dots, chikungunya cases; red line with open red diamonds, cumulative cases.

SPATIOTEMPORAL DISTRIBUTION OF THE CHIKUNGUNYA EPIDEMIC

The chikungunya outbreak progressed chronologically and spatially through Carabobo State 
(Figure 3; Video, https://wwwnc.cdc.gov/EID/article/25/4/17-2121-V1.htm). The cases 
reported in Valencia during the first 6 weeks were located in the central area of the city close to 
the index case, whereas a few cases were reported in the southwestern part of Valencia and in 
other small urban towns of Carabobo (Figure 3, panel A). The first autochthonous case occurred 
during this interval in the south-central area of Valencia, relatively close to the index case (Figure 
3, panel A). During epidemiologic weeks 28–31, the number of reported cases increased in 
parishes around the autochthonous case (Figure 3, panel B). During epidemiologic weeks 32–
35, the number of cases exploded exponentially, and the disease spread rapidly throughout the 
capital city and surrounding smaller urban centers (Figure 3, panel C). New cases were actively 
reported during 8 continuous weeks (Figure 3, panels C, D) to later decrease from epidemiologic 
week 40 to epidemiologic week 49 (Figure 3, panels E, F). The epidemic progressed in two 
directions (movement axes) in the region: a north–south direction and a northeastern and 
southwestern direction. Both shifts consistently overlapped with the populated centers of the 
region and the main traffic routes (motorways and main roads).
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Figure 4, panel A depicts the general direction and propagating wave of disease derived from 
the Trend Surface Analysis. Contour lines that are far apart indicate that the epidemic diffused 
quickly through the area whereas lines that are closer show a slower progression. The direction 
of diffusion is also given by the edges of the contour lines. The model located the wave of disease 
dispersal in the central part of the region and included the index case and autochthonous case. 
The bulk of the outbreak unfolded within 90 days, spreading mainly to the southwestern and 
northern parts of the capital city. During this time, the maximum radial distance traveled was 
9.4 km. A slower diffusion was predicted toward the northeast and southern part of the region. 
However, the limitation of the method resulting from edge effects determines that the best area 
for prediction is the central one.

Figure 4. Global and local predicted spreading patterns of chikungunya virus, Carabobo State, 
Venezuela, 2014. A) Contour map (global scale) of the predicted spreading waves and the velocity 
vector arrows of each case of chikungunya. The contour map and contour lines in black (traveling 
waves) were estimated by the best-fit trend-surface analysis (3rd order polynomial model) of time 
(days) to the first reported case or index case of chikungunya across the landscape. White lines 
correspond to the road system of the area. The background gradient of color shows the probability of 
chikungunya virus diffusion according to the prediction of the model: the darker the red, the higher 
the probability of spread. Each vector (blue outlined arrows) represents the instantaneous velocity 
derived from the partial, differential equations from the Trend Surface Analysis model (Appendix). B) 
Spatial prediction map for the ordinary kriging (Gaussian model) interpolation of the time (each color 
represents different days) of chikungunya spread. Contour lines from Trend Surface Analysis depicted 
in the kriging surface are shown only for comparison purposes. Yellow star indicates index case; green 
diamond indicates first autochthonous case.

To visualize the local diffusion of CHIKV at each location, we drew the vector field across the 
modeled surface (Figure 4, panel A). Overall, the model confirms the previous observation of 
a general trend or corridor of diffusion of chikungunya cases southwest and northeast of the 
capital city within the first 80 days. After 90 days, the epidemic wave varied its direction and 
magnitude by location. Although agreeing with the general pattern shown by the Trend Surface 
Analysis, the resulting kriging Gaussian (selected) model interpolation surface (Figure 4, panel 
B; Appendix Table 1) predicts a more heterogeneous spread pattern of chikungunya cases by 
matching the patchy (uneven population density) distribution of human neighborhoods and the 
road network. In addition, kriging identified: 1) a faster propagation of the epidemiologic wave 
at the southwestern and eastern areas where the model showed its best fit (Appendix Figure 3, 
panel A) and 2) a slower movement to the northeastern and south-central areas than estimated 
by the Trend Surface Analysis.
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We calculated the virus diffusion velocities for each parish through the empirical method (Table 
1). The mean velocity of disease spread across the state was 82.9 m ± 53.6 m/day, and overall, 
the pattern of diffusion of CHIKV was highest in the suburban and rural settlements near the 
capital city. However, the observed velocities varied significantly by location (p<0.05, n = 735). 
For instance, the parishes at the center of the capital (San Jose, Catedral, Candelaria, San Blas, 
Santa Rosa) showed velocities <60 m/day, whereas in the remaining localities, including both 
rural and suburban towns, the speed was >60 m/day. The maximum velocity of the outbreak was 
of 483 m/day measured south of the capital.

Table 1. Average velocities of chikungunya virus spread across Carabobo State, Venezuela, 2014

SPATIOTEMPORAL CLUSTERS OF THE EPIDEMIC WAVE

Results after multiple space and time parameters testing showed that core clusters remained 
similar through time (Appendix Figure 4), and the relative risk (RR) within the clusters 
remained important (RR>1.5) up to 3 weeks (Appendix Figure 5). Using selected critical values, 
we identified 75 general space–time clusters using Knox analysis (Appendix Table 3; Appendix 
Figure 6, panel A). These clusters included at least 2 space–time-linked cases and a total of 205 
(27.9%) cases that showed a space–time relation. The major accumulation of clusters occurred 
in the southern and southwestern part of the capital. The earliest cluster (cluster 7, Figure 5) 
was located in the west-central part of the capital and comprised 3 cases, including the index 
case. From this cluster, the average distance from each case to the index case was 32 m, and the 
cases were reported within 25 days after the index case. In addition, the major cluster (cluster 
57, 12 cases) was located in the west-central area of the capital 4 km from the index case (Figure 
5). The cases belonging to this cluster occurred within 9 days (1.3 cases per day); these cases 
occurred an average of 70 days (range 69–77 days) after the index case (Appendix Table 3). 
The median time between the first notified case (symptom onset) and the last case within a 
cluster was 9 days (range 3–18 days). Furthermore, the average distance between cases within 

Parish No. cases 
Velocity, m/day 

Mean SD 95% CI Minimum Maximum Location‡ 
Candelaria 29 39.4 15.3 33.5–45.2 17 96 Central 
Catedral 11 28.8 9.5 22.4–35.3 15 50 Central 
Ciudad Alianza 1 146.7 . - 147 147 East-southeast 
El Socorro 6 47.2 32.1 13.5–80.9 25 98 South-southwest 
Guacara* 4 206.2 151.7 35.1–447.6 98 430 East-northeast 
Guigue† 5 256.7 84.6 151.7–361.8 163 344 Southeast 
Independencia* 6 206.7 64.7 138.8–274.5 138 310 South-southwest 
Los Guayos 42 115.1 31.4 105.3–124.9 52 176 East-southeast 
Miguel Peña 228 80.6 40.6 75.3–86.0 21 483 South 
Naguanagua 41 85.9 27.3 77.3–94.6 47 174 North 
Rafael Urdaneta 84 87.2 35.3 79.5–94.8 23 186 Southeast 
San Blas 27 43.6 11.7 39.0–48.3 21 62 Central 
San Diego 35 73.3 28.5 63.5–83.1 41 150 North-northeast 
San Jose 68 27.6 26.2 21.3–34.0 0 202 North-central 
Santa Rosa 70 58.4 10.4 55.9–60.9 35 97 Central 
Tacarigua† 6 197.0 47.0 147.7–246.3 149 259 South-southeast 
Tocuyito* 70 149.8 52.8 137.2–162.4 61 365 Southwest 
Yagua† 2 111.0 12.7 3.4–225.4 102 120 East-northeast 
Carabobo 735 82.9 53.6 79.0–86.7 0 483 - 
*Dormitory urban settlements. 
†Rural settlements. 
‡Location refers to relative locations from the center of the capital city, Valencia. 
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the clusters was 75.2 m ± 25.6 m (range 110.6 m–39.2 m) (Appendix Table 4). Furthermore, the 
baseline velocity in Carabobo State was similar to the average velocity within the clusters (69.9 
± 34.4 m/day). These results agree with IKT findings, where the temporal intervals with the 
strongest spatial clustering and RR occurred 1–7 days and 25–150 m (Appendix Figures 7, 8).

Figure 5. Geographic distribution and significant space–time clustering of reported chikungunya cases 
identified in a section of the capital city, Valencia (metropolitan area), Carabobo State, Venezuela, June–
December 2014. Upper right corner depicts Carabobo state geographic location, the black rectangle 
on it shows the area zoomed in to better detail of the clusters. Red dots denote case location; black 
outlined circles identify a significant space–time cluster; yellow lines show the interaction between 
cases (time–space link). The analysis was performed using 100 m as clustering distance and 3 weeks 
as time window. Significance level for local clustering detection was p<0.05.

DISCUSSION

We described and quantified the spatial and temporal events that followed the introduction and 
explosive propagation of CHIKV into an immunologically naïve population living in the urban 
north-central region of Venezuela during 2014. The main epidemic curve developed within 
5 months, with a maximum value of the estimate of R0 = 3.7 by epidemiologic week 12. The 
speed of disease diffusion was greatest during the first 90 days, and the spatial spread was 
heterogeneous following mostly a southwest spatial corridor at a variable local rate of diffusion 
across the landscape. The radial spread traveled distance was 9.4 km at a mean velocity of 82.9 
m/day. The chikungunya epidemic showed spatiotemporal aggregation predominantly south of 
the capital city, where conditions for human–vector contact are favorable.

The temporal dynamics here described, R0 and its time variable form Rt, suggest high 
transmissibility of CHIKV in this population. These results agree with previous CHIKV 
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introductions into naïve populations (29–31) and with the 2014 predicted values for mid-
latitude countries (R0 = 4–7) of the Americas (31). High values of R0 are also described during 
first introduction outbreaks of other Aedes-borne infections, such as dengue in Chile (R0 = 27.2) 
(32) and Zika virus in Brazil (R0 = 1.5–6); (33) and French Polynesia (34). Yet, overall R0 estimates 
for dengue are ~2–6 (35). The similarity between the R0 of chikungunya, dengue, and Zika virus 
infection, all transmitted by the same main vector, Ae. aegypti, strongly suggests that the major 
factor driving the exponential increase of the epidemic curve of arboviruses in naïve populations, 
is the transmission efficiency of the vector.

Spatially, Trend Surface Analysis and kriging analysis showed a primary wave of disease spread 
within the first 80 days in the most likely area of transmission (the southwestern center of 
Valencia), whereas a second wave at 90 days showed the spread of cases toward the southern, 
western, and northern areas. This sequential pattern is similar to that of dengue, where 
transmission within neighborhoods most likely is driven by mosquito presence or abundance 
and/or short-distance movement of viremic hosts (36–38), whereas long-distance dissemination 
is probably generated by human mobility patterns through main roads and motorways. Both 
movements powerfully affected disease transmission (39,40). Moreover, population density 
modulates the chance of vector–host contact (30,41). This is reflected in the variation of 
calculated velocities across different spatial points and the increased diffusion speed of the 
epidemic toward the southernmost populated area.

Although CHIKV was introduced into a naïve population, the distribution of cases was not 
random but aggregated into 75 significant space–time clusters, indicating an increased 
likelihood of vector–host contact. The area with most clusters, the southern part of Valencia city, 
is characterized by densely populated neighborhoods, lower socioeconomic status, and crowded 
living conditions. Similar factors increased the risk for dengue transmission and clustering (hot 
spots) in highly endemic urban areas of Venezuela (42). Poverty and human behavior fostering 
potential mosquito breeding sites (such as storing water at home) were linked with a greater 
risk for dengue (42,43). In Venezuela, long-lasting deficits in public services, such as frequent 
and prolonged interruptions in water supply and electricity, have become regular in recent 
years. These inadequacies have obliged residents to store water, maintaining adequate breeding 
conditions for Aedes vectors during the dry season and throughout the year (44). During the 
CHIKV epidemic, the proportion of houses infested with Aedes larvae/pupae (house index) in 
Venezuela was >20% (45). The World Health Organization recommends a house index <5% for 
adequate vector control (46).

In our study, the average distance among cases within chikungunya clusters was 75 m, which 
coincided with the reported flying range of urban Ae. aegypti females during mark-release-
recapture studies (37,47). Ae. aegypti females have been reported to visit a maximum of 3 houses 
in a lifetime while not traveling far from their breeding sites (48,49). Thus, the distance traveled 
by the vector and the number of possible host encounters with an infected vector cannot explain 
the entire disease epidemic spread. Other factors, such as movement of viremic hosts, a widely 
distributed vector, and the lack of herd immunity may play a role, as for dengue, in long-range 
spread (37).

The lack of entomologic data and estimates of human movement limit our study. We expect that 
our estimates based on epidemiologic records are accurate because chikungunya is symptomatic 
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in >80% of cases. Likewise, surveillance in Venezuela is based on symptomatic patient reporting 
by treating doctors.

Our analysis suggests that the epidemic of chikungunya followed a determined geographic 
course. This propagation was potentiated south and southwest of the study area. Chikungunya 
is now established in Venezuela, along with other Aedes-borne infections, such as dengue and 
Zika virus infection. However, further epidemics of these and other reemergent arboviruses, i.e., 
Mayaro virus (18,50), are likely to arise. The insights gained in our study will help understand 
and predict future epidemic waves of upcoming vectorborne infections and to quickly define 
intervention areas and improve outbreak preparedness response in Venezuela and countries 
with similar settings.
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Video. Spatial progression of the chikungunya outbreak, Carabobo state, Venezuela, 2014. Available 
at https://drive.google.com/a/rug.nl/file/d/18nwM9PXwHp4M6BNYv7SVVohpH7eLtrzy/
view?usp=sharing

https://drive.google.com/a/rug.nl/file/d/18nwM9PXwHp4M6BNYv7SVVohpH7eLtrzy/view?usp=sharing
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APPENDIX

SPATIAL DYNAMICS OF CHIKUNGUNYA VIRUS, VENEZUELA, 2014

1. MATERIALS AND METHODS

1.1. ESTIMATING THE REPRODUCTIVE NUMBER (R0)

For new emerging infectious diseases, the value of the reproductive number R0 can be inferred 
indirectly from the initial epidemic phase by estimating the exponential epidemic growth rate 
(r) of new observed infections and relating these parameters to the generation time of infection 
(Tg) through the following equation (1).

where M is the moment generating function of the disease generation time distribution. A 
generation time distribution for chikungunya (CHIK) was defined using a gamma distribution 
with a mean of 1.86 weeks and a standard deviation of 0.05 weeks. This includes both the human 
and vector infection cycle, by assuming a short mosquito infection lifespan case as reported 
before by Boëlle et al. (2). For this method we applied the ‘R0’ package version 1.2–6 developed 
by Boëlle and Obadia (3) (The R-Development Core Team, http://www.r-project.org).

1.2. ESTIMATING THE EFFECTIVE REPRODUCTIVE NUMBER (RT)

Given that the behavior of the force of chikungunya virus (CHIKV) infection through time was 
unknown, we calculated a real-time estimate of the basic reproductive number of the disease, 
that is the effective reproductive number at time t (Rt) as originally proposed by Nishiura et al. 
(4). We then explored the time-varying transmissibility using the Rt series derived following the 
methodology of Coelho and Carvalho (5). Hence, Rt was estimated as

where Yt and Yt+1 are taken to be the number of reported disease cases for a particular time t 
and t+1, respectively, while n defines the ratio between the length of the reporting interval and 
the mean generation time of the disease. The reporting interval was defined as the duration 
of an epidemiologic week (7 days), while the generation time was assumed to be of 2 weeks 
as established above. To run the calculation, we applied the R code developed by Coelho and 
Carvalho (5) available on the GitHub repository at https://github.com/fccoelho/paperLM1 (The 
R-Development Core Team).

1.3. TREND SURFACE ANALYSIS (TSA) AND LOCAL VECTORS OF DIRECTION AND SPEED OF 
INFECTION

TSA methodology consists in fitting, through the method of least squares, a function in a multiple-
regression–like procedure where the response variable, in this case, time, is expressed as a 
polynomial function of geographic coordinates (Xi, Yi) of individual case-points i. e., time = f (X, 
Y), a model known as a polynomial regression (6). The order of the polynomial chosen as the best 
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fit-model or the best polynomial equation will determine the shape of the curve or surface. Here, 
we used a third-order polynomial. The variable time (in days) was created using the symptoms 
onset date from the index case (IC) as the baseline date across the 810 case localities, this is, 
time (Xi, Yi). Thus, time is considered as the number of days elapsed between the appearance 
of a case in a specific locality Zi and the IC. Results of the TSA were used to generate a contour 
map or smoothed surface, with each contour line representing a specific predicted time-period 
in this urban landscape setting since the initial invasion of the virus. Finally, we proceeded to 
estimate the local rate and direction of the spread of infection as the directional derivative at 
each case using the TSA fitted model to obtain local vectors that depicted the direction and speed 
(inverse of the slope along the direction of the movement) of infection propagation from each 
locality in X and Y directions. To this end, we calculated partial differential equations of time 
with respect to the X- and Y-coordinates (𝞉TIME/𝞉X and 𝞉TIME/𝞉Y) to obtain local vectors that 
depicted the direction and speed (inverse of the slope along the direction of the movement) of 
infection propagation from each locality in X and Y direction. The resultant vector for each case 
will represent, in turn, the overall velocity (in m/day) and direction of disease spread in each 
point. The set of vectors were assembled in a vector field and overlapped over the fitted surface 
to visualize the pattern of local spread of the virus along the urban landscape. TSA has been 
previously used to study pathogen dispersal processes in space and time (7). Further details 
of this methodology can be found in Moore (8) and Adjemian et al., (9). All the analyses were 
carried out in R software (The R-Development Core Team). Maps of time contours and vectors 
were generated in the ArcGIS software (v.10.3, ESRI Corporation, Redlands, CA), while general 
maps were constructed using Quantum GIS 2.14.3 Essen (GNU—General Public License).

1.4. KRIGING INTERPOLATION

Kriging is a local interpolation method based on a set of linear regressions that determine the 
best combination of weights to interpolate the data points by minimizing the variance as derived 
from the spatial covariance in the data (10). The weights are based on the spatial parameters 
of a theoretical variogram model such that sampling locations within the spatial range (close 
distances) of influence has more weight on the predicted value than the distant locations. 
Although kriging and trend surface analysis share some features (i.e., to describe the general 
spatial trend), the local interpolation performed by kriging shows an enhanced picture of the 
local spatial pattern given that the kriged values are very close to the observed ones. Kriging 
analyses (and resulting surface maps) were carried out in the Geostatistics tool from the ArcGIS 
software (v.10.3, ESRI Corporation).

1.5. SPATIOTEMPORAL ANALYSIS

Even though CHIKV was introduced into a naïve population, i.e., the individuals had a similar 
immunological likelihood of becoming infected, we wanted to assess the hypothesis of 
heterogeneity during disease transmission. In this sense we aimed to find whether aggregation 
of cases was present during the CHIK epidemic and if the likelihood of being infected could have 
varied depending on space and time distances. Thus, to identify general space-time aggregation 
(clusters) of CHIK transmission during the whole epidemic (28 weeks) we performed the Knox 
analysis (11) and the incremental Knox test (IKT) proposed by Aldstadt in 2007 (12) to identify 
linked transmission events.
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1.5.1. KNOX TEST

This method measures potential space–time interactions by analyzing pairs of cases that 
belong to a particular space (distance) and time (days) window. This intuitive method provided 
simplicity and promptness (13). Yet, the Knox test requires prior selection of a “critical” time and 
distance to classify whether the pairs are close in space, or in time, or both. The test statistic, X, is 
the number of pairs of cases that are close in both space and time, and its calculated as

where s and t being the selected spatial and temporal distances, N is the number of cases, and 
the pair of cases are represented by i and j. The exact p value is obtained by the Monte Carlo 
procedure.

To select the “critical” value of space and time for our analysis, we performed a series of 
repetitions of the Knox method varying the time windows from 1 to 4 weeks (30 days in total) 
and the space window ranging from 25 to 200 m. Such analyses were made using the software 
ClusterSeer 2.0 (Terraseer, Ann Arbor, MI), which provides the graphical output of the space–
time interactions (10.000 Monte Carlo iterations). The relative risk (RR) of each space and time 
window was calculated according to Tran et al. (14); where the RR is considered to be the ratio 
between the observed number of pairs of cases found at the space-distance s (in meters) and 
the time-distance t (in weeks) and the number of expected pairs of cases found at these same 
distances.

1.5.2. INCREMENTAL KNOX TEST

The incremental Knox test (IKT) is similar to other tests of the general hypothesis of space–
time dependence (cases close to one another are much more likely to interact than cases far 
apart). However, this technique tests the interaction at specific time intervals rather than the 
more general space–time interaction hypothesis. The IKT examines consecutive links in the 
chain of transmission by identifying significant clusters in determined space and time intervals. 
The test assumes that cases that are nearer together than would be expected in the absence of an 
infectious process belong to one similar linked event of transmission (12).

Therefore, the IKT was used to understand in which time interval the clusters of cases of 
CHIK belonging to the same chain of transmission occurred helping to understand the linked 
transmission processes occurring in certain temporal span. The interval Knox statistic is 
formulated as

Were s and t are the selected spatial and temporal distances, N is the number of cases, and the 
pair of cases are represented by i and j. When the cases i and j are time interval (t) apart . The 
Monte Carlo procedure with 10.000 iterations was used to construct reference distribution for 
IK (Z values) and the test results are also reported as the epidemiologic notion of excess of risk 
(details of this methodology can be found in [12]). over the time intervals from 1 to 31 days, and 
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space distances from 25 to 500 m (selected distances in metes: 25, 50, 75, 100, 125, 150, 175, 
200, 300, 400, 500).

2. RESULTS

From surveillance data collected during the months following the introduction of CHIKV, the 
dynamics and timing of the 810 chikungunya reported cases were studied. Appendix Figure 1 
depicts the distribution of cases and cumulative cases along the 28 weeks of the chikungunya 
epidemic. Since the detection of the index case (IC) in June of 2014, the north-central region of 
Venezuela experienced a continuous reporting of chikungunya cases. During the first 9 weeks 
(epidemiologic week [EW] 21-EW 29), a low number of cases were reported. After EW 30 cases 
increased rapidly with the exponential growth of the epidemic being observed between EW 30 
and EW 33. The cumulative cases during the EW 22–49 followed a logistic growth (Appendix 
Figure 1: R = 0.99, n = 810, p < 0.05) reaching the plateau at EW 44 (787 cases). The total growth 
rate estimated from the logistic fitted curve was 0.53 cases per EW.

Appendix Figure 1. Logistic fitted model for reported chikungunya cases during the epidemic of 2014 
in Carabobo State, Venezuela. Chikungunya cases are depicted by open black dots, red line depicts the 
fitted curve (logistic model). 

2.1. REPRODUCTIVE NUMBER (R0) AND EFFECTIVE REPRODUCTIVE NUMBER (RT)

To better understand the CHIK transmission dynamic, the basic reproductive number (R0) was 
calculated during the exponential growth of the epidemic, that is during (EW 21–EW 33). During 
these first 12 weeks, the maximum value of R0 reached was equal to 3.7 secondary chikungunya 
cases per primary case. Furthermore, we estimated the effective reproductive number (Rt) 
with a reporting interval of 1 week, to assess changes of R0 through time. The curve of Rt values 
fluctuates in time as shown in Appendix Figure 2, where the maximum value of Rt obtained was 
4.7 (95% CI 2.4–7.1) occurring during the EW 31 (Appendix Figure 2). Both measures are similar 
in principle, and estimate the transmission dynamic of the disease whether is at the initial phase 
of the epidemic (R0) or as an estimate for the whole epidemic (Rt). The usefulness of Rt is the 
possibility to estimate its uncertainty (confidence interval) throughout the epidemic curve. This 
could be relevant and applicable to other diseases as well. Due to the intrinsic variability of the 
Rt series, the examination of its credible intervals is essential to identify periods of sustained 
transmission (5).
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Appendix Figure 2. Reproduction number of chikungunya fever in Carabobo State, Venezuela, during 
2014. Blue bars show the epidemic curve; the cases are shown in a weekly interval. Solid black line 
corresponds to the estimated Rt for the epidemic, dashed red line depicts the 95% CI, whereas green 
dashed line depicts the threshold Rt = 1.

2.2. KRIGING INTERPOLATION

We performed an ordinary kriging using 3 anisotropic variogram models. The models were 
compared by cross-validation and evaluated in terms of their overall robustness: optimality and 
validity of the model to fit the observed data (Appendix Table 1, Appendix Figure 3). Overall, all 
the models underestimated the variability in their predictions as is shown by: i) negative values 
of the mean standardized errors (MSE), ii) average standard error (ASE) values lower than the 
root-mean-squared prediction error (RMSE) values, and iii) standardized root-mean-squared 
prediction error (RMSSE) values >1 (Appendix Table 1). This can be due to too few sampled 
locations within the spatial range of the study area. However, our best selected model (Gaussian) 
was the one that had the MSE nearest to 0, the smallest RMSE, the ASE nearest to the RMSE, and 
a RMSSE nearest to 1 (15).

Table S1. Average velocities of chikungunya virus spread across Carabobo State, Venezuela, 2014

 

Model Nugget (Co) Range (a) Partial Sill (C1) MSE RMSE ASE RMSSE 

Gaussian 8.88 
    

 
30.89 -0.014 17.35 14.29 1.18  

188.42 
    

Spherical 0.05 
    

 
48.84 -0.015 17.45 11.04 1.53  

117.51 
    

Exponential 2.06 
    

 
984.85 -0.016 18.13 15.07 1.40  
388.71 

    

*ASE, average standard error; MSE, mean standardized error; RMSE, root-mean-square error; RMSSE, root-mean-
square standardized error. 
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The model was adjusted for the directional spatial trend of our data (anisotropy) in the 
semivariogram (10). Maps showing the kriging standard errors of the Gaussian model and of 
the other 2 models (for comparison) are presented in Appendix Figure 3. Darker colors in the 
error map (Appendix Figure 3) show larger kriging standard errors. Overall, the model failed to 
predict in areas out of the main spatial range of the data (where there are fewer and scarcer case 
locations) and showed a better prediction toward the south-west and eastern zones of the study 
area where a larger number of locations are presented. Indeed, this analysis identified a faster 
propagation of the epidemiologic wave at the south-west and eastern areas where the model 
showed its better fit (Appendix Figure 3, panel a), and a slower movement to the north-east and 
south-center areas.

Appendix Figure 3. Spatial prediction map for the ordinary kriging interpolation of number of days 
elapsed between the appearance of a case in a specific locality and the IC obtained using the Gaussian 
(A), spherical (B), and exponential (C) models. Surface maps showing the kriging standard errors for 
each model in the right side of each map.
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2.3. KNOX TEST

The results obtained after the analysis with different critical values of s and t showed that the 
core clusters (main clusters) found at week 1 (25–200 m) are the same than those (core clusters) 
found at week 2, 3, and 4 (25–200 m), therefore, we have selected to show on Appendix Figure 4 
the graphical output of the critical values of t with a fixed space window of 100 m. However, the 
size of the core clusters is susceptible to the change of the space and time windows, making the 
clusters bigger or smaller in terms of number of links (Appendix Table 1), i.e., from 164 space-
time links (1W,100 m) to 220 space-time links (3W,100 m).

Appendix Figure 4. Space–time output varying the time window from 1 to 4 weeks. In red, the space-
time clusters. Distance window was set at 100 m.

Regarding the RR at different space and time windows (Appendix Table 1), the highest RR were 
found at the space–time window of 1 week and 25–200 m (RR = between 3 and 2), but also 
showing RR >1.5 up to week 3 at the same space windows, while from week 4, values showed RR 
<1.5 (Appendix Figure 5). These results provided useful information that allowed to observe the 
extent of the interaction of s and t values that shows the highest RR. Hence, RR values that show 
an important strength of association are present up to week 3 (21 days) within a distance that 
varies between 25 and 150 m. This agrees with previous results obtained by Vincenti-Gonzalez 
et al. (16) for Venezuela, where the significant hot spots of high dengue seroprevalence values 
were found between 25–100 m, suggesting a focal transmission.

Even though the RR in week 3 decreased along the different distances (average 32 ± 7%) when 
compared to the RR of week 1, the RR remained higher than one (RR>1) in week 3. Given the fact 
that the Knox test results showed the same core clusters along the different t windows and the 
RR remained epidemiologically relevant after 3 weeks (general clustering of symptoms onset 
date, and RR>1), we used the window of 3 weeks with a distance window of 100 m to show the 
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global clusters of transmission (Appendix Figure 6). We decided to choose these distance and 
time variables based on biologic and ecologic knowledge as explained in the manuscript and 
in agreement with other authors (17,18). Where 100 m is the distance referred by most as the 
average flight range radius of Aedes spp. and a time window of 3 weeks gives enough time span 
for most transmission events to occur (19-21).

Appendix Figure 5. Relative risk from the Knox test with alternative definitions of spatial and 
temporal proximity.

2.3.1. GENERAL CLUSTERS OF TRANSMISSION EVENTS DURING THE EPIDEMIC WAVE OF 
CHIKUNGUNYA

Our results (Appendix Table 3) show that the average cluster duration since the symptoms onset 
of the first case to the symptoms onset of the last case within the clusters is 12.5 days ranging 
from 1–67 days. The choosing of 100 m does not preclude the finding of larger distances be-
tween cases within a cluster as the range of distances found was between 8–216 m. We expect 
that within clusters >1 chain of transmission will occur each with a duration of ~1 week or less.
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Appendix Figure 6. A) Geographic distribution of chikungunya reported cases in Carabobo state, Ven-
ezuela. a) Red dots denote case location, black dashed lines (b, c, d) are the different panels division 
(arbitrary) within Carabobo state selected to show in detail (zoom in) the general clusters of trans-
mission. B) Geographic distribution and significant space–time clustering of chikungunya reported 
cases. Zoom in of the different cluster of transmission detected (including the IC), red dots denote case 
location, black circles identify a significant space–time cluster and yellow lines shows the interaction 
between cases (time–space link). The analysis was performed using 100 m as clustering distance and 
3 weeks as time window. Significance level for local clustering detection was of 0.05. C) Geographi-
cal distribution and significant space-time clustering of chikungunya reported cases. Zoom in of the 
different cluster of transmission detected (including IC and AC), red dots denote case location, black 
circles identify a significant space-time cluster and yellow lines shows the interaction between cases 
(time-space link). The analysis was performed using 100 m as clustering distance and 3 weeks as 
time window. Significance level for local clustering detection was of 0.05. D) Geographic distribution 
and significant space–time clustering of chikungunya reported cases. Zoom in of the different cluster 
of transmission detected (including IC and AC), red dots denote case location, black circles identify 
a significant space–time cluster and yellow lines shows the interaction between cases (time–space 
link). The analysis was performed using 100 m as clustering distance and 3 weeks as time window. 
Significance level for local clustering detection was of 0.05.

Figure A6a. Geographical distribution of chikungunya reported cases in Carabobo state. a, red dots denote 
case location, black dashed lines (b, c, d) are the different panels division (arbitrary) within Carabobo 
state selected to show in detail (zoom in) the general clusters of transmission. 

 

Figure A6b. Geographical distribution and significant space-time clustering of chikungunya reported 
cases. Zoom in of the different cluster of transmission detected (including the IC), red dots denote case 
location, black circles identify a significant space-time cluster and yellow lines shows the interaction 
between cases (time-space link). The analysis was performed using 100 m as clustering distance and 3 
weeks as time window. Significance level for local clustering detection was of 0.05. 

 

Figure A6c. Geographical distribution and significant space-time clustering of chikungunya reported 
cases. Zoom in of the different cluster of transmission detected (including IC and AC), red dots denote 
case location, black circles identify a significant space-time cluster and yellow lines shows the interaction 
between cases (time-space link). The analysis was performed using 100 m as clustering distance and 3 
weeks as time window. Significance level for local clustering detection was of 0.05. 

 

Figure A6d. Geographical distribution and significant space-time clustering of chikungunya reported 
cases. Zoom in of the different cluster of transmission detected (including IC and AC), red dots denote 
case location, black circles identify a significant space-time cluster and yellow lines shows the interaction 
between cases (time-space link). The analysis was performed using 100 m as clustering distance and 3 
weeks as time window. Significance level for local clustering detection was of 0.05. 
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2.4. Incremental Knox Test

The IKT was the second method used to assess the uncertainty of the cluster analysis. The pre-
vious was made employing an exploratory mode where the p-values (Appendix Figure 7) and 
the RR (Appendix Figure 8) were examined for a range of values of s and t. The results of the IKT 
analysis proved to be useful to identify linked transmission events, and showed that the tempo-
ral intervals with the strongest spatial clustering (belonging to the same chain of transmission) 
and RR occurs between 1–7 days suggesting multiple vector feeding within a gonotrophic cycle 
(22), with less strong clustering around 12–14 days. High RR results within 1 week are consist-
ent for all tested distances, but values of RR >5 were found to be in distances between 25 and 
150 m (Appendix Figures 7, 8), favoring our previous selection of a space-time window of 100 m.

Appendix Figure 7. Significant values of the exploratory IKT analysis. In red the significant (p value 
<0.05) of space–time interactions within the specific space–time intervals.

  
Distance (meters) 

  
25 50 75 100 125 150 175 200 300 400 500 

T
im

e 
(d

ay
s)

 

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

5 0.12 0.13 0.00 0.02 0.01 0.02 0.00 0.00 0.00 0.00 0.00 

6 0.76 0.83 0.07 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

7 0.87 0.90 0.22 0.04 0.03 0.02 0.00 0.00 0.00 0.00 0.00 

8 0.59 0.81 0.15 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

9 0.86 0.95 0.48 0.52 0.10 0.02 0.12 0.08 0.04 0.05 0.01 

10 0.53 0.76 0.67 0.86 0.23 0.19 0.54 0.46 0.11 0.04 0.01 

11 0.81 0.73 0.62 0.76 0.68 0.63 0.88 0.64 0.37 0.06 0.03 

12 0.91 0.83 0.80 0.86 0.88 0.82 0.74 0.28 0.03 0.00 0.00 

13 0.79 0.26 0.15 0.24 0.16 0.20 0.08 0.02 0.04 0.00 0.00 

14 0.76 0.22 0.50 0.34 0.27 0.36 0.12 0.01 0.04 0.00 0.01 

15 0.74 0.11 0.22 0.14 0.11 0.22 0.26 0.20 0.33 0.04 0.10 

16 1.00 0.95 0.99 0.92 0.89 0.89 0.75 0.42 0.64 0.59 0.60 

17 1.00 0.99 0.99 0.97 0.67 0.59 0.49 0.40 0.63 0.40 0.43 

18 1.00 0.98 0.98 0.95 0.60 0.29 0.13 0.03 0.17 0.06 0.02 

19 1.00 0.98 0.98 0.83 0.53 0.44 0.38 0.32 0.15 0.01 0.00 

20 1.00 1.00 0.99 0.98 0.96 0.78 0.68 0.64 0.22 0.03 0.01 

21 1.00 1.00 1.00 0.91 0.96 0.94 0.93 0.94 0.43 0.08 0.11 

22 1.00 1.00 0.99 0.94 0.92 0.87 0.69 0.74 0.67 0.77 0.61 

23 0.98 0.99 0.98 0.87 0.90 0.96 0.82 0.78 0.65 0.24 0.26 

24 0.97 0.99 1.00 1.00 0.98 0.99 0.88 0.94 0.79 0.76 0.78 

25 0.97 0.99 1.00 0.99 0.97 0.98 0.94 0.98 0.81 0.65 0.74 

26 1.00 1.00 1.00 0.99 0.96 0.98 0.95 0.98 0.92 0.97 0.87 

27 1.00 1.00 1.00 0.96 0.98 0.99 0.98 1.00 1.00 0.96 0.82 

28 0.96 0.99 0.99 0.98 0.99 1.00 0.99 0.96 0.92 0.61 0.43 

29 0.96 0.98 0.96 0.90 0.99 0.99 1.00 0.95 0.54 0.30 0.61 

30 0.96 0.92 0.35 0.36 0.65 0.61 0.83 0.52 0.10 0.28 0.65 

31 1.00 0.98 0.32 0.33 0.62 0.66 0.86 0.86 0.38 0.80 0.91 
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Appendix Figure 8. Values of relative risk for the exploratory IKT analysis. The colors in the heatmap 
depict the range of values of RR (refer to the legend) within the specific space–time intervals.
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Appendix Table 2. Knox test with alternative definitions of spatial and temporal proximity*

TIME, WK DISTANCE, M EXPECTED OBSERVED RR 
1 25 22 72 3.27  

50 28 81 2.86  
75 45 117 2.57  

100 72 164 2.27  
125 97 213 2.20  
150 122 258 2.11  
175 159 316 1.99  
200 199 376 1.89 

2 25 34 77 2.28  
50 44 95 2.18  
75 70 138 1.98  

100 110 202 1.83  
125 148 264 1.78  
150 187 322 1.72  
175 243 404 1.66  
200 304 497 1.63 

3 25 43 79 1.85  
50 55 97 1.76  
75 88 144 1.63  

100 140 220 1.57  
125 188 293 1.56  
150 237 360 1.52  
175 308 457 1.48  
200 386 566 1.47 

4 25 50 80 1.59  
50 65 99 1.53  
75 104 150 1.45  

100 164 236 1.44  
125 221 313 1.42  
150 279 383 1.37  
175 362 493 1.36 

 200 453 617 1.36 
*MONTE CARLO SIMULATIONS PERFORMED IN EACH ANALYSIS:10.000. 
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Appendix Table 3. Description of the space–time cluster identified for the chikungunya epidem-
ic in the north-central region of Venezuela.

Cluster 
ID

N o . 
cases

Day 
occurrence, 
f i r s t – l a s t 

case

C l u s t e r 
duration, 

d

Average dis-
tance from 

IC, m

Range of dis-
tance from IC, m

Velocity av-
erage, m/

day

V e l o c i t y 
range, m/

day

1 2 95–105 11 10132.0 10128–10136 102.0 97–107

2 4 77–105 29 7659.8 7636–7686 86.8 73–100

3 4 72–85 14 2556.0 2818–2613 32.3 30–36

4 3 72–94 23 2872.0 2857–2898 33.7 30–40

5 2 121–126 6 6685.5 6661–6710 54.0 53–55

7 3 0–25 26 31.7 0–95 1.3 0–4

8 2 125–135 11 2598.5 2598–2599 20.0 19–21

9 3 64–95 78 2553.7 2515–2585 33.3 27–34

10 5 71–99 29 2344.0 2299–2429 29.6 24–33

11 2 73–73 1 1857.0 1856–1858 25.0 25.0

12 2 61–61 1 3673.5 3673–3674 60.0 60.0

13 2 73–80 8 2550.0 2506–2594 33.4 32–34

14 4 79–107 29 2680.3 2647–2714 29.0 25–34

15 5 72–108 37 3463.0 3418–3508 43.4 32–51

16 3 43–57 15 3687.0 3680–3700 75.3 65–86

17 3 3–31 33 3015.3 3011–3020 45.3 39–50

18 2 91–99 9 3354.5 3315–3394 35.0 33–37

19 2 47–60 14 3305.0 3304–3306 62.5 55–70

20 3 63–78 16 3198.3 3192–3205 46.0 41–51

21 2 61–82 22 3531.5 3491–3571 50.5 44–57

23 2 66–66 1 3573.0 3571–3575 54.0 54.0

24 2 65–65 1 3684.0 3683–3685 57.0 57.0

25 9 59–72 14 3786.2 3734–3882 57.8 54–64

26 3 75–88 14 3967.0 3957–3967 53.0 45–53

27 12 69–77 9 4092.8 4008–4241 57.8 54–59

28 2 66–68 3 5608.5 5643–5574 83.5 83–84

29 3 0–66 67 6799.0 6194–6204 97.0 94–103

30 2 67–68 2 3617.0 3616–3618 53.5 53–54

31 2 74–80 7 3970.0 3929–3997 51.5 49–54

32 2 16–19 4 3822.0 3820–3824 220.0 201–239

33 5 65–82 18 4311.7 4282–4344 59.8 53–66

34 2 67–72 6 4483.0 4471–4495 64.5 62–67

35 2 88–94 7 5555.0 5554–5556 61.0 59–63
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36 3 89–109 21 6709.7 6694–6739 67.7 61–76

37 2 72–76 5 4601.0 4571–4631 62.0 61–63

38 3 86–88 3 4760.3 4752–4775 54.3 54–55

39 3 68–86 19 4940.3 4894–4998 62.3 57–72

40 2 76–76 1 4645.5 4623–4668 61.0 61.0

41 2 61–64 4 4938.0 4938–4964 77.0 77–81

42 2 50–63 14 5138.0 5138.0 103.0 82–103

44 2 103–107 5 5561.5 5518–5605 53.0 52–54

45 2 116–117 2 5564.5 5562–5567 48.0 48.0

46 2 119–121 3 5596.0 5536–5556 47.0 47.0

47 2 108–115 8 5750.5 5727–5774 51.5 50–53

48 2 92–101 10 6126.5 6126–6127 64.0 61–67

49 2 80–80 1 6356.0 6349–6363 79.5 79–80

50 2 76–76 1 6368.5 6368–6369 84.0 84.0

51 3 103–132 30 6501.6 6512–6479 56.0 49–63

52 2 85–85 1 6796.5 6191–6202 73.0 73.0

53 2 75–111 37 6382.5 6373–6392 71.0 57–85

54 2 99–103 5 7305.5 7279–7332 72.5 71–74

55 2 92–103 12 7734.5 7704–7765 79.5 84–75

56 2 60–74 15 7046.0 7011–7081 106.5 96–117

57 6 60–77 18 7341.8 7262–7428 108.3 96–122

58 2 81–83 3 7526.5 7495–7558 92.0 91–93

59 3 63–72 10 7598.6 7535–7661 112.3 106–120

60 2 76–76 1 8228.5 8221–8626 108.0 86–97

61 2 72–76 5 8396.0 8381–8411 113.5 111–116

62 2 89–100 12 8647.5 8626–8669 91.5 86–97

63 2 86–86 1 8778.5 8774–8783 102.0 102.0

64 2 102–115 14 9355.0 9349–9361 86.5 81–92

65 2 76–76 1 8228.5 8221–8236 108.0 108.0

66 2 75–80 6 8406.0 8359–8453 108.5 106–111

67 2 80–80 1 8804.0 8783–8825 110.0 110.0

68 2 79–79 1 10419.5 10397–10442 132.0 132.0

69 2 83–84 2 10822.0 10819–10825 129.5 129–130

70 3 70–85 16 10653.7 10603–10679 135.7 125–153

71 2 142–163 22 11749.5 11726–11776 77.5 72–83

72 5 69–99 31 7611.0 7599–7622 103.4 77–110

73 2 59–81 23 7943.0 7920–7966 116.5 98–135

74 3 70–92 23 12291.7 12224–12341 153.7 134–175
75 2 134–136 3 9903.5 9903–9904 73.5 73–74
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76 2 65–79 15 7636.5 7630–7643 107.5 97–118

77 2 78–78 1 1651.5 1644–1659 21.0 21.0

78 3 129–133 5 5477.0 5477.0 41.7 42.0

Results shown here describes the general clusters of transmission found by Knox analysis with the 
critical values set at 100mts as clustering distance and 3 weeks as time window. Monte Carlo per-
formed, 10.000

Appendix Table 4. Linear distance between cases within the major spatiotemporal clusters

Cluster ID No. cases Average 
distance, m Stddev, m Maximum, m Minimum, m

Cluster 10 5 77.0 47.2 130.7 16.2

Cluster 14 4 130.7 27.3 150.4 92.1

Cluster 15 5 63.6 23.7 85.4 30.0

Cluster 02 4 38.2 16.4 54.6 21.9

Cluster 25 9 61.9 26.5 66.4 26.2

Cluster 27 12 81.6 19.2 216.0 8.0

Cluster 33 5 78.6 1.1 79.8 77.6

Cluster 33 4 85.6 26.5 105.0 55.4

Cluster 57 6 77.8 28.9 124.0 54.1

Cluster 72 5 56.7 39.1 93.7 10.3

Average 6 75.2 25.6 110.6 39.2
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ABSTRACT

Chikungunya is a viral vector-borne disease that in the last decade caused an increasing number 
of outbreaks in tropical and subtropical regions of Africa and Asia. By late 2013, chikungunya 
virus (CHIKV) reached the Americas spreading rapidly through most countries. By mid-2014, 
Venezuela was hit by a CHIKV epidemic that swept the country with an estimated attack rate of 
40-50%, coinciding with an outbreak of dengue virus which is endemic in this land. We aimed 
to characterize the temporal and spatial distribution of chikungunya and dengue concomitant 
arboviral epidemics in 2014, as well as to define the epidemiology and differential clinical pre-
sentation of the emergent CHIKV in Venezuela. Epidemiological and clinical data of patients at-
tending health centers was obtained from the Regional Ministry of Health. Between June-De-
cember 2014, data from 810 chikungunya patients were included, of which 170 were laboratory 
tested resulting in 101 (59.4%) CHIKV positive. Univariate analysis of laboratory confirmed and 
suspected cases were performed. The CHIKV epidemic peak was determined at week 34, 72 days 
(10.3 weeks) after the first reported case. We found a maximum of 3 and a minimum of 1 week 
of lag between the time of symptom onset and that of case notification. Univariate analysis of de-
mographic risk factors showed that age and gender were not significantly associated with CHIKV 
infection during the outbreak, while for dengue, women were 0.68 times less likely to have a 
positive dengue infection than men (P<0.001). Regarding epidemiological risk factors, variables 
such as presence of breeding sites or living in a house in an unplanned area showed increased 
odds of being a positive chikungunya case, but without reaching statistical significance. A higher 
proportion of patients with chikungunya presented myalgia, headache, rash, and arthralgia com-
pared to those with dengue (P<0.05). Contrariwise, hepatomegaly, cutaneous bleeding, mucosal 
bleeding and sore throat were more prevalent among dengue, however the differences were 
not statistically significant. Our findings may add to the current diagnosis guidelines and give 
insights about chikungunya associated risk factors and clinical manifestations in Venezuela. Ad-
ditionally, by improving the time response of case notification, and differential diagnosis, earlier 
preventive measures and a more accurate disease management may be put in place to reduce 
arboviral disease transmission and morbidity
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INTRODUCTION

Chikungunya (CHIK) is a vector-borne viral disease caused by the chikungunya virus (CHIKV), 
an alphavirus belonging to the Togaviridae family. CHIKV drew worldwide attention when it 
emerged in the Caribbean island of Saint Martin in the Americas in 2013. From there the dis-
ease rapidly spread to 45 countries or territories causing major epidemics in the Caribbean, 
and in Central, South, and North America in scarcely six months (Weaver & Lecuit 2015).). Prior 
to this major outreach of CHIKV, the virus had also been reported to emerge during outbreaks 
in La Reunion Island in 2005, India in 2006, and one year later the virus made its appearance 
in Italy, Croatia, France, Portugal and Spain (Caglioti et al., 2013; Weaver & Lecuit 2015). Ever 
since, CHIKV has appeared sporadically in Europe (Rezza et al., 2007; Grandadam et al., 2011; 
Tomasello & Schlagenhauf, 2013; Delisle et al., 2015; Fernandez-Garcia et al., 2016; Venturi et al., 
2017; Barzon et al., 2018), while in the Americas the circulation is continuously being report-
ed (PAHO, 2018). On the other hand, dengue fever a flu-like illness caused by the dengue virus 
(DENV [Flaviviridae family]), the most widespread and important arboviral disease is endemic 
in many countries of the Americas (Ramos-Castañeda et al., 2017) with periodic outbreaks every 
three to five years (Guzman et al., 1999; Schneider, 2001; Vincenti-Gonzalez et al., 2018). 

CHIKV and DENV are transmitted by the same vectors, Aedes aegypti and Ae. albopictus (Staple-
ford et al., 2016; Shiferaw et al., 2015) and share similar clinical presentation (Gubler, 1998). 
The incubation period of both viruses is usually 2-7 days [range 1-12 days]) (Halstead, 2008; 
Patterson et al., 2016). Clinically, 80% of CHIKV infected individuals develop symptoms while in 
the case of DENV infections an estimated of 25% are symptomatic (Bhatt et al., 2013). Among 
the symptomatic cases, the most common reported symptoms of CHIKV infection are high fever, 
rash, arthritis and arthralgia (Caglioti et al., 2013). Arthralgia is present in 87-98% of patients 
and is localized in the ankles, wrists, the phalanges and some large joints like shoulders, elbows 
and knees. Rash is found in 40-50% of the cases and it is localized in the face, thorax and ex-
tremities (Robinson et al., 1995; Thiberville et al., 2013). In comparison, clinical manifestations 
of DENV infection such as fever, headache, myalgia, skin rash, retro-orbital pain and arthralgia 
(Halstead, 1980; Harris et al., 2000; Velasco-Salas, 2014) are similar to those of CHIKV infection. 
Usually the symptoms in both diseases resolve after 7-10 days. However, in the case of chiku-
ngunya, 30-70% of patients can experience chronic or recurring arthritis than can last years 
(Schilte et al., 2013; Elsinga et al., 2017). 

During the major chikungunya outbreak of the Americas in 2014, the Panamerican Health Orga-
nization reported more than two million cases in the region (Rezza, 2014). Venezuela as many 
other countries was affected by the rapid expansion of CHIKV in one of the most important epi-
demics experienced in the country (Oletta, 2014; Torres et al., 2015; Grillet et al., 2019; Lizarazo 
et al., 2019) caused by the introduction of the Asian genotype of chikungunya (Camacho et al., 
2017). The total number of chikungunya cases in Venezuela reported to PAHO in 2014 (until 
week 52) was 30,405, with an incidence of 112 per 100,000 inhabitants (PAHO). However, given 
the observed underreporting, it has been estimated that the real number of cases was over 1 mil-
lion (Oletta, 2014). The epidemic spread with an observed attack rate of 40-50% (Lizarazo et al., 
2019) similar to other countries (Schwartz & Albert 2010; Pimentel et al., 2015). Concomitantly 
with the CHIKV epidemic, an ongoing epidemic of dengue was being reported in the northern 
Venezuelan region (MPPS Bulletins 2014). The occurrence of two parallel arboviral epidemics 
further overloaded the health system and subjected the health personnel to difficulties to clini-
cally differentiate dengue from chikungunya in a time when laboratory diagnosis for chikungun-
ya was relatively scarce. 
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The aim of this study was to characterise the temporal and spatial distribution of two concomi-
tant arboviral epidemics in 2014, one caused by an emergent pathogen (CHIKV) and the second 
by an endemic arbovirus (DENV) as well as to define the epidemiology and differential clinical 
presentation of the emergent CHIK in Venezuela. To the best of our knowledge, this is the first 
study that described genuine surveillance data of the chikungunya epidemic in Venezuela aiming 
to explain the unraveling of the concomitant dengue and CHIK epidemics. A detailed description 
of demographic information, clinical manifestation and discriminatory symptoms between den-
gue and CHIK are essential to improve differential diagnosis and disease surveillance.

MATERIALS AND METHODS

STUDY AREA

The study was performed in Carabobo and Aragua states, located adjacent to each other and 
part of the north-central region of Venezuela (10°09′43″N 68°00′28″W). Carabobo has an es-
timated population of 2,415,506 inhabitants (Figure 1) while Aragua (10°15′6″N 67°36′5″W) 
has an estimated population of 1,787,297 inhabitants. Valencia and Maracay cities, the capitals 
of Carabobo and Aragua respectively, are two of the most densely populated cities in the central 
region of Venezuela [INE]. Both states are dengue hyperendemic areas with the co-circulation of 
all four DENV serotypes. 

Figure 1. Relative geographic location of the study area: A) Venezuela (orange), B) Carabobo state 
(green), Aragua state (blue), C) Parishes of Carabobo state and the estimated population [INE].

STUDY DESIGN AND STUDY POPULATION

We performed a retrospective clinical and epidemiologic study using data collected through 
the national Notifiable Diseases Surveillance System (NDSS) of the Ministry of Health (MoH) of 
Carabobo and Aragua states in 2014. Data on CHIK was only available for Carabobo state while 
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dengue data was available for both areas. We characterized and compared the concomitant ep-
idemics of CHIK and dengue that took place in Carabobo state using epidemiological data from 
Carabobo only, while clinical differentiation between these two arboviruses was done using also 
data from Aragua state. In Figure 2 the distribution of the study population is described. Patients 
of all ages who attended to public or private health care centers were included in the study. 

Figure 2. Schematic representation of the population under study. A) Reported cases of CHIK in Cara-
bobo state during 2014. B) Dengue reported cases in Carabobo state during 2014 (EW 22-49) C) Re-
ported cases of dengue in Aragua state during 2014. #These cases were classified by us based on the 
clinical criteria of trio FAR (see case definition by disease).

DATA COLLECTION

Data was derived from structured questionnaires used by the NDDS and filled by medical per-
sonnel when examining patients suspected of dengue or CHIK infection. The criteria to report 
a suspected CHIK case were a sudden onset of fever > 38.5°C accompanied by incapacitating 
joint pain not explained by another medical condition. Patients with suspected dengue were 
defined by presenting with a febrile illness with maximum duration of 7 days with no other 
origin and two of the following symptoms: headache, retro-ocular pain, myalgia, arthralgia, rash 
or hemorrhagic manifestations. The following information was collected using the standardized 
questionnaires: age, sex, clinical symptoms, epidemiological risk factors and laboratory analysis 
was also collected. Selected socio-demographic and epidemiological risk factors variables were 
explained/defined as follows: Age was stratified into five groups 0-9 years; 10-24 years; 25-44 
years; 45-64 years; >65 years. A household in an unplanned area was defined as a house placed 
in a non-urban planned sector or with scarce or no piped water supply. Crowding was defined 
as the number of people in a household divided by the number of bedrooms of that household. 
High crowding was defined as ≥ 1.5 persons per bedroom and low crowding as <1.5 persons 
per bedroom. Contact with vector was defined as positive if the patient reported being bitten 
by mosquitoes before the onset of symptoms. The variable ‘household mosquito protection’ was 
defined as using one of the following; screened doors; screened windows; use of air conditioner; 
or use of a fan at home. 

A sub-sample of the patients had their blood tested for laboratory confirmation of the suspected 
arboviral infection. However, at the time of this study, patients were only tested for the clinically 
suspected arbovirus, without performing a screening against other potential arboviral infections 
(i.e. suspected dengue cases had a laboratory test against DENV infection only, but were not test-
ed against CHIKV infection). A laboratory positive CHIK case was defined by either: i) the detec-
tion of CHIKV genetic material via Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) 
during the acute phase of disease (<5 day of illness) or ii) the detection of CHIKV-specific IgM 
antibodies in serum after five days of symptoms onset. A laboratory positive dengue case was 
defined by the detection of DENV-specific IgM antibodies in serum according to the MAC-ELISA 
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technique described by Kuno et al (Kuno, Gómez & Gubler, 1987). Patients who did not have lab-
oratory test performed for diagnosis were defined as suspected cases (Figure 2). 

DATA ANALYSIS

SPATIAL FEATURES OF THE CHIK AND DENGUE EPIDEMICS

To determine the distribution of reported cases both in time, epidemic curves of CHIK and den-
gue were constructed using data from the epidemiological weeks (EW) 22 to 49 of 2014 in Cara-
bobo. Additionally, to study the spatial distribution of reported cases, the latter were georefer-
enced using their addresses, assigned to their respective civil parish and plotted on maps using 
the software QGIS 3.0.0-Girona (QGIS Development Team 2019. QGIS Geographic Information 
System. Open Source Geospatial Foundation Project. http://qgis.osgeo.org). 

TEMPORAL FEATURES OF THE CHIK AND DENGUE EPIDEMICS

In order to evaluate the temporal overlap of the epidemic curves (concordance of signal) we 
applied cross-correlation analysis among the time series of the reported cases of CHIK and den-
gue positive cases. Furthermore, to assess the notification delay on CHIK case reporting we per-
formed a time series cross-correlation analysis of the time gap between the CHIK symptoms 
onset date and the CHIK notification date. Analysis were performed using the software PAleon-
tological STatistics (PAST) version 3.14. (www.folk.uio.no/ohammer/past/).

DEMOGRAPHIC CHARACTERISTICS, EPIDEMIOLOGIC RISK FACTORS AND CLINICAL MAN-
IFESTATIONS

To study the association between individual risk factor and CHIK or dengue outcome, a binary 
logistic regression was performed to assess the effect of age group and gender on the likelihood 
that the individuals had CHIK or dengue. The association of clinical signs and symptoms with 
a positive laboratory test for CHIK was evaluated using Chi-square or Fisher’s exact test when 
appropriate. Subsequently, to assess the differences on the clinical presentation between CHIK 
positive and dengue positive cases, we calculated the frequency of each clinical manifestation of 
the laboratory confirmed CHIK and dengue positive cases. Then the weighted proportions were 
compared using Chi-square test. Binary logistic regression was used to compare categorical vari-
ables and calculate the odds ratios (OR) and confidence intervals. Statistical significance for all 
analyses was determined at (p<0.05). The confidence interval was stated at a 95%.

ETHIC STATEMENT

The data was analyzed anonymously, to ensure this, all individual names and identifying infor-
mation were coded using a unique numeric identifier. This study was approved by the epidemio-
logical department of the regional Ministries of Health of Carabobo and Aragua States.
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RESULTS

TEMPORAL AND SPATIAL FEATURES OF THE EPIDEMICS OF CHIKUNGUNYA AND DENGUE 
IN 2014

A total of 810 suspected CHIK cases were reported between June and December 2014 (EW 22 
to 49) to the Carabobo state NDSS. However, due to limited capacity/preparedness of the health 
system and the cost of laboratory testing, only 170 (20.9%) patients were laboratory tested for 
CHIKV infection. The first notified case of chikungunya in Carabobo state (June 10, 2014) was 
linked to a traveler returning from the Dominican Republic with symptom’s onset reported on 
May 29, 2014. Once the index patient was identified and the CHIKV infection confirmed, the MoH 
declared the introduction of CHIKV into Carabobo. Following this report, an increase in CHIK 
cases was noted after epidemiological EW 22 peaking at EW 33-34 with 331 cases reported by 
then, and decreasing afterwards until EW 49 state (Figure 3). Concurrently, a sustained increase 
in dengue transmission was reported since EW 22 unravelling as a concomitant epidemic that 
reached a total of 491 confirmed DENV cases in Carabobo state for the same period. Our tempo-
ral analysis showed parallel epidemic waves for DENV and CHIKV (Figure 3) and a similar timing 
of the incidence peak (around EW34) resulting in a high correlation (r.95=071, P< 0.05) of both 
time-series (Figure S1). 

Figure 3. Concomitant chikungunya and dengue epidemics in Carabobo state in 2014. Weekly re-
ported cases of chikungunya (n=810) and dengue positive cases in Carabobo state (n=491) during 
epidemiological weeks (EW) 22-49. Dengue transmission is endemic in the state, yet the image shown 
positive dengue cases only from EW 22 to EW 49 for comparison purposes.

Furthermore, during the epidemic period (EW 22-49) the reported cases of both diseases 
showed similar geographical distribution (Figure 4). Dengue cases were reported in 32 out of 
38 parishes of Carabobo state, whereas CHIK cases were reported in 33 parishes with a high 
overlap with those parishes reporting dengue. Both diseases depicted an accumulation of cases 
in the metropolitan area of Valencia city (Figure 4). However, despite the overlap in time and 
space, the frequency of CHIK reported cases was 1.6 times as high as the frequency of dengue 
positive cases.



Chapter 3

75

3

Fi
gu

re
 4

. D
is

tr
ib

ut
io

n 
of

 to
ta

l r
ep

or
te

d 
ca

se
s o

f c
hi

ku
ng

un
ya

 a
nd

 d
en

gu
e 

po
si

tiv
e 

ca
se

s b
y 

pa
ri

sh
es

 in
 C

ar
ab

ob
o 

st
at

e 
du

ri
ng

 Ju
ne

 –
 D

ec
em

be
r 2

01
4.

 
Th

e 
gr

ad
in

g 
of

 c
ol

or
s r

ep
re

se
nt

s t
he

 c
um

ul
at

iv
e 

ca
se

s r
ep

or
te

d 
by

 p
ar

is
h.

 A
) C

H
IK

 re
po

rt
ed

 c
as

es
 (n

=8
10

), 
B)

 D
en

gu
e 

po
si

tiv
e 

ca
se

s (
n=

49
1)

. M
ap

 
w

er
e 

cr
ea

te
d 

us
in

g 
Qu

an
tu

m
 G

IS
 v

3.
0 

(w
w

w
.q

gi
s.o

rg
).



Concomitant Chikungunya and Dengue Epidemics

76

3

We observed that during the period of study, medical practitioners reported most of the febrile 
illnesses (dengue-like clinical presentations) as suspected dengue cases (n=1,441). However, 66 
% (n=950) of these patients obtained a serological negative test for DENV infection. To assess 
if these laboratory dengue-negative cases could represent misdiagnosed chikungunya cases, we 
draw their epidemic curve and compared it to the reported chikungunya cases curve. As shown 
in Figure 5, the ‘dengue-negative’ epidemic curve showed a good fit with that of chikungunya 
suspected cases, peaking at EW 36. Nonetheless, when we merged ‘dengue-negative’ with chiku-
ngunya reported cases (dashed line in Figure 5), the hypothetical epidemic curve shows a good 
correlation (r.95=0.59 P< 0.01) with the ‘chikungunya reported cases’ curve (red line) and a peak 
at EW 33-34 (Figure 5), suggesting a bigger chikungunya epidemic curve and an underestima-
tion of the real number of chikungunya cases.

Figure 5. Epidemiological curves of chikungunya reported cases and dengue negative cases in Cara-
bobo state in 2014. Weekly reported cases of chikungunya (n = 810) and negative dengue cases in 
Carabobo state (n = 950) during epidemiological weeks (EW) 22-49. Black dashed line depicts a hy-
pothetical epidemic curve that includes dengue negative cases as well as probable chikungunya cases 
(n = 1,760).

NOTIFICATION DELAY OF CHIKUNGUNYA CASES

A systematic delay between the date when people fell ill and the date when the case was re-
ported to the health authorities was observed. We plotted two chikungunya curves, one based 
on the symptom’s onset date (SOD) and the second using the notification date (ND) (Figure 6). 
Both curves peaked at EW 34, but with different amount of cases each: the SOD-based curve 
showed 107 cases (14.48%) while the ND-curve peaked with 215 cases (35.07%). These peaks 
occurred approximately 72 days (10.3 weeks) after the first reported case in June 2014. There-
after, the weekly reported cases started to decrease until the last reported case occurring at 
EW 49 (Figure 6). However, a statistically significant difference between SOD and ND for each 
case, was observed (P=0.039). This difference was assessed through a cross-correlation analy-
sis between both time series (where x-axis = onset date; and y-axis = notification date) to find 
the delay (Lag) between signals (reported dates). The cross-correlation analysis showed three 
different Lag periods within both time series (Figure S2). These Lag periods were: three weeks 
lag with a correlation (r.95=0.39; P=0.051), two weeks lag with strong and significant correla-
tion (r.95=0.69; P=<0.05) and a one-week lag (r.95=0.84; P=<0.05). Additionally, we found that the 
reported day on which people sought medical attention was on average around the fifth day of 
illness (M=4.86±3.4 days). These results suggest a systematic delay between the date when the 
patients got ill and when the case was reported to the health authorities, and we anticipate that 
this delay occurs within the health system workflow.
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Figure 6. Weekly reported cases of Chikungunya in Carabobo state during 2014. The cases are shown 
in bars per symptoms onset date and the notification date of the reported chikungunya cases. Symp-
toms onset dataset n=612 notification of the case n=613.

EPIDEMIOLOGICAL AND CLINICAL CHARACTERIZATION OF CHIKUNGUNYA AND DENGUE

DEMOGRAPHICS

The mean age of patients with a positive laboratory test for CHIKV infection (n = 170) was 33 
years (range 0-90 years). Univariate analysis of demographic risk factors showed that age and 
gender were not significantly associated with chikungunya infection during the outbreak (Table 
1). Nevertheless, a (non-significant) decreasing trend of chikungunya positivity with increasing 
age was found. Similarly, the proportion of dengue infected individuals decreased with age, with 
the age group (45-64 years) showing the lowest values compared to younger individuals. Wom-
en were 0.68 times less likely to have a positive dengue infection than men (P=0.001). 

Table 1. Univariate analysis of demographic characteristics of the chikungunya laboratory-test-
ed patients and dengue laboratory tested patients.

The analysis of suspected chikungunya cases (n=613) showed similar results, with a mean age 
of 34 years (range 0-89 years) and no statistically significant association of age or gender with 
chikungunya infection (Table S1). 

  Chikungunya Laboratory-tested (n=170) Dengue Laboratory-tested (n=1,441) 
  n (% positive) Crude OR (CI95) P-value n (% positive) Crude OR (CI95) P-value 
Age group 
(years) 

        

0-9   21 (67.7) 1 -  87 (38.8)  1 - 
10-24   27 (62.1) 0.80 (0.30 - 2.12) 0.660 163 (37.1)  0.93 (0.66 - 1.29) 0.730 
25-44   31 (56.1) 0.59 (0.24 - 1.48) 0.261 155 (33.0)  0.77 (0.55 - 1.08) 0.158 
45-64   15 (55.6) 0.60 (0.21 - 1.73) 0.342  61 (27.0)  0.58 (0.39- 0.86) 0.009 
>65    7 (53.8) 0.56 (0.15 - 2.09) 0.385  19 (39.6)  1.03 (0.54 - 1.95) 0.920 
Gender        

M   30 (57.7) 1 - 241 (38.9) 1 - 
F   71 (60.2) 1.11 (0.57 - 2.15) 0.894 250 (30.5) 0.68 (0.55 - 0.86) 0.001 
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EPIDEMIOLOGICAL RISK FACTORS OF CHIKUNGUNYA LABORATORY-TESTED CASES

Epidemiological risk factors possibly associated with chikungunya infections are shown in Table 
2. Approximately 85% (146/170) of the total individuals reported having public services such 
as piped water, trash removal and regular water supply at home. Despite this, an important pro-
portion of the individuals reported the existence of potential mosquito breeding sites such as: 
water storage at home (65.9%), water storage in tanks/containers (59.6%), used tires at home 
(91.0%), and breeding sites at home or in the neighborhood (61.6%). 

Presence of breeding sites, use of insecticide at home, rain in the last 15 days, presence of piped 
water at home and living in a house in unplanned were positively associated with being infected 
with CHIKV, although this association was not statistically significant (Table 2). None of the re-
corded risk factors reached significance.

Table 2. Univariate analysis of self-reported epidemiological risk factors from laboratory-tested 
patients.

*Fisher ’s exact test

CLINICAL MANIFESTATIONS

We compared the clinical presentation between CHIKV laboratory-positive and negative indi-
viduals in order to identify signs and symptoms associated with CHIKV infection. Fever (99%), 
arthralgia (94%), rash (93.4%%) and polyarthritis (91%) were the most prevalent signs/symp-
toms amongst CHIKV laboratory-positive cases (Table 3). Among the reported complains, oth-
er digestive signs and symptoms with high prevalence were nausea/vomiting (58.9%) and ab-

  Chikungunya Laboratory-tested (n=170) 
Total Positive (%) Negative (%)  Crude OR (95%CI) P-value 

Reporting mosquitoes at home 149 81 (91.0) 55 (91.7) 0.92 (0.29 - 2.96) 0.889 
Reporting contact with the 
mosquito  90 32 (64.0) 30 (75.0) 0.59 (0.24 - 1.49) 0.373 
Presence of breeding sites at 
home or in the neighborhood 144 53 (61.6) 34 (58.6) 1.13 (0.58 - 2.24) 0.851 
Presence of used tires at home 144 13 (15.3) 12 (20.3) 0.71 (0.30 - 1.68) 0.574 
Storage of water at home 152 58 (65.9) 48 (75.0) 0.64 (0.32 - 1.32) 0.305 
Water storage in tanks/ 
containers 152 53 (59.6) 39 (61.9) 0.91 (0.47 - 1.76) 0.901 

Public services      
Piped water (yes) 146 79 (92.9) 56 (91.8) 1.18 (0.34 - 4.04) 1* 
Regular water supply (yes) 150 52 (59.1) 37 (59.7) 0.98 (0.50 - 1.89) 1* 
Trash removal (yes) 146 67 (79.8) 48 (77.6) 1.15 (0.52 - 2.56) 0.891 
Mosquito preventive measures      
Household mosquito protection 
(yes) 138 8 (10.0) 11 (19.0) 0.48 (0.18 - 1.27) 0.208 

Screened windows (yes) 145 8 (9.4)  6 (10.0) 0.94 (0.31 - 2.85) 0.906 
Use of insecticide at home (yes) 142 39 (46.4) 22 (37.9) 1.42 (0.72 - 2.81) 0.405 
Use of repellent (yes) 142 28 (33.3) 23 (39.7) 0.76 (0.38 - 1.52) 0.553 
Other      
Household in unplanned area 134 28 (36.4) 13 (22.8) 1.93 (0.89 - 4.19) 0.135 
Crowding >1.5 136 24 (60.0) 16 (40.0) 1.07 (0.51 - 2.27) 0.857 
Rain in the last 15 days 146 81 (96.4) 59 (95.2) 1.37 (0.27 - 7.04) 0.699 
Traveling in last 15 days  35 14 (70.0) 13 (86.7) 0.36 (0.06 - 2.11) 0.419 
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dominal pain (33.8%). Several comorbidities were reported (Table S2) among which the most 
prevalent were hypertension (22.7%), obesity (19.6%) and asthma (14.9%). The results of our 
univariate analysis for the signs and symptoms showed that rash was the strongest clinical sign 
positively associated with a laboratory-positive result (OR=3.54, P=0.017). Other symptoms that 
showed a strong association with CHIKV infection were diarrhea (OR=2.20), nausea/vomiting 
(OR=1.76), abdominal pain (OR=1.50), hepatomegaly (OR=1.18), headache (OR=1.40), and pho-
tophobia (OR=1.19). Contrariwise, backache, myalgia, retroocular pain, sore throat, and mucosal 
bleeding were negatively associated with CHIKV infection. However, the association with these 
symptoms did not reach statistical significance.

Table 3. Univariate analysis of clinical manifestations of chikungunya laboratory-tested patients

*Fisher ’s exact test

TRIO ALGORITHM BASED ON CLINICAL MANIFESTATIONS

In order to increase the sensitivity and specificity of the clinical criteria used to report suspect-
ed cases of chikungunya and especially for those non-laboratory tested, we constructed a new  
variable by grouping the most commonly reported symptoms of fever, rash and arthralgia (FRA). 
We firstly evaluated the sensitivity, specificity and positive predictive value (PPV) of the con-
structed variable among the chikungunya (n=170) and dengue (n=3,977). laboratory-tested pa-
tients (Table 4). 

The results indicate that in the case of dengue, the FRA variable did not identify dengue cases 
when compared to the laboratory results, i.e. their results significative differed (P<0.001). Over-
all, FRA variable showed better sensitivity, specificity and PPV to identify chikungunya patients 
than for those having dengue.

  Chikungunya Laboratory-tested (n=170) 
  Total Positive (%) Negative (%) Crude OR(95%CI) P-value 
Fever 163 94 (98.9) 67 (98.5) 1.40 (0.09-22.83) 1* 
Arthralgia 140 76 (93.8) 56 (94.9) 0.81 (0.19-3.55) 1* 
Rash 151 85 (93.4) 48 (80.0) 3.54 (1.25-10.04) 0.017 
Polyarthritis 84 40 (90.9) 35 (87.5) 1.43 (0.36-5.74) 0.730* 
Fever, rash, 
polyarthritis  92 37 (69.3) 28 (59.4) 1.92 (0.77-4.78) 0.236 
Fever, rash, arthralgia 134 70 (87.5) 41 (75.9) 2.20 (0.89-5.51) 0.086 
Diarrhea 123 23 (33.3) 10 (18.5) 2.20 (0.94-5.15) 0.069 
Nausea/vomiting 131 43 (58.9) 26 (44.8) 1.76 (0.88-3.54) 0.154 
Abdominal pain 116 22 (33.8) 13 (25.5) 1.50 (0.66-3.37) 0.442 
Hepatomegaly 86   8 (16.0)  5 (13.9) 1.18 (0.35-3.96) 1 
Headache 134 69 (89.6) 49 (86.0) 1.40 (0.50-4.00) 0.708 
Backache 80 33 (78.6) 31 (81.6) 0.83 (0.28-2.49) 0.955 
Myalgia 127 59 (81.9) 49 (89.1) 0.56 (0.20-1.57) 0.386 
Retro-ocular pain 121 41 (59.4) 31 (59.6) 0.99 (0.48-2.07) 0.983 
Photophobia 66   9 (25.7)   7 (22.6) 1.19 (0.38-3.69) 0.993 
Sore Throat 96 10 (18.9) 14 (32.6) 0.48 (0.19-1.23) 0.192 
Mucosal bleeding 121  7 (10.0)   8 (15.7) 0.60 (0.20-1.77) 0.511 
Cutaneous bleeding 
(petechiae, bruising) 121 11 (16.2) 11 (20.8) 0.74 (0.29-1.86) 0.682 
Positive tourniquet 
test 76  6 (15.0)  2 (5.6) 3.00 (0.57-15.93) 0.268* 
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Table 4. Comparison of the variable FRA in CHIK laboratory-tested patients and dengue labora-
tory-tested patients 

Although the PPV of the FRA variable was not as high as expected, we defined a positive chikun-
gunya case by clinical criteria as those chikungunya suspected cases that showed all three symp-
toms englobed in the FRA variable as part of their clinical presentation. Application of the FRA 
clinical criteria resulted in the identification of 317 cases as positive out of the 443 chikungunya 
suspected cases (Figure 2A). 

Additionally, our analyses showed that the most prevalent symptoms amongst these positive 
cases by FRA criteria were a combination of fever, polyarthralgia and rash (96.3%) and photo-
phobia (91.2%), while the gastrointestinal signs and symptoms such as diarrhea (75%), nausea/
vomiting (73.1%) and abdominal pain (77.6%) were also highly prevalent (Table S3).

COMPARISON OF CLINICAL MANIFESTATIONS BETWEEN CHIKUNGUNYA AND DENGUE 

We evaluated the initial diagnosis based on clinical symptoms for dengue and chikungunya. 
Thus, we compared the frequency of confirmed laboratory positives cases given the developed 
symptoms. The differences between dengue and chikungunya are shown in Figure 7. Not all den-
gue or chikungunya reported cases were febrile. 

Among these febrile cases, a higher proportion of confirmed chikungunya cases were found 
(OR=1.45, P<0.05) compared to confirmed dengue cases. Likewise, a higher proportion of pa-
tients with chikungunya presented myalgia, headache, rash, and arthralgia compared to those 
with dengue (P<0.05). 

Conversely, hepatomegaly, cutaneous bleeding, mucosal bleeding and sore throat were more 
prevalent among dengue patients than those with chikungunya, however the differences were 
not statistically significant. These results suggest that patients with these combined symptoms 
are 1.85 times more likely to have chikungunya (P<0.05) than those having dengue. Together 
these results provide important insights into a clinical differential diagnosis between the two 
infections.

 Sensitivity (%) Specificity (%) PPV (%) OR (95% CI) P-value 

FRA (CHIK)  87.5 24.1 63.1 2.20 (0.89-5.51)  0.086 

FRA (Dengue)  33.8 55.0 41.8 0.62 (0.55-0.71) <0.001 

PPV. Positive predictive value  
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Figure 7. Comparison of clinical manifestations between chikungunya and dengue Patients.  
Proportion of patients reporting symptoms by laboratory diagnosis (CHIK-positive versus dengue 
positive patients). Chikungunya patients n=170, dengue patients n=3977. *P<0.05, **P=0.001

DISCUSSION 

Here we described the development, risk factors and clinical presentation of the chikungunya 
epidemic in northern Venezuela during 2014 in the context of a concomitant dengue epidemic. 
Our main results showed that: a) the diseases had similar timing and geographical distribution 
with cases aggregating around large urban areas. This overlap of disease distribution compli-
cated the accurate reporting of chikungunya cases in what appeared to be a bias towards den-
gue case reporting; b) A systematic delay (more than one week) of case reporting was detected 
having possible consequences in the rapid establishment of effective control measures; c) The 
most prevalent signs and symptoms associated with chikungunya infection were fever, rash and 
arthralgia (FRA); d) none of the epidemiologic risk factors studied were associated with an in-
creased risk of chikungunya infection.

The concomitant transmission of chikungunya and dengue allowed us to explore the timing of 
the epidemics and to study the characteristics of an emergent arboviral disease such as chi-
kungunya compared to an endemic one like dengue. In particular, we were interested on the 
dynamics of these epidemics as we expected to see different patterns based on the criteria of dif-
ferential availability of susceptible individuals for chikungunya and dengue, given a high dengue 
prevalence and therefore preexisting immunity to DENV in Venezuela (Barrera et al., 2000; Bar-
rera et al., 2002; Comach et al., 2009; Espino et al., 2010; Velasco et al., 2014; Vincenti-Gonzalez 
et al., 2017). Accordingly, homogeneous mixing of the human susceptible could be assumed for 
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chikungunya but not for dengue. However, we could not detect major differences in the temporal 
and geographic distribution of the two epidemics: Although chikungunya was introduced into 
a naïve population (i.e. completely susceptible individuals), the distribution of cases was not 
random but clustered in space and time as reported earlier (Lizarazo et al., 2019), and followed 
a similar pattern as dengue which is ruled by strong heterogeneity as other vector-borne diseas-
es (Vanlerberghe et al., 2017). Moreover, an important overlap in the geographical distribution 
of chikungunya and dengue was observed in this study. For chikungunya, our case distribution 
showed and accumulation of cases in Miguel Peña parish (Center of the state), but a more de-
tailed analysis depicted a corridor of transmission that followed a west-south distribution from 
its starting point at Miguel Peña parish (Lizarazo et al., 2019). This corridor of transmission co-
incides with the areas of major persistence of dengue in Carabobo (Vincenti-Gonzalez 2018). We 
propose two main factors influencing chikungunya transmission dynamics: i) the distribution 
and behavior of vector populations and ii) the epidemiologic risk factors associated with clusters 
of transmission. With respect to the latter, the areas of major transmission of both dengue and 
chikungunya in Carabobo are characterized by being densely populated with people living in 
crowded conditions and with low socioeconomic status (Lizarazo et al., 2019), factors previously 
related to increased dengue transmission (Vincenti-Gonzalez et al., 2017; Velasco et al., 2014; 
Honorio et al., 2009; Teixeira et al., 2011; Sharma et al., 2014). However, the first factor could not 
be evaluated as local entomological information is currently lacking in Venezuela.

Another important factor influencing the development of the CHIKV epidemic was the delay of 
case reporting. Interestingly, the observed delay (1-3 weeks) of the official notification of chiku-
ngunya during the epidemic in Carabobo State could not be explained by the timing of people’s 
decision to seek medical attention (<5 days from SOD) as this was considerably sooner than 
the reported delay. Nevertheless, individuals with a clinically suspected chikungunya infection 
presented to the health center at a later date from SOD than that reported when people experi-
enced dengue (1.47 days) or fever (1.96 days) (Elsinga et al., 2015). Therefore, these delays are 
likely to be attributable to lack of timely official information about chikungunya and inadequate 
preparedness by the MoH (Oletta 2016; Grillet et al., 2019). This delay could have played a role 
on disease transmission considering that the reported maximum duration of the intrinsic and 
extrinsic incubation periods of the CHIKV is around three weeks (Chan et al., 2012; David et al., 
2009). Thus, the delay in notification resulted in delays in the implementation of timely con-
trol measures allowing positive CHIKV individuals to be focus of transmission for longer. This is 
reflected on the average number of secondary cases resulting from a primary case (R0) for the 
epidemic (3.7 cases, 95% CI 2.78–4.99) (Lizarazo et al., 2019). Thus, to improve preparedness 
for the upcoming emergence of pathogens in the region, the following should be considered: i) 
to timely inform both health care workers and the community in order to minimize the delay in 
case notification, ii) to implement initiatives that increase the awareness on the population in 
order to speed up the time when people seek medical attention and iii) to implement an active 
vector surveillance in the state. Together, these initiatives will improve informed strategies for 
vector control aiming to stop the transmission chain sooner.

In this study, we did not find significant demographic risk factors linked to acquiring chikun-
gunya. This finding is mainly explained by the lack of immunity against CHIKV which derived in 
no differential infection due to age or gender. Likewise, none of the epidemiological risk factors 
could be significantly linked to CHIK as both negative and positive cases reported the presence 
of several household risk factors such as breeding sites and the presence of the vector at home or 
in the neighborhood. This may indicate that the vector is widespread in the study area. The latter 
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findings agree with previous studies showing that Venezuelan households are highly infested 
with Aedes larvae/pupae with a household index> 20 %, four times higher than what is expected 
under controlled conditions (Grillet & Ventura, 2016). Moreover, a high proportion of the pop-
ulation under study reported behavioral aspects that increase the presence of breeding sites, 
such as water storage at home, water storage in tanks and other containers, which are factors 
also related with dengue hotspot households (Agha et al., 2017; Vincenti-Gonzalez et al., 2017). 
Thus, the spread of either CHIKV or DENV among the population given the distribution of infect-
ed mosquitoes within the reported mosquito flying range of <100 m (Schmid et al., 2011) made 
favorable the concomitant epidemics in time and space. Lastly, under these favorable conditions 
at household level, it seems reasonable to propose that the rapid spread of the emergent CHIKV 
may be also plausibly explained by the movement of infected human hosts as the fast dispersion 
of the disease as reported earlier (>400 m/day) cannot be explained by the mosquito movement 
alone (Lizarazo et al., 2019).

Clinically, the main reported symptoms in our study population were fever (98.9%), rash 
(93.4%), arthralgia (93.8%) and polyarthritis (90.9%). The latter symptoms are concordant with 
the characteristic symptoms of arthritis and arthralgia/joint pain present in >80% of patients 
linked to the Asian genotype of chikungunya during the outbreaks in the Caribbean and South 
America (Sahadeo et al., 2015; Mattar et al., 2015) and similar to reported symptoms during 
the chikungunya epidemics of La Reunion and Italy (Rezza et al., 2007; Borgherini et al., 2007). 
Other likely chikungunya symptoms such as rash, headache and myalgia were reported in the 
range observed in La Reunion (Renault et al., 2007) and considerably higher than in Colombia 
(Mattar et al., 2015). Interestingly, even though the introduction of CHIKV is linked to travelers 
returning from Dominican Republic, clinical symptoms (rash, headache, myalgia) present in our 
population were nearly absent in patients from Dominican Republic (Langsjoen et al., 2016). 
Furthermore, gastrointestinal signs and symptoms (nausea/vomiting, abdominal pain, and hep-
atomegaly) were less prevalent in our population than those reported in La Reunion (Geradin et 
al., 2008) but higher than the frequency of symptoms reported in Singapore by an Asian strain 
(Win et al., 2010; Lee et al., 2012). Furthermore, the overlap in clinical manifestations with den-
gue was substantial, however differences were found. Among the differences, rash, arthralgia, 
myalgia and headache were more likely to appear in chikungunya cases than dengue cases. On 
the other hand, the signs of bleeding were more prevalent in dengue. Yet, several symptoms 
were highly present in both chikungunya and dengue. These similarities could be due to known 
overlap in symptoms of both diseases, nonetheless, in some cases concurrent CHIK and dengue 
infections could also be considered to occur (Ratsitorahina et al., 2006; Chang et al., 2010) and 
to confound the disease development. Our definition of the FRA variable was able to reach better 
discriminatory power to detect chikungunya (PPV=63 %) and achieved similar values of PPV 
as more complex decision tree models reported elsewhere (Lee et al., 2012). The fact that FRA 
variable performed better at detecting chikungunya than dengue makes it useful as both diseas-
es are likely to have an ample geographic overlap as well as shared competent vectors (Staples 
et al., 2009).

Our study data derives from the surveillance system and therefore when the epidemic reached 
higher proportions, the diagnostic was based on clinical criteria alone, leaving us with low num-
ber of confirmed cases. However, despite the inherent limitations of our retrospective study, this 
investigation describes the clinical manifestations, the temporal dynamics of the CHIK epidemic 
in Northern Venezuela during 2014 as well as the description of the spatial distribution of the 
disease cases in a concomitant epidemic with dengue. These results contribute to the knowledge 
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of CHIK and made possible to describe the features of the epidemic that may aid mitigating fu-
ture outbreaks in the region.

CONCLUSION

Our results highlight that the concomitant epidemics of dengue and CHIK depicted similar tem-
poral and spatial dynamics probably defined by mosquito seasonality and heterogeneity. More-
over, a delay up to three weeks in the case reporting prevented to set a containing strategy and 
allowed CHIKV to spread further. Our combined variable FAR can be used as a discriminatory 
tool to guide laboratory testing for CHIK. By improving the time of disease notification, setting 
up a program of active vector control would aid to set earlier preventive measures designed to 
reduce transmission of CHIK virus by the Ae. mosquitoes.
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APPENDIX

CONCOMITANT CHIKUNGUNYA AND DENGUE EPIDEMIC IN CARABOBO STATE, VENEZUELA 
2014: A STUDY ON EPIDEMIOLOGICAL DEVELOPMENT, CLINICAL MANIFESTATIONS AND 
RISK FACTORS.

Table S1. Demographic characteristics of suspected CHIK cases

Table S2. Comorbidities of laboratory-confirmed patients (n=170)

 Total of cases n (%) Crude OR 95% CI P-value  

Age (years) (n=613)      
0-9 73 63 (86.3) 1 - - 
10-24 137 121 (88.3 0.93 0.31 – 2.76 0.580 
25-44 247 226 (91.5) 0.77 0.28 – 2.12 0.615 
45-64 115 104 (90.4) 0.54 0.21 – 1.44 0.218 
65+ 41 35 (85.4) 0.62 0.22 – 1.79 0.375 
Gender (n=613)      
M 203 181 (89.2) 1 - - 
F 410 368 (89.8) 0.939 0.54 – 1.6 0.821 

 

  Total number 
of subjects 

CHIK+ n (%) CHIK- n (%) Crude OR 95% CI P-value 

Hypertension 127 17 (22.7) 12 (23.1) 0.98 0.42 - 2.27 1 
Obesity 114 13 (19.6) 6 (12.5) 1.71 0.60 - 4.90 0.445 
Asthma 126 11 (14.9) 3 (5.8) 2.85 0.75 - 10.78 0.190 
Heart disease 115  7 (10.3) 3 (6.4) 1.68 0.41 - 6.87 0.524* 
Blood disease 110 3 (4.5) 0 (0.0) 0.59 0.50 - 0.69 0.273* 
Renal 
insufficiency 113 3 (4.4) 3 (6.7) 0.65 0.13 - 3.35 0.681* 

Diabetes 124 3 (4.2) 9 (17.3) 0.21 0.05 - 0.81 0.033 
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Table S3. Frequency of clinical manifestations among chikungunya suspected cases.

Figure S1. Cross correlation analysis of CHIK symptoms onset date against CHIK notification date. 
The graph depicts the Lag period (x-axis) were the signals (blue bars) showed the highest correlation 
Lag (weeks were the signals do not overlap) and the red line depicts the lowest p-value (higher sig-
nificance of the test).

 Chikungunya suspected cases (n=443) 

  Total n of FRA-positive cases (%) 

Fever 405 317 (78.3) 
Arthralgia 376 317 (84.3) 
Rash 352 317 (90.1) 
Polyarthritis 249 207 (83.1) 
Fever, rash, arthralgia - - 
Fever, rash, polyarthritis 215 207 (96.3) 
Diarrhea 76 57 (75.0) 
Nausea/vomiting 167 122 (73.1) 
Abdominal pain 98 76 (77.6) 
Hepatomegaly 20 15 (75.0) 
Headache 342 274 (80.1) 
Backache 216 178 (82.4) 
Myalgia 332 276 (83.1) 
Retro-ocular pain 225 180 (80.0) 
Photophobia 34 31 (91.2) 
Sore Throat 80 70 (87.5) 
Mucosal bleeding 26 20 (76.9) 
Cutaneous bleeding (petechiae, bruising) 40 35 (87.5) 
Positive tourniquet test 13 12 (92.3) 
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Figure S2. Cross correlation analysis of temporal overlap on notification of CHIK reported cases 
and dengue positive cases. The graph shows the Lag period (x-axis) were the signals (blue bars) 
showed the highest correlation Lag (weeks were the signals do not overlap), and the red line 
depicts the lowest p-value (higher significance of the test).
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ABSTRACT

Dengue virus (DENV), an arthropod-borne virus, has rapidly spread in recent years. DENV di-
agnosis is performed through virus serology, isolation or molecular detection, while genotyping 
is usually done through Sanger sequencing of the envelope gene. This study aimed to optimize 
the use of shotgun metagenomics and subsequent bioinformatics analysis to detect and type 
DENV directly from clinical samples without targeted amplification. Additionally, presence of 
DENV quasispecies (intra-host variation) was revealed by detecting single nucleotide variants. 
Viral RNA was isolated with or without DNase-I treatment from 17 DENV (1-4) positive blood 
samples. cDNA libraries were generated using either a combination of the NEBNext® RNA to 
synthesize cDNA followed by Nextera XT DNA library preparation, or the TruSeq RNA V2 (TS) 
library preparation kit. Libraries were sequenced using both the MiSeq and NextSeq. Bioinfor-
matic analysis showed complete ORFs for all samples by all approaches, but longer contigs and 
higher sequencing depths were obtained with the TS kit. No differences were observed between 
MiSeq and NextSeq sequencing. Detection of multiple DENV serotypes in a single sample was 
feasible. Finally, results were obtained within three days with associated reagents costs between 
€130-170/sample. Therefore, shotgun metagenomics is suitable for identification and typing of 
DENV in a clinical setting.
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INTRODUCTION

Dengue viruses (DENV) belong to the Flaviviridae family and are among the most widely distrib-
uted arthropod-borne viruses worldwide. All DENV cause dengue fever, a self-limited febrile ill-
ness but in some patients, dengue becomes a life-threatening illness (1). In the last five decades 
DENV has rapidly spread around the globe. This together with high morbidity rates make DENV 
a public health threat in tropical and subtropical regions and increasingly in temperate countries 
(2, 3, 4).

DENV are single-stranded, positive sense RNA viruses with a genome of approximately 10.7 kb 
that contain a single open reading frame (ORF) (5). They comprise 4 antigenically distinct sero-
types (DENV-1 to 4) that have up to 65% genome sequence identity (6) and cluster into different 
genotypes as a result of high mutation rates in their genomes (2, 7). Disease outcome and virus 
transmission rates have shown to be genotype-dependent (8). 

Diagnosis of DENV can be performed by serological testing, isolation of the virus or through mo-
lecular methods (9). Genotyping is often based on Sanger sequencing (parts) of genes encoding 
the structural proteins, mostly the envelop (E) gene (10) or, alternatively the Capsid pre-mem-
brane CprM gene (11, 12). DENV genotypes are defined as clusters with associations on epide-
miological grounds with a sequence divergence of ≤ 6% (13, 14). Using Sanger sequencing to 
sequence the whole genome requires amplification of multiple overlapping fragments (15-19), 
it is time consuming and not suitable for high-throughput. Nevertheless, it reveals phylogenet-
ic relationships at the highest resolution, enables detection of recombinant events and escape 
mutants, and results in a better understanding of the dynamics of DENV evolution and its im-
plications in disease development (18). Moreover, it has been proposed that genetic variants of 
RNA viruses, named “quasispecies”, present in the host may influence pathogenesis and disease 
outcome of RNA viruses in human infections (20-22). A more rapid and cost-effective way to 
obtain these data may be the use of shotgun metagenomics that can be applied for all viruses in 
all kinds of clinical material. In clinical microbiology laboratories, short-read sequencing (SRS) 
is still the most frequently used method, although long-read sequencing slowly finds its way. 
For SRS, cDNA first needs to be fragmented for which mainly two methods are available, i.e., 
enzyme-based fragmentation or mechanical shearing. The often used Nextera XT DNA [NXT] li-
brary preparation kit, e.g., fragments cDNA using a patented transposon/transposase-mediated 
cleavage mechanism, with DNA fragments subsequently being amplified using primers targeted 
to adaptor sequences linked to the transposon (23).

In contrast, for the TruSeq (TS) V2 DNA or RNA kit, e.g., [TS] the cDNA is first fragmented by 
mechanical shearing, followed by end-repair of the fragments and adaptor ligation (24). The 
NXT kit has the advantage that it requires only 1 ng of input cDNA and has a significantly faster 
preparation time after cDNA synthesis compared to the TS method (24). However, GC bias can 
have a prominent impact on transposase-based protocols, like the NXT, likely through a combi-
nation of transposase insertion bias being coupled with a high number of PCR enrichment cycles. 
Apart from the library preparation method, different sequencers may have different sequencing 
errors that might influence the final sequence quality (25). In this study, we evaluated the use of 
shotgun metagenomics and bioinformatics analyses to detect and type DENV and to reveal the 
presence of DENV quasispecies directly from sera and plasma samples. In addition, we assessed 
the effect of: i) DNase I treatment to decrease the human DNA background (to increase the num-
ber of reads belonging to viruses and potentially the sensitivity of the approach); ii) two different 
library preparation methods and iii) two sequencing platforms, on the sequence data quality. For 
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this we a) performed identification and molecular characterization of DENV in the tested sam-
ples, b) performed phylogenetic analysis using nearly entire genomes, and c) screened for DENV 
quasispecies (intra-host variation) by detecting single nucleotide variants (SNVs).

MATERIALS AND METHODS

SAMPLE COLLECTION

Plasma (n=9) or serum samples (n=8) from seventeen confirmed dengue symptomatic patients 
were collected in Venezuela between 2010-2015 (Table 1). DENV positivity was confirmed by 
either RT-qPCR (CDC, 2013) or nested RT-PCR (9).

Table 1. Description of Venezuelan samples sequenced in this study.

RNA ISOLATION AND DNASE I TREATMENT

Viral RNA was isolated from 140 µL of serum or plasma using the QIAamp viral RNA isolation kit 
(Qiagen, Hilden, Germany). To reveal if DNase I was able to decrease the human DNA background 
(26) and thereby increase the sensitivity to detect DENV, 12 out of 17 samples were divided 
into 2 aliquots. One aliquot of the sample was treated with RNase-Free DNase I (Qiagen) for 15 
minutes using an the optional on-column DNA digestion during the QIAamp isolation, while the 
other followed the regular QIAamp viral RNA isolation kit protocol. The RNA of the remaining 5 
samples was extracted with the on-column DNA digestion step during the isolation procedure.

To control for possible contaminations, negative controls (DNA- and RNA-free water, Sigma-Al-
drich, St. Louis, MO, USA) were included. As a positive control, we used the supernatant of a viral 
culture containing DENV-2 strain 16681. In addition, to test if multiple DENV serotypes could 
be detected simultaneously, a single sample was spiked with a combination of positive patient 
specimens infected with DENV-1, -2 and -3 prior to library preparation. 

Sample 
ID 

Sample 
type Origin Age 

years 
Collection 
Date Serotype 

Days after 
symptoms 
onset 

Type of infection¥ Viral RNA 
(copies/µL) § 

ID01 Serum Aragua 17 27/08/2010 DENV-3 3 * * a 
ID02 Serum Aragua   7 30/08/2010 DENV-1 2 * * b 
ID03 Serum Aragua 18 31/08/2010 DENV-2 3 * * b 
ID04 Serum Aragua 13 01/09/2010 DENV-4 3 * * a 
ID05 Serum Aragua 21 07/09/2010 DENV-1 3 * * b 
ID06 Serum Aragua   8 16/02/2011 DENV-4 3 * * a 
ID07 Serum Aragua 50 01/11/2011 DENV-4 3 Secondary * b 
ID08 Serum Aragua 21 17/07/2012 DENV-4 3 * * b 
ID09 Plasma Carabobo 11 22/09/2015 DENV-2 3 Probable secondary 1,430 b 
ID10 Plasma Carabobo   9 23/09/2015 DENV-3 2 Probable secondary 5 b 
ID11 Plasma Carabobo 17 25/09/2015 DENV-1 4 Probable secondary 82,600 b 
ID12 Plasma Carabobo   6 30/09/2015 DENV-3 3 Inconclusive 603 b 
ID13 Plasma Carabobo 18 05/10/2015 DENV-3 2 Probable secondary 1,070,000 b 
ID14 Plasma Carabobo 18 06/10/2015 DENV-1 2 Probable secondary 44,300 b 
ID15 Plasma Carabobo 17 15/10/2015 DENV-2 3 Probable secondary 2,870 b 
ID16 Plasma Carabobo 33 19/10/2015 DENV-1 3 Probable secondary 191 b 
ID17 Plasma Carabobo 14 27/10/2015 DENV-2 2 Probable secondary 6,600 b 
Abbreviations: DENV, dengue virus.  
¥ Classification of DENV type of infection according to Cordeiro et al., 200955. 
* Data not available  
§ Classification of dengue with/without warning signs according to WHO56 (available at 
http://www.who.int/rpc/guidelines/9789241547871/en/) 
a Dengue with warning signs 
b Dengue without warning signs 
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LIBRARY PREPARATION

Two commercial kits were used for library preparation prior to sequencing: a) the TruSeq RNA 
V2 (TS) and b) Nextera XT DNA (NXT) kits, both from Illumina (San Diego, CA, USA). For the TS 
preparation protocol, the poly-A purification step was omitted as the poly-A tail is lacking in 
DENV (27). Thus, we started by adding 5 µL of eluted RNA (5-10 ng/µL) directly to the fragmen-
tation step and then followed the instructions of the manufacturer. For NXT, prior to the library 
preparation, the eluted RNAs were cleaned with the Agencourt RNAClean XP (Beckman Coulter, 
Brea, CA, USA) system. Next, cDNA was synthetized using the NEBNext® RNA First and Second 
strand modules (New England Biolabs, Ipswich MA, EUA). The cDNA was purified using the QI-
Aquick PCR Purification Kit (Qiagen,). Subsequently, 1 ng of cDNA was used for the NXT DNA 
library preparation and the subsequent steps followed the manufacturer’s protocol. 

For both TS and NXT methods, quality controls were performed during and after library prepa-
ration using the Qubit 2.0 fluorometer (Life Technologies, Thermo Fisher Scientific, Carlsbad, CA, 
USA) and by a 2200 TapeStation (Agilent Technologies, Waldbronn, Germany). A size selection 
(1:1 beads/sample ratio) of the libraries with AMPure Beads (Beckman Coulter, Brea, CA, USA) 
was conducted to discard unwanted adapter dimers in order to ensure optimal results.

NEXT-GENERATION SEQUENCING (NGS)

NGS was performed by combining 12 or 24 libraries in equimolar ratios before loading them on 
a MiSeq or on a NextSeq 500 sequencer (Illumina, San Diego, CA, USA), and at 12 pM and 1.8 pM, 
respectively. The MiSeq Reagent Kit V2 and the NextSeq Series Mid-Output kit (Illumina) were 
used to generate 150-bp paired-end reads. MiSeq data were processed with MiSeq control soft-
ware v2.4.0.4 and MiSeq Reporter v2.4 and NextSeq data with bcl2fastq2 conversion software 
v2.18 (Illumina).

DATA ANALYSIS

To identify, genotype and characterize DENV in the tested samples, the fastq files were analyzed 
employing two different approaches. First, paired-end reads were uploaded to Taxonomer (ID-
byDNA, San Francisco, CA, USA), a web-based metagenomics freely available analysis tool. In 
short, reads were analyzed through the integrated tools: Binner, Classifier, Protonomer and Af-
terburner to identify microorganism communities and results were visualized through http://
taxonomer.iobio.io (28).

The second approach, used the CLC Genomics Workbench v10.1.1 software (Qiagen). The work-
flow used (See Fig. S1 and Table S1) started with quality assessment of the reads and subsequent 
quality trimming of unwanted adapters using a limit of 0.05 prior to mapping the reads against 
the human genome (hg18). Then the unmapped reads were collected for de novo assembly. The 
consensus sequence of the longest contig was extracted and used for viral identification using 
blastn. Additionally, to facilitate the generation of whole genomes, the unmapped reads were 
also used to map against prototype DENV strains retrieved from GenBank (See Table S2). To de-
tect the ORF, we utilized the CLC Genomics Workbench plugin MetaGeneMark v1.4 (Gene Probe). 
In addition, the presence of DENV quasispecies was examined by analyzing presence of SNVs 
by the Low Frequency Variant Detection module from CLC Genomics Workbench v10.1.1 which 
includes i) a statistical model for SNV calling that relies on a multinomial analysis to determine 
the presence of different variants at a given site of the analyzed sample and ii) an error model 
to account for sequencing errors. In the SNV calling workflow we have used for each sample the 
consensus sequence of the DENV found in it as reference. The selected cut-offs for SNV calling 
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were 500-fold coverage, 1% SNV frequency, and the required significance started at 5% (for de-
tailed information about the workflow parameter see Table S1).

To assess if multiple detection of DENV serotypes in a single sample was feasible we performed 
an in-silico validation analysis to evaluate the ability of CLC Genomics Workbench to discrimi-
nate between DENV in mixed samples. For this, fastq files containing the raw reads of each of 
the four DENV serotypes (samples: ID06, ID09, ID13, ID14; Table 1) were merged into a single 
file and assessed through our CLC genomics workbench pipeline (Fig. S1). In addition, we mixed 
RNA from DENV 1, 2 and 3 isolated from positive tested samples before library preparation and 
sequencing. Subsequent, data analysis was performed through the aforementioned workflow. In 
both approaches, the web-based tool Taxonomer (IDbyDNA, San Francisco, CA, USA) was applied 
for the fast identification of DENV from the raw reads.

To determine the phylogenetic relationship of the newly generated genomes, the obtained se-
quences were aligned against genomes of known genotypes retrieved from GenBank (See Ta-
ble S3). The multiple nucleotide sequence alignment was performed with MAFFT v7.313 (29). 
The sequence alignment was edited manually to generate an alignment with ORF only. A max-
imum-likelihood (ML) phylogenetic tree was estimated using RAxML (30) under general time 
reversible model with gamma-distributed rates distribution substitution model (GTR+Γ), which 
was determined as the best-fit model using CLC Genomics Workbench (data not shown).

Statistical analyses were performed using SPSS v23 (IBM, New York, United States of America). 
The Wilcoxon signed-rank non-parametric test was used to detect significant differences be-
tween continuous (i.e. number of reads) and categorical variables (i.e. library preparation kits). 
Significance was determined at the 5% level (p-value ≤ 0.05).

RESULTS

EFFECT OF DNASE I TREATMENT

From twelve out of seventeen samples, two aliquots were obtained and extracted with and with-
out DNase I treatment to reveal its effect on the number of human and DENV reads. The av-
erage total number of reads without DNase I treatment per sample for NXT was 2,090,050 of 
which 938,543 (45%) mapped against the human genome, which is lower than the average of 
6,201,468 total reads obtained with TS of which 5,484,689 reads (80%) mapped against the hu-
man genome (Fig.1).  The number of human reads decreased significantly (p<0.05), on average 
by 18% for both NXT and TS, using the DNase I treatment. The depletion of human DNA had a 
positive effect in the proportion of reads that matched DENV genomes (Fig. 2). After the treat-
ment with DNase I, an average increase in the number of reads matching DENV of 313 and 39 
times was observed for the NXT and TS approach, respectively. Few DENV reads were identified 
in the negative control (0.004% - 0.006% of the reads). The DENV-2 strain 16681 was success-
fully identified in the positive control.

Next, we compared the two different library preparation methods (NXT and TS) in combination 
with two different NGS platforms (MiSeq and NextSeq). A summary of the quality parameters for 
the different runs is shown in Table 2. Optimal raw cluster density for MiSeq using a v2 cartridge 
has been reported to be between 1000-1200 K/mm2 and for NextSeq between 170-220 K/mm2 
(31). In our study, two runs had raw cluster densities under the desirable range (869 K/mm2 for 
MiSeq, 22 ± 4 K/mm2 for NextSeq), however, the quality scores (Q30) of both runs were higher 
than those runs with optimal raw cluster densities (Table 2).
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Figure 1. Boxplot showing the effect of DNase I (Qiagen) treatment in the proportion of human reads. 
Using the NXT library preparation kit (A) or the TS kit (B). The proportion of human reads was calcu-
lated as the number of human reads over the total number of reads for each sample. Grey bars show 
the DNase I treated samples whereas black bars show the DNase I untreated samples. Upper and 
bottom wisher lines represent 1.5 interquartile range (IQR); the box represents the upper and lower 
quartiles, horizontal line within the box represent the median and the x denotes the arithmetic means; 
dots denotes outliers. **, p-value<0.05.

Figure 2. Boxplot showing the effect of DNase I (Qiagen) treatment on the proportion of mapped 
DENV reads. Using the NXT library preparation kit (A) or the TS kit (B). The proportion of DENV reads 
was calculated as the number of reads that mapped DENV over the total reads of each sample. Grey 
bars show the DNase I treated samples whereas black bars show the DNase I untreated samples. Up-
per and bottom wisher lines represent 1.5 interquartile range (IQR); the box represents the upper and 
lower quartiles, horizontal line within the box represent the median and the x denotes the arithmetic 
means; dots denotes outliers.

Table 2. Sequence quality of the 4 runs performed using two different library preparation kits 
and two sequencing platforms.

Abbreviations: Gbp, giga base pair; PF, passing filter; Q30, quality score with base call accuracy of 
99.9% (1 incorrect base in 1000 based calls); NXT, Nextera XT library pep; TS, TruSeq v2 RNA library 
prep.*Raw density was under the optimal range.

Platform Library Prep Raw density 
(K/mm2) %PF %≥ Q30 Total reads Total reads (PF) Yield Gbp 

MiSeq NXT 1,082 ± 38 86.12 82.96 40,332,330 34,734,340 5.45 
MiSeq TS 869 ±16* 91.51 92.95 32,919,292 30,123,438 4.59 
NextSeq NXT 22 ± 4* 98.82 96.50 38,684,052 37,613,244 2.29 
NextSeq TS 179 ± 4 89.75 84.08 114,917,472 103,134,945 41.66 
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Table 3 shows a summary of the results obtained for DENV with the different sequencing ap-
proaches. We compared the average depth coverage and the average contig length after de novo 
assembly and after mapping. The libraries prepared with TS showed a higher average depth 
coverage. Yet, all runs resulted in an average depth coverage of >1,800-fold. Likewise, both li-
brary preparation methods resulted in complete or nearly complete DENV genomes when reads 
were mapped against the reference genomes. However, TS provided slightly longer contigs when 
performing de novo assembly compared to NXT. The DENV serotypes identified through CLC Ge-
nomics Workbench from the reads obtained by NXT/TS and MiSeq/NextSeq were 100% concor-
dant with the results of the RT-PCR or RT-qPCR. However, when Taxonomer was used to analyze 
samples prepared with NXT and ran on NextSeq, the DENV serotypes of two samples did not 
match those identified by RT-PCR and CLC Genomics Workbench v10.1.1.

Additionally, we examined the genome wide depth coverage and the G/C content of the sequenced 
genomes with NXT and TS (an example is shown in Fig. S2), in an attempt to identify areas of low 
coverage due to variable G/C content. The results showed a good proportion of reads per base 
position and a comparable G/C pattern in both preparations. Nevertheless, the 5’ and 3’ regions 
had the lowest coverage and were the most variable sections to be sequenced and, consequently, 
caused differences in the length of the genomes. The consensus of assembled/mapped genomes 
were a few nucleotides (nt) shorter than the references in the GeneBank (Table S2). In the case of 
NXT an average of 2437 nt and 4032 nt in the 5’ and 3’ ends, respectively, were missing. Whereas 
for the TS, on average 1430 nt and 2327 nt were missing in the 5’ and 3’ ends, respectively. When 
comparing the time investment, both methods performed similarly. Thus, the whole workflow 
from the viral RNA isolation to genome assembly through both library preparation methods and 
sequencing platforms took approximately three days.

DETECTION OF MULTIPLE DENV SEROTYPES IN A SPIKED SAMPLE

The workflow correctly identified the presence of multiple DENV serotypes in the spiked sample 
and in the in silico sample (Table 4 and 5, respectively). In the spiked sample, the proportions of 
DENV varied from as low as 0.02% for DENV-1 to as high as 3.12% for DENV-3. The genomes had 
a coverage depth of between 17- to 728-fold. However, complete genomes could not be de novo 
assembled for all DENV, instead a nearly complete genome (10,555 bp) was generated for DENV-
3 and shorter assembled contigs were generated for DENV-1 and DENV-2 (2,796 bp and 6,736 
bp, respectively; Table 4). Therefore, we mapped the reads against reference genomes (See Table 
S2) to generate longer consensus with nearly full genomes of the three DENV being generated 
(10,614 bp for DENV-1; 10,675 bp for DENV-2 and 10,675 bp for DENV-3). Similar results were 
obtained during the in silico detection. All DENV serotypes in the simulated specimen showed a 
correct identification through the CLC Workbench workflow. Likewise, the generation of nearly 
complete genomes for all four serotypes was achieved using the mapping approach (10,700 bp 
for DENV-1; 10,691 bp for DENV-2; 10,673 bp for DENV-3 and 10,637 bp for DENV-4). On the 
other hand, as shown in Table 5, de novo assembly generated contigs for all DENV serotypes but 
failed to assemble the entire ORF of DENV-1 (5,391 bp). Nonetheless, despite the notable differ-
ences of reads’ abundance per serotype in the simulated sample (ratios: DENV-4/DENV-3 [40:1]; 
DENV-4/DENV-2 [21.7:1]; and 57.7:1 for DENV-4/DENV-1) all DENV were detected and nearly 
complete genomes were obtained. 
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DETECTION OF SNVs IN DENV

Twelve out of 17 samples matched the criteria used for SNVs calling. The non-sysnonymous SNVs 
identified in each sample are shown in Table S4 and the frequency and position of each change 
is shown in Figure 3. For DENV-1, we identified non-synonymous SNVs in all samples tested. 
Around 75% of the SNVs of DENV-1 generated a frame shift at different positions of the polypro-
tein (average frequency of ~3% in the sequenced reads), the SNV with higher frequency (24.1%) 
was detected in sample ID11 in the E protein encoded region (Val708Met). 

Figure 3. Distribution of single nucleotide variants (SNVs) across the sequenced DENV genomes. 
Schematic representation of the DENV encoded proteins is shown above the graph. The graph depicts 
the frequency of SNVs by amino acid position are shown for DENV-1, DENV-2, DENV-3 and DENV-4. 
Every dot represents a non-synonymous change on the sequence, and the different colors in dots in-
dicates different serotypes. Variant calling was performed in CLC Genomics Workbench v10.1.1 using 
the following parameters: 500-fold coverage, and a 1% base frequency (InDels and structural Vari-
ants, Q-score threshold=30, [p-value<0.0001]). 

Additionally, an aggregation of SNVs in the NS5 encoded region was detected. In DENV-2 the 
non-synonymous SNVs were found in two of the tested samples with an average of 58% of SNVs 
generating frame shifts (average frequency of ~4%). One of the SNVs was placed in the M en-
coded region, while the majority occurred in the NS encoded regions. Likewise, in sample ID09 
one SNV generated an early stop codon on position 3237 (Trp>Stop). In DENV-3 we detected six 
non-synonymous changes in one sample (ID01). However, these changes did not include frame 
shifts or stop codons. In DENV-4, the SNVs were detected in the capsid, envelope and NS encoded 
regions. On average, 59% of the SNVs detected caused a frame shift (average frequency of ~3%). 

PHYLOGENETIC CHARACTERIZATION OF DENV

Phylogenetic trees generated from the complete ORFs (Fig. 4) showed that the isolates of DENV-1 
clustered within genotype V with some closely related isolates from Colombia 2008 (GQ868570) 
and Ecuador 2014 (MF797878). The four DENV-2 isolates fell within the American/Asian cluster 
genotype, a genotype often associated with disease severity (32). All DENV-3 isolates clustered 
within genotype III, and were related mainly to other Venezuelan isolates. The DENV-4 strains 
fell within genotype II and clustered into two different groups. The isolated DENV strains were 
closely related to Venezuelan isolates, and for every serotype only one genotype was detected. 
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DISCUSSION

Metagenomics studies have proved their value in clinical diagnostic settings and for surveillance 
(33, 34). Here, we applied a high-throughput NGS assay for direct whole-genome sequencing 
of DENV directly from clinical samples. This method avoids the need to design primers to type, 
thus allowing for unbiased typing and, therefore, is able to identify uncommon variants or those 
that would be missed if a primer-based method is used. Therefore, it has more discriminatory 
power than methods that target specific regions. Moreover, co-infection with different DENV 
serotypes or with other microorganisms can be detected in a single reaction. The entire proce-
dure described took approximately 3 days to complete. The library-associated cost was €57 per 
sample using NXT and €74 per sample using TS (date of cost assessment: January 2018). The 
run-associated cost was €86 per sample if 12 samples were multiplexed in one MiSeq run or €70 
per sample if 24 samples were multiplexed in one NextSeq run (date of cost assessment: January 
2018). However, these costs do not include the investment, service cost and personnel associ-
ated with each NGS sequencing platform. The overall costs are comparable to those of Sanger 
sequencing (35). Nonetheless our method, contrary to the latter, allows for sample multiplexing 
and is able to detect low frequency variants and co-infections (34) making it more cost-effective 
in a diagnostic setting. 

The sequencing output of the shotgun metagenomics approach depends among other factors, on 
the amount of viral RNA present in the sample and also on the amount of human DNA; the latter 
affecting the yield and the sensitivity of the protocol as it also serves as a template during library 
preparation. As a result, viral sequence depth could vary depending on the total nucleic acid 
yield (36). Therefore, we tested the effect of DNase I treatment on sequencing outcomes (26). 
The results of the DNase treatment showed to be different between NXT and TS, which can be at-
tributed to the requirements of additional steps during cDNA synthesis (RNA bead cleaning and 
cDNA purification) prior to the NXT library preparation. However, we were unable to assess the 
residual DNA present after DNase treatment in order to estimate the efficiency of the DNase on 
each sample. Nonetheless, DNase I treatment appeared to be effective in decreasing the human 
DNA background and increasing the yield of DENV reads in both the NXT and TS approaches. 
Similar findings have also been described for polioviruses, where DNase-treatment significantly 
increased the percentage of reads mapped to the targeted poliovirus genomes compared with 
that from non-DNase treatment (37). DNase treatment allows a higher number of samples to be 
multiplexed and sequenced in a single run with the required sequence depth (> 500-fold) there-
by reducing the cost per sample.

Both NXT and TS can be used for DENV sequencing, nonetheless the average depth coverage 
along with the whole genome was higher and more homogeneous using TS compared to NXT. 
Similar results were described in a previous study, showing that the input DNA quality had no 
effect on TS data (i.e. depth coverage), but had a significant effect on NXT data (23), meaning 
that a DNA sample of lower quality had a worse impact on the NXT libraries than on the TS li-
braries. This might also explain why the assembled consensus obtained from NXT libraries were 
divided into small contigs, while the ones from TS were consistently longer. Yet, this limitation 
can be surmounted by performing mapping with reference strains instead of de novo assembly. 
Another problem, however, was that even after mapping, the contigs obtained were, on average, 
smaller using the NXT. This might be due to limitations of the library preparation during frag-
mentation, as the NXT kit uses tagmentation for this purpose while the TS kit uses mechanical 
fragmentation. However, this could also have been caused by the low raw cluster density in the 
NXT-NextSeq run and further studies are needed to confirm this observation.
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The advantages of using whole-genome sequences compared to partial sequences for phyloge-
netic analysis have been shown previously and include correct identification of outbreak strains 
due to its increased discriminatory capacity (38). In this study, we were able to highly discrim-
inate between strains that belonged to the same genotype. Although, for each DENV serotype 
only one genotype was detected, our isolates appear to cluster within distinct subpopulations, 
which could be related to the extensive DENV genetic variability or to multiple introductions of 
different subpopulations in the country as reported earlier (39, 40). For instance, our DENV-1 
and DENV-3 isolates showed high identities with isolates from other Latin American countries. 
This may be explained by the movement/migration/travelling of people between these coun-
tries, for example from Colombia to Venezuela in the last 50 years (41).

The applied protocols showed a high sensitivity and specificity (up to 100%) when compared 
to RT-PCR or RT-qPCR, and were able to detect DENV in clinical samples with as low as 5 viral 
copies/µL. Taxonomer was used as a first approach for rapid detection of DENV (5 minutes to 
10 minutes) however, it failed in two samples reporting instead several serotypes, including the 
correct one but in a low proportion. This may be explained by the low amount of reads in these 
samples and by the nature of Taxonomers’ kmer search (parameters: 6-frame translation; kmer 
size 30; 10 amino acids), whereby if reads that belong to a shared DENV genome region are 
mainly found, the chances of false positives are higher (28). This, however, was overcome by us-
ing the CLC Genomics Workbench approach, which had 100% concordance with the PCR results. 
Likewise, as shown in the in silico assay the shotgun metagenomics workflow was able to de-
tect multiple DENV in a single sample (spike-in sample) without targeting any specific serotype, 
which surmounts challenges like template concentration, sequence diversity, primer specifici-
ty, and PCR amplification efficiency. These challenges have been reported in previous attempts 
to sequence multiple DENV with targeted full-genome amplification and sequencing either by 
Sanger or amplification-based NGS approaches (16, 17). Likewise, the ability to detect multiple 
DENV serotypes together with the high throughput of the NGS platforms could facilitate the in-
depth analysis of co-viral infections and their possible clinical manifestations.

Another advantage of NGS is the study of inter- and intra-host relations of viral genetic variants 
(34). The advantage of this approach is that no specific amplification is required, which rep-
resents an unbiased approach to screen for natural mutations across the DENV genome within 
the host. We were able to detect SNVs in 71% of our samples. DENV-1 strains isolated in different 
time and geographical points had similar frame shifts and overall shared SNVs through their 
genomes. In addition, in DENV-1 isolates more SNVs could be detected and were more frequent 
than in other DENV serotypes, suggesting a different stage of diversification. Some SNVs detected 
in DENV-1 and other serotypes represented multiple deleterious mutations such as frame shifts, 
intragenic stop-codons, nucleotide insertions or deletions that could affect viral pathogenesis by 
generating defective viral particles (42,43). In concordance with our findings, deleterious mu-
tations were reported to be transmitted together with wild-type viruses of DENV-1 in Myanmar 
(44). Moreover, it was proposed that the defective genomes were acting as defective interfering 
viral particles that resulted in attenuation of disease severity, increasing the spread of the virus 
by allowing greater mobility of human hosts (45). However, more studies are needed to confirm 
these observations in our population. Thus, epidemiological data linked to unbiased deep whole 
genome sequencing data can reveal a specific change in viral fitness or clinical disease develop-
ment during DENV transmission, in a fraction of the time taken by other approaches (18).

One of the major limitations of this study was the different raw densities obtained from the 
four sequencing runs shown in Table 3, which were especially low for the NextSeq-NXT run. 
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Although, the low densities of Next-NXT resulted in lower number of DENV reads, and conse-
quently in lower depth coverage and shorter contigs, the run still produced enough reads to 
enable the fast detection of DENV through Taxonomer (with only two misclassifications) and the 
generation of nearly complete genomes through mapping to DENV references. In order to min-
imize the possibility of inconsistent cluster generation it is recommended to perform an extra 
step of size selection of small fragments (i.e. indexes, primers) after the pooling of libraries step. 
If this step is not performed, such small fragments can generate both background noise and loses 
in sequencing depth.

As with other (molecular) methods several controls should be included to validate the obtained 
results, including a negative control. In our negative control, we detected DENV reads, although 
it represented only 0.004% - 0.006% of the reads. These results may be due to contamination 
during library preparation (e.g. sample-to-sample contamination prior to indexing), the result 
of sequencing artefacts (e.g. demultiplexing errors, sample bleeding), or to incorrect classifi-
cation during data analysis (e.g. highly homologous regions) (46). Our samples and sequenc-
ing libraries were handled in laminar flow cabinets; however, we cannot exclude the possibility 
of contamination. Furthermore, the reagents used may also be or become contaminated with 
DNA/RNA leading to cross contamination, something that has been described previously (47). 
To minimize the chance of contamination we i) used unique dual-index combinations to dimin-
ish the possibility of misassignment on multiplexing that could generate conflicts in downstream 
analysis (48), ii) performed a size selection after library pooling in order to eliminate fragments 
below 150bp ensuring that free indexes were not present in the final libraries which also mini-
mizes index hoping (48), iii) measured the amount of library loaded onto the flow cell to assure 
optimal cluster density thereby decreasing the possibility of mismatches on cluster assignment 
(cross talk/sample bleeding) (49) and iv) used a setting of zero barcode mismatches when using 
the bcl2fastq2 software to guarantee that only barcodes with 100% identity will be used during 
demultiplexing.

The ability to detect multiple DENV in a single sample without targeting any specific serotype, 
the high concordance with RT-PCR or RT-qPCR and furthermore, the possibility of multiplexing 
up to 24 different samples with TS and 384 different samples with NXT makes shotgun metage-
nomics ideal for genetic surveillance of DENV and other arboviruses without the need for a com-
plex inventory of primers and probes for different viruses and strains. This may improve virus 
identification in public-health settings that need to screen multiple RNA viruses (33). Addition-
ally, recent Ebola and Zika striking epidemics revealed the relevance of continuous surveillance, 
rapid diagnosis and real-time tracking of emerging infectious diseases for containment efforts 
during nascent outbreaks (50), for which shotgun metagenomics may help to detect unnoticed 
pathogens’ circulation by existing surveillance systems, e.g. Zika circulation since 2013 (51-53). 
Moreover, detailed studies of complete genomes could help in the design of tailor-made assays 
for detection and typing of specific strains (i.e. virulent or outbreak strains) and likewise may be 
used to evaluate the effect of antivirals and vaccines on DENV populations, and to monitor the 
emergence of resistant or immune escaped mutants (54). 

CONCLUSION

A shotgun metagenomics approach can be applied to successfully sequence whole genomes of 
DENV directly from clinical samples, without the need for prior sequence-specific amplification 
steps. This is essential for the rapid surveillance of DENV, namely to understand major epidemics 
and swiftly develop containment control strategies. The ability to detect infection with multi-
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ple DENV serotypes together with the high throughput of the NGS platforms could facilitate an 
in-depth analysis of co-viral infections and the linkage to clinical manifestations and possible 
association with specific strains. This could shed light into the reported relationship of inter- 
and intra-host DENV diversity (quasispecies) and human hosts. Finally, this approach can also be 
used for the design of vaccines against DENV in different epidemiological settings by predicting 
antigenic regions that are common to the circulating DENV serotypes and likewise to monitor 
the emergence of resistant DENV strains during vaccination campaigns.
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APPENDIX

APPLIED SHOTGUN METAGENOMICS APPROACH FOR THE GENETIC CHARACTERIZATION 
OF DENGUE VIRUSES

Figure. S1. Schematic representation of the applied workflow for DENV identification and classifi-
cation. First, we performed the QA/QC and host-reads removal with quality assessment and quality 
trimming of raw reads (QA/QC & trimming) then host-reads were removed by mapping the trimmed 
reads to the human genome (hg18). Second, we performed the viral genome recovery from the un-
mapped reads. Then de novo assembly was performed and likewise unmapped reads were mapped 
against to DENV references from NCBI (NC_001477; NC_001474; NC_001475; NC_002640) to gener-
ate a consensus sequence. Viral identification was performed by blasting the consensus/assemblies 
to public available databases using blastn. The workflow was implemented using the software CLC 
Genomics Workbench Software v10.1.1.

Figure. S2. Genome wide comparison of sequence coverage and G/C content of the viral genome. 
Proportion of G/C content (scale 0-100%) and sequencing depth coverage are shown in parallel in 
pink. The Open Reading Frame (ORF) of DENV is shown in grey. A) Library preparation performed 
with Nextera XT DNA (NXT), B) Library preparation performed with TruSeq RNA V2 (TS). The DENV 
ORF encoding the polyprotein gene was obtained with high coverage in both assays. A decrease in the 
coverage is shown at the 5’ and 3’ ends. A grey arrow indicates the section of the genome that encodes 
the polyprotein gene.
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Table S1. Workflow and parameters used in the CLC Genomics Workbench v10.1.1.

Trim Sequences 1.13
Version: CLC Genomics Workbench 10.1.1
Ambiguous trim Yes
Ambiguous limit 2
Quality trim Yes
Quality limit 0.05
Create report Yes
Save discarded sequences Yes
Remove 5' terminal nucleotides Yes
Number of 5' terminal nucleotides 1
Minimum number of nucleotides in reads -
Discard short reads Yes
Remove 3' terminal nucleotides Yes
Number of 3' terminal nucleotides 1
Discard long reads No
Save broken pairs Yes
Map Reads to Reference
Version: CLC Genomics Workbench 10.1.1
References Homo sapiens (hg18) sequence 
Masking mode No masking
Match score 1
Mismatch cost 2
Cost of insertions and deletions Linear gap cost
Insertion cost 3
Deletion cost 3
Length fraction 0,5
Similarity fraction 0,8
Global alignment No
Auto-detect paired distances Yes
Non-specific match handling Map randomly
Output mode Create stand-alone read mappings
Create report Yes
Collect un-mapped reads Yes
De Novo Assembly 1.3 
Version: CLC Genomics Workbench 10.1.1
Mapping mode Map reads back to contigs (slow)
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Update contigs Yes 
Automatic bubble size Yes
Minimum contig length 200
Automatic word size Yes
Perform scaffolding Yes
Auto-detect paired distances Yes
Mismatch cost 2
Insertion cost 3
Deletion cost 3
Length fraction 0.5
Similarity fraction 0.8
Create list of un-mapped reads Yes 
Colorspace alignment No
Guidance only reads No
Min distance 1
Max distance 1000
Map Reads to Reference
References
Masking mode No masking
Masking track
Match score 1
Mismatch cost 2
Cost of insertions and deletions Affine gap cost
Insertion cost 3
Deletion cost 3
Insertion open cost 6
Insertion extend cost 1
Deletion open cost 6
Deletion extend cost 1
Length fraction 0.5
Similarity fraction 0.8
Global alignment false
Auto-detect paired distances true
Non-specific match handling Map randomly
Local Realignment
Realign unaligned ends true
Multi-pass realignment 2
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Guidance-variant track
Maximum guidance-variant length 100
Force realignment to guidance-variants false
InDels and Structural Variants
P-Value threshold 0.0001
Maximum number of mismatches 3
Ignore broken pairs true
Filter variants false
Minimum number of reads 2
Minimum relative consensus coverage 0
Minimum quality score 30
Restrict calling to target regions
Local Realignment (2) (Original name: Local Re-
alignment)
Realign unaligned ends true
Multi-pass realignment 2
Guidance-variant track Defined by: InDels and Structural Variants
Maximum guidance-variant length 100
Force realignment to guidance-variants false
Low Frequency Variant Detection
Required significance (%) 1
Ignore positions with coverage above 100000
Minimum coverage 500
Minimum count 5
Minimum frequency (%) 1
Restrict calling to target regions
Ignore broken pairs true
Ignore non-specific matches Reads
Minimum read length 20
Base quality filter true
Neighborhood radius 5
Minimum central quality 20
Minimum neighborhood quality 15
Read direction filter false
Direction frequency (%) 5
Relative read direction filter true
Significance (%) 1
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Read position filter false
Significance (%) 1
Remove pyro-error variants false
In homopolymer regions with minimum length 3
With frequency below 0.8

Table S2. Reference genomes retrieved from GenBank to perform the mapping of DENV reads.

Genome* Accession Length (nt) Date updated
DENV-1 NC_001477 10,735 09/05/2015
DENV-2 NC_001474 10,723 09/15/2015
DENV-3 NC_001475 10,707 09/14/2015
DENV-4 NC_002640 10,649 02/11/2016

*Source: www.ncbi.nlm.nih.gov/genomes

Table S3. Genomes retrieved from GenBank to perform the phylogenetic analysis of DENV.

Accession num-
ber

Country Year Type Genotype

EF457905 Malasia 1972 Dengue 1  III
AF298808 Djibouti 199 Dengue 1  I
AY732477 Thailand 1991 Dengue 1  I
AY732480 Thailand 1994 Dengue 1  I
KC131141 China 2012 Dengue 1  I
KU509250 Thailand 2012 Dengue 1  I
KX452050 Malaysia 2014 Dengue 1  I
MF033230 Singapore 2015 Dengue 1  I
AF180817 Thailand 1964 Dengue 1  II
KR024705 China 2014 Dengue 1  III
KR024708 China 2014 Dengue 1  III
KX618705 India 2014 Dengue 1  III
AB189121 Indonesia 1998 Dengue 1  IV
NC14771 Nauru 1974 Dengue 1  IV
FJ639740 Venezuela Dengue 1  V
FJ639743 Venezuela Dengue 1  V
FJ639794 Venezuela Dengue 1  V
FJ639824 Venezuela Dengue 1  V
FJ810415 Venezuela Dengue 1  V
FJ850090 Brazil 2000 Dengue 1  V
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FJ850093 Brazil 2000 Dengue 1  V
FJ873809 Venezuela Dengue 1  V
GQ868560 Colombia Dengue 1  V
GQ868570 Colombia Dengue 1  V
GU131832 Venezuela Dengue 1  V
GU131836 Venezuela Dengue 1  V
GU131837 Venezuela Dengue 1  V
GU131841 Venezuela Dengue 1  V
GU131863 Brazil 2000 Dengue 1  V
GU131962 Mexico 2000 Dengue 1  V
HQ332177 Venezuela 2000 Dengue 1  V
HQ332179 Venezuela 2000 Dengue 1  V
HQ332183 Venezuela 2000 Dengue 1  V
JN819413 Venezuela Dengue 1  V
JN819425 Venezuela Dengue 1  V
JQ675358 USA 2010 Dengue 1  V
JX669463 Brazil 2010 Dengue 1  V
JX669464 Brazil 2010 Dengue 1  V
KC692512 Argentina 2010 Dengue 1  V
KC692513 Argentina 2010 Dengue 1  V
KF973453 Nicaragua 2011 Dengue 1  V
KF973454 Nicaragua 2012 Dengue 1  V
KJ189306 Mexico 2011 Dengue 1  V
KJ189363 Puerto Rico 2010 Dengue 1  V
KJ189369 Mexico 2011 Dengue 1  V
KP188542 Brazil 2011 Dengue 1  V
KP188544 Brazil 2012 Dengue 1  V
KP188546 Brazil 2013 Dengue 1  V
KP188568 Brazil Dengue 1  V
MF004384 France 2014 Dengue 1  V
MF797878 Ecuador 2014 Dengue 1  V
MH450297 Venezuela 2015 Dengue 1  V
MH450301 Venezuela 2015 Dengue 1  V
MH450304 Venezuela 2015 Dengue 1  V
MH450306 Venezuela 2015 Dengue 1  V
MH450312 Venezuela 2015 Dengue 1  V
KU094070 China 2015 Dengue 2 Asian II
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JX966379 Mexico 1994 Dengue 2 I - American
FJ898449 Honduras 1984 Dengue 2 I - American
KU517847 Philippines 2015 Dengue 2 II - Cosmopolitan
KU517846 Indonesia 2014 Dengue 2 II - Cosmopolitan
KF360005 Pakistan 2013 Dengue 2 II - Cosmopolitan
EU482640 Vietnam 2006 Dengue 2 II - Cosmopolitan
DQ448231 India 2001 Dengue 2 II - Cosmopolitan
AB189124 Indonesia 1998 Dengue 2 II - Cosmopolitan
MF004385 France 2014 Dengue 2 II - Cosmopolitan
MG189962 Tanzania 2014 Dengue 2 II - Cosmopolitan
KF041233 Pakistan 2011 Dengue 2 II - Cosmopolitan
KM217158 Pakistan 2013 Dengue 2 II - Cosmopolitan
AB189123 Indonesia 1998 Dengue 2 II - Cosmopolitan
MH450302 Venezuela 2015 Dengue 2 III - Asian-American
MH450300 Venezuela 2015 Dengue 2 III - Asian-American
MH450295 Venezuela 2015 Dengue 2 III - Asian-American
MH450310 Venezuela 2010 Dengue 2 III - Asian-American
KP188552 Brazil 2012 Dengue 2 III - Asian-American
KC294222 Peru 2002 Dengue 2 III - Asian-American
HQ999999 Guatemala 2009 Dengue 2 III - Asian-American
HM631865 Nicaragua 2000 Dengue 2 III - Asian-American
GU131947 Colombia 2007 Dengue 2 III - Asian-American
GQ868515 Mexico 2007 Dengue 2 III - Asian-American
FJ898467 Venezuela 2000 Dengue 2 III - Asian-American
FJ850108 Venezuela 2000 Dengue 2 III - Asian-American
FJ850091 Brazil 2007 Dengue 2 III - Asian-American
EU854294 Colombia 2005 Dengue 2 III - Asian-American
EU482731 USA 2005 Dengue 2 III - Asian-American
FM210245 Vietnam 2005 Dengue 2 V - Asian I
FM210240 Vietnam 2004 Dengue 2 V - Asian I
FJ461309 Vietnam 2008 Dengue 2 V - Asian I
FJ461305 Vietnam 2007 Dengue 2 V - Asian I
KU509273 Thailand 2011 Dengue 2 V - Asian I
KY849771 Laos 2010 Dengue 3 II
KJ622197 China 2013 Dengue 3 II
GQ868593 Thailand 1997 Dengue 3 II
FJ744734 Thailand 2000 Dengue 3 II
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AY923865 Thailand 1994 Dengue 3 II
MH544649 Colombia 2015 Dengue 3 III
MH544647 Colombia 2015 Dengue 3 III
MH450311 Venezuela 2010 Dengue 3 III
MH450299 Venezuela 2015 Dengue 3 III
MH450298 Venezuela 2015 Dengue 3 III
MH450296 Venezuela 2015 Dengue 3 III
KY921907 Singapore 2015 Dengue 3 III
KT726361 Cuba 2002 Dengue 3 III
KJ830751 Saudi Arabia 2014 Dengue 3 III
KJ643590 Peru 2007 Dengue 3 III
KJ189301 Peru 2008 Dengue 3 III
KF973486 Nicaragua 2012 Dengue 3 III
JF920408 Nicaragua 2010 Dengue 3 III
GU131872 Brazil 2007 Dengue 3 III
GU131853 Brazil 2006 Dengue 3 III
FJ898473 Venezuela Dengue 3 III
FJ898457 Ecuador 2000 Dengue 3 III
FJ898442 Mexico 2007 Dengue 3 III
FJ898441 Mexico 2006 Dengue 3 III
FJ850109 Venezuela Dengue 3 III
FJ639826 Venezuela Dengue 3 III
FJ639825 Venezuela Dengue 3 III
FJ639787 Venezuela Dengue 3 III
FJ639785 Venezuela Dengue 3 III
FJ547085 US 2006 Dengue 3 III
EU854292 Venezuela Dengue 3 III
EU529683 Venezuela Dengue 3 III
EU482613 Venezuela 200 Dengue 3 III
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ABSTRACT 

Dengue is an endemic disease in Latin American countries like Venezuela and has become one 
of the most important public health problems. We report five complete coding sequences of den-
gue virus serotype 2 (DENV-2) isolated from DENV infected patients in Venezuela. Phylogenetic 
analysis placed the isolates within the American/Asian genotype.

Dengue virus (DENV) infection continues to be one of the most prevalent arboviral diseases in 
tropical and subtropical regions with an estimated burden of 390 million cases/year worldwide 
(1). Infection by any of the four DENV serotypes (DENV-1 to DENV-4) can lead to a wide spec-
trum of clinical outcomes, ranging from asymptomatic cases, mild-disease as a flu-like syndrome 
(dengue without warning signs) to a more severe form of disease (dengue with warning signs or 
severe dengue) (1-3). Severe disease is frequently associated with the Asian DENV-2, and DENV-
3 genotypes with secondary infections (4). To date, there is no fully successful vaccine or specific 
treatment (5,6). 
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We report five complete coding sequences of dengue virus serotype 2 (DENV-2) isolated from 
DENV infected patients in Venezuela in 2015 of which two patients had dengue with warning 
signs. The study was approved by the Ethics Review Committee of the Biomedical Research 
Institute, Carabobo University (Aval Bioetico #CBIIB(UC)-014 and CBIIB-(UC)-2013-1), Mara-
cay, Venezuela; the Ethics, Bioethics and Biodiversity Committee of the National Foundation for 
Science, Technology and Innovation, Caracas, Venezuela; Carabobo State. For sequencing, RNA 
isolation was performed with the QIAamp viral RNA isolation kit (Qiagen, Hilden, Germany). 
Libraries were prepared with the TruSeq V2 RNA (Illumina, San Diego, CA, USA), which includes 
a cDNA synthesis step. The sequencing was performed on a MiSeq instrument with the MiSeq 
Reagent Kit V2 (Illumina) that generated 150-bp paired-end reads. The sequences were assem-
bled and analyzed using the CLC Genomics Workbench v10.1.1 software (Qiagen). Genome an-
notation was performed using the plugin MetaGeneMark v1.4.

The complete open reading frame (ORF) of the DENV-2 polyprotein was obtained in all samples 
with a coverage greater than 177-fold. The length of the genomes sequenced was 10,694 nucle-
otides (nt), 10,619 nt; 10,712 nt, 10,711 nt and 10,704 nt with lengths of the 5’ /3’ untranslated 
regions being 87/431 nt, 87/356 nt, 84/452 nt, 86/449 nt, and 77/451 nt, respectively. These 
are slightly shorter than the 96/451 nt reported for the DENV-2 reference genome (GenBank ac-
cession: NC_001474). The phylogenetic analysis based on the complete ORF using the Maximum 
Likelihood method revealed that the isolates belong to the American/Asian genotype. Strains 
clustered in two different subpopulations sharing a common ancestor within the Venezuelan 
clade. 

Molecular surveillance to monitor circulating DENV-2 strains in Venezuela is lacking nowadays 
and any information about current or past circulating strains have not been reported since 2008 
(7). The replacement of less virulent strains by the (re)emergence of more virulent strains or in 
situ recombination has happened before in Venezuela and consequently such potential chang-
es should be monitored to reveal evolutionary trends (8). The sequences of DENV-2 described 
in this work will help to follow-up the molecular epidemiology of DENV in Venezuela. In addi-
tion, these genome sequences add to the knowledge of the current DENV-2 diversity/endemicity 
which is important for developing future, accurate vaccines.

Accession number(s). The complete coding sequences of the five DENV-2 described here have 
been deposited in GenBank under the accession numbers: MH069495 - MH069499.
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INTRODUCTION 

The Dengue virus (DENV), a single-stranded positive-sense RNA virus belonging to the Flavivi-
rus genus, is one of the most prevalent arboviruses and is mainly concentrated in tropical and 
subtropical regions. Infection with DENV results in symptoms ranging from mild fever to hae-
morrhagic fever and shock syndrome (1). Transmission to humans occurs through the bite of 
Aedes mosquitoes, namely Aedes aegypti and Aedes albopictus (2). In 2010, it was predicted that 
the burden of dengue disease reached 390 million cases/year worldwide (3). The high morbidity 
and mortality of dengue makes it the arbovirus with the highest clinical significance (4). DENV is 
a significant public health challenge in countries where the infection is endemic due to the high 
health and economic burden. Despite the emergence of novel therapies and ecological strategies 
to control the mosquito vector, there are still important knowledge gaps in the virus biology and 
its epidemiology (2).

The viral genome of ~11,000 nucleotides, consists of a CDS of approximately 10.2 Kb that is 
translated into a single polyprotein encoding three structural proteins (capsid - C, premembrane 
- prM, envelope - E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and 
NS5). Additionally, the genome contains two Non-Coding Regions (NCRs) at their 5’ and 3’ ends 
(5). DENV can be classified into four serotypes (1, 2, 3 and 4), differing from each other from 
25% to 40% at the amino acid level. They are further classified into genotypes that vary by up 
to 3% at the amino acid level (2). The DENV-1 serotype comprises five genotypes (I-V), DENV-2 
groups six (I-VI, also named American, Cosmopolitan, Asian-American, Asian II, Asian I and Syl-
vatic), DENV-3 four (I-III and V), and DENV-4 also four (I-IV).

The implementation of a surveillance system relying on HTS technologies allows the simultane-
ous identification and surveillance of DENV cases. Due to the high sensitivity of these technol-
ogies, previous studies showed that viral sequences can be directly obtained from patient sera 
using a shotgun metagenomics approach (6). Alternatively, HTS can be used in a targeted metag-
enomics approach in which a PCR step is used to pre-amplify viral sequences before sequencing. 
In recent years, HTS has been successfully used as a tool for identification of DENV directly from 
clinical samples (6,7). This also allows the rapid identification of the serotype and genotype im-
portant for disease management as the genotype may be associated with disease outcome (8).

Several initiatives aim to facilitate the identification of the DENV serotype and genotype from 
HTS data. The Genome Detective project (https://www.genomedetective.com/) offers an online 
Dengue Typing Tool (https://www.genomedetective.com/app/typingtool/dengue/) relying on 
BLAST and phylogenetic methods in order to identify the closest serotype and genotype, but it 
requires as input assembled genomes in FASTA format. The same project also offers the Genome 
Detective Typing Tool (https://www.genomedetective.com/app/typingtool/virus/) (9) identi-
fying viruses present in a sample. Additionally, there are several tools available for viral read 
identification and assembly, such as VIP (10), virusTAP (11) and drVM (12), but none performs 
genotyping of the identified reads.

We developed DEN-IM as a ready-to-use, one-stop, reproducible bioinformatic analysis work-
flow for the processing and phylogenetic analysis of DENV using paired-end raw HTS data. DEN-
IM is implemented in Nextflow (13), a workflow manager software that uses Docker (https://
www.docker.com) containers with pre-installed software for all the workflow tools. The DEN-IM 
workflow, as well as parameters and documentation, are available at https://github.com/B-UM-
MI/DEN-IM.
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THE DEN-IM WORKFLOW

DEN-IM is a user-friendly automated workflow enabling the analysis of shotgun or targeted 
metagenomics data for the identification, serotyping, genotyping, and phylogenetic analysis of 
DENV, as represented in Figure 1, accepting as input raw paired-end sequencing data (FASTQ 
files) and informing the user with an interactive and comprehensive HTML report (Supplemen-
tary Figure S1), as well as providing output files of the whole pipeline. 

It is implemented in Nextflow, a workflow management system that allows the effortless deploy-
ment and execution of complex distributed computational workflows in any UNIX-based system, 
from local machines to high-performance computing clusters (HPC) with a container engine 
installation, such as Docker (https://www.docker.com/), Shifter (14) or Singularity (15). DEN-
IM integrates Docker containerised images, compatible with other container engines, for all the 
tools necessary for its execution, ensuring reproducibility and the tracking of both software code 
and version, regardless of the operating system used.

Users can customise the workflow execution either by using command line options or by modi-
fying the simple plain-text configuration files. To make the execution of the workflow as simple 
as possible, a set of default parameters and directives is provided. An exhaustive description of 
each parameter is available as Supplementary material (see Supplementary Material, Workflow 
parameters).

The local installation of the DEN-IM workflow, including the docker containers with all the tools 
needed and the curated DENV database, requires 15 Gigabytes (Gb) of free disk space. The min-
imum requirements to execute the workflow are at least 5 Gb of memory and 4 CPUs. The disk 
space required for execution depends greatly on the size of the input data, but for the datasets 
used in this article, DEN-IM generates approximately 5 Gb of data per Gb input data.

DEN-IM workflow can be divided into the following components: 

1. QUALITY CONTROL AND TRIMMING

The Quality Control (QC) and Trimming block starts with a process to verify the integrity of the 
input data. If the sequencing files are corrupted, the execution of the analysis of that sample is 
terminated. The sequences are then processed by FastQC (https://www.bioinformatics.babra-
ham.ac.uk/projects/fastqc/, version 0.11.7) to determine the quality of the individual base pairs 
of the raw data files. The low-quality bases and adapter sequences are trimmed by Trimmomatic 
(15) (version 0.36). In addition, paired-end reads with a read length shorter than 55 nucleotides 
after trimming are removed from further analyses. Lastly, the low complexity sequences, con-
taining over 50% of poly-A, poly-N or poly-T nucleotides, are filtered out of the raw data using 
PrinSeq (16) (version 0.10.4).

2. RETRIEVAL OF DENV SEQUENCES

In the second step, DENV sequences are selected from the sample using Bowtie2 (17) (version 
2.2.9) and Samtools (18) (version 1.4.1). As a reference we provide the DENV mapping database, 
a curated DENV database composed of 3830 complete DENV genomes. An in-depth description 
of this database is available as Supplementary material (see Supplementary Material, Dengue 
virus reference databases). A permissive approach is followed by allowing for mates to be kept 
in the sample even when only one read maps to the database in order to keep as many DENV 
derived reads as possible. The output of this block is a set of processed reads of putative DENV 
origin.
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are provided as input to the first block (in blue), responsible for quality control and elimination of 
low-quality reads and sequences. After successful pre-processing of the reads, these enter the second 
block (green) for retrieval of the DENV reads using the mapping database of 3830 complete DENV 
genomes as reference. This block also provides an initial estimate of the sequencing depth. After the 
de novo assembly and assembly correction block (yellow), the coding sequences (CDSs) are retrieved 
and are then classified with the reduced complexity DENV typing database containing 161 sequences 
representing the known diversity of DENV serotypes and genotypes (red). If a complete CDS fails to 
be assembled, the reads are mapped against the DENV typing database and a consensus sequence is 
obtained for classification and phylogenetic inference. All CDSs are aligned and compared in a phy-
logenetic analysis (purple). Lastly, a report is compiled (grey) with the results of all the blocks of the 
workflow.

3. ASSEMBLY

DEN-IM applies a two-assembler approach to generate assemblies of the DENV CDS. To obtain 
a high confidence assembly, the processed reads are first de novo assembled with SPAdes (19) 
(version 3.12.0). If the full CDS fails to be assembled into a single contig, the data is re-assembled 
with the MEGAHIT assembler (20) (version 1.1.3), a more permissive assembler developed to 
retrieve longer sequences from metagenomics data. The resulting assemblies are corrected with 
Pilon (21) (version 1.22) after mapping the processed reads to the assemblies with Bowtie2.

If more than one complete CDS is present in a sample, each of the sequences will follow the rest 
of the DEN-IM workflow independently. If no full CDS is assembled neither with SPAdes nor with 
MEGAHIT, the processed reads are passed on to the next module for consensus generation by 
mapping, effectively constituting DEN-IM’s two-pronged approach using both assemblers and 
mapping.

4. TYPING

For each DENV complete CDS, the serotype and genotype is determined with the Seq_Typing 
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tool (https://github.com/B-UMMI/seq\_typing, version 2.0) (22) using BLAST (23) and the cus-
tom Typing database of DENV containing 161 complete sequences (see Supplementary Materi-
al, Dengue virus reference databases). The tool determines which reference sequence is more 
closely related to the query based on the identity and length of the sequence covered, returning 
the serotype and genotype of the reference sequence.

If a complete CDS fails to be obtained through the assembly process, the processed reads are 
mapped against the same DENV typing database, with Bowtie2, using the Seq_Typing tool, with 
similar criteria for coverage and identity to those used with the BLAST approach. If a type is 
determined, the consensus sequence obtained follows through to the next step in the workflow. 
Otherwise, the sample is classified as Non-Typable and its process terminated.

5. PHYLOGENY

All DENV complete CDSs and consensus sequences analysed in a workflow execution are aligned 
with MAFFT (24) (version 7.402). By default, or if the number of samples analysed is less than 
4, four representative sequences for each DENV serotype (1 to 4) from NCBI are also included in 
the alignment. The NCBI references included are NC_001477.1 (DENV-1), NC_001474.2 (DENV-
2), NC_001475.2 (DENV-3) and NC_002640.1 (DENV-4). The closest reference sequence to each 
analysed sample in the DENV typing database to each analysed sample can also be retrieved 
and included in the alignment. With the resulting alignment, a Maximum Likelihood tree is con-
structed with RaXML (25)(version 8.2.11). 

6. OUTPUT AND REPORT

The output files of all tools in DEN-IM’s workflow are stored in the ’results’ folder in the directory 
of DEN-IM’s execution, as well as the execution log file DEN-IM and for each component. 

The HTML report (Supplementary Figure S1), stored in the ’pipeline_results’ directory contains 
all results divided into four sections: report overview, tables, charts and phylogenetic tree. The 
report overview and all tables allow for selection, filtering and highlighting of particular samples 
in the analysis. All tables have information on if a sample failed or passed the quality control met-
rics highlighted by green, yellow or red signs for pass, warning and fail messages, respectively. 

The in silico typing table contains the results of the serotype and genotype of each CDS anal-
ysed, as well as identity, coverage and GenBank ID of the closest reference in the DENV typing 
database. The quality control table shows information regarding the number of raw base pairs 
and number of reads in the raw input files and the percentage of trimmed reads. The mapping 
table includes the results for the mapping of the trimmed reads to the DENV mapping database, 
including the overall alignment rate, and an estimation of the sequence depth including only the 
DENV reads. For the assembly statistics table, the number of CDSs in each sample, the number of 
contigs and the number of assembled base pairs generated by either SPAdes or MEGAHIT assem-
blers is included. The number of contigs and assembled base pairs after correction with Pilon 
is also presented in the table. The assembled contig size distribution scatter plot is available in 
the chart section, showing the contig size distribution for the Pilon corrected assembled CDSs.

Lastly, a phylogenetic tree is included, rooted at midpoint for visualisation purposes, and with 
each tip coloured according to the genotyping results. If the option to retrieve the closest typing 
reference is selected, these sequences are also included in the tree with respective typing meta-
data. The tree can be displayed in several conformations provided by Phylocanvas JavaScript 
library (http://phylocanvas.net, version 2.8.1) and it is possible to zoom in or collapse selected 
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branches. The support bootstrap values of the branches can be displayed, and the tree can be 
exported as a Newick tree file or as a PNG image.

SOFTWARE COMPARISON

DEN-IM offers a core assembly functionality, leveraging a de novo and consensus assembly ap-
proach, to obtain a full CDS sequence to perform geno- and serotyping, followed by phylogenetic 
positioning of the samples analysed. This results in a phylogenetic tree showing the genotyping 
results, presented in an HTML file.

There are several alternative tools, both command line and online based, capable of identifying 
DENV reads and performing assembly (Table 1). VIP and drVM are both stand-alone pipelines, 
like DEN-IM, and several components overlap with DEN-IM’s but the retrieval of viral sequences 
is not targeted for DENV, and no serotyping and genotyping is performed. VIP performs a phylo-
genetic analysis against the reference database. VirusTAP is a web server for the identification 
of viral reads using the ViPR and IRD databases, or alternatively with the RefSeq Virus database. 
GenomeDetective is also a web service that provides two tools, one for the assembly of viral 
sequences from raw data (Virus tool) and another for serotyping and genotyping of DENV fasta 
sequences (Dengue Typing tool). Both tools need to be run consecutively, with the Virus Tool 
providing a link to redirect to the Dengue Typing tool when a DENV sequence is identified.

Of all the tools listed in Table 1, only Genome Detective offers a tool to determine the DENV 
sero- and genotype from a fasta sequence, but the need to run their virus identification tool 
prior to obtain a sequence from the raw sequencing data increases the time to obtain a typing 
result, especially when a large number of sequences needs to be analysed. Moreover, these tools 
are not open source, so we are unable to compare the methodology used with our own. Addi-
tionally, there might be privacy issues in submitting data to external services, like VirusTAP and 
GenomeDetective, especially when handling metagenomics data that contain human sequences 
subjected to strict privacy laws in most countries. Therefore, a stand-alone tool is preferable for 
these analyses since these can be run in secure local environments. DEN-IM’s main advantage 
when compared to web-based platforms is the ability to analyse batches of samples in a scalable 
manner, obaining a report summarizing all the samples analysed and a phylogeny analysis of all 
DENV CDSs recovered.

Table 1 DEN-IM’s workflow comparison with different tools for the identification and  
genotyping of DENV from sequencing data.

1 - Targeted for viral sequences, but not specific for DENV
2 - Sequence file can be received from GenomeDetective Virus Tool, as well as independently uploaded

Tool Quality 
Control 

DENV 
Sequence 
Retrieval 

Assembly Typing Phylogeny Report 

DEN-IM ✓ ✓ ✓ ✓ ✓ ✓ (one report with all 
samples analysed) 

VIP ✓ ✓1 ✓  ✓ ✓ 
VirusTAP ✓ ✓1 ✓   ✓ (web-based, one per 

sample, downloadable) 
drVM  ✓ ✓1 ✓    
GenomeDetective 
Virus Tool 

✓  ✓   ✓ (web-based, one per 
sample) 

GenomeDetective 
Dengue Typing 
Tool 

   ✓2  ✓ (web-based, one per 
sample) 
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RESULTS

To evaluate the DEN-IM workflow performance, we analysed three datasets, one containing shot-
gun metagenomics sequencing data of patient samples (Supplementary Table S1), a second with 
targeted metagenomics sequencing data obtained from Parameswaran et al (26), and a third 
dataset of publicly available sequences, both from shotgun and targeted metagenomics, contain-
ing 4 CHIKV, 16 ZKV, and 21 YFV samples (Supplementary Table S2). All analyses were executed 
with the default resources and parameters, with the shotgun metagenomics dataset having the 
option to include the closest typing reference in the final tree, as well as the NCBI DENV referenc-
es for each serotype. The resulting reports for each dataset are available on Figshare at https://
doi.org/10.6084/m9.figshare.9318851.

THE SHOTGUN METAGENOMICS DATASET

We analysed a dataset containing 22 shotgun metagenomics paired-end short-read Illumina se-
quencing samples from positive dengue cases, one positive control (purified from a DENV cul-
ture), one negative control (blank), and an in vitro spiked sample containing the 4 DENV sero-
types (see Supplementary Materials, Shotgun Metagenomics Sequencing Data). 

The negative control and the 92-1001 sample had no reads after trimming and filtering of low 
complexity reads, therefore they were removed from further analysis (Supplementary Table S3). 
When mapping to the DENV mapping database, the percentage of DENV reads in the 21 clinical 
samples, positive control and spiked sample passing QC ranged from 0.01% (sample UCUG0186) 
to 85.38% (sample Positive Control - PC). After coverage depth estimation, the analysis of the 
samples 91-0115 and UCUG0186 was terminated since they did not meet the threshold criterion 
of having an estimated depth of coverage of 10x.

In the assembly module, the remaining 19 samples, the spiked sample and the PC were assem-
bled with DEN-IM’s two assembler approach. Twenty-four full CDS were assembled (Supplemen-
tary Figure S2), even in samples originally having DENV read content as low as 0.03% of the total 
reads. Sixteen samples, including the spiked sample and the positive control, were assembled in 
the first step with the SPAdes assembler, and five in the second with the MEGAHIT assembler. In 
the spiked sample, all four CDSs were successfully assembled and recovered.

Serotype and genotype were successfully determined for the 24 DENV CDSs by BLAST (Sup-
plementary Figure S2). The most common were serotype 2 genotype III (Asian American) and 
serotype 4 genotype II, with 8 samples each (33%), followed by serotype 3 genotype III (n=5, 
21%), serotype 1 genotype V (n=2, 8%) and serotype 2 genotype V (Asian I) (n=1, 4%). All CDSs 
recovered and the respective closest reference genome in the typing database were aligned and 
a maximum likelihood phylogenetic tree was obtained to visualise the relationship between the 
samples (Figure 2). There was a perfect concordance between the results of serotyping and ge-
notyping and the major groups in the tree.
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Figure 2- Phylogenetic reconstruction of the shotgun metagenomic dataset. Maximum Likelihood tree 
in the DEN-IM report for the 24 complete CDSs (n=21 samples) obtained with the metagenomics data-
set, the respective closest references in the typing database (identified by their GenBank ID), and the 
NCBI DENV references for each serotype (NCBI-DENV-1: NC_001477.1, NCBI-DENV-2: NC_001474.2, 
NCBI-DENV-3: NC_001475.2, NCBI-DENV-4: NC_002640.1). The tree is midpoint rooted for visual-
isation purposes, with bootstrap values as branch labels. The colours depict the DENV genotyping 
results.

THE TARGETED METAGENOMICS DATASET

To validate DEN-IM’s performance in a targeted metagenomics approach, a dataset of 106 HTS 
samples of PCR products using primers targeting DENV-3 (26) were analysed (see Supplementa-
ry Materials, Targeted Metagenomics Sequencing Data). 

No samples failed the quality control block (Supplementary Table S4). The proportion of DENV 
reads ranged from 24.72% (SRR5821236) to 99.81% (SRR5821254) of the total processed 
reads. The samples with less than 70% DENV DNA were taxonomically profiled with Kraken2 
(27) and the minikraken2_v2 database (ftp://ftp.ccb.jhu.edu/pub/data/kraken2_dbs/minikrak-
en2_v2_8GB_201904_UPDATE.tgz) and the source of contamination was determined to have 
come largely from Human DNA (Supplementary Table S5).

Of the 106 samples, 43 (41%) managed to assemble a complete CDS sequence (Supplementary 
Table S4) whereas a mapping approach was used for the remaining 63 samples (60%) and a 
consensus CDS was generated. For the assembled CDSs, all but one were assembled with MEGA-
HIT after not producing a full CDS with SPAdes. Moreover, pronounced variation on the size of 
the assembled contigs is evident in the contig size distribution plot (Supplementary Figure S3). 
All 106 CDSs recovered belonged to serotype 3 genotype III. Despite the same classification, the 
maximum likelihood tree indicates that there is detectable genetic diversity within the dataset 
(Figure 3).
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cular tree in the DEN-IM report for the 106 complete CDSs obtained with the targeted metagenomics 
dataset (n=106). All samples belong to serotype 3 genotype III.

THE NON-DENV ARBOVIRUS DATASET 

In order to evaluate DEN-IM’s specificity to DENV sequences, a third dataset of publicly available 
sequences of arbovirus other than DENV, both from shotgun and targeted metagenomics, was 
analysed containing 4 chikungunya virus (CHIKV) samples, 16 zika virus (ZKV), and 21 yellow 
fever virus (YFV) samples (Supplementary Table S2). All 41 samples failed DEN-IM’s workflow, 
11 due to not enough sequencing data remaining after quality trimming, and the remaining 30 
due to very low estimated coverage of the DENV genome (less than 0.01x), as expected. 

CONCLUSION

We have successfully analysed two DENV datasets, one comprising 25 shotgun metagenomics 
sequencing data and 106 targeted metagenomics data. 

In the first dataset, we recovered 24 CDSs from 19 clinical samples, including a spiked sample 
and a positive control that were correctly serotyped and genotyped. Besides the negative con-
trol, 3 samples did not return typing information due to failing quality checks. In one case (92-
1001), no DENV reads after quality control processing were detected as all the reads contained 
highly repetitive sequences (AAA; TTTT) and were filtered out. The two others (91-0115 and 
UCUG0186) had a low proportion of DENV reads (0.05% and 0.01%) and an estimated depth of 
coverage <10x threshold criterion (3.17x and 5.65x, respectively). Sequence data of sample 91-
0106 contained only 960 DENV reads (0.03%) but these were successfully assembled into a CDS 
with an estimated depth of coverage of 14.71x.
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The proportion of DENV reads in the metagenomics samples was very variable. This may re-
flect the viral load in patients in which DENV was detected by PCR. In the spiked sample, con-
taining 4 distinct DENV serotypes, all four were correctly detected despite not being present in 
equal concentrations (see Supplementary Materials, Shotgun Metagenomics Sequencing Data). 
This resulted in different coverages of each serotype CDS (2032.31 times coverage for DENV-2, 
229.02 times coverage for DENV-1, 76.47 times coverage for DENV-3 and 29.78 times coverage 
for DENV-4), in accordance with the ranking order of the RT-PCR results. It highlights the poten-
tial of the DEN-IM workflow to accurately detect and recover multiple DENV genomes from sam-
ples with DENV co-infection, even if the serotypes are present in low abundance. Indeed, recent 
studies from areas of high endemicity suggest that co-infection with multiple DENV serotypes 
may frequently occur (28,29) and the co-circulation of different DENV strains of the same sero-
type, but distinct genotypes, in these areas (28) raises the possibility of simultaneous infection 
with more than one genotype.

When analysing the targeted metagenomics dataset, only 43 CDS out of 106 samples were de 
novo assembled. For the remaining 63 samples, consensus sequences were obtained through 
mapping. In all samples DENV 3-III was correctly identified, demonstrating the success of DEN-
IM’s two-pronged approach of combining assemblers and mapping. We suggest that the lower 
assembly success of the targeted metagenomics data may be related to errors during the ampli-
fication process resulting in low quality reads ends which are then trimmed by the quality con-
trol block, potentially affecting the assembly process as the overlapping regions are diminished. 
DEN-IM’s specificity was shown when it found no false positive results when analysing a dataset 
containing arboviruses other than DENV. 

DEN-IM is built with modularity and containerisation as keystones, leveraging the paralleliza-
tion of processes and guaranteeing reproducible analyses across platforms. The modular design 
allows for new modules to be easily added and tools that become outdated to be easily updat-
ed, ensuring DEN-IM’s sustainability. The software versions are also described in the Nextflow 
script and configuration files, and in the dockerfiles for each container, allowing the traceability 
of each step of data processing.

Being developed in Nextflow, DEN-IM runs on any UNIX-like system and provides out-of-the-box 
support for several job schedulers (e.g., PBS, SGE, SLURM) and integration with containerised 
software like Docker or Singularity. While it has been developed to be ready to use by non-ex-
perts, not requiring any software installation or parameter tuning, it can still be easily custom-
ised through the configuration files.

The interactive HTML reports (Supplementary Figure S1) provide an intuitive platform for data 
exploration, allowing the user to highlight specific samples, filter and re-order the data tables, 
and export the plots as needed.

Together with the workflow and software containers, a database containing 3830 complete 
DENV genomes for DENV sequence retrieval and a subset database with 161 curated DENV 
genomes for serotyping and genotyping are provided. While constructing these databases, the 
obstacles reported by Cuypers et al (30) were apparent, namely the lack of formal definition 
of a DENV genotype and the lack of a standardised classification procedure that could assign 
sequences to a previously defined genotypic/sub-genotypic clade (30). Discrepancies between 
the phylogenetic relationship and the genotype assignment were frequent and, throughout this 
study, the classification of some strains within the ViPR database (31) was updated. As suggested 
previously (30), further evaluation of the DENV classification will benefit future research and 
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investigation into the population dynamics of this virus. Our typing approach was designed to 
use the currently accepted DENV classification. However, DEN-IM can be easily modified if a new 
DENV classification system is to be established in the future.

DEN-IM provides a user-friendly workflow that makes it possible to analyse paired-end raw se-
quencing data from shotgun or targeted metagenomics for the presence, typing and phylogenet-
ic analysis of DENV. The use of containerised workflows, together with shareable reports, will 
allow an easier comparison of results globally, promoting collaborations that can benefit the 
populations where DENV is endemic. The DEN-IM source code is freely available in the DEN-IM 
GitHub repository (https://github.com/B-UMMI/DEN-IM), which includes a wiki with full docu-
mentation and easy to follow instructions.

DATA SUMMARY

1. The 106 DENV-3 targeted metagenomics paired-end short-read datasets are available under 
BioProject PRJNA394021. The 25 shotgun metagenomics dataset is available under BioProject 
PRJNA474413. The accession number for all the samples in the shotgun metagenomics dataset 
are available in the Supplementary material

2. The accession numbers for the 41 samples, belonging to zika virus, chikungunya virus and yel-
low fever virus shotgun and targeted metagenomic datasets are available in the Supplementary 
material. 

3. Code for the DEN-IM workflow is available at https://github.com/B-UMMI/DEN-IM and doc-
umentation, including step-by-step tutorials, is available at https://github.com/B-UMMI/DEN-
IM/wiki. 

IMPACT STATEMENT

The risk of exposure to DENV is increasing not only by traveling to endemic regions, but also due 
to the broader dissemination of the mosquito, making the burden of dengue very significant.

The decreasing costs and wider availability of HTS makes it an ideal technology to monitor 
DENV’s transmission. Metagenomics approaches decrease the time to obtain nearly complete 
DENV sequences without the need for time-consuming viral culture through the direct process-
ing and sequencing of patient samples. A ready to use bioinformatics workflow, enabling the re-
producible analysis of DENV, is therefore particularly relevant for the development of a straight-
forward HTS workflow.

DEN-IM was designed to perform a comprehensive analysis in order to generate either assem-
blies or consensus of full DENV CDSs and to identify their serotype and genotype. DEN-IM can 
also detect all four DENV genotypes present in a spiked sample, raising the possibility that DEN-
IM can play a role in the identification of co-infection cases whose prevalence is increasingly 
appreciated in highly endemic areas. Although being ready-to-use, the DEN-IM workflow can be 
easily customised to the user’s needs.

DEN-IM enables reproducible and collaborative research, being accessible to a wide group of 
researchers regardless of their computational expertise and resources available.
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1. The 106 DENV-3 targeted metagenomics paired-end short-read datasets are available under Bi-
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NA474413. The accession number for all the samples in the shotgun metagenomics dataset are avail-
able in the Supplementary material (Table S1).
2. The accession numbers for the 41 samples, belonging to zika virus, chikungunya virus and yellow 
fever virus shotgun and targeted metagenomic datasets are available in the Supplementary material 
(Table S2). 
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APPENDIX

DEN-IM: DENGUE VIRUS GENOTYPING FROM SHOTGUN AND TARGETED METAGENOMICS 
DENGUE VIRUS REFERENCE DATABASES

We have compiled a database of 3830 complete DENV genomes obtained from the NIAID Vi-
rus Pathogen Database and Analysis Resource (ViPR) in January 2019 (1) (http://www.vipr-
brc.org/). The sequences were distributed unevenly throughout the four DENV serotypes, with 
DENV-1 being the most represented with 1636 sequences (42.72%), followed by DENV-2 with 
1067 sequences (27.86%), DENV-3 with 807 sequences (21.07%), and DENV-4 with 320 se-
quences (8.36%). The selection criteria for the search were as follows: a) complete genome se-
quence only, b) human host only, c) collection year (1950-2018). Data available from all countries 
was included and duplicated sequences were removed and only the sequences with sub-type 
data were kept. A representative of DENV serotype 1 genotype III was introduced (EF457905, 
recovered from monkey) as no representatives were available with the search criteria used. This 
genotype is sylvatic and considered extinct (2,3). Additionally, any sample with IUPAC codes in 
the sequence provided were excluded. 
In order to recover the maximum number of DENV reads from the input HTS data in the first 
mapping step (Figure 1), we maintained the database with the 3830 complete DENV genomes to 
retain as much diversity as possible. This database is referred as DENV mapping database and 
is available on GitHub at https://github.com/B-UMMI/DEN-IM/blob/master/ref/DENV_MAP-
PING_V2.fasta. 
For typing purposes, overly similar sequences in the collection were removed from the data-
base by clustering the sequences in each serotype at 98% nucleotide similarity with CD-HIT (4), 
leaving 161 representative sequences of all described DENV serotypes and genotypes, with 46 
DENV-1 sequences (Table S6), 63 DENV-2 (Table S7), 25 DENV-3 (Tables S8) and 27 DENV-4 (Ta-
ble S9). This database is referred as DENV typing database and is available on GitHub at https://
github.com/B-UMMI/DEN-IM/blob/master/ref/DENV_TYPING_V2.fasta. This step is necessary 
to speed up the classification step for genotyping.
Phylogenetic analysis of typing collection was performed by aligning the full reference genomes 
with MAFFT (5), in auto mode and with automatic sequence orientation adjustment. A phylo-
genetic tree was inferred with RAxML (version 8.12.11) (6) using the GTR-𝛤 substitution mod-
el and 500 times bootstrap. Additionally, the same analysis was performed with the envelope 
protein (E) only, as this region has been used traditionally for sero- and genotyping (7–13), 
and continues to be the standard in many laboratories for genotyping. The resulting trees are 
available as supplemental material (Figures S4 to S7) and on Figshare (https://10.6084/m9.
figshare.9331826).
The sequence JF459993 from the DENV-1 collection, as of April 2019, was annotated in ViPR as 
belonging to genotype IV, but in our analysis, it clustered within genotype I clade (Figure S4). 
The classification of DENV-1 I was also obtained from GenomeDetective Dengue Subtyping Tool 
(https://www.genomedetective.com/app/typingtool/dengue/), so we proceeded to alter the 
annotation of this particular sample (Table S6). 
In order to harmonise dengue nomenclature, the system adopted uses Roman-numeric labels to 
identify the genotype, with the exception of Serotype 2 (Table S4), which used both Roman-nu-
meric and geographic origin due to the widespread adoption of the latter.
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WORKFLOW PARAMETERS

The short-read paired-end data is passed as input through the “--fastq” parameter, that by de-
fault is set to match all files in the “fastq” folder that match the pattern “*_R{1,2}*”.
In the process to verify the integrity of the paired-end raw sequencing data, the integrity of the 
input files is assessed by attempting to decompress and read the files. An estimation of the depth 
of coverage is also performed. By default, the input size ("–-genomeSize") is set to 0.012 Mb and 
the minimum coverage depth ("–-minCoverage") is set to 10. If any input file is found to be cor-
rupt, its progression in the workflow is aborted. 
In the FastQC and Trimmomatic module, FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) is run with the parameters "–extract –nogroup –format fastq". FastQC will in-
form Trimmomatic (14) on how many bases to trim from the 3’and 5’ ends of the raw reads. By 
default, Trimmomatic uses the default set of Illumina adapters provided with the workflow but 
this behaviour can be overwritten with the "–-adapters" parameter. The additional Trimmomatic 
parameters "-–trimSlidingWindow", "–-trimLeading", "–-trimTrailing" and "–-trimMinLength"can 
all be set to different values.
The removal of low complexity sequences is done with PrinSeq (15) using a custom parameter 
("–pattern"), which by default is set to the value "A 50%; T 50%; N 50%", removing sequences 
whose content is at least half composed of a polymeric sequence (A, T or N).
To retrieve the reads that map to the DENV reference database, Bowtie2 (16) is run with default 
parameters with the DENV mapping database as a reference. The reads and their mates that map 
to the reference are retrieved with "samtools view -buh -F 12" and "samtools fastq" commands. 
The DENV mapping database can be altered with the "–-reference" parameter, or alternatively, 
a Bowtie2 index can be provided with the "–-index" parameter. This allows for the workflow to 
work with other databases obtained through public and owned DENV genomes. The coverage 
estimation step is performed on the retrieved DENV reads with the same parameters are the first 
estimation ("–-genomeSize=0.012" and "–-minCoverage=10").
In the assembly process, the retrieved DENV reads are firstly assembled with SPAdes Genome 
Assembler (17) with the options "–careful –only-assembler –cov-cutoff". The coverage cut-off if 
dictated by the "–-spadesMinCoverage" and "–-spadesMinKmerCoverage" parameters, set to 2 by 
default. If the assembly with SPAdes fails to produce a contig equal or greater than the value de-
fined in the "–minimumContigSize" parameter (default of 10000), the data is re-assembled with 
the MEGAHIT assembler (18) with default parameters. By default, the k-mers to be used in the 
assembly in both tools ("–spadesKmers" and "–megahitKmers") are automatically determined 
depending on the read size. If the maximum read length is equal or greater than 175 nucleotides, 
the assembly is done with the k-mers "55, 77, 99, 113, 127", otherwise the k-mers "21, 33, 55, 
67, 77" are used.
To correct the assemblies produced, the Pilon tool (19) is run after mapping the QC’ed reads 
back to the assembly with Bowtie2 and "samtools sort". This process also verifies the coverage 
and the number of contigs produced in the assembly. The behaviour can be altered with the pa-
rameters "–minAssemblyCoverage", "–AMaxContigs" and "–genomeSize", set to "auto", 1000 and 
0.01 Mb by default. The first parameter, when set to ’auto’, the minimum assembly coverage for 
each contig required is set to the 1/3 of the assembly mean coverage or to a minimum of 10x. 
The ratio of contig number per genome MB is calculated based on the genome size estimation 
for the samples.
The contigs larger than the value defined in the "–size" parameter (default of 10000 nucleotides) 
are considered to be complete CDSs and follow the rest to the workflow independently. If no 
complete CDS is recovered, the QC’ed read data is passed to the mapping to module that does the 
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DENV typing database and consensus generation. 
The serotyping and genotyping are performed with the Seq_Typing tool (20) with the command 
"seq_typing.py assembly" or "seq_typing.py reads", using as reference the provided curated DENV 
typing database. It is possible to retrieve the genomes of the closest references and include them 
in the downstream analysis by changing the "–get_reference" option to "true". By default, this is 
not included in the analysis.
The CDSs, and the reference sequences if requested, are aligned with the MAFFT tool (5) with 
the options "–adjustdirection –auto". By default, four representative sequences for each DENV 
serotype (1 to 4) from NCBI is also included in the alignment. This option can be turned off by 
changing the value of “--includeNCBI” to "false". If the number of sequences in the alignment is 
less than 4 these are automatically added. 
A maximum likelihood phylogenetic tree is obtained with the RaXML tool (6) with the options 
"-p 12345 -f -a". Additionally, and by default, the substitution model ("–substitutionModel") is set 
to "GTRGAMMA", the bootstrap is set to 500 ("–bootstrap") and the seed to "12345" ("–seedNum-
ber").

SHOTGUN METAGENOMICS SEQUENCING DATA

Samples of plasma (n=9) and serum samples (n=13) from confirmed dengue symptomatic pa-
tients were collected in Venezuela between 2010-2015 (Table S2) (see Availability of supporting 
materials). DENV positivity was confirmed by either RT-qPCR (21) or nested RT-PCR (9). 
As a positive control sample, the supernatant of a viral culture containing DENV-2 strain 16681 
was used. The negative control sample consisted of DNA- and RNA-free water (Sigma-Aldrich, St. 
Louis, MO, USA). 
A spiked sample was produced consisting of a mixture of four 5 µl of cDNA isolated from clinical 
samples including all DENV serotypes (DENV-1 to -4). The viral cDNA for these samples was not 
in equal concentration and the viral copy number in the clinical samples was assessed by RT-PCR 
(9). The results were as follow: DENV-2 with 1070000 copies/µl, DENV-1 with 117830 copies/µl, 
DENV-3 with 44300 copies/µl and DENV-4 with 6600 copies/µl.
The cDNA libraries were generated using either the NEBNext® RNA First and Second strand 
modules and the Nextera XT DNA library preparation kit (NXT), or the TruSeq RNA V2 library 
preparation kit (TS). The libraries were sequenced in MiSeq and NextSeq instruments using 
300-cycles v2 paired-end cartridges.
The DEN-IM workflow was executed with the raw sequencing data using the default parameters 
and resources in an HPC cluster with 300 Cores/600 Threads of Processing Power and 3 TB RAM 
divided through 15 computational nodes, 9 with 254 GB Ram and 6 with 126GB RAM.

TARGETED METAGENOMICS SEQUENCING DATA

The accession numbers for the 106 DENV-3 amplicon sequencing paired-end short-read data-
sets are available under BioProject PRJNA394021. The Run Accession IDs were obtained with 
NCBI’s RunSelector and the raw data was downloaded with the GetSeqENA tool (https://github.
com/B-UMMI/getSeqENA).
The DEN-IM workflow was executed with the raw sequencing data with default parameters and 
resources in the same HPC cluster as the shotgun metagenomics dataset.
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NON-DENV ARBOVIRUS DATA 

The accession numbers for the 41 samples, belonging to zika virus (ZKV), chikungunya virus 
(CHIKV) and yellow fever virus (YFV) shotgun and targeted metagenomic datasets are available 
as supplemental material (Table S4). As with the targeted metagenomics dataset, the list of Run 
Accession IDs was obtained with NCBI’s RunSelector and the raw data was downloaded with the 
GetSeqENA tool (https://github.com/B-UMMI/getSeqENA). 
The DEN-IM workflow was executed with default parameters and resources in the same HPC 
cluster as the shotgun and targeted metagenomics datasets.
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Table S2 - Run accession ID, BioProject SRA Study ID, source and organism present for each sam-
ple of the negative control dataset (ZKV – zika virus, CHIKV – chikungunya virus, YFV – yellow 
fever virus).

Run ID Bioproject SRA Study Source Organism
SRR8031152 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8062732 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8031153 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8063606 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8063603 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8063605 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8031155 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8031154 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8063604 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR8062733 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR7985391 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR7985394 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR7985620 PRJNA494391 SRP163225 Shotgun Metagenomic CHIKV
SRR7985390 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR7985392 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR7985621 PRJNA494391 SRP163225 Shotgun Metagenomic CHIKV
SRR5179639 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179637 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179646 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR7985389 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR7985622 PRJNA494391 SRP163225 Shotgun Metagenomic CHIKV
SRR7985619 PRJNA494391 SRP163225 Shotgun Metagenomic CHIKV
SRR5179667 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179653 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR7985393 PRJNA494391 SRP163225 Shotgun Metagenomic ZKV
SRR5179638 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179636 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179666 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179650 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179649 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179643 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179635 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179645 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179642 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179644 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179647 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179641 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179640 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179652 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179648 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
SRR5179651 PRJNA361543 SRP096859 Amplicon Metagenomics YFV
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Table S4. Overall alignment rate, in percentage, for the mapping against the DENV database, 
number of ORFs recovered, and respective serotype and genotype for 106 targeted sequencing 
samples.

Sample Raw MegaB-
ases

% DENV DNA CDS Assem-
bly

Serotype Genotype

SRR5821157 439.35 82.56 consensus 3 III

SRR5821158 77.34 85.19 consensus 3 III

SRR5821159 68.00 91.11 consensus 3 III

SRR5821160 119.54 97.77 consensus 3 III

SRR5821161 53.40 92.76 consensus 3 III

SRR5821162 49.59 99.39 consensus 3 III

SRR5821163 66.43 97.78 consensus 3 III

SRR5821164 69.96 99.18 consensus 3 III

SRR5821165 75.48 98.38 consensus 3 III

SRR5821166 38.99 62.03 de novo 3 III

SRR5821167 73.15 49.19 de novo 3 III

SRR5821168 49.59 99.63 consensus 3 III

SRR5821169 119.39 99.74 de novo 3 III

SRR5821170 61.45 99.09 consensus 3 III

SRR5821171 61.63 98.92 consensus 3 III

SRR5821172 69.86 98.96 de novo 3 III

SRR5821173 80.37 97.59 de novo 3 III

SRR5821174 37.58 76.69 de novo 3 III

SRR5821175 112.70 75.55 de novo 3 III

SRR5821176 139.34 99.03 de novo 3 III

SRR5821177 41.19 44.56 de novo 3 III

SRR5821178 59.03 81.06 de novo 3 III

SRR5821179 95.59 84.7 de novo 3 III

SRR5821180 48.75 98.15 consensus 3 III

SRR5821181 64.45 99.3 consensus 3 III

SRR5821182 64.40 98.88 consensus 3 III

SRR5821183 115.14 95.61 consensus 3 III

SRR5821184 170.72 94.11 de novo 3 III

SRR5821185 181.75 98.19 de novo 3 III

SRR5821186 246.98 96.4 de novo 3 III

SRR5821187 55.62 99.74 consensus 3 III

SRR5821188 70.95 99.39 consensus 3 III

SRR5821189 82.61 99.27 de novo 3 III

SRR5821190 138.58 98.81 consensus 3 III

SRR5821191 59.92 99.72 de novo 3 III

SRR5821192 40.53 36.88 consensus 3 III

SRR5821193 92.08 98.9 de novo 3 III
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SRR5821194 58.69 98.53 consensus 3 III

SRR5821195 127.80 99.64 consensus 3 III

SRR5821196 59.30 86.62 de novo 3 III

SRR5821197 87.78 99.47 de novo 3 III

SRR5821198 185.55 99.72 de novo 3 III

SRR5821199 83.55 99.62 consensus 3 III

SRR5821200 85.52 99.5 consensus 3 III

SRR5821201 129.77 94.6 consensus 3 III

SRR5821202 56.60 99.81 consensus 3 III

SRR5821203 80.28 99.22 consensus 3 III

SRR5821204 68.46 95.52 de novo 3 III

SRR5821205 44.45 98.53 consensus 3 III

SRR5821206 43.67 97.88 consensus 3 III

SRR5821207 78.93 99.22 de novo 3 III

SRR5821208 87.45 97.72 consensus 3 III

SRR5821209 73.40 94.16 de novo 3 III

SRR5821210 55.86 91.35 de novo 3 III

SRR5821211 75.53 85.6 consensus 3 III

SRR5821212 98.89 99.09 de novo 3 III

SRR5821213 84.85 95.03 de novo 3 III

SRR5821214 15.33 96.28 de novo 3 III

SRR5821215 13.08 96.74 consensus 3 III

SRR5821216 45.07 98.85 de novo 3 III

SRR5821217 161.65 88.94 consensus 3 III

SRR5821218 51.09 95.29 consensus 3 III

SRR5821219 84.68 99.1 de novo 3 III

SRR5821220 88.26 82.64 de novo 3 III

SRR5821221 64.76 86.62 de novo 3 III

SRR5821222 93.47 97.48 consensus 3 III

SRR5821223 86.50 98.99 de novo 3 III

SRR5821224 73.31 26.43 consensus 3 III

SRR5821225 68.85 98.43 consensus 3 III

SRR5821226 67.75 96.67 consensus 3 III

SRR5821227 32.56 99.54 de novo 3 III

SRR5821228 38.73 86.68 consensus 3 III

SRR5821229 77.18 99.69 consensus 3 III

SRR5821230 175.73 99.58 de novo 3 III

SRR5821231 100.82 99.58 de novo 3 III

SRR5821232 86.89 99.47 consensus 3 III

SRR5821233 270.15 99.56 consensus 3 III

SRR5821234 76.07 99.75 consensus 3 III

SRR5821235 32.78 79.78 consensus 3 III
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SRR5821236 80.19 24.72 de novo 3 III

SRR5821237 50.59 97.38 consensus 3 III

SRR5821238 63.56 97.63 de novo 3 III

SRR5821239 29.66 41.15 consensus 3 III

SRR5821240 62.61 94.64 de novo 3 III

SRR5821241 17.52 98.03 consensus 3 III

SRR5821242 58.86 99.25 consensus 3 III

SRR5821243 50.08 93.56 consensus 3 III

SRR5821244 32.67 99.09 consensus 3 III

SRR5821245 64.96 99.77 consensus 3 III

SRR5821246 104.11 90.14 consensus 3 III

SRR5821247 98.64 99.73 consensus 3 III

SRR5821248 129.28 90.73 consensus 3 III

SRR5821249 45.76 93.13 de novo 3 III

SRR5821250 72.54 98.88 de novo 3 III

SRR5821251 115.85 97.7 consensus 3 III

SRR5821252 60.76 94 consensus 3 III

SRR5821253 64.45 99.66 consensus 3 III

SRR5821254 0.27 98.12 consensus 3 III

SRR5821255 62.53 99.55 de novo 3 III

SRR5821256 54.57 99.58 consensus 3 III

SRR5821257 34.90 99.53 de novo 3 III

SRR5821258 68.64 99.6 consensus 3 III

SRR5821259 73.04 98.8 consensus 3 III

SRR5821260 54.60 99.14 consensus 3 III

SRR5821261 55.54 95.5 de novo 3 III

SRR5821262 106.05 91.78 consensus 3 III

Table S5. Taxonomic profiling results for the target metagenomic samples with less than 70% 
DENV DNA.

 

Sample Bowtie2 Kraken2 (minikraken2_V2 DB) 
 DENV (%) Unclassified (%) Homo sapiens (%) DENV (%) 
SRR5821236 24.72 5.47 71.61 19.63 
SRR5821224 26.43 7.01 71.06 19.58 
SRR5821192 36.88 8.12 61.78 28.73 
SRR5821239 41.15 8.29 56.43 33.84 
SRR5821167 49.19 14.79 50.16 34.38 
SRR5821166 62.03 13.72 37.77 47.97 
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Table S6. Representative sequences of serotype 1 diversity in the Dengue Virus Typing Database.

Sample ViPR Classification Origin Collection Year
EU482591 DENV-1 V USA 2006

KU509254 DENV-1 V Venezuela 2011

MF004384 DENV-1 V France 2014

GU131956 DENV-1 V Mexico 2006

AF311956 DENV-1 V Brazil 1997

FJ205874 DENV-1 V USA 1995

FJ478457 DENV-1 V USA 1996

EU482567 DENV-1 V USA 1998

DQ285559 DENV-1 V Reunion 2004

JN903578 DENV-1 V India 2007

KP188548 DENV-1 V Brazil 2013

JQ922544 DENV-1 V India 1963

KX380796 DENV-1 V Singapore 2012

JQ922548 DENV-1 V India 2005

KP406801 DENV-1 V South Korea 2004

DQ285562 DENV-1 V Comoros 1993

JQ922546 DENV-1 V India 1971

EF457905 DENV-1 III Malaysia 1972

AF180818 DENV-1 II Unknown Unknown

JQ922547 DENV-1 II Thailand 1960

KY496855 DENV-1 IV Taiwan 2016

LC128301 DENV-1 IV Philippines 2016

KX951689 DENV-1 IV Taiwan 2004

KC762653 DENV-1 IV Indonesia 2008

KU509261 DENV-1 IV Indonesia 2010

AB189121 DENV-1 IV Indonesia 1998

KC762620 DENV-1 IV Indonesia 2007

EU863650 DENV-1 IV Chile 2002

AB195673 DENV-1 IV Japan 2003

AB204803 DENV-1 IV Japan 2004

JF459993 DENV-1 I Myanmar 2002

KT827371 DENV-1 I China 2014

KX620454 DENV-1 I China 2014

FJ639670 DENV-1 I Cambodia 2001

KU509250 DENV-1 I Thailand 2012

KJ755855 DENV-1 I India 2013

GU131678 DENV-1 I Viet Nam 2008

KU509265 DENV-1 I Unknown 2012

KF955446 DENV-1 I Viet Nam 2008
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JF937615 DENV-1 I Viet Nam 2008

FJ639678 DENV-1 I Cambodia 2003

EU660395 DENV-1 I Viet Nam 2007

AB608789 DENV-1 I Taiwan 1994

GQ868636 DENV-1 I Cambodia 2008

KY586539 DENV-1 I Thailand 1995

KU509258 DENV-1 I Eritrea 2010

Table S7. Representative sequences of serotype 2 diversity in the Dengue Virus Typing Database.
Sample ViPR Classification Origin Collection Year

HQ705624 DENV-2 III (AsianAmerican) Nicaragua 2009

KY977454 DENV-2 III (AsianAmerican) Panama 2011

KY474330 DENV-2 III (AsianAmerican) Ecuador 2014

FJ024473 DENV-2 III (AsianAmerican) Colombia 2005

JX669476 DENV-2 III (AsianAmerican) Brazil 2010

JN819419 DENV-2 III (AsianAmerican) Brazil 2000

KF955364 DENV-2 III (AsianAmerican) Puerto Rico 2006

JX669480 DENV-2 III (AsianAmerican) Brazil 1995

FJ639699 DENV-2 III (AsianAmerican) Cambodia 2002

EU482449 DENV-2 III (AsianAmerican) Viet Nam 2006

EU482778 DENV-2 III (AsianAmerican) Viet Nam 2003

KY586692 DENV-2 V (AsianI) Thailand 2001

KY586679 DENV-2 V (AsianI) Thailand 2001

KY586571 DENV-2 V (AsianI) Thailand 2006

KY586572 DENV-2 V (AsianI) Thailand 2006

EU726767 DENV-2 V (AsianI) Thailand 1994

GQ868591 DENV-2 V (AsianI) Thailand 1964

KF704356 DENV-2 IV (AsianII) Cuba 1981

JQ922552 DENV-2 I (American) India 1960

KJ918750 DENV-2 I (American) India 2007

JQ922553 DENV-2 I (American) India 1980

GQ868592 DENV-2 I (American) Colombia 1986

JX966379 DENV-2 I (American) Mexico 1994

GQ398257 DENV-2 I (American) Indonesia 1977

KY923048 DENV-2 VI (Sylvatic) Malaysia 2015

JF260983 DENV-2 VI (Sylvatic) Spain 2009

KY937189 DENV-2 II (Cosmopolitan) China 2015

KY937188 DENV-2 II (Cosmopolitan) China 2015

KY937187 DENV-2 II (Cosmopolitan) China 2015

JQ955624 DENV-2 II (Cosmopolitan) India 2011

KU509271 DENV-2 II (Cosmopolitan) India 2006

KF041232 DENV-2 II (Cosmopolitan) Pakistan 2011
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JQ922551 DENV-2 II (Cosmopolitan) India 2005

JX475906 DENV-2 II (Cosmopolitan) India 2009

MG779194 DENV-2 II (Cosmopolitan) Kenya 2017

FJ882602 DENV-2 II (Cosmopolitan) Sri Lanka 1996

EU056810 DENV-2 II (Cosmopolitan) Burkina Faso 1983

KY627763 DENV-2 II (Cosmopolitan) Burkina Faso 2016

KM279515 DENV-2 II (Cosmopolitan) Singapore 2011

KX452015 DENV-2 II (Cosmopolitan) Malaysia 2014

KC762662 DENV-2 II (Cosmopolitan) Indonesia 2007

KU509270 DENV-2 II (Cosmopolitan) Unknown 2012

KP012546 DENV-2 II (Cosmopolitan) China 2014

KX452034 DENV-2 II (Cosmopolitan) Malaysia 2014

KX452048 DENV-2 II (Cosmopolitan) Malaysia 2014

KX452044 DENV-2 II (Cosmopolitan) Malaysia 2014

HM488257 DENV-2 II (Cosmopolitan) Guam 2001

KU509277 DENV-2 II (Cosmopolitan) Philippines 2010

KU509269 DENV-2 II (Cosmopolitan) Philippines 2009

KU509274 DENV-2 II (Cosmopolitan) Philippines 2010

GQ398263 DENV-2 II (Cosmopolitan) Indonesia 1975

Table S8. Representative sequences of serotype 3 diversity in the Dengue Virus Typing Database.
Sample ViPR Classification Origin Collection Year

KF954946 DENV-3-III China 2013

JQ922557 DENV-3 III India 2005

KU509286 DENV-3 III India 2011

EU687233 DENV-3 III USA 2002

GQ252674 DENV-3 III Sri Lanka 1997

FJ882573 DENV-3 III Sri Lanka 1993

GQ199887 DENV-3 III Sri Lanka 1983

JQ922555 DENV-3 III India 1966

HM631854 DENV-3 II Cambodia 2008

KY586703 DENV-3 II Thailand 2006

KU509280 DENV-3 II Thailand 2011

FJ744730 DENV-3 II Thailand 2001

KY586814 DENV-3 II Thailand 2006

DQ863638 DENV-3 II Thailand 1973

KC762684 DENV-3 I Indonesia 2007

KY863456 DENV-3 I Indonesia 2016

KC762691 DENV-3 I Indonesia 2008

KC762692 DENV-3 I Indonesia 2010

KY794787 DENV-3 I Papua New Guinea 2007

MF004386 DENV-3 I Malaysia 2012



Chapter 6

155

6

AB189128 DENV-3 I Indonesia 1998

KU509279 DENV-3 I Philippines 2008

FJ898455 DENV-3 I Cook Islands 1991

KU725666 DENV-3 V Unkown Unknown

Table S9. Representative sequences of serotype 4 diversity in the Dengue Virus Typing Database.

Sample ViPR Classification Origin Collection Year
MG601754 DENV-4 I China 2013

KY586839 DENV-4 I Thailand 1995

KT026308 DENV-4 I Thailand 2011

JN638572 DENV-4 I Cambodia 2008

KY586942 DENV-4 I Thailand 2006

KP792537 DENV-4 I Singapore 2011

MG272273 DENV-4 I India 2016

MG272272 DENV-4 I India 2016

KU509287 DENV-4 I India 2009

JQ922559 DENV-4 I India 1979

GQ868594 DENV-4 I Philippines 1956

JQ922558 DENV-4 I India 1962

KU523872 DENV-4 II Indonesia 2015

KP723482 DENV-4 II China 2010

JX024757 DENV-4 II Singapore 2010

KC762695 DENV-4 II Indonesia 2007

JQ915088 DENV-4 II New Caledonia 2009

GQ398256 DENV-4 II Singapore 2005

KP188557 DENV-4 II Brazil 2012

KY474335 DENV-4 II Ecuador 2014

KT276273 DENV-4 II Haiti 2014

KF907503 DENV-4 II Senegal 1953

KY586945 DENV-4 III Thailand 1998

JF262779 DENV-4 IV Malaysia 1975
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SUPPLEMENTAL FIGURES

a)

b)

 
Figure S1. DEN-IM report tables. a) DEN-IM’s quality control report containing information of the 
number of basepairs and the number of reads for the analyzed samples, the estimated coverage depth 
before and after mapping, and the percentage of reads in the input data that were trimmed. b) DEN-
IM’s typing report for 24 CDSs recovered from the metagenomic dataset. The ID contains the CDS 
contig name, the typing result for serotype-genotype, the values for identity and coverage, and the 
GenBank ID of the closest reference in the Typing Database containing 161 complete DENV genomes.
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Figure S2. Maximum Likelihood inference of the multiple sequence alignment of the 46 DENV-1 com-
plete genomes in the typing dataset. 1635 complete DENV-1 genomes were clustered at 98% nucle-
otide identity and the representative genomes were aligned with mafft. A maximum likelihood tree 
was inferred with RAxML. The tree is colored according to genotype (red: genotype I; green: genotype 
II; blue: genotype III; purple: genotype IV). The sample JF459993, marked with a star, is currently 
annotated in ViPR as belonging to genotype IV but, given to the good phylogenetic support, it was 
re-classified as belonging to the genotype I.

Figure S3. Maximum Likelihood inference of the multiple sequence alignment of the 63 DENV-2 com-
plete genomes in the typing dataset. 1067 complete DENV-1 genomes were clustered at 98% nucleo-
tide identity and the representative genomes were aligned with mafft. A maximum likelihood tree was 
inferred with RAxML. The tree is colored according to genotype (red: genotype I; green: genotype II; 
blue: genotype III; purple: genotype IV).
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Figure S4. Maximum Likelihood inference of the multiple sequence alignment of the 25 DENV-3 com-
plete genomes in the typing dataset. 807 complete DENV-3 genomes were clustered at 98% nucleo-
tide identity and the representative genomes were aligned with mafft. A maximum likelihood tree was 
inferred with RAxML. The tree is colored according to genotype (red: genotype I; green: genotype II; 
blue: genotype III; purple: genotype IV).

Figure S5. Maximum Likelihood inference of the multiple sequence alignment of the 27 DENV-4 com-
plete genomes in the typing dataset. 320 complete DENV-4 genomes were clustered at 98% nucleo-
tide identity and the representative genomes were aligned with mafft. A maximum likelihood tree was 
inferred with RAxML. The tree is colored according to genotype (red: genotype I; green: genotype II; 
blue: genotype III; purple: genotype IV).
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ABSTRACT

Dengue viruses (DENV) have diverged as four distinct serotypes (1-4), encompassing different 
genotypes, all causing dengue fever. DENV serotypes infect approximately 390 million people 
annually and are implicated in at least 25,000 deaths yearly, being the tropical and subtropical 
regions the most affected. In Venezuela, different serotypes co-circulate causing major periodical 
outbreaks. Despite this, molecular surveillance to monitor circulating DENV strains in Venezuela 
is lacking, and any information about current or past circulating strains has not been reported 
since 2008. Therefore, we analyzed DENV and studied the genetic dynamics and mechanisms of 
evolution throughout Venezuelan outbreaks. Additionally, we employed whole-genome shotgun 
metagenomics as an unbiased high-throughput sequencing method to profile intra-host viral 
diversity. The Bayesian Skyride reconstruction of the data described a tendency of the DENV 
relative genetic diversity (Ne) to decay in all serotypes except in DENV-2 in which it remained 
constant. In addition, the demographic reconstruction showed a major impact of the DENV-3 
epidemic of 2001 on the dynamics of the viral populations of DENV-1, and 4. Episodic positive 
selection events (dN/dS >1) were detected and the changes were found to occur in non-structural 
proteins. However, purifying selection (dN/dS<1) was found to be the most frequent mechanism 
underlying DENV evolution. The presence of DENV quasispecies (intra-host diversity) was re-
vealed to occur along the polyprotein in a frequency ~ 3% and nonsense variants (e.g. frame 
shifts and stop-codons) were often found among the variants. The introduction of different DENV 
serotypes and the increase on the frequency of outbreaks has shown an interesting dynamic that 
has shaped the genetic diversity among DENV populations in Venezuela. The episodic positive 
selection events suggest that some genetic changes became fixed in the population. Yet purifying 
selection was the dominant force that drove the genetic evolution of the virus by elimination of 
the population mutations carrying deleterious amino acid substitutions. However, it is necessary 
to study the host-specific evolutionary paths to unravel the implication of quasispecies in disease 
development and likewise how these variants become fixed and thereby nurture new lineages 
or genotype variants.
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INTRODUCTION

Dengue virus (DENV) is a single-stranded positive sense RNA virus that belongs to the Flavi-
viridae family. There are five closely related serotypes (DENV-1 to 4) with distinct antigenici-
ty (Weaver & Vasilakis, 2009). DENVs are among the most widely distributed arthropod-borne 
viruses worldwide. The virus is transmitted to humans through the bite of an infected female 
Aedes mosquito. All DENV serotypes can cause dengue fever (DF), a self-limited febrile illness, 
that can progress in a small proportion of cases to a life-threatening disease (Simmons et al., 
2012). After an infection with a specific DENV serotype, life-long immunity to that serotype is 
developed. Additionally, there is cross protection against all other DENV serotypes, but only for 
a limited period of time (Halstead, 1982; Guzman & Vazquez, 2010). DENVs have spread around 
the globe with serial epidemics in Africa, India, Oceania and the Americas (Weaver & Vasilakis, 
2009). In Venezuela, DENV serotypes were sequentially introduced, and dengue transmission 
was hypoendemic with epidemics of a single serotype until 1989 (Barrera et al., 2002). Most 
of DENVs introductions were associated with significant DENV epidemics (Barrera et al., 2000; 
Goncalvez et al., 2002; Rico-Hesse 1990; Salas et al., 1998; Uzcategui et al., 2001, 2003; Comach 
et al., 2009). The first serotype introduced in Venezuela was DENV-3 in 1964 (Uzcategui et al., 
2001), followed by the American DENV-2 genotype in the late 1960s and later by DENV-1 (gen-
otype III) in 1977 (Halstead, 2006). In 1981, DENV-4 appeared and caused an epidemic that had 
only a slight impact on the Venezuelan human population (Uzcategui et al., 2003). Subsequently, 
a more pathogenic genotype of DENV-2 (also called genotype III) made its way into Venezuela by 
the end of the 1980s. This genotype caused the first dengue hemorrhagic fever (DHF) epidemic 
(Brathwaite et al., 2012; Camacho et al., 2009) and eventually replaced the American DENV-2 
genotype. By the year 2000, serotype 3 was re-introduced, causing a major epidemic and becom-
ing the most prevalent serotype during that period. Since then, Venezuela is considered to be a 
hyperendemic country in which all serotypes co-circulate and where high rates of DHF and se-
vere dengue (SD) cases among infants occur (Barrera et al., 2002; Ramos-Castañeda et al., 2017). 

Disease presentation and outcome depend on the DENV virulence which has been associated 
with the genotype (Vaughn et al., 2000). In addition, genotypes resulting in high viremia have a 
higher potential to spread thereby more easily causing large epidemics. An example of such is 
the DENV-2 Asian/American genotype, often associated with epidemics and severe disease cases 
(Wei and Li, 2016). Another factor related to the disease outcome is the rate of replication errors 
resulting in a viral population of closely related variants within the infected host (Wang et al., 
2002; Thai et al., 2012) also known as intra-host diversity or “quasispecies”. A recent study sug-
gests that dominant variants arise due to convergent microevolution of immune-escape variants 
(Parameswaran et al., 2017). These are believed to interact on a functional level and collectively 
contribute to the overall fitness of the viral population (Sim et al., 2015). Levels of within-host 
genetic diversity vary among patients (Thai et al., 2012) and in some cases, but not always, low-
er levels of diversity are found associated with severe disease manifestations (Descloux et al., 
2009). 

In order to develop infection prevention strategies in Venezuela, a precise understanding of the 
DENV genomic diversity at the population level and how it is evolving through time is key. In this 
study, we reconstructed the evolutionary history of DENV serotypes in two Venezuelan hyper-
endemic regions using a deep-sequencing approach. Furthermore, we studied the DENV with-
in-host genetic diversity as this can influence the disease outcome.
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MATERIALS AND METHODS

DATA AND SAMPLE COLLECTION 

Dengue incidence data (1997-2014) was obtained from the National Surveillance System of 
the Venezuelan mandatory notification diseases of the Ministry of Health (http://www.mpps.
gob.ve). Data on the proportion of dengue cases per serotype in Aragua was kindly provided 
by the Laboratorio Regional de Diagnostico e Investigación del Dengue y otras Enfermedades 
Virales (LARDIDEV), Corporacion de Salud Aragua, Maracay (See Acknowledgements). These 
data were not available for the Carabobo region. Blood samples were obtained from consent-
ing patients with acute febrile illness (< 72 hours of symptoms onset) enrolled in two projects. 
Those obtained within the DENVEN project (Velasco-Salas et al., 2014) were collected in Mara-
cay (Aragua) between 2010-2014, and those within the IDAMS project (Jaenisch et al., 2013) 
were collected in Valencia (Carabobo) from 2013 to 2016. DENV was detected through Reverse 
Transcriptase Polymerase Chain Reaction (RT-PCR) from blood plasma or serum samples ac-
cording to Lanciotti et al., (Lanciotti et al., 1992). Dengue severity was classified according to the 
2009 WHO guidelines (WHO, 2009) into a) dengue without warning signs (DWS-), b) dengue 
with warning signs (DWS+) and c) severe dengue.

HIGH-THROUGHPUT SEQUENCING OF DENV

Viral RNA from thirty-one DENV positive samples (for detailed information see Table S1) was ex-
tracted using the QIAamp Viral RNA kit (Qiagen, Hilden, Germany) including an on-column DNA 
digestion with RNase-Free DNase I (Qiagen). RNA was eluted in 30 µl of RNase-free water. The 
eluted RNAs were cleaned with the Agencourt RNAClean XP (Beckman Coulter, Brea, CA, USA) 
system according to the manufacturer’s instructions. Next, cDNA was synthetized using the NEB-
Next® RNA First and Second strand modules according to the manufacturer’s protocol (New 
England Biolabs, Ipswich MA, EUA). The cDNA was purified using the QIAquick PCR Purification 
Kit (Qiagen). Subsequently, 1 ng of cDNA was used in the Nextera XT DNA Library preparation 
kit (Illumina, San Diego, CA, USA) according to the manufacturer’s protocol. Nextera XT libraries 
were pooled in equimolar ratios and 1.8 pM libraries were sequenced on a NextSeq 500 platform 
(Illumina, San Diego, CA, USA) generating 150-bp paired-end reads.

Reads were imported to CLC Genomic Workbench v11.0.1 (Qiagen, Aarhus) and trimmed using a 
limit of 0.05 prior to mapping against the human genome (hg18). Unmapped reads were collect-
ed to perform de novo assembly. The consensus sequence of the longest assembled genome was 
extracted and used for viral identification using BLASTn. The samples were also mapped against 
prototype DENV strains retrieved from GenBank (See Table S2) to facilitate the whole genome 
identification. To detect and annotate the viral ORF, the CLC Genomics Workbench v11.0.1 (Qia-
gen, Aarhus) in combination with the MetaGeneMark v1.4 plugin (Gene Probe, Inc) were used.

PHYLOGENETIC TREE INFERENCE

The full nucleotide sequence encoding the polyprotein of DENV serotypes generated in this 
study (n=53) together with complete genome sequences of Venezuelan (mainly from Aragua 
state) DENV isolates retrieved from GenBank (n=260) were used to perform phylogenetic analy-
sis of the four distinct datasets representing the four serotypes. The sequences of each serotype 
dataset were aligned using MAFFT (Katoh et al., 2002). The final alignments included 79 DENV-
1, 61 DENV-2, 122 DENV-3 and 51 DENV-4 sequences with an ORF length per dataset of 10,176 
nucleotides, 10,173 nucleotides, 10,170 nucleotides and 10,161 nucleotides, respectively. The 
accession numbers and information about each strain are listed in Table S3.
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Concatenation and conversion of the alignment matrices to the appropriate formats were per-
formed with TriFusion (http://odiogosilva.github.io/TriFusion/). A phylogenetic tree was in-
ferred for each serotype from the alignments using the Maximum Likelihood approach imple-
mented in RAxML v8.2.10 (Stamatakis, 2014) with the General Time Reversible (GTR) with the 
CAT substitution model (Stamatakis, 2006) and the rapid bootstrapping option with the support 
estimated from 1,000 replicates. Additionally, regression of sampling time versus root-to-tip ge-
netic distance was used to investigate the temporal signal and the data quality in heterochronous 
alignments with the software TempEst v1.5.1 (Rambaut et al., 2016).

Later, each DENV dataset was used for time-scaled phylogeny estimation using a Bayesian frame-
work as implemented in BEAST v1.8.4 with the GTR model of sequence evolution. Posterior 
probabilities were generated from 10,000,000 generations, sampling at every 1000th iteration, 
and the analysis was run three times with Monte Carlo Markov chains, starting from random 
trees. Tracer v1.8 (http://beast.bio.ed.ac.uk/Tracer) was used to ascertain the calibration and 
ensure that the effective sample sizes (ESS) were higher than 200 for all parameters. MCC trees 
were generated by TreeAnnotator v1.8.1 (implemented in BEAST v1.8) after removing 10% as 
burn-ins. Trees from different runs were combined using Logcombiner implemented in BEAST 
v1.8 (Drummond & Rambaut 2007) and were visualized by FigTree v1.4.3. (Rambaut 2014).

The phylogenetic inference (RaxML) and the Bayesian MCMC molecular dating analysis (BEAST 
v1.8.4) were carried out on the freely available CIPRES Science Gateway v3.3 portal: www.phylo.
org (Miller et al., 2010).

DEMOGRAPHIC RECONSTRUCTION AND GENETIC DIVERSITY

The GMRF Bayesian Skyride tree prior model was used to reconstruct the demographic history 
of DENV in Venezuela and aimed to estimate the effective population size (Ne). This is an im-
portant parameter in the conservation of genetic diversity than can be defined as the number of 
breeding individuals in an idealized population that would show the same amount of variation 
of allele frequencies under random genetic drift (Wright 1931, 1938). Ne is a key parameter in 
conservation and management because it affects the degree to which a population can respond 
to selection. Ne influences the rate of loss of genetic diversity, the rate of fixation of deleterious 
alleles and the efficiency of natural selection at maintaining beneficial alleles (Berthier et al., 
2002). When Ne declines too far, the loss of genetic variation resulting from genetic drift may 
put species or populations at risk of extinction by losing the raw material on which selection can 
operate (Nikolic et al., 2009).

SELECTION PRESSURE ANALYSIS

We assessed the selection pressure with several methods implemented in HiPhy (Kosakovsky 
Frost and Muse, 2005) that are available on the web-based interface Datamonkey (http://data-
monkey.org) (Weaver et al., 2018). For site-specific selection we used the following methods: 
Mixed Effects Model of Evolution (MEME) (Murrel et al., 2012) and Single-Likelihood Ancestor 
Counting (SLAC) (Kosakovsky & Frost 2005), whereas to test the hypothesis of selection pres-
sure along the branches we applied the adaptive Branch Site random effects likelihood (aBSREL) 
method (Smith et al., 2015; Kosakovsky et al., 2011. Finally, to test for positive selection on both 
branch and site we applied the Branch-site Unrestricted Statistical Test for Episodic Diversifica-
tion (BUSTED) (Murrel et al., 2015). 
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ASSOCIATION BETWEEN POLYMORPHISMS AND CLINICAL OUTCOME

In this study we considered single nucleotide polymorphisms (SNPs) as those variants occurring 
on the consensus level (proportion >90%) with each DENV prototype as the baseline reference. 
Four DENV prototype strains retrieved from GenBank (See Table S2) were used to identify SNPs. 
SNP calling was performed with a minimum of 500-fold coverage and a 90% base frequency (In-
Dels and Structural Variants, Q-score threshold=30, (P-value<0.0001)). The association between 
SNPs and clinical outcome within each serotype was explored by the Fisher exact test with a 
Bonferroni correction for multiple comparisons. The genetic relationship for each DENV sero-
type were inferred through a Maximum Likelihood tree (GTR model, statistical support for the 
nodes was estimated by bootstrapping with 1,000 replicates). All SNP analysis were performed 
on CLC Genomics Workbench v11.0.1 using the Microbial Genomics Module (Qiagen, Aarhus). 

INTRA-HOST DIVERSITY OR QUASISPECIES

Single nucleotide variations (SNVs) are those variants occurring at the read level (within the host 
variation). The cut-off for variant calling was a minimum of 500-fold coverage, and a minimum 
of 1% base frequency, (InDels and Structural Variants, Q-score threshold=30, (P-value<0.0001)). 
The significance for SNV calling started at 5%. To reduce the false-positive base variant calls, we 
employed the Low Frequency Variant Caller (LFVC) from the CLC Genomics Workbench v11.0.1 
(Qiagen, Aarhus). In short, the LFCV employs: a) the NQS (Neighborhood Quality Standard) noise 
filter and b) applies an error probability model and statistical test at each site to determine if 
the nucleotide observed in the reads is due to sequencing errors or not. If the SNVs are better 
explained as constituting a different allele, then a SNV corresponding to the significant allele will 
be called with an estimated frequency.

RESULTS

DYNAMIC OF DENV IN VENEZUELA

The data obtained from the regional surveillance system of Aragua (data based on symptom-
atic cases) showed that DENV serotypes 1, 2 and 4 circulated simultaneously in the population 
between 1998 to 2001. However, they did not show an in-phase pattern. Furthermore, DENV-3 
re-emerged in 1999 and caused a large epidemic in 2001 (Figure 1). This resulted in a significant 
decrease in the proportion of the other circulating DENV serotypes during the period between 
2001-2003. 

The serotype frequency changed after 2003, with a rapid increase of DENV-1 from 2003 to 2005 
reaching its highest peak in 2005-2006 (Figure 1). Thereafter, the frequency of DENV-2 rose 
until it reached a high peak in 2008, after which it decreased again. Overall, DENV serotypes 
co-circulated since the year 1999 with not all serotypes being continuously present. From 2009 
onwards, all four serotypes co-circulated in Aragua at different but sustainable proportions in 
time (Figure 1).

HIGH-THROUGHPUT SEQUENCING OF DENV

Newly sequenced samples (n=31) in this study generated contigs with an average length of 
~10.6 kb. On average, we obtained 2,183,990 DENV reads per sample and an average 15,717-
fold coverage. In most cases, the complete ORF was obtained (see Table S4). 
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Figure 1. Dynamics of DENV epidemics and DENV transmission in Aragua state from 1997-2014. Blue 
bars depict historical incidence of dengue cases since 1997 in Aragua state. Proportion of dengue 
cases by serotype in Aragua state is shown as colored lines. Data were obtained from the national 
surveillance system and local data (Aragua state) from LARDIDEV.

PHYLOGENETIC TREE INFERENCE 

To determine the phylogenetic relationship between isolates within each serotype, Maximum 
Likelihood phylogenetic trees based on the complete ORF sequences were inferred. The tree 
topology showed different clusters with temporal aggregation among the serotypes (Figure S1-
S4). We found that our Venezuelan isolates belong to a single genotype within each serotype 
(red lines in supplementary figure S1-S4), i.e., genotype (V) for DENV-1, the Asian/American 
genotype for DENV-2, and genotypes III and II, for DENV-3 and DENV-4, respectively. Overall, our 
newly sequenced DENV genomes did not cluster together into a single group, but rather scat-
tered between genomes of DENVs circulating at different time periods. The fact that the genomes 
were in non-monophyletic clades having different common ancestors, indicates a high level of 
genetic diversity. Furthermore, among all DENV serotypes, DENV-3 showed a decreased clus-
ter diversity in recent years (Figure S3). Only DENV-1 showed clusters that contained isolates 
from both Aragua and Carabobo state (Figure S1), possibly indicating the way lineages spread 
/ are maintained through time. Additionally, DENV-1 showed a high genetic diversity but a lim-
ited temporal aggregation. Some sequences downloaded from NCBI (GU056029, GU056030, 
GU131837, FJ850104, JN819415) clustered together either with isolates from the 1990s or iso-
lates from 2005-2006 (Figure S1) and therefore deviated considerably from the mean root-to-tip 
regression line (data not shown). 

To reveal a possible association between genetic distances and sampling dates, a temporal ex-
ploration of sequences and trees was performed. The analysis showed that DENV-1 indeed had 
the lowest temporal correlation (R2=0.5), whilst the other DENV serotypes showed a good tem-
poral correlation (R2>0.91). Notably, DENV serotypes from the same city clustered together, even 
though they were collected during different time periods. 

Additionally, a root-to-tip regression estimated the time to the most recent common ances-
tor (MRCA) based on genetic distances to be 1981, 1981, 1994 and 1991 for DENV-1, DENV-2, 
DENV-3 and DENV-4, respectively. Considering that the whole dataset for Venezuela was a mix of 
isolates from different geographic origins and that some clades did not have temporal continuity, 
further analyses were performed on isolates from Aragua state only.
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DEMOGRAPHIC RECONSTRUCTION AND GENETIC DIVERSITY

To infer the time-resolved phylogenies, different molecular clocks were tested and the best mod-
el for the Bayesian analysis was assessed by comparing the posterior analysis of different models 
over each of the DENV genome partitions. The molecular clock that yielded the highest posterior 
and with effective sample sizes (ESS)>200 was the relaxed molecular clock (uncorrelated expo-
nential) and exponential growth tree prior. Figure 2 shows the maximum clade credibility (MCC) 
tree obtained under these parameters for each DENV serotype (Figures 2 to 4). The equidistant 
topology of the DENV-2 MCC, indicates an imbalanced tree, with low genetic diversity at any 
point in time which could indicate a selection by host immunity (Murrel et al., 2012) and the 
different colors depict the speed rate variation. The estimated posterior mean substitution rates 
for DENV serotypes under the relaxed clock model are shown in Table 1, as well as the time to 
the MRCA obtained for the DENV sequences of Aragua state. The mean substitution rates for the 
serotypes ranged from 4.514 × 10−4 substitutions/site/year (DENV-1) to 7.619 × 10−4 substi-
tutions/site/year (DENV-3). The MRCA dates for the isolates of Aragua state differed from the 
dates of the first detection of the serotype in the country (Table 1).

Table 1. Mean Substitution Rates and the Ages of the MRCA of DENV serotypes in Aragua.

*First report in the country

Figure 2. Time-scaled phylogenetic reconstruction of DENV1 circulating in Venezuela, 1990-2015. 
Phylogenies were inferred using the uncorrelated exponential relaxed clock model. Colors in the 
branches of the phylogenetic trees depict the different speed rates. 

Serotype Year of first Report* MRCA Rates (subs/site/year) 

DENV-1 1978 1984 4.514 x 10-4 (3.461 x 10-4, 5.527 x 10-4) 
DENV-2 1989 1983 7.619 x 10-4 (6.061 x 10-4, 9.372 x 10-4) 
DENV-3 1999 1997 7.290 x 10-4 (6.128 x 10-4, 8.364 x 10-4) 
DENV-4 1981 1990 6.345 x 10-4 (5.014 x 10-4, 7.752 x 10-4) 
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Figure 3. Time-scaled phylogenetic reconstruction of DENV2 circulating in Venezuela, 1990-2015. 
Phylogenies were inferred using the uncorrelated exponential relaxed clock model. Colors in the 
branches of the phylogenetic trees depict the different speed rates. 

Figure 4. Time-scaled phylogenetic reconstruction of DENV3 circulating in Venezuela, 1990-2015. 
Phylogenies were inferred using the uncorrelated exponential relaxed clock model. Colors in the 
branches of the phylogenetic trees depict the different speed rates. 



Chapter 7

171

7

Figure 5. Time-scaled phylogenetic reconstruction of DENV4 circulating in Venezuela, 1990-2013. 
Phylogenies were inferred using the uncorrelated exponential relaxed clock model. Colors in the 
branches of the phylogenetic trees depict the different speed rates. 

Additionally, to study the demographic history of the sampled population of each DENV sero-
type, the relative effective population size over time (Ne𝞃) was inferred by analyzing the genet-
ic diversity under the Bayesian Gaussian Markov Random Field (GMRF) Bayesian skyride tree 
prior. The skyride is a highly parametric method that allows reconstruction of changes in viral 
population size over the timescale of the tree (Minin et al., 2008).

Figure 6 depicts the reconstructed skyride plots, which show the changes in Ne throughout time 
for each DENV serotype. We assessed the Ne𝞃 as a measure of the genetic diversity of the DENV 
population compared to the fluctuation of the DENV incidence and epidemic peaks (Figure 6A). 
Our demographic reconstruction shows high concordance between the frequency of the DENV-
3 and its genetic diversity. The highest population diversity for DENV-3 was observed in 2000 
(Ne𝞃≃79) during its introduction into a naïve population. The analysis also indicates two pos-
sible coalescent events (~1998; see figure 4) for DENV-3 isolates obtained during the epidemic 
in 2000. Lastly, after its introduction in 1998 the DENV-3 genetic diversity had a decline in 2005 
(Figure 6D). Moreover, as shown in figure 6B, the genetic diversity of DENV-1 had little variation 
with slight peaks around 1998 and 2007 (Ne𝞃≃76 and Ne𝞃≃63, respectively) and the lowest 
peak being estimated to be (Ne𝞃=20) in 1991. On the other hand, the effective population of 
DENV-2 was stable (Ne𝞃≃10) since 1980 (Figure 6C). For this serotype, it is notable that the 
replacement of lineages is occurring continuously, hence the sustained genetic diversity. In the 
case of DENV-4, different peaks of diversity were depicted through time. The effective popula-
tion size of DENV-4 varied considerably, with peaks in 1996, 2006 and 2009, followed by abrupt 
reductions in diversity as a result of lineage replacement (Figure 6E). When comparing the pop-
ulation dynamics of DENV and the circulation of serotypes during the historical epidemics in 
Aragua, we found that the DENV-1 population size showed good correlation with an increased 
incidence during 1997 and 2006, corresponding to a high frequency peak (Figure 1). The effec-
tive population size of DENV-2 remained constant throughout time and did not match any of 
the incidence peaks observed for this serotype (Figure 1). Intriguingly, the plots suggest that for 
DENV-3 and DENV-4 when the effective population size was higher, there was an increase in the 



Evolutionary History of Dengue Viruses in Venezuela

172

7

incidence of the respective serotype followed by an abrupt decrease in the genetic diversity that 
also mirrored the major epidemic peaks of 2001, 2007 and 2010. Lastly, the initial increase in 
genetic diversity of DENV-3 began prior to the first report for this serotype in Aragua in the year 
2000.

Figure 6. Demographic history of DENV viruses in Aragua, Venezuela. A) colored bars depict the pro-
portion of dengue cases per serotype, the black dashed line depicted the incidence of dengue in Ara-
gua. B, C, D, E depicts the GMRF Bayesian Skyride plot. The y axes of the GMRF plots represent the 
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relative genetic diversity (Ne) of each DENV serotype through time. The blue dashed lines are the 
boundaries of the 95% highest posterior density interval.

SELECTION PRESSURE ANALYSIS

DENV, like any other arboviruses, are subjected to selection pressure, including the host’s or the 
vector’s immune system. In order to understand which pressure (positive, negative or neutral) 
exerts a higher influence in DENV evolution, we compared the ratio of number of non-synony-
mous to synonymous mutations (dN/dS) occurring on the ORF of each DENV sequence. Recom-
binant sequences were removed to avoid false positives. Analyses were performed using MEME 
that is capable of identifying both episodic, i.e., affecting only a subset of lineages, and pervasive 
positive selection, i.e., affecting most lineages in the phylogenetic tree at the level of an individual 
site (Murrel et al., 2012). In DENV-1, the amino acid positions 1,053, 1,727 and 2,598 belonging 
to the NS1, NS3 and NS5 proteins, respectively, were identified to be under episodic positive 
diversifying selection. The changes at position 1,053 and 2,598 were detected in one branch, 
whereas the change at position 1,727 was detected in two different tree branches. Additionally, 
the SLAC analysis found evidence of negative selection in 52 sites (dN/dS = 0.0724) and the 
aBSREL method detected one single branch under positive selection (sample CC0065; p < 0.05). 
In addition, the BUSTED test found evidence of gene-wide episodic positive diversifying selec-
tion along the branches (Table 2). Together, these results showed evidence of at least one site on 
at least one test branch that experienced positive diversifying selection in DENV-1. 

Table 2. Comparative selection pressure analysis of DENV serotypes.

MEME: Mixed Effects Models of Evolution; SLAC: Single-Likelihood Ancestor Counting; BUSTED: 
Branch-site Unrestricted Statistical Test for Episodic Diversification; aBSREL: adaptive Branch Site 
Random Effects Likelihood. *Number of sites under purifying (negative) selection. - no evidence of 
episodic diversifying selection 

In DENV-2, the test for selection among sites (MEME) found one site (1,738) under episodic pos-
itive diversifying selection, and SLAC found 43 sites under negative purifying selection (dN/dS = 
0.0692). For DENV-3 MEME identified three sites (866, 1,165 and 2,107) under episodic positive 
diversifying selection and SLAC identified 248 sites under negative selection (dN/dS = 0.0730). 
In addition, a single site (3,163) of DENV-4 located in a non-structural protein (NS5) was found 
to be under episodic positive diversifying selection (MEME) and 19 other sites were under neg-
ative purifying selection (dN/dS = 0.0535) using SLAC (Table 2). Furthermore, the branch model 

 
Site models Site-Branch Branch 

  MEME* SLAC BUSTED aBSREL 

 
DENV-1 

episodic positive/diversifying 
positions 1.053, 1.727 and 2.598 

52 + episodic 
diversifying 
selection CC0065 

 
DENV-2 

episodic positive/diversifying 
Position 1.738 

43 - - 

 
DENV-3 

episodic positive/diversifying 
positions 866, 1.165 and 2.107 

248 - - 

 
DENV-4 

episodic positive/diversifying 
position 3.163 

19 - - 
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(aBSREL) and branch-sites model (BUSTED) did not find any sites or branches under potential 
positive diversifying selection for DENV-2, DENV-3 and DENV-4.

ASSOCIATION BETWEEN POLYMORPHISMS AND CLINICAL OUTCOME

A total of forty samples had clinical data available and fulfilled the criteria for SNP base call-
ing. The average pairwise distance was 45 SNPs for DENV-1, 67 SNPs for DENV-2, 99 SNPs for 
DENV-3 and 50 SNPs for DENV-4. To infer a possible association between point mutations and 
clinical outcome, a Fisher’s exact test was performed comparing the SNPs present in viruses 
isolated from patients with DWS- against DWS+ and severe dengue. No significant association  
(P > 0.05) was found between any of the SNPs detected and disease outcome, probably due to the 
small sample size. However, in order to identify possible clusters of polymorphisms and disease 
outcome, an alignment of the SNPs obtained was used to generate a Maximum Likelihood tree 
(Figure 7). For DENV-1, a distinctive branch contained a unique sample (patient CC0065) that 
matched a severe disease outcome (Figure 7). In DENV-2, there was clustering associated with 
DWS+/Severe dengue (patients CC0145, CC150 and CC154, CC0031, respectively). However, the 
bootstrap value of the node did not statistically significantly support the cluster (<70%). The 
remaining clusters did not show a clear separation of DWS+/severe dengue samples and DWS- 
samples. In DENV-3, there were two clusters associated with disease outcome, the first of them 
associated only to a DWS- outcome (patients ID12, ID13 and CC0055) and the second having 
two isolates associated to DWS+ (CC115 and CC138) (Figure 7). Yet, one cluster contained two 
samples with different clinical outcome. Finally, in DENV-4 all clusters had a mix of DWS+ and 
DWS- outcome. 

Figure 7. Single nucleotide polymorphism tree of DENV studied samples. The Maximum Likelihood 
tree from the SNP alignments is shown. The tree is midpoint rooted for illustration purposes. Red 
color denotes viruses isolated from patients with severe dengue, orange color those from patients 
with dengue warning signs and black color those from patients with dengue without warning signs.
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INTRA-HOST DIVERSITY OR QUASISPECIES

Thirty-four samples from acute symptomatic patients met the criteria for SNV calling (500x cov-
erage). Among these samples, we detected non-synonymous SNVs scattered along the genome of 
all DENV serotypes. Despite that an error-correction model and noise filters were applied some 
of these variants were found to be in regions that were labeled as homopolymers. Overall, the 
variants obtained were found in both structural and non-structural segments of the polyprotein 
(Figure 8). Noteworthy, in DENV-1 it was possible to detect multiple genetic variants in the cod-
ing section of the polymerase (NS5) as well as variants in the coding section of the envelope (E), 
including one variant with a high frequency of 34.1%. For DENV-2 the variants with the highest 
frequency were found in the NS1 and NS3 coding regions. DENV-3 showed higher variability in 
the NS3 coding region, whereas in DENV-4 the variants were scattered along the polyprotein. 

Figure 8. Intra-host genetic variants among DENV serotypes. The x-axis represents the amino acid 
position within the DENV polyprotein, while the y-axis represents the frequency of variants detected 
at a certain amino acid position.

Nonetheless, despite some variants with high frequency of occurrence, the average variant fre-
quency was lower than 3% in all serotypes. Moreover, within the studied samples, a higher ratio 
of non-synonymous to synonymous changes was detected (dN/dS > 1) (Table 3). Interestingly, 
among these non-synonymous variants, nonsense variants such as stop codons, frame shifts and 
insertions/deletions accounted for 6 to 44% of the variability. The serotype with the lowest fre-
quency of nonsense variants was DENV-3 and the serotype with the highest frequency of non-
sense variants was DENV-4. 
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Table 3. Analysis of intra-host genetic variants among DENV serotypes studied.

dN/dS: ratio of non-synonymous to synonymous changes in the ORF
DWS-: dengue without warning signs.
DWS+: dengue with warning signs.

DISCUSSION

In the present study, we investigated the evolutionary history and population structure of DENV 
in Venezuela, focusing also on the mechanisms driving DENV evolution. Furthermore, we cor-
related the genetic diversity and population dynamics of DENV with the consecutive epidemics 
that occurred in Venezuela. Additionally, we employed whole-genome shotgun metagenomics as 
an unbiased high-throughput sequencing method to profile intra-host viral diversity across the 
entire coding region of the four DENV serotypes. 

In our study, phylogenetic analyses showed a high genetic diversity of DENV serotypes in Vene-
zuela despite of the fact that only a single genotype per serotype was detected. This high genetic 
variability among DENV serotypes was found before and has been attributed to multiple intro-
ductions of the same genotype from neighbouring countries such as Colombia and Brazil (Weav-
er et al., 2009; Rodriguez-Roche et al., 2012). Thus, the different clades among DENV serotypes 
are likely the result of DENV transmission mediated by short and long-distance human mobility 
patterns, such as air travel (Nunes et al., 2014; Tian et al., 2017), but could also be the result of in 
situ evolution of DENV (Uzcategui et al., 2003). 

Interestingly, our analysis showed the occurrence of clusters containing DENV-1 isolates from 
different epidemic years as has been described before (Rodriguez-Roche et al., 2012). This only 
happened for this specific serotype and it is most likely the result of different lineages that co-cir-
culated after the introduction of DENV-1 as no recombination events were found that explain the 
mixed clusters of isolates. However, the low temporal correlation exhibited by DENV-1 could also 
indicate that such mixing could be due either to errors in sequence assembly, or to the use of in-
correct sampling dates (Rambaut et al., 2016). The later issue is especially relevant if a molecular 
surveillance is set to track possible introductions or measure genetic diversification of DENV-1 
as such errors may confound the phylogenetic analysis. 

  
Median 
total 
variants 

Median 
frequency 
of variant 
(%) 

Median 
amino 
acid 
changes 

Median 
nonsense 
changes 

Median 
frequency of 
nonsense 
changes (%) 

Median 
synonymous 
changes 

dN/dS 

DENV-1 

Severe 
Dengue 
(n=1) 

53.0 2.1 30.0 44.0 14.0 9 4.9 

DWS- 
(n=3) 24.5 2.8 11.0 8.0 9.0 4.5 1.8 

DENV-2 

Severe 
Dengue 
(n=3) 

105.0 1.9 70.0 22.0 20.8 18 4.9 

DWS+ 
(n=4) 91.5 2.5 54.5 9.5 25.6 18 4.1 

DWS- 
(n=9) 137.0 2.2 88.0 10.0 27.8 23.5 4.5 

DENV-3 

DWS+ 
(n=2) 76.0 1.7 67.5 8.5 6.0 17 3.5 

DWS- 
(n=3) 94.0 1.6 77.0 12.0 9.6 18 4.2 

DENV4 

DWS+ 
(n=3) 111.0 2.3 98.0 13.0 11.7 14 6.9 

DWS- 
(n=2) 25.5 2.1 11.5 12.0 44.0 9 1.8 
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The demographic reconstructed histories for all serotypes showed increases or decreases in the 
genetic diversity depending on the serotype. These changes in genetic diversity are consistent 
with the rise in incidence and the circulation dynamics of DENV-1, DENV-3 and DENV-4 in Ara-
gua, but not for DENV-2, in which the effective population (Ne) remained constant through time. 
Such correlation of events has been observed before after introduction of DENV in Puerto Rico 
(Bennet et al., 2010), Thailand (Cummings et al., 2004) and Singapore (Ooi et al., 2006). For 
DENV-2, a lack of correspondence between the effective population and the incidence was ob-
served, which is similar to the genetic dynamics reported for DENV-2 Asian/American genotype 
in the Americas (Wei & Li, 2017). In our study, the ML trees, the Bayesian framework and the 
demographic reconstruction indicated a directional selection of DENV-2. This may be due to a 
selection pressure for this specific serotype that is constantly shaping the population structure 
of circulating strains generating a higher fitness or due to a clade replacement based on biologi-
cal properties that confer fitness advantage (i.e. shortened extrinsic incubation period) (Quiner 
et al., 2014).

Interestingly, it has been proposed that increases in the genetic diversity of a serotype at times of 
relative abundance and hyperendemicity of another given serotype can lead to complex patterns 
of competition, influenced by the immune response of the host towards a given serotype, geno-
type or lineage (Zhan et al., 2005). In our case, a low herd immunity towards DENV-3 could have 
determined the rate at which this serotype/genotype disseminated in the population during its 
reintroduction. Consequently, DENV-3 serotype and its hyperendemicity had the highest impact 
on the landscape of the genetic diversity of DENV in Aragua over a three years period (2001-
2003), despite that all DENV serotypes co-circulated in the same region at the same time. DENV-
3 genetic diversity began to increase prior to the epidemiological reporting of this serotype in 
Venezuela. The bayesian reconstruction suggests that two coalescent events occurred with two 
possible ancestors, meaning that different DENV-3 introduction events have occurred. The latter 
explains the genetic variability of DENV-3 during the 2000 epidemic and agrees with previous 
descriptions (Ramirez et al., 2010; Schmidt et al., 2011). Lastly, the high diversification of DENV-
3 led to the extinction of some lineages that arose during the epidemic of 2000 and the establish-
ment of new ones (Ramirez et al., 2010). Furthermore, our demographic reconstruction showed 
an abrupt decay of the DENV-1 and DENV-3 and DENV-4 populations after periods of intense 
and prolonged transmission. Indeed, herd immunity could play a role in such sustained decrease 
of diversity without a decrease in incidence. DENV-4 comprised two distinctive clusters with a 
single common ancestor, thus, ruling out reintroduction of lineages into the population.

In a nutshell, the co-circulation of serotypes, genotypes or lineages generated a complex com-
petition dynamic that affected the genetic diversity of serotypes. Beyond this, the co-circulation 
of serotypes could also play an important role on disease clinical presentation as a result of 
heterologous infections. Indeed, it has been suggested that background immunity could play a 
role on clinical outcome, specifically a study indicated that the DENV-3 serotype may be related 
to severe dengue cases in patients that had a primary infection with either DENV-1 or DENV-
2 (Alvarez et al., 2006). The bayesian skyride approach implemented to estimate the effective 
population size of DENV allowed us to generate a temporal smoothed line of the effective popu-
lation size without knowing the change points a priori in contrast to other methods (i.e. skyline) 
(Minin et al., 2008). However, the nature of the analysis makes it difficult to quantify the relation 
between the genetic variability and the incidence. Therefore, we are currently examining more 
effective methods of bayesian modeling that permit to incorporate the variability obtained from 
epidemiological data. 
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Another important subject studied in our work was the selection pressure to which DENV se-
rotypes are being exposed during its evolution. In our case the detection of episodic positive 
diversifying selection events in some branches and sites among DENV serotypes show that some 
genetic changes are being fixed in the population. These changes were observed in genomic re-
gions of non-structural proteins. However, the most frequent observed mechanism of selection 
was negative purifying selection in both structural and non-structural encoding regions, similar 
to previous studies on arbovirus evolution (Lequime et al., 2016). Arboviruses experience less 
non-synonymous variation than other RNA viruses and they are also less affected by positive se-
lection, resulting in a trade-off that keeps the virus in high fitness peaks (Holmes 2003; Vasilakis 
et al., 2009; Romano et al., 2013). Indeed, the constant interaction between DENV, the humans’ 
and the mosquitos’ immune systems during infection are known to result in deleterious amino 
acid changes that have to be removed by negative purifying selection (Lequime et al., 2016; Wei 
& Li, 2017). Our results also showed that DENV-3 presents more codons under purifying selec-
tion than other DENV serotypes, suggesting that DENV-3 is at a different state of evolution than 
the other serotypes.

DENV-1 was the only serotype with evidence of positive selective pressure along the branches 
(isolate CC0065), despite the fact that all DENV serotypes had positive selected codons along the 
genome. The selected codons among all serotypes resided within the NS1 (DENV-1; DENV-3), 
NS2A (DENV-3), NS3 (DENV-1; DENV-2), NS4A (DENV-3) and NS5 (DENV-1; DENV-4). Interest-
ingly, these are non-structural proteins linked to assembly, replication and some of them, as e.g. 
NS1 and NS5, are immunogenic. The potential implications of these modifications are not clear 
and more detailed studies are required to elucidate whether they affect the viral replication and/
or increase fitness.

No statistically significantly association was found between specific SNPs and clinical outcome. 
This could be due to a lack of power, as a result of a modest sample size or to the fact that we 
only carried out a comparison with the variants that scored a frequency higher than 90 %. Nev-
ertheless, some clades contained DENV-2 and DENV-3 with a similar clinical presentation. We 
also studied the intra-host low frequency variants also known as quasispecies. The latter vari-
ants or mutants are the result of subsequent rounds of replication with the error-prone RNA 
polymerase. This intra-host diversity of DENV has been widely studied in humans (Lauring & 
Andino, 2010; Wang et al., 2002; Parameswaran et al., 2012). Its importance relies in its potential 
to shape variation at the consensus level between hosts (Parameswaran et al., 2012). We were 
able to detect variants along the whole ORF. When plotting the variants from different samples 
along the polyprotein, some aggregation (hotspot) of within host variants were detected. This 
indicates that even though viruses were isolated at different time points, they tended to gener-
ate variants in specific regions of the genome. Interestingly, some of these regions encode for 
proteins that could play a role in immune evasion or in controlling host pathways, like the NS3 
and NS5. Likewise, viral variants were present in the envelope gene, a region that is constantly 
shaped by the immune pressure of the host. A previous study by Descloux et al., (Descloux et 
al., 2009) showed a relation between low frequency variants in the E protein and an increase in 
disease severity. 

Overall the intra-host variability showed that non-synonymous changes were more frequent 
than synonymous changes (dN/dS>1) in all DENV serotypes. These changes resulted in both 
amino acid changes and nonsense variants of the polyprotein. Interestingly, among nonsense 
variants, a high proportion corresponded to frame shifts and stop-codons, variants that are 
conspicuously deleterious as they do not generate functional proteins. The frequency of these 
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variants was below 4 %, similar to the frequency found in other RNA viruses, as, e.g. influenza 
viruses. Deleterious mutations can potentially affect the viral pathogenesis and fitness of DENV 
by generating defective interfering viral particles (Choudhury et al., 2015; Aaskov et al., 2006). 
Defective interfering viral particles have been suggested to result in attenuation of disease sever-
ity thereby increasing the spread of the virus by allowing greater mobility of the human host (Li 
et al., 2011). However, it is known that intra-host low frequency variants are subject to selection 
pressure (Sim et al., 2015). Specifically, non-viable variants can be eliminated either by negative 
purifying selection or genetic drift during human-to-mosquito transmission. The latter event 
generates losses of up to 90% of the genetic variability due to the selective pressure confronted 
by the virus imposed by several anatomical barriers (Lequime et al., 2016). If low frequency 
variants are not eliminated by genetic drift, they could be maintained and transmitted to a new 
host. An example of this event was documented in Myanmar where deleterious mutations (trun-
cated E protein) were reported to be transmitted together with wild-type viruses of DENV-1 for 
at least 18 months (Aaskov et al., 2006). 

We have presented an updated landscape of the molecular epidemiology of DENV in Venezuela 
and revealed the evolutionary processes underlaying the evolution of DENV serotypes in the 
country. Purifying selection was found in more codons than positive selection, suggesting it is 
the main force of selection. We also showed that the introduction of DENV-3 serotypes modified 
the landscape of genetic diversity in the country introducing competition among serotypes. This 
may be an important factor in DENV lineage evolution in Venezuela in addition to the alternating 
cycle of mosquito-human infection selection. Likewise, we showed the high intra-host genetic 
diversity across the polyprotein of DENV serotypes and the presence of deleterious variants that 
occurs in the course of an infection. However, the role of the immunological background and 
secondary infections or how the host immune system shapes the variants in the course of an 
infection needs to be addressed. Therefore, it is necessary to study the host-specific evolutionary 
paths to unravel how variants are fixed and thereby nurture new lineages or genotype variants. 

LIMITATIONS OF THE STUDY 

In our study, we have included all DENV genomes available in Venezuela (Those generated by us 
and those obtained from NCBI). However, since these genomes were obtained from symptomatic 
patients (about 40-50% of total infected patients) we only examined the population dynamics 
and evolution of a subset of the total viral population. Furthermore, the fact that there are few 
clinical data available for most historical reported genomes complicated the search for genetic 
determinants related to disease severity. This limitation can be overcome if active case finding 
and genomic surveillance are included in the current dengue surveillance workflow.

CONCLUSION

The introduction of different DENV serotypes throughout time and sequential escalation of out-
breaks has shown an interesting dynamic that has shaped the genetic diversity among DENV 
populations in Venezuela. The episodic positive selection events suggest that some genetic 
changes are being fixed in the population. Yet purifying selection was the dominant force that 
drove the genetic evolution of the virus by elimination of mutations resulting in deleterious ami-
no acid substitutions. Constant surveillance of the host immunologic status of the population, 
the viral genetic variability and the origin of such genetic diversity (in-situ evolution, introduc-
tions from other countries) should be considered in order to track possible evolutionary inter-
mediates with epidemic potential.
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APPENDIX

EVOLUTIONARY HISTORY AND POPULATION DYNAMICS OF 

DENGUE VIRUSES IN VENEZUELA

SUPPLEMENTAL FIGURES

Figure S1. Maximum Likelihood (ML) phylogenetic analysis of the ORF of DENV-1. Sequences of ORFs 
were manually separated from the complete genome sequences. The evolutionary history was in-
ferred by using the Maximum Likelihood approach. The tree with the highest bootstrapping support 
is shown. Red lines depict the sequences from this study. Trees were constructed with a bootstrap 
support of 1000 replicates. IDAMS indicates samples from Carabobo state whereas DENVEN indicates 
samples from Aragua state.
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Figure S2. Maximum Likelihood (ML) phylogenetic analysis of the ORF of DENV-2. Sequences of ORFs 
were manually separated from the complete genome sequences. The evolutionary history was in-
ferred by using the Maximum Likelihood approach. The tree with the highest bootstrapping support 
is shown. Red lines depict the sequences from this study. Trees were constructed with a bootstrap 
support of 1000 replicates. IDAMS indicates samples from Carabobo state whereas DENVEN indicates 
samples from Aragua state.
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Figure S3. Maximum Likelihood (ML) phylogenetic analysis of the ORF of DENV-3. Sequences of ORFs 
were manually separated from the complete genome sequences. The evolutionary history was in-
ferred by using the Maximum Likelihood approach. The tree with the highest bootstrapping support 
is shown. Red lines depict the sequences from this study. Trees were constructed with a bootstrap 
support of 1000 replicates. IDAMS indicates samples from Carabobo state whereas DENVEN indicates 
samples from Aragua state.
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Figure S4. Maximum Likelihood (ML) phylogenetic analysis of the ORF of DENV-4. Sequences of ORFs 
were manually separated from the complete genome sequences. The evolutionary history was in-
ferred by using the Maximum Likelihood approach. The tree with the highest bootstrapping support 
is shown. Red lines depict the sequences from this study. Trees were constructed with a bootstrap 
support of 1000 replicates. IDAMS indicates samples from Carabobo state whereas DENVEN indicates 
samples from Aragua state.

Table S1. Description of Venezuelan samples sequenced in this study.

Sample ID Date collect-
ed

Sex Age Serotype Genotype D i s e a s e 
outcome

Hospitalized Day of 
illness

CC0065 2011-10-04 Male 30 Den1 V a No 3

CC0122 2011-05-13 Male 6 Den1 V b No 2

CC0160 2012-07-26 Male 14 Den1 V b No 3

CC0178 2012-06-13 Male 12 Den1 V b No 3

UCUG0185 2011-10-04 Female 19 Den1 V c No 4

UVG004 2010-03-02 Female 9 Den1 V b No 3

921001 02/10/2013 Den1 V

CC0031 2010-09-02 Female 16 Den2 Asian/American a Yes 3

CC0085 2011-01-14 Female 19 Den2 Asian/American c No 3

CC0145 2011-10-24 Female 14 Den2 Asian/American c No 3

CC0150 2012-05-09 Male 10 Den2 Asian/American a Yes 3

CC0152 2012-07-02 Male 11 Den2 Asian/American b No NA

CC0154 2011-11-11 Male 11 Den2 Asian/American a Yes NA
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910116 2015-09-30 Female 7 Den2 Asian/American b No 3

910123 2015-10-07 Male 9 Den2 Asian/American b No 3

910141 2015-11-05 Male 13 Den2 Asian/American b No NA

910134 2015-10-26 Male 12 Den2 Asian/American b No 4

910119 2015-10-06 Male 11 Den2 Asian/American b No 3

910121 2015-10-06 Male 12 Den2 Asian/American b No 2

CC0009 2010-08-31 Male 17 Den3 III b No 3

CC0011 2010-08-27 Female 15 Den3 III b No 2

CC0055 2011-01-27 Female 10 Den3 III b No 3

CC0115 2011-05-04 Male 6 Den3 III c No 2

CC0138 2011-09-26 Female 7 Den3 III c 0 2

CC0061 2011-01-20 Male 13 Den4 II b No 3

CC0066 2011-10-11 Male 17 Den4 II c No 2

CC0067 2011-10-18 Female 16 Den4 II c No 3

CC0116 2012-03-29 Male 21 Den4 II b No 1

CC0133 2011-06-10 Female 10 Den4 II b No 3

CC0158 2012-07-06 Female - Den4 II b No NA

CC0186 2012-07-17 Male - Den4 II b No NA

UCUG0186 30/08/2010 Male 16 Den4 II b No 3

NA: not available, sample taken the first visit to medical center, a: Severe Dengue, b: Dengue Without 
Warning Signs, c: Dengue With Warning Signs

Table S2. Reference genomes retrieved from GenBank to perform the mapping of DENV reads.

Genome* Accession Length (nt) Date updated

DENV-1 NC_001477 10,735 09/05/2015

DENV-2 NC_001474 10,723 09/15/2015

DENV-3 NC_001475 10,707 09/14/2015

DENV-4 NC_002640 10,649 02/11/2016

*Source: www.ncbi.nlm.nih.gov/genomes

Table S3. Genomes retrieved from GenBank to perform the phylogenetic analysis of DENV.

Serotype Accession number Isolate Year

DENV-1 FJ639735.1 VE/BID-V2162 1997

DENV-1 GU056029.1 VE/BID-V3540 1997

DENV-1 GU056030.1 VE/BID-V3541 1997

DENV-1 FJ639740.1 VE/BID-V2168 1998

DENV-1 FJ639741.1 VE/BID-V2169 1998

DENV-1 GU056031.1 VE/BID-V3543 1998

DENV-1 GU056032.1 VE/BID-V3544 1998
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DENV-1 GU056033.1 VE/BID-V3545 1998

DENV-1 FJ639743.1 VE/BID-V2171 1999

DENV-1 GU131832.1 VE/BID-V3548 2000

DENV-1 GU131833.1 VE/BID-V3549 2000

DENV-1 GU131834.1 VE/BID-V3550 2001

DENV-1 FJ639794.1 VE/BID-V2227 2004

DENV-1 FJ639796.1 VE/BID-V2229 2004

DENV-1 FJ639797.1 VE/BID-V2230 2004

DENV-1 FJ639802.1 VE/BID-V2235 2004

DENV-1 FJ744701.1 VE/BID-V2237 2004

DENV-1 GU131835.1 VE/BID-V3552 2004

DENV-1 GU131836.1 VE/BID-V3553 2004

DENV-1 JN819425.1 VE/BID-V2423 2004

DENV-1 FJ639808.1 VE/BID-V2245 2005

DENV-1 FJ639811.1 VE/BID-V2248 2005

DENV-1 FJ639812.1 VE/BID-V2250 2005

DENV-1 FJ639813.1 VE/BID-V2251 2005

DENV-1 FJ639814.1 VE/BID-V2254 2005

DENV-1 FJ810415.1 VE/BID-V2253 2005

DENV-1 GU131837.1 VE/BID-V3558 2005

DENV-1 JN819410.1 VE/BID-V2241 2005

DENV-1 JN819411.1 VE/BID-V2249 2005

DENV-1 JN819412.1 VE/BID-V2252 2005

DENV-1 FJ639815.1 VE/BID-V2255 2006

DENV-1 FJ639818.1 VE/BID-V2258 2006

DENV-1 FJ639819.1 VE/BID-V2259 2006

DENV-1 FJ639820.1 VE/BID-V2260 2006

DENV-1 FJ639821.1 VE/BID-V2261 2006

DENV-1 FJ639823.1 VE/BID-V2263 2006

DENV-1 FJ639824.1 VE/BID-V2264 2006

DENV-1 GU131838.1 VE/BID-V3562 2006

DENV-1 GU131839.1 VE/BID-V3565 2006

DENV-1 HQ332177.1 VE/61059 2006

DENV-1 HQ332178.1 VE/61060 2006

DENV-1 HQ332180.1 VE/61068 2006

DENV-1 HQ332181.1 VE/61063 2006

DENV-1 HQ332182.1 VE/61006 2006

DENV-1 JN819405.1 VE/BID-V2606 2006

DENV-1 JN819413.1 VE/BID-V2265 2006
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DENV-1 JN819415.1 VE/BID-V3561 2006

DENV-1 EU482609.1 VE/BID-V1134 2007

DENV-1 EU482610.1 VE/BID-V1135 2007

DENV-1 EU482611.1 VE/BID-V1136 2007

DENV-1 FJ639806.1 VE/BID-V2243 2007

DENV-1 FJ850099.1 VE/BID-V2459 2007

DENV-1 FJ850100.1 VE/BID-V2461 2007

DENV-1 FJ850101.1 VE/BID-V2463 2007

DENV-1 FJ850102.1 VE/BID-V2464 2007

DENV-1 FJ873809.1 VE/BID-V2462 2007

DENV-1 FJ873810.1 VE/BID-V2467 2007

DENV-1 FJ882579.1 VE/BID-V2465 2007

DENV-1 GQ199877.1 VE/BID-V2615 2007

DENV-1 GU131840.1 VE/BID-V3573 2007

DENV-1 GU131841.1 VE/BID-V3576 2007

DENV-1 GU131842.1 VE/BID-V3578 2007

DENV-1 HQ332179.1 VE/61084 2007

DENV-1 HQ332183.1 VE/61081 2007

DENV-1 JN819414.1 VE/BID-V2466 2007

DENV-1 FJ850103.1 VE/BID-V2468 2008

DENV-1 FJ850104.1 VE/BID-V2469 2008

DENV-2 GQ868540.1 VE/BID_V3496 1990

DENV-2 GQ868541.1 VE/BID_V3497 1991

DENV-2 GQ868595.1 VE/BID_V3362 1991

DENV-2 GQ868596.1 VE/BID_V3363 1991

DENV-2 GQ868597.1 VE/BID_V3364 1991

DENV-2 GQ868598.1 VE/BID_V3365 1991

DENV-2 EU687220.1 VE/BID_V1456 1996

DENV-2 EU726775.1 VE/BID_V1457 1996

DENV-2 FJ898465.1 VE/BID_V2941 1998

DENV-2 FJ898466.1 VE/BID_V2942 2000

DENV-2 JN819408.1 VE/BID_V2161 2001

DENV-2 FJ639734.1 VE/BID_V2160 2003

DENV-2 FJ639783.1 VE/BID_V2216 2003

DENV-2 FJ639788.1 VE/BID_V2221 2004

DENV-2 FJ850112.1 VE/BID_V2424 2004

DENV-2 FJ639732.1 VE/BID_V2158 2005

DENV-2 FJ639733.1 VE/BID_V2159 2005

DENV-2 FJ639809.1 VE/BID_V2246 2005
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DENV-2 FJ898467.1 VE/BID_V2944 2005

DENV-2 FJ639822.1 VE/BID_V2262 2006

DENV-2 HQ332184.1 VE/BID_61069 2006

DENV-2 EU482604.1 VE/BID_V1095 2007

DENV-2 EU482605.1 VE/BID_V1104 2007

DENV-2 EU482606.1 VE/BID_V1105 2007

DENV-2 EU482607.1 VE/BID_V1107 2007

DENV-2 EU482608.1 VE/BID_V1111 2007

DENV-2 FJ850105.1 VE/BID_V2470 2007

DENV-2 GQ868641.1 VE/BID_V1144 2007

DENV-2 HQ332185.1 VE/BID_61082 2007

DENV-2 HQ332186.1 VE/BID_61115 2007

DENV-2 HQ332187.1 VE/BID_61133 2007

DENV-2 HQ332188.1 VE/BID_61136 2007

DENV-2 HQ332189.1 VE/BID_61154 2007

DENV-2 HQ332190.1 VE/BID_61095 2007

DENV-2 JN819407.1 VE/BID_V2613 2007

DENV-2 KF955365.1 VE/BID_V1142 2007

DENV-2 FJ850106.1 VE/BID_V2476 2008

DENV-2 FJ850107.1 VE/BID_V2477 2008

DENV-2 FJ850108.1 VE/BID_V2478 2008

DENV-3 FJ639746.1 VE/BID-V2174 2000

DENV-3 FJ639747.1 VE/BID-V2175 2000

DENV-3 FJ639749.1 VE/BID-V2178 2000

DENV-3 FJ639750.1 VE/BID-V2179 2000

DENV-3 FJ898468.1 VE/BID-V2965 2000

DENV-3 EU482612.1 VE/BID-V904 2001

DENV-3 EU482613.1 VE/BID-V906 2001

DENV-3 EU482614.1 VE/BID-V913 2001

DENV-3 EU529684.1 VE/BID-V1113 2001

DENV-3 EU529685.1 VE/BID-V1116 2001

DENV-3 EU529686.1 VE/BID-V1117 2001

DENV-3 EU529687.1 VE/BID-V1118 2001

DENV-3 EU529688.1 VE/BID-V903 2001

DENV-3 EU529689.1 VE/BID-V907 2001

DENV-3 EU529690.1 VE/BID-V908 2001

DENV-3 EU529691.1 VE/BID-V911 2001

DENV-3 EU569688.1 VE/BID-V1115 2001

DENV-3 EU569689.1 VE/BID-V912 2001
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DENV-3 EU569690.1 VE/BID-V915 2001

DENV-3 EU569691.1 VE/BID-V916 2001

DENV-3 EU660420.1 VE/BID-V905 2001

DENV-3 FJ182015.1 VE/BID-V1114 2001

DENV-3 FJ373303.1 VE/BID-V1585 2001

DENV-3 FJ639751.1 VE/BID-V2180 2001

DENV-3 FJ639752.1 VE/BID-V2181 2001

DENV-3 FJ639753.1 VE/BID-V2182 2001

DENV-3 FJ639754.1 VE/BID-V2183 2001

DENV-3 FJ639755.1 VE/BID-V2184 2001

DENV-3 FJ639756.1 VE/BID-V2185 2001

DENV-3 FJ639757.1 VE/BID-V2187 2001

DENV-3 FJ639758.1 VE/BID-V2188 2001

DENV-3 FJ639759.1 VE/BID-V2189 2001

DENV-3 FJ639760.1 VE/BID-V2190 2001

DENV-3 FJ639761.1 VE/BID-V2191 2001

DENV-3 FJ639762.1 VE/BID-V2192 2001

DENV-3 FJ639763.1 VE/BID-V2193 2001

DENV-3 FJ639765.1 VE/BID-V2195 2001

DENV-3 FJ639766.1 VE/BID-V2196 2001

DENV-3 FJ639767.1 VE/BID-V2197 2001

DENV-3 FJ639768.1 VE/BID-V2198 2001

DENV-3 FJ639769.1 VE/BID-V2199 2001

DENV-3 FJ639770.1 VE/BID-V2203 2001

DENV-3 FJ639771.1 VE/BID-V2204 2001

DENV-3 FJ639774.1 VE/BID-V2207 2001

DENV-3 FJ744700.1 VE/BID-V2186 2001

DENV-3 FJ810416.1 VE/BID-V2453 2001

DENV-3 FJ850096.1 VE/BID-V2201 2001

DENV-3 FJ850097.1 VE/BID-V2452 2001

DENV-3 FJ850098.1 VE/BID-V2455 2001

DENV-3 FJ882577.1 VE/BID-V2200 2001

DENV-3 FJ882578.1 VE/BID-V2202 2001

DENV-3 FJ898469.1 VE/BID-V2966 2001

DENV-3 FJ898470.1 VE/BID-V2967 2001

DENV-3 GQ252678.1 VE/BID-V2454 2001

DENV-3 KF955449.1 VE/BID-V1121 2001

DENV-3 KF955479.1 VE/BID-V2456 2001

DENV-3 KF955487.1 VE/BID-V2580 2001
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DENV-3 FJ639775.1 VE/BID-V2208 2002

DENV-3 FJ639776.1 VE/BID-V2209 2002

DENV-3 FJ639777.1 VE/BID-V2210 2002

DENV-3 FJ639778.1 VE/BID-V2211 2002

DENV-3 FJ898471.1 VE/BID-V2968 2002

DENV-3 FJ639779.1 VE/BID-V2212 2003

DENV-3 FJ639780.1 VE/BID-V2213 2003

DENV-3 FJ639781.1 VE/BID-V2214 2003

DENV-3 FJ639782.1 VE/BID-V2215 2003

DENV-3 FJ639784.1 VE/BID-V2217 2003

DENV-3 FJ639785.1 VE/BID-V2218 2003

DENV-3 FJ639786.1 VE/BID-V2219 2003

DENV-3 FJ898472.1 VE/BID-V2969 2003

DENV-3 FJ898473.1 VE/BID-V2970 2003

DENV-3 KF955451.1 VE/BID-V1586 2003

DENV-3 EU854291.1 VE/BID-V1591 2004

DENV-3 FJ373304.1 VE/BID-V1590 2004

DENV-3 FJ639787.1 VE/BID-V2220 2004

DENV-3 FJ639789.1 VE/BID-V2222 2004

DENV-3 FJ639790.1 VE/BID-V2223 2004

DENV-3 FJ639791.1 VE/BID-V2224 2004

DENV-3 FJ639792.1 VE/BID-V2225 2004

DENV-3 FJ639793.1 VE/BID-V2226 2004

DENV-3 FJ639795.1 VE/BID-V2228 2004

DENV-3 FJ639798.1 VE/BID-V2231 2004

DENV-3 FJ639799.1 VE/BID-V2232 2004

DENV-3 FJ639800.1 VE/BID-V2233 2004

DENV-3 KF955453.1 VE/BID-V1589 2004

DENV-3 KF955454.1 VE/BID-V1592 2004

DENV-3 KF955471.1 VE/BID-V2236 2004

DENV-3 KF955472.1 VE/BID-V2238 2004

DENV-3 KF955486.1 VE/BID-V2225 2004

DENV-3 EU854292.1 VE/BID-V1593 2005

DENV-3 FJ639801.1 VE/BID-V2244 2005

DENV-3 FJ639803.1 VE/BID-V2239 2005

DENV-3 FJ639804.1 VE/BID-V2240 2005

DENV-3 FJ639805.1 VE/BID-V2242 2005

DENV-3 FJ639807.1 VE/BID-V2244 2005

DENV-3 FJ639810.1 VE/BID-V2247 2005
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DENV-3 FJ639816.1 VE/BID-V2256 2005

DENV-3 FJ639817.1 VE/BID-V2257 2006

DENV-3 FJ639825.1 VE/BID-V2266 2006

DENV-3 HQ332170.1 VE/BID-61051 2006

DENV-3 HQ332171.1 VE/BID-61035 2006

DENV-3 EU529683.1 VE/BID-V1102 2007

DENV-3 EU932687.1 VE/BID-V1149 2007

DENV-3 EU932688.1 VE/BID-V1150 2007

DENV-3 FJ639772.1 VE/BID-V2205 2007

DENV-3 FJ850109.1 VE/BID-V2480 2007

DENV-3 FJ850110.1 VE/BID-V2482 2007

DENV-3 FJ850111.1 VE/BID-V2484 2007

DENV-3 FJ898474.1 VE/BID-V2971 2007

DENV-3 GQ868586.1 VE/BID-V2481 2007

DENV-3 GQ868587.1 VE/BID-V2483 2007

DENV-3 FJ639826.1 VE/BID-V2267 2008

DENV-3 FJ639827.1 VE/BID-V2268 2008

DENV-4 FJ639736.1 VE/BID-V2163 1998

DENV-4 FJ639737.1 VE/BID-V2164 1998

DENV-4 FJ639738.1 VE/BID-V2165 1998

DENV-4 FJ639739.1 VE/BID-V2166 1998

DENV-4 JN819409.1 VE/BID-V2167 1998

DENV-4 FJ639742.1 VE/BID-V2170 1999

DENV-4 FJ639744.1 VE/BID-V2172 1999

DENV-4 FJ639745.1 VE/BID-V2173 1999

DENV-4 FJ639748.1 VE/BID-V2177 2000

DENV-4 FJ850095.1 VE/BID-V2176 2000

DENV-4 FJ639764.1 VE/BID-V2194 2001

DENV-4 FJ639773.1 VE/BID-V2206 2001

DENV-4 JN819406.1 VE/BID-V2607 2006

DENV-4 EU854299.1 VE/BID-V1157 2007

DENV-4 EU854300.1 VE/BID-V1159 2007

DENV-4 EU854301.1 VE/BID-V1161 2007

DENV-4 FJ182016.1 VE/BID-V1158 2007

DENV-4 FJ182017.1 VE/BID-V1160 2007

DENV-4 FJ882580.1 VE/BID-V2489 2007

DENV-4 FJ882581.1 VE/BID-V2490 2007

DENV-4 FJ882582.1 VE/BID-V2491 2007

DENV-4 FJ882583.1 VE/BID-V2492 2007
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DENV-4 FJ882584.1 VE/BID-V2493 2007

DENV-4 FJ882585.1 VE/BID-V2494 2007

DENV-4 FJ882586.1 VE/BID-V2495 2007

DENV-4 FJ882587.1 VE/BID-V2496 2007

DENV-4 FJ882588.1 VE/BID-V2497 2007

DENV-4 FJ882589.1 VE/BID-V2498 2007

DENV-4 FJ882590.1 VE/BID-V2499 2007

DENV-4 FJ882591.1 VE/BID-V2500 2007

DENV-4 GQ199876.1 VE/BID-V2610 2007

DENV-4 GQ868642.1 VE/BID-V1153 2007

DENV-4 GQ868643.1 VE/BID-V1154 2007

DENV-4 GQ868644.1 VE/BID-V1155 2007

DENV-4 GQ868645.1 VE/BID-V1156 2007

DENV-4 HQ332172.1 VE/BID-61027 2007

DENV-4 HQ332173.1 VE/BID-61110 2007

DENV-4 HQ332174.1 VE/BID-61073 2007

DENV-4 HQ332175.1 VE/BID-61013 2007

DENV-4 HQ332176.1 VE/BID-61054 2007

DENV-4 FJ882592.1 VE/BID-V2501 2008
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SUMMARIZING DISCUSSION

In the last decades, arboviral diseases had an enormous impact on public health systems given 
the overwhelming increase of disease morbidity caused by these viruses in tropical and subtrop-
ical countries, especially in the Americas. The rapid expansion of various arboviruses and the 
explosive nature of their outbreaks have put on evidence: i) the potential of these vector-borne 
diseases to newly appear and rapidly expand (Weaver & Reisen, 2010; Hotez & Murray, 2017; 
CDC, 2019; WHO, 2019) as well as, ii) the difficulties to effectively control endemic and epidemic 
arboviral transmission. Within the arboviruses that show rapid expansion are dengue (DENV), 
chikungunya (CHIKV) and Zika (ZIKV) viruses. Dengue is the most relevant arboviral disease 
affecting annually an estimated 390 million people worldwide (Bhatt, 2013). In the Americas, a 
growing circulation of multiple DENV serotypes has shown implications for increased incidence 
of severe disease as a result of antibody-dependent enhancement (ADE; Katzelnick et al., 2017). 
Likewise, CHIKV and ZIKV have re-emerged in the last five years drawing special public attention 
due to the long-lasting sequelae produced by CHIKV (Schilte et al., 2013; Weaver 2015 et al., 
2015; Elsinga et al., 2017; van Aalst et al., 2017; McHugh, 2018) and the link between ZIKV and 
microcephaly and other congenital disorders during pregnancy (Cauchemez et al., 2016; Calvet 
et al., 2016; Mlakar et al., 2016; de Paula Freitas et al., 2016).

Venezuela is endemic for dengue with the co-circulation of the four DENV serotypes. It is one of 
the countries with the highest proportion of severe cases in the Americas (PAHO, 2018). In addi-
tion, the epidemics of CHIKV in 2014 and ZIKV in 2016 swept the country causing a high burden 
of disease. These facts highlight the need for a better understanding of the epidemiological and 
molecular dynamics of these concurrent arboviral diseases. Our work provides a detailed epide-
miological and spatial-temporal characterization of the introduction of a new arbovirus, CHIKV, 
into the country, coinciding with an outbreak of an endemic virus (DENV), stressing the need for 
accurate differential diagnosis. In addition, our work gives an update on the (molecular) epide-
miology and evolution of DENV in Venezuela, revealing the frequency of circulating lineages and 
exploring their intra-host variability. 

SPATIO-TEMPORAL PATTERN OF CHIKUNGUNYA AND A CONCURRENT DENGUE EPIDEMIC 

The re-emergence of CHIKV followed a fast propagation pattern in the Americas during 2014 
with more than 45 countries affected (Weaver & Forrester, 2015; Patterson et al., 2016). How-
ever, before this major epidemic took place in the Americas, CHIKV already showed its potential 
to cause major outbreaks in Kenya (2004), La Reunion Island (2005) and several islands in the 
Indian Ocean and India (Charrel et al., 2007; Pialoux et al., 2007; Gerardin et al., 2008; Sergon et 
al., 2008). In Venezuela, the 2014 chikungunya epidemic allowed us to describe the spatial and 
temporal dynamics of disease transmission during its first introduction into an immunological 
naïve population in the northern region of the country. 

In Chapter 2, we were able to reconstruct a clear pattern of disease spread that followed a south-
west spatial corridor with a maximum of traveled distance of 9.4 Km at a mean velocity of 82.9 
m/day (at large scale). At local scale the epidemic showed spatio-temporal aggregation specially 
in the south of the capital city where lower socioeconomic status and crowded conditions are 
often found as a result of densely populated neighborhoods with deficiencies of public services. 
Such factors are known to increase the risk for DENV transmission and are associated to dengue 
clusters (hotspots) in urban areas of Venezuela (Barrera et al., 1995; Velasco et al 2014; Vincen-
ti-Gonzalez et al., 2017) as well as in other countries (Phuong et al., 2008; Teixeira & Gonçalves, 
2011; Steward-Ibarra et al., 2014). The strongest spatio-temporal clustering (75 significant clus-
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ters) and higher relative risk occurred at 1-7 days and 25-150 m with an average speed of 69.9 
± 34 m/day within the clusters. These intervals/distances seem to be suitable for an increased 
likelihood of vector-host contact (viremic/non viremic) in our study population, as has been 
previously reported (Tran et al., 2004; Aldstadt, 2007; Aldstadt et al., 2012). 

We found that while the whole epidemic unraveled within 28 weeks, the biggest spatio-tempo-
ral signal (peak timing) was detected around 70 days after the index case was reported in the 
west-central area of the capital city. The temporal dynamics of transmission (under the form of 
R0 and Rt) suggest high transmissibility in our population (R0 = 3.7; Rt = 4.5) and agree with 
previous estimates for CHIKV introductions into naïve populations (Boëlle et al., 2008; Yakob et 
al., 2013 and Perkins et al., 2015) and other Aedes mosquito-borne introductions (Chowell et al., 
2002; Ferguson et al., 2016; Nishiura et al., 2016 and Johansson et al., 2011). 

Furthermore, the epidemic of CHIKV took place during a concurrent DENV outbreak. Under this 
occurrence, the competition among viruses for the same ecologic niche (vector and host) was a 
determinant factor. In principle, the lack of herd immunity of the host population to CHIKV and a 
variable immune response to DENV made it favorable for CHIKV to spread in a very short period. 
The concomitant transmission of the viruses rose the questions on how each epidemic devel-
oped and what level of overlap occurred either at space, time or in their clinical/epidemiologic 
characteristics. Therefore, we further characterized the chikungunya outbreak of 2014 in the 
context of a concomitant epidemic of dengue in Carabobo state in Northern Venezuela (Chapter 
3). 

Firstly, by exploring the temporal distribution of reported cases of chikungunya and dengue, 
we found a delay on the official notification of chikungunya cases as well as underreporting of 
cases. Both events could have favored the further dispersion of CHIKV resulting from a belated 
response by the National Surveillance and Control Program. Our study provided evidence of high 
and significant temporal overlap in the transmission period of the two viruses and a similar 
timing of the epidemic peak (around EW 34). The concurrent occurrence of cases and similar 
epidemic peaks could be expected since both arboviruses share the same vector (Stapleford et 
al., 2016; Shiferaw et al., 2015) which in turn displays a seasonal occurrence that is also strongly 
influenced by climatic variables (Lee et al., 2016; Vincenti-Gonzalez et al., 2018). A similar over-
lap between the temporal pattern of arboviral transmission has been described before for DENV, 
CHIKV and ZIKV (Bisanzio et al., 2018). 

All age groups were equally affected by CHIKV in agreement with lack of previous immunity, 
while higher prevalence of dengue was found in younger individuals and decreased with age 
(Thai et al., 2011; Velasco-Salas et al., 2014). Although we expected a wider and more homo-
geneous spatial distribution of chikungunya cases within such a CHIKV immunologically-naive 
population, we found a spatial coherence between the distribution of chikungunya and dengue 
cases probably defined by mosquito seasonality and heterogeneity. This spatial distribution ap-
peared to be aggregated in the central region of the state where the population density is higher 
and lower socioeconomic status and crowded living conditions are often encountered (Vincen-
ti-Gonzalez et al., 2017; Costa, et al., 2018; Lizarazo et al., 2019). The latter factors are consid-
ered as household risk factors associated with hotspots of transmission (Vincenti-Gonzalez et 
al., 2017). Altogether these factors in combination with the presence of the vector have proven to 
be relevant in dengue transmission under different urban settings including Venezuela and other 
countries (Honorio et al., 2009; Scandar et al., 2010; Teixeira et al., 2011; Sharma et al., 2014; 
Vincenti-Gonzalez et al., 2017). 
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Secondly, we focused on the clinical development and risks factors associated with the epidemic 
of chikungunya in Chapter 3. In our study, the most frequently reported symptoms by CHIKV-in-
fected individuals were fever (98.9%), rash (93.4%), arthralgia (93.8%) and polyarthritis 
(90.9%). The latter symptoms are concordant with the characteristic symptoms of arthritis and 
arthralgia/joint pain present in >80% of patients linked to the Asian genotype of chikungunya 
during the outbreaks in the Caribbean and South America (Sahadeo et al., 2015; Mattar et al., 
2015) and similar to the reported symptoms during the chikungunya epidemics of La Reunion 
and Italy (Rezza et al., 2007; Borgherini et al., 2007). Other likely chikungunya symptoms such 
as rash, headache and myalgia were reported in the range observed in La Reunion (Renault et 
al., 2007) and were considerably higher than in Colombia (Mattar et al., 2015). Interestingly, 
even though the introduction of CHIKV is linked to travelers returning from Dominican Republic, 
clinical symptoms (rash, headache, myalgia) present in our population were nearly absent in 
patients from Dominican Republic (Langsjoen et al., 2016). Furthermore, gastrointestinal signs 
and symptoms (nausea/vomiting, abdominal pain, and hepatomegaly) were less prevalent in 
our population than those reported in La Reunion (Geradin et al., 2008) but higher than the fre-
quency of symptoms reported in Singapore by an Asian strain (Win et al., 2010; Lee et al., 2012). 
Importantly, the overlap in clinical manifestations with dengue was substantial, as expected. 
However, CHIKV and DENV co-infections could also be considered to occur in some cases (Ratsi-
torahina et al., 2008; Chang et al., 2010), confounding the clinical presentation. Despite similari-
ties, significant differences were found. Rash, arthralgia, myalgia and headache were more likely 
to appear in chikungunya than dengue cases. 

In Chapters 2 and 3, we conclude that the main determinants of the high epidemiological im-
pact of chikungunya on the Venezuelan population were: i) the notification delay of suspected 
chikungunya cases (up to three weeks), ii) the difficulties to perform proper differential diag-
nosis and lastly, iii) a suspected widespread vector population due to lack of mosquito control 
measures. These factors highlight the need to increase preparedness and awareness in the man-
agement and control of arboviral diseases. Delays in case notification and acknowledgment of 
the development of an epidemic result in wrong or late allocation of resources to control the 
disease spread and inadequate use of field workers for vector control. Moreover, the rise in the 
co-circulation of arboviral infections with remarkable similar clinical features requires the use 
of diagnostic methods in the laboratory that enable differential diagnosis and the detection of 
mixed arboviral infections. 

NEXT GENERATION SEQUENCING, ARBOVIRUS AND CUSTOMIZABLE PIPELINES

During the last decade shotgun metagenomics has been particularly promising and effective for 
diagnosis and public health surveillance of febrile illnesses (Greninger, 2015). With this technol-
ogy we are able to simultaneously detect viruses, bacteria, and parasites in clinical samples by 
detecting and identifying genomic data without the need of targeting any organism in particular. 
Shotgun metagenomics does not require (specific) primers for typing allowing an unbiased ap-
proach to take place and the identification and typing of uncommon or new variants that would 
be missed when a primer-based method, such as Sanger sequencing, is used (Christenbury et 
al., 2010; Baronti et al., 2015). Moreover, in the last years reductions in instrument costs and 
improved library workflows have made metagenomic sequencing suitable for clinical diagnostic 
laboratories (Schlaberg et al., 2017). Therefore, in Chapter 4 we applied this method for the 
molecular characterization of DENV directly from clinical samples (sera and plasma). Specifical-
ly, we used short-read sequencing from Illumina platforms (San Diego, CA, USA) because of its 
multiplex possibility and its higher sequencing accuracy compared to other technologies that 
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were available at the time. In contrast to others, we did not use any viral RNA enrichment or 
amplification procedures before sequencing (Greninger et al., 2015; Kafetzopoulou et al., 2018). 
In this way, we accelerated the sequencing procedure, which is key in a diagnostic setting, and 
we prevented possible PCR amplification biases that may result in not detecting low frequency 
variants present in the samples. The estimated costs and the time to result of the shotgun metag-
enomic approach were calculated to be €130-170/sample and < 3 days, respectively, when using 
available commercial kits. These values are comparable to those of Sanger sequencing (Tan et 
al., 2015). Despite the similarity in costs, shotgun metagenomics allowed sample multiplexing 
and was able to detect low frequency variants and co-infections (see below) as has been report-
ed before (Nasheri et al., 2017). Moreover, shotgun metagenomics generates whole genome se-
quences allowing typing at the highest possible resolution which is important in epidemiological 
and virus evolution studies (Houldcroft et al., 2017). In addition, shotgun metagenomics showed 
high sensitivity and specificity (up to 100%) when compared to RT-PCR or RT-qPCR (Lanciotti 
et al., 1992; CDC, 2017; Santiago et al., 2018) and it was able to detect DENV in clinical samples 
with as low as 5 viral copies/μL (Chapter 4). Therefore, shotgun metagenomics could be more 
cost-effective in a diagnostic/surveillance setting for DENV than currently used methods. Howev-
er, some considerations have to be made when applying shotgun metagenomics, particularly the 
fact that when using direct patient’s material, a high proportion of generated data (up to 90%) is 
actually human background and therefore not useful for pathogen genome reconstruction/anal-
ysis. On the other hand, the human reads may be interesting to record the host-response to the 
DENV infection. The quality of the sequencing data is highly dependent on the proper selection 
of reagents and tools used during the whole procedure, i.e., from sample collection to final result. 
For instance, in our case the input DNA quality had no effect on the sequenced data when using 
the TruSeq library preparation and sequencing reagents, but had a significant effect when using 
Nextera XT reagents for it, as previously reported (Tyler et al., 2016). This should be considered 
when implementing the method in clinical microbiology or public health laboratories. 

We showed that shotgun metagenomics was able to detect multiple DENV serotypes in a single 
sample without targeting any specific serotype, despite the closely relatedness of DENV. The 
latter surmounts challenges like template concentration, sequence diversity, primer specifici-
ty and PCR amplification efficiency. Such challenges have been reported in previous efforts by 
Sanger or amplification-based Next Generation Sequencing (NGS) approaches (Christenbury et 
al., 2010; Baronti et al., 2015). The ability to detect multiple DENV serotypes together with the 
high throughput of the NGS platforms could facilitate the in-depth analysis of co-viral infections 
and their possible clinical manifestations. However, a metagenomic approach has been shown to 
be useful to detect other viral co-infections such as ZIKV and CHIKV as well (Sardi et al., 2016). 
Thus, considering the high prevalence of various arboviruses in some countries, the advantage 
of an unbiased method for detecting (arbo)viruses for diagnostic/surveillance purposes may 
be clear. High-throughput sequencing approaches also allow to study the interaction of inter- 
and intra-host virus variants (Nasheri et al., 2017). The latter are especially relevant during the 
course of the virus infection since it is known that during RNA virus replication, variants are 
generated also known as quasispecies (Holland et al., 1982; Holland et al., 1992; Eigen 1993, 
Vignuzzi et al., 2006). Such variants may have benefits (at intra-host population level), as they 
may increase the viral diversity. In this sense, viral populations arising during host infection con-
stitute a cloud of genetically-linked mutants, rather than a homogeneous population (Poirier & 
Vignuzzi, 2017). It is not clear whether or not these variants under specific circumstances, allow 
the virus (quasispecies) to more easily and faster adapt to new environments and challenges en-
countered during infection (Eigen 1993, Vignuzzi et al., 2006). Shotgun metagenomics allowed 
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us to monitor such mutations in an unbiased manner. We detected mutations as single nucle-
otide variants (SNVs) in 71% of our samples. Some SNVs detected in DENV-1 and other sero-
types represented multiple deleterious mutations such as frame shifts, intragenic stop-codons, 
nucleotide insertions or deletions that could affect viral pathogenesis by generating defective 
(interfering) viral particles (Pfeiffer & Kirkegaard, 2005; Choudhury et al., 2015). Interestingly, 
deleterious mutations were reported to be transmitted together with wild-type viruses of DENV-
1 in Myanmar (Askov, 2006). It has been proposed that such deleterious mutations can serve as 
defective interfering particles (DIPs). DIPs interfere with virus replication and are non-replica-
tive per se but are likely produced upon infection by any virus in vitro and in nature. DIPs could 
serve as decoys for the immune response of the host or could cause attenuation of disease sever-
ity, increasing the spread of the virus by allowing greater mobility of human hosts (Askov, 2006).

The sequenced viruses (Chapters 4 & 5) studied in this thesis cluster within distinct subpopu-
lations of DENV, which could be related to the extensive DENV genetic variability in Venezuela 
or may be the result of multiple introductions of different subpopulations in the country as has 
been reported earlier (Rodriguez-Roche et al., 2012; Ramirez et al., 2010). This is more exten-
sively discussed below.

Obviously, the use of NGS in general, and shotgun metagenomics in particular, also faces some 
challenges. These include: i) the need of bioinformatic knowledge, ii) the lack of tools and com-
puting power to analyze the amount of data obtained during the sequencing, iii) the need of 
storage of the “big data” generated, and iv) the need to reduce the time to get results. Therefore, 
in Chapter 6 we developed DEN-IM, a one-stop, user-friendly, freely available, containerized and 
reproducible workflow for the analysis of DENV sequencing data, both from shotgun and target-
ed metagenomics approaches. DEN-IM was designed to perform a comprehensive analysis with-
out the requirement of extensive bioinformatics expertise in order to generate either assemblies 
or consensus of full DENV CDSs as well as to identify the serotype and genotype of the DENV 
present in the sample to further classify them in a phylogenetic tree diagram.

We decided to develop this workflow for identification and typing of DENV because despite the 
high burden of dengue, there are few tools available for these purposes. While some tools are 
available for viral read identification and assembly, such as VIP (Li et al., 2016), virusTAP (Ya-
mashita et al., 2016) and drVM (Lin & Liao, 2017), none of them perform genotyping of the 
identified reads. Furthermore, there are initiatives focusing on the identification of the DENV 
serotype and genotype from NGS data. An example is The Genome Detective project (https://
www.genomedetective.com/), that offers an online Dengue Typing Tool (https://www.genome-
detective.com/app/typingtool/dengue/) relying on BLAST and phylogenetic methods in order 
to identify the closest serotype and genotype, but it requires as input assembled genomes in 
FASTA format. The same project also offers the Genome Detective Typing Tool (https://www.ge-
nomedetective.com/app/typingtool/virus/) (Fonseca et al., 2019) that identifies viruses pres-
ent in a sample; however, DENV typing is lacking in this tool. Importantly, the Dengue Typing 
Tool is only available via an internet connection. In contrast, DEN-IM was developed in Nextflow 
as a stand-alone tool. It runs on any UNIX-like system and provides out-of-the-box support for 
several job schedulers (e.g., PBS, SGE, SLURM) and integration with containerized software like 
Docker or Singularity. While it has been developed to be ready-to-use for non-experts, not re-
quiring any software installation or parameter tuning, it can easily be customized through the 
configuration files.
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By using DEN-IM, we successfully analyzed two DENV datasets. The first comprised 25 shot-
gun metagenomic sequencing samples of variable serotype and genotype, including an in vitro 
spiked sample containing the four known serotypes. The second dataset consisted of 106 tar-
geted metagenomic sequences of DENV 3 genotype III where DEN-IM allowed detection of the 
intra-genotype diversity. Thus, the advantage of DEN-IM resides on its two-pronged approach 
that combines assemblers and mapping in such way that all reads mapping DENV are retrieved 
before the assembly process, warranting better results. In some cases, the assembly process 
failed for the targeted metagenomics data, which may be related to errors introduced during the 
amplification process and resulting in low quality read ends. These are subsequently trimmed 
by the quality control block, potentially affecting the assembly process as the size and number 
of overlapping regions are diminished. DEN-IM’s specificity was demonstrated by analyzing a 
dataset containing arboviruses other than DENV that did not result in false positive results.

EVOLUTIONARY HISTORY AND POPULATION DYNAMICS OF DENGUE VIRUSES  
IN VENEZUELA

Dengue in Venezuela has become a leading cause of morbidity that imposes a high burden in the 
national health system. This is particularly relevant in Aragua, which is a hyperendemic region 
for dengue with the co-circulation of all DENV serotypes and with cyclic epidemic periods. Den-
gue incidence in Aragua mimics closely the national incidence trend (Uzcategui et al., 2001). This 
region faces dengue epidemics every 3-4 years (Vincenti-Gonzalez et al., 2018).

In Venezuela, dengue was limited in the past to hypo-endemic epidemics with the circulation of 
a single serotype until 1989 (Barrera et al., 2002) when the sequential introduction of serotypes 
changed the epidemiological landscape (Figure 1). In the year 2000, serotype 3 was re-intro-
duced, causing a major epidemic, being this serotype the most prevalent during at least three 
continuous years. From there on, Venezuela was acknowledged as a hyperendemic country with 
co-circulation of all serotypes and an increasing occurrence of dengue hemorrhagic fever and 
severe dengue cases (SD), and with high rates among infants (Ramos-Castañeda et al., 2017). 

Figure 1. Sequential introduction of DENV serotypes in Venezuela since 1964. *Major dengue epi-
demics.

Since then, DENV epidemics of different magnitudes have occurred to date, with six major epi-
demics occurring in Aragua and in the rest of Venezuela within a period of fifteen years (2001, 
2007, 2009–2010, 2012–2013, 2014 and 2015). After the re-emergence of DENV-3 in 1999, the 
distribution of serotypes has also changed through time with a dramatic shift in the proportions 
of the different DENV serotypes during the epidemics.

In Chapter 7, we investigated the evolutionary history and population structure of DENV in Ven-
ezuela, focusing on the mechanisms driving DENV evolution. Furthermore, we correlated the ge-
netic diversity and population dynamics of DENV with the consecutive epidemics that occurred 
in Venezuela. Additionally, we employed whole-genome shotgun metagenomics as an unbiased 
high-throughput sequencing method to profile intra-host viral diversity across the entire coding 
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region of the four DENV serotypes.

Phylogenetic analyses from the genome sequences obtained in this thesis alongside the avail-
able genomes deposited in NCBI database showed a high genetic diversity of DENV serotypes 
in Venezuela despite of the fact that only a single genotype per serotype was detected. This high 
genetic variability among DENV serotypes has been attributed to multiple introductions of the 
same genotype from neighboring countries such as Colombia and Brazil (Weaver et al., 2009; 
Rodriguez-Roche et al., 2012). We did not find events of recombination in our analysis. However, 
DENV-1 showed a low temporal correlation of isolates in some phylogenetic clades, indicating 
temporal mixing that deviated from the root-to-tip analysis. Interestingly, the co-circulation of 
serotypes, genotypes or lineages generated a complex competition dynamic that affected the ge-
netic diversity of serotypes. This was evident in the demographic reconstructed histories for all 
serotypes. The latter showed increases or decreases in the effective population size (Ne) or ge-
netic diversity depending on the serotype. This genetic diversity is consistent with the rise in in-
cidence and the dynamic of circulation of DENV-1, DENV-3 and DENV-4 in Aragua. Such correla-
tion of events has been observed before after events of DENV introductions (Bennet et al., 2010; 
Cummings et al., 2004; Ooi et al., 2006). However, in the case of DENV-2, Ne remained constant 
throughout time. Thus, no correspondence with incidence was observed, which is similar to the 
genetic dynamics reported for the DENV-2 Asian/American genotype in the Americas (Wei & 
Li, 2017). Overall, our analysis indicates that DENV-3 serotype and its hyperendemicity had the 
highest impact on the landscape of genetic diversity of DENV in Aragua over a three years period, 
despite that all DENV serotypes co-circulated in the same region at the same time. Furthermore, 
the demographic reconstruction described a decay for DENV-1 and DENV-3 populations after pe-
riods of intense and prolonged transmission. The latter could indicate that herd immunity could 
play a role in such sustained decrease of diversity without a decrease in incidence. 

Beyond this, the co-circulation of serotypes could also play an important role on disease clinical 
presentation as a result of consecutive heterologous infections. Indeed, it has been suggested 
that background immunity could play a role in clinical outcome. Specifically, a study indicates 
that DENV-1 serotype may be related to severe dengue cases in a secondary infection of DENV-
2 and DENV-3 (Alvarez et al., 2006). Therefore, constant surveillance of the host immunologic 
status of the population and the viral genetic variability and the origin of such genetic diversity 
(in-situ evolution, introductions) should be considered in order to track possible evolutionary 
intermediates with epidemic potential.

CONCLUDING REMARKS

The gained insight into the spatial and temporal spread of an emergent arbovirus like CHIKV 
permits to establish routes of rapid spread for future arbovirus introduction permitting the gen-
eration of informed strategies for disease control and preparedness. Indeed, the chikungunya 
epidemic showed that transmission is likely to occur not only at a local scale within clusters 
driven by mosquito flying range and behavior (Rodhain et al., 1997; Getis et al., 2003; Harrington 
et al., 2005; Vazquez-Prokopec et al., 2010; Yoon et al., 2012) but also could happen by house-
to-house human movement similarly to dengue (Stoddard et al., 2013). Hence, the long-distance 
spread of the chikungunya outbreak along major routes and motorways was likely due to human 
movement and passive dispersal of mosquitoes (e.g.: cars, cargo trucks) (Díaz-Nieto, 2016; Eritja 
et al., 2017) as the estimated speed of spread exceeded the scale of vector movements (Stoddard 
et al., 2009). Unravelling the individual movements in the course of a pathogen introduction as 
well as focal areas of transmission can help to model how a vector-borne pathogen may spread 
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through a population.

Additionally, in this thesis, we showed that shotgun metagenomics and bioinformatic tools can 
be employed for concomitant detection, identification and characterization of DENV serotypes/
genotypes. The results confirm that metagenomics can be of value in clinical diagnostic settings 
and for surveillance, as has been reported before. (Syraka et al., 2010; Nasheri et al., 2017). Typ-
ically, for typing of DENV only some segments are sequenced (e.g. E/NS1, PrM/E); however, the 
high-throughput NGS assay applied in our study had more discriminatory power than methods 
that only target specific regions as it was able to generate full or near full length genomes. More-
over, the method allowed the detection of low frequency variants and co-infections with differ-
ent DENV serotypes or other pathogens in a single reaction (Nasheri et al., 2017) making it more 
cost-effective in a diagnostic setting. 

Lastly, we have presented an updated landscape of the molecular epidemiology of DENV in Ven-
ezuela, as well as the evolutionary processes that underlay the evolution of DENV serotypes 
in the country. In the latter case, purifying selection was found to be acting as a main force of 
selection, however we also found strong indication of positively selected sites in the polypro-
tein of DENV serotypes that indicates that some genetic changes are being fixed into the DENV 
viral population. We also showed that the introduction of DENV-3 serotype modified the genetic 
diversity landscape in Venezuela, thus positioning the competition among serotypes as an im-
portant factor in DENV lineage evolution in the country in addition to the alternating cycle of 
mosquito-human infection. Likewise, we showed the occurrence of high intra-host genetic di-
versity across the polyprotein of DENV serotypes and the presence of deleterious variants in the 
course of an infection. However, some questions remain such as those related to the relevance 
of the immunological background of the host and of secondary infections, and on how the host 
immune system shapes the variants during the course of an infection. Therefore, it is necessary 
to study the host-specific evolutionary paths to unravel how variants are fixed and consequently 
new lineages or genotypes variants are nurtured.

FUTURE PERSPECTIVES

The shotgun metagenomic results presented in this thesis indicate their great potential for de-
tection and assembly of viral genomes even if present at low viral loads. Furthermore, the ac-
curacy offered (99.9%) by the implemented Illumina platforms makes it ideal to capture with-
in-sample diversity. However, in my opinion, and considering the current sequencing platforms, 
it would be of great interest to explore other sequencing technologies that can decrease the time 
to result or even could offer a real-time detection of pathogens. In particular, long read sequenc-
ing such as that one used in the Oxford Nanopore Technology (Third Generation sequencing) has 
two key advantages over short-read sequencing. First, the ability to perform real-time sequence 
analysis (Greninger et al., 2015) makes it suitable to be developed as a point-of-care test. Second-
ly, it’s easiness to be deployed for outbreak investigation in field work. Lastly, the longer reads 
generated are also more suitable for characterizing viruses with segmented genomes in which 
re-assortments of segments occur (e.g. bunyaviruses) that cannot be revealed using short-read 
sequencing. 

Importantly, better methods are required to follow up arboviral diseases not only on the clinical 
diagnostic laboratory but also in its natural environment (either urban or enzootic cycle). As we 
have shown in this thesis, arboviral diseases overlap in several aspects such as clinical presen-
tation, vector, spatial distribution and seasonality. Yet, mechanisms to control disease spreading 
seem to work poorly or to be absent. It is not surprising that the general outlook worldwide 
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with regards to arboviral diseases seems to show a continued threat for the public health. This 
tendency is based on the global expansion of arboviruses which is heavily driven by the increase 
of globalization trend, human mobility, and fast vector dispersion (Kraemer et al., 2019), among 
other factors. For example, the recent and unexpected major epidemics (CHIKV, ZIKV) showed 
the need for active surveillance and tracking of arboviral diseases in order to detect them before 
reaching epidemic proportions. 

Thus, in my opinion, the ultimate necessity in the clinical laboratory is a single-stop method that 
allows multiple pathogen detection and includes several layers of information that consents to 
keep track of circulating pathogens with increased genomic resolution (lineage/variant circula-
tion). However, such information is only useful for fast and accurate detection of pathogens but it 
does not include information on the mobility/spread of the detected organisms. For this reason, 
additional information that is often collected alongside the samples for surveillance purposes 
needs to be explored in order to increase our knowledge on emergent and re-emergent diseases. 
An example of this is the hidden spatio-temporal dynamics of pathogen spread in the form of 
dates and geographic location in the widespread formularies for disease reporting. Indeed, we 
showed in Chapter 2 that it is possible to reconstruct the spread pattern of an arbovirus such as 
CHIKV. Therefore, a combination of both fast/accurate diagnosis and genomic tracing can help 
to keep track on: i) possible threats for urban settlements as has been recently shown for YFV 
surveillance in Brazil (Souza et al., 2019), and ii) evolution and spread of pathogens throughout 
different countries as shown for Zika in the Americas (Metsky et al., 2017). Together, the in-
sights of the global spread of emergent arbovirus disease and a fast/accurate pathogen detection 
technique can aid to understand and predict/track epidemic waves of upcoming vector-borne 
infections.
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SUMMARY OF THE THESIS

Venezuela is endemic for dengue with the co-circulation of the four DENV serotypes and is one 
of the countries with the highest proportion of severe cases in the Americas (PAHO, 2018). The 
epidemics of chikungunya in 2014 and Zika in 2016 swept the country causing a high burden 
of disease. These facts highlighted the need for a better understanding of the epidemiological 
and molecular dynamics of these concurrent arboviral diseases, and the need for accurate dif-
ferential diagnosis. Our work provides a detailed epidemiological and spatial-temporal charac-
terization of the introduction of a new arbovirus, chikungunya virus (CHIKV), into the country, 
coinciding with an outbreak of an endemic virus (dengue), sparking the question of differential 
diagnosis. In addition, our work provides an update on the (molecular) epidemiology and evolu-
tion of DENV viruses in Venezuela where we follow the circulating lineages and their frequency, 
and explored DENV intra-host variability. 

In Chapter 2, we characterized the spatial dynamics of the introduction of CHIKV in 2014 into a 
naïve population in Venezuela. We aimed to gain insights into the large scale spread of CHIKV to 
understand and predict future epidemic waves of upcoming vector-borne infections, while at lo-
cal scale we wanted to obtain knowledge that could help to quickly define intervention areas and 
improve outbreak preparedness response in Venezuela and countries with similar settings. Our 
results showed that the epidemic curve (n = 810 cases) unraveled within five months with an R0 
= 3.7 secondary chikungunya cases per primary case and a radial spread of the infection of up 
to 9.4 Km at a mean velocity of 82.9 m/day. The highest disease diffusion speed occurred during 
the first 90 days, while space and space-time modeling suggested that the epidemic followed a 
determined geographic course (a north–south direction and a northeastern and southwestern 
direction) with spatio-temporal aggregation (75 significant space–time clusters). This propaga-
tion was potentiated south and southwest of the study area. The directionality and heterogeneity 
of transmission during the first introduction of chikungunya in Venezuela indicated existence of 
areas of diffusion and elevated risk for disease occurrence determined by the human mobility 
patterns and abundance of the vector, respectively.

Chapter 3 further investigates the development of the 2014 chikungunya outbreak in the con-
text of a concomitant epidemic of dengue and defined the epidemiology and differential clinical 
presentation of the emergent chikungunya in Venezuela. Our results showed that the epidemics 
of dengue and chikungunya depicted similar temporal and spatial dynamics probably defined 
by mosquito seasonality and heterogeneity. However, we detected a delay of up to three weeks 
in the official case reporting which potentially prevented a timely containment strategy and the 
further spread of CHIKV. A higher proportion of patients with chikungunya presented myalgia, 
headache, rash, and arthralgia compared to those with dengue, in agreement with other studies. 
These symptoms have been linked to the Asian genotype of chikungunya in previous outbreaks. 
However, the overlap in clinical manifestations with dengue was substantial as well as the as-
sociation with epidemiological risk factors. The latter was expected given that both viruses are 
transmitted by the same mosquito vector. Our findings may add to the current diagnosis guide-
lines for concurrent arboviral diseases and give insights into the real-life situation of emergent 
epidemics.

In Chapters 2 and 3, we conclude that the main determinants of the high epidemiological impact 
of chikungunya on the Venezuelan population are: i) the delay on notification of the suspected 
chikungunya cases (of up to three weeks), ii) the difficulties to perform proper differential diag-
nosis, and lastly, iii) a suspected widespread vector population due to lack of mosquito control 



Appendix

216

99

and prevention strategies during the epidemic. These factors highlight the need to increase pre-
paredness/and awareness in the management and control of arboviral diseases. Delays in case 
notification and acknowledgment of the development of an epidemic resulted in wrong or late 
allocation of resources to control the disease spread and inadequate use of field workers for 
vector control. Moreover, the rise in the co-circulation of arboviral infections with remarkable 
similar clinical features requires and will require the use of new diagnostic techniques that en-
able the detection of mixed arboviral infections. 

In Chapter 4, an unbiased next generation sequencing method (shotgun metagenomics) was 
applied for genetic characterization of dengue viruses directly from clinical samples. Although a 
high percentage (on average 80 %) of human DNA background was obtained even after DNAse 
treatment, the applied method showed a high sensitivity and specificity (up to 100%) when 
compared to RT-PCR or RT-qPCR. In addition, it was able to detect DENV in clinical samples with 
as low as 5 viral copies/μL. Shotgun metagenomics enabled us to accurately detect DENV and 
to generate full ORFs for all DENV serotypes in our bioinformatic pipeline either by mapping or 
assembly methods. Likewise, we detected multiple DENV serotypes in a single spike-in sample. 
However, in the latter case, better results in DENV genome generation were achieved with a 
mapping approach. Finally, the results were obtained within three days with associated reagents 
costs between €130-170/sample. 

In Chapter 5, we applied the method described in Chapter 4 to characterize DENV-2 positive 
clinical samples (of different clinical outcome) obtained in the Carabobo state during the con-
comitant epidemic of dengue and chikungunya. The obtained genomes clustered into two differ-
ent subpopulations. Both subpopulations were genetically related to strains from the neighbor-
ing state of Aragua. Indicating a more local spread of DENV-2. The sequences described in this 
work help to complete the molecular epidemiologic picture of DENV-2 in Venezuela adding to 
the molecular surveillance of dengue, since information on current or past circulating strains 
was lacking since 2008.

In Chapter 6, we developed DEN-IM, a one-stop, user-friendly, containerized and reproducible 
workflow for the analysis of DENV sequencing data, both from shotgun and targeted metag-
enomics approaches. Using DEN-IM, we successfully analyzed two DENV datasets. The first 
comprised 25 shotgun metagenomic sequencing samples of varying serotype and genotype, in-
cluding a spiked sample containing the existing four serotypes. The second dataset consisted of 
106 targeted metagenomics samples of DENV 3 genotype III. DEN-IM was able to infer DENV 
coding sequence (CDS), identify serotype and genotype, and generate a phylogenetic tree. Our 
developed workflow enables reproducible and collaborative research, benefiting a wide group of 
researchers regardless of their computational expertise and resources available.

In Chapter 7, we investigated the evolutionary history and population structure of DENV in Ven-
ezuela, focusing on the mechanisms driving DENV evolution. We correlated the genetic diversity 
and population dynamics of DENV with the consecutive epidemics that occurred in Venezuela. 
Additionally, we employed whole-genome shotgun metagenomics as an unbiased high-through-
put sequencing method to profile intra-host viral diversity across the entire coding region of 
the four DENV serotypes. Our study shows that the co-circulation of serotypes, genotypes or 
lineages generated a complex competition dynamic that affected the genetic diversity of the 
other serotypes. Specifically, a low herd immunity towards DENV-3 could have determined the 
rate at which this serotype/genotype disseminated in the population during its reintroduction 
in late 1990s. Consequently, despite the fact that all DENV serotypes co-circulated in the same 



Chapter 9

217

99

region at the same time, DENV-3 serotype and its hyperendemicity had the highest impact on 
the landscape of genetic diversity of DENV in Aragua over a three years period (2001-2003). 
Interestingly, it seems peaks of endemicity are associated with higher peaks of genetic diversi-
ty in DENV-1, DENV-3 and DENV-4 followed by abrupt decays in diversity after herd immunity 
is established. This interaction among the serotypes may be an important factor in DENV lin-
eage evolution in Venezuela in addition to the alternating cycle of mosquito-human infection 
selection. Additionally, we revealed that the overall mechanism underlying DENV evolution is 
purifying selection more than positive selection. Lastly, in Chapter 4 and 7, we show the high 
intra-host genetic diversity across the polyprotein of DENV serotypes and the presence of dele-
terious variants that occur in the course of an infection. However, the role of the immunological 
background and secondary infections or how the host immune system shapes the variants in the 
course of an infection needs to be addressed. Therefore, it is necessary to study the host-specif-
ic evolutionary paths to unravel how variants are fixated and thereby nurture new lineages or 
genotype variants.

The findings of this thesis contribute to the understanding of arboviral dynamics and the im-
provement of surveillance and control of arboviral diseases in Venezuela and the American re-
gion.
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NEDERLANDSE SAMENVATTING

Dengue is in Venezuela een endemische ziekte met vier co-circulerende DENV serotypen, en hier 
zijn ook de hoogste verhouding ernstige gevallen te vinden in Noord- en Zuid-Amerika (PAHO, 
2018). De epidemieën van chikungunya in 2014 en Zika in 2016 zorgde voor een hoge ziektelast 
in Venezuela. Dit benadrukte de noodzaak voor een beter begrip van de epidemiologische en 
moleculaire dynamieken van deze arbovirale ziektes, en de noodzaak voor een nauwkeurige dif-
ferentiaaldiagnose. Onze studies bieden een gedetailleerd epidemiologische en tijd-ruimtelijke 
karakterisering van de introductie van een nieuw arbovirus –chikungunya virus (CHIKV)- in het 
land, gelijktijdig met een uitbraak van een endemische ziekte (dengue), wat de vraag opriep voor 
een betere differentiaaldiagnostiek. Daarnaast biedt ons werk een update voor de (moleculair) 
epidemiologie en evolutie van DENV virussen in Venezuela waar we de circulerende stammen en 
hun frequentie volgen, en verkennen we DENV variabiliteit binnen de gastheer. 

In Hoofdstuk 2, karakteriseren we de ruimtelijke dynamieken van de introductie van CHIKV in 
2014 in de naïeve populatie van Venezuela. Ons doel op een grote schaal was om inzichten te kri-
jgen in de verspreiding van CHIKV, en om toekomstige vector-gedragen epidemieën te begrijpen 
en voorspellen. Op een lokale schaal wilden we kennis vergaren over hoe we interventiegebieden 
snel kunnen definiëren en om de uitbraak gereedheid in Venezuela en landen met een soortgeli-
jke setting te verbeteren. Onze resultaten laten zien dat de epidemie curve  (n = 810 cases) zich 
voltrok binnen 5 maanden met een R0 = 3.7 met een secundaire chikungunya casus per primaire 
casus, en een radiale verspreiding van de infectie tot 9,4Km, met een gemiddelde snelheid van 
82,9 m/dag.  De hoogste diffusiesnelheid van de ziekte kwam voor binnen de eerste 90 dagen, 
terwijl ruimtelijke en tijdruimtelijke modellen laten zien  dat de epidemie een vooraf bepaalde 
geografische route volgt (een verspreiding over noord-zuid as, met een lichte noordoostelijke en 
zuidwestelijke richting), met tijdruimtelijke ophoping (75 significante tijdruimtelijke clusters). 
Deze voortgang werd versterkt ten zuiden en zuidwesten van het studiegebied. De richting en 
heterogeniteit tijdens de eerste introductie van chikungunya in Venezuela gaf aan dat er gebie-
den bestaan met hogere diffusie en een hoger risico voor ziekte, respectievelijk bepaald door 
menselijke bewegingspatronen en het voorkomen van de vector. 

Hoofdstuk 3 onderzoekt de verdere ontwikkeling van de chikungunya uitbraak van 2014 bin-
nen de context van een gelijktijdige dengue epidemie, en definieerde de epidemiologie en klin-
ische presentatie van het opkomende chikungunya virus in Venezuela. Onze resultaten laten zien 
dat de epidemieën van dengue en chikungunya soortgelijke tijdelijke en ruimtelijke dynamieken 
laten zien die waarschijnlijk gedefinieerd worden door de seizoensgebondenheid en heterogen-
iteit van muggen. We vonden een vertraging van maximaal drie weken voor de officiële verslag-
legging, wat zou kunnen hebben voorkomen dat er een tijdige beperkingsstrategie kon worden 
gevormd wat de verspreiding van CHIKV zou kunnen beperken. Een grotere verhouding van pa-
tiënten met chikungunya presenteerden met myalgie, hoofdpijn, huiduitslag, en artralgie verge-
leken met patiënten met dengue, iets dat overeenkomt met eerdere studies. Deze symptomen 
zijn gekoppeld aan het Aziatische genotype van chikungunya in eerdere uitbraken. Desondanks 
is er een substantiële overlap in klinische manifestaties tussen dengue en chikungunya, en is er 
een soortgelijke associatie met epidemiologische risicofactoren. Het laatstgenoemde was ver-
wacht, aangezien beide virussen worden overgedragen door dezelfde mug. Onze vindingen dra-
gen bij aan de huidige richtlijnen voor diagnostiek van tegelijktijdig voorkomende arbovirale 
virussen, en geven inzicht in de werkelijke situatie van opkomende epidemieën. 
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In Hoofdstuk 2 en 3 concluderen we dat de belangrijkste bepalende factoren van de hoge epi-
demiologische impact van chikungunya zijn: i) de vertraging van de notificatie van de vermoede 
chikungunya gevallen (tot 3 weken), ii) de moeilijkheden om een goede differentiaaldiagnostiek 
uit te voeren, en als laatste, iii) de vermoedelijk wijdverspreide vectorpopulatie van door het 
gebrek aan muggenbeperking en preventiestrategieën tijdens de epidemie. Deze factoren benad-
rukken de noodzaak om de paraatheid en het bewustzijn te verhogen tijdens het behandelen en 
controleren van arbovirale ziekten. Vertragingen in de notificatie van casussen en het erkennen 
van de ontwikkeling van een epidemie resulteerde in de foute of late toewijzing van middelen 
om de ziekteverspreiding te voorkomen, en in het inefficiënt gebruiken van veldwerkers voor 
vectorbestrijding. Bovendien zorgt de toename in co-circulatie van arbovirale infecties met sterk 
overeenkomstige klinische facetten ervoor dat er een hogere noodzaak is voor nieuwe diagnos-
tische technieken die onderscheid kunnen maken tussen de gemengde arbovirale infecties. 

In Hoofdstuk 4 wordt een onbevooroordeelde next generation sequencing methode (shotgun 
metagenomics) toegepast voor genetische karakterisering van dengue virussen direct uit klin-
ische monsters. Hoewel een hoog percentage (80%) van menselijk DNA als achtergrond werd 
verkregen zelfs na DNAse behandeling, liet de toegepaste methode een hoge sensitiviteit en 
specificiteit zien (tot 100%) als werd vergeleken met RT-PCR of RT-qPCR. Daarnaast was de 
methodiek in staat om DENV te detecteren in klinische monsters met een virale load zo laag als 
5 kopieën/μL. Shotgun metagenomics stelde ons in staat om nauwkeurig DENV te detecteren, en 
om volledige ORF’s voor alle DENV serotypen te genereren in onze bioinformatische pipeline, 
ofwel door ‘mapping’ of door ‘assembly’ methoden. Bovendien waren we in staat om meerdere 
DENV serotypen te detecteren in een enkel verrijkt monster. In het laatste geval werden betere 
resultaten behaald betreffende het genereren van het DENV genoom door een ‘mapping’ aan-
pak. Resultaten werden behaald binnen drie dagen met reagentiakosten tussen €130-170 per 
monster. 

In Hoofdstuk 5 passen we de in Hoofdstuk 4 beschreven methodiek toe om DENV-2 positieve 
monsters (met verschillende klinische uitkomsten) verkregen in de staat Carabobo tijdens de 
gelijktijdige uitbraak van dengue en chikungunya. De genomen die verkregen werden clusterden 
in twee verschillende subpopulaties. Beide subpopulaties zijn genetisch gerelateerd aan stren-
gen van de naburige staat Aragua, wat wijst op een meer lokale verspreiding van DENV-2 stam-
men. De beschreven sequenties helpen om een completer moleculair epidemiologisch beeld te 
schetsen van DENV-2 in Venezuela en aan de moleculaire surveillance van dengue, aangezien 
informatie over huidige of eerdere strengen ontbrak sinds 2008. 

In Hoofdstuk 6 ontwikkelden we DEN-IM, een veelomvattende gebruiksvriendelijke, mobiele, en 
reproduceerbare workflow voor de analyse van DENV sequentiedata, van shotgun en targetted 
metagenomic aanpakken. Met DEN-IM hebben we met succes twee DENV datasets geanalyseerd. 
De eerste dataset bestond uit 25 shotgun metagenomic sequentiemonsters van verschillende 
serotypen en genotypen, inclusief een verrijkt monster waarin de vier mogelijke serotypen aan 
toegevoegd zijn. De tweede dataset bestond uit 106 targetted metagenomic DENV3 monster, 
genotype III. DEN-IM werd gebruikt om te deduceren wat de DENV coderende sequenties (CDS) 
zijn, om serotypen en genotypen te identificeren, en om een fylogenetische boom te genereren. 
Onze ontwikkelde workflow stelde ons in staat om herhaalbaar en collaboratief onderzoek uit 
te voeren, waar een grote groep onderzoekers hun voordeel mee konden doen, ongeacht hun 
ervaring met computers en beschikbare middelen. 
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In Hoofdstuk 7 onderzochten we de evolutionaire geschiedenis en populatiestructuur van DENV 
in Venezuela, met als focus de mechanismen die DENV evolutie aandrijven. We correleerden de 
genetische diversiteit en populatiedynamieken van DENV met de opvolgende epidemieën die 
in Venezuela voorkwamen. Daarnaast gebruikten we whole-genome shotgun metagenomics 
als een onbevooroordeelde sequentiemethode met een hoge doorvoer om de virale diversiteit 
binnen een gastheer te profileren, over gehele coderende regio van de vier DENV serotypen. 
Onze studie toont aan dat de co-circulatie van serotypen, genotypen, of stamen een complexe 
competitie dynamiek genereert die de genetische diversiteit van de andere subtypen beïnvloedt. 
Een lage kudde-immuniteit voor DENV-3 specifiek kan hebben bepaald met welke snelheid dit 
serotype/genotype zich verspreidde in de populatie tijdens de herintroductie laat in de jaren 90. 
Als consequentie hiervan had het DENV-3 serotype en haar hyper-endemiciteit de hoogste im-
pact op het landschap van genetische diversiteit in Aragua over een periode van drie jaar (2001-
2003), ondanks het feit dat alle DENV serotypen in dezelfde regio circuleerden rond dezelfde 
tijd. Interessant genoeg lijkt het alsof pieken van endemiciteit worden geassocieerd met hogere 
pieken van genetische diversiteit in DENV-1, DENV-3, en DENV-4, gevolgd door een abrupte af-
name in diversiteit nadat kudde-immuniteit is opgebouwd. Deze interactie tussen serotypen kan 
een belangrijke factor zijn in de DENV stam evolutie in Venezuela, naast de alternerende cyclus 
van mug-mens infectie selectie. Daarnaast hebben we ontdekt dat de mechanismen achter DENV 
evolutie meer een zuiverende selectie dan een positieve selectie is. 

Als laatste, in Hoofdstuk 4 en 7 laten we de genetische diversiteit binnen de gastheer over het 
polyproteïne van DENV serotypen zien, en tonen we de aanwezigheid van schadelijke variant-
en die voorkomen tijdens de infectieperiode. Het moet nog onderzocht worden wat de rol is 
van de immunologische achtergrond en secundaire infecties, of hoe het immuunsysteem van de 
gastheer vormgeeft aan de varianten die voorkomen tijdens een infectieperiode. Daarom is het 
noodzakelijk om de gastheer-specifieke evolutionaire manieren te achterhalen waarop variant-
en gefixeerd worden en daarbij vorm geven aan nieuwe stammen of genotype varianten. 

De bevindingen in deze these dragen bij aan het begrip van arbovirale dynamieken en het ver-
beteren van surveillance en bestrijding van arbovirale ziekten in Venezuela en de Amerikaanse 
regio. 
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INFORMED CONSENTS FORMS AND DATA COLLECTION INSTRUMENTS

DENVEN PROJECT INFORMED CONSENT

Asentimiento Adolescentes-CASOS/CONTROLES                              PARTICIPANTE NÚMERO:    CC __ __ __ __ 

 1 

 
FORMULARIO DE ASENTIMIENTO INFORMADO PARA ADOLESCENTES 
Para adolescentes de 12 a 17 años de edad 
Asentimiento para Participar en un Estudio de Investigación – CASOS Y CONTROL 
TÍTULO DEL PROYECTO:  
DENGUE EN VENEZUELA: Epidemiología, factores de riesgo, diversidad genética y determinantes de enfermedad severa. 
Laboratorio Regional del Diagnóstico e Investigación del Dengue y otras Enfermedades Virales (LARDIDEV-CORPOSALUD), Centro 
de Investigaciones Biomédicas de la Universidad de Carabobo, Maracay, Venezuela (BIOMED-UC) y Centro Médico Universitario 
Groningen (UMCG), Groningen, Holanda. 

¿POR QUÉ HACEMOS ESTE ESTUDIO? 
El Dengue es una enfermedad causada por un virus que es transmitido a las personas por la picadura de un mosquito, comúnmente 
llamado “patas blancas”. Las personas que se infectan con dengue generalmente tienen fiebre y síntomas leves pero algunas pueden 
desarrollar dengue severo con hemorragias o sangramientos. Aún no se sabe por qué a veces el dengue se transforma en severo.  El 
propósito de este estudio es determinar qué factores pueden predecir que alguien esté a mayor riesgo de tener enfermedad de dengue 
severa, como anticuerpos especiales o citoquinas. Parte del estudio busca determinar cuáles son las cepas de virus circulantes 
(diversidad genética) en la comunidad. Los resultados de este estudio servirán para mejorar el manejo médico de pacientes con 
dengue. Nos gustaría solicitarte que participes en este proyecto de investigación que incluirá un mínimo de 200 personas de 
diferentes sectores de la ciudad de Maracay. Tu participación en el estudio será de 1 mes aproximadamente. Si usted está de acuerdo 
en participar, se te pedirá firmar este formulario de consentimiento informado. A continuación te explicaremos en qué consistirá tu 
participación si decide saceptarla. 

PROCEDIMIENTOS 
Actualmente presentas criterios clínicos para dengue, si aceptas participar en este estudio, tomaremos tus datos personales y se te 
tomará una muestra de sangre de 10ml para realizar hematología y otras pruebas relacionadas con el dengue. Estas prueba se te 
harán completamente gratis. Si eres sospechoso a dengue, deberás asistir diariamente a este centro de salud (Ambulatorio del Norte, 
Unidad de Emergencia La Candelaria o IVSS El Limón) mientras tengas fiebre y luego en determinados días para hacerte 
seguimiento clínico. Se te solicitarán un máximo de cinco muestras de sangre de 10ml cada una que serán tomadas a las 24, 48 y 
72 horas después de colectada la primera muestra mientras dure la fiebre,  24 a 48 horas después de finalizada la fiebre y 21 a 30 
días después de la muestra inicial, para esta última toma de muestra, una enfermera del estudio te visitará en tu casa y tomará además 
las coordenadas de tu vivienda con un dispositivo especial (un GPS) que te mostrará. Las coordenadas nos servirán para ver en un 
mapa cómo se distribuyen geográficamente los casos de dengue en tu comunidad. La finalidad de estas tomas de sangre es 
monitorear cambios hematológicos (hematología, plaquetas y otros en tu sangre) y correlacionarlos con sus síntomas. Una parte de 
estas muestras se utilizará para estudiar factores predictivos de enfermedad severa de dengue (anticuerpos y citoquinas). Todas estas 
pruebas se realizarán de manera gratuita. El personal médico del centro de salud se encargará de indicarte tratamiento y monitoreará 
tu salud. Durante cada visita mientras te sienta enfermo, la enfermera del proyecto te hará unas preguntas sobre cómo te sientes, te 
tomará la temperatura y signos vitales y te hará la prueba del torniquete. La prueba del torniquete se utiliza para buscar trastornos 
hemorrágicos y consiste en aplicar presión en la parte superior de tu brazo utilizando el brazalete para tomar la presión arterial 
durante menos de un minuto. 
En caso de desarrollar dengue severo: 
Si desarrollas la enfermedad severa, los médicos del centro asistencial decidirán hospitalizarte en el mismo centro de salud o te 
referirán al Hospital Central de Maracay para que seas hospitalizado y tratado por personal médico especializado. Durante tu 
hospitalización serás monitoreado por personal médico y de enfermería del centro de salud y del proyecto y se te tomarán dos 
muestras de sangre adicionales de 10ml cada una en días alternos. Estas muestras servirán para estudiar factores predictivos de 
enfermedad severa de dengue. Una vez salga del hospital, se te pedirá una última muestra de sangre a los 21-30 días del inicio de 
tu enfermedad. 

¿CUÁLES SON LOS RIESGOS O INCOMODIDADES EN EL ESTUDIO? 
Las muestras de sangre serán tomadas de tu antebrazo por un(a) médico(a) o enfermero(a) especializado del estudio, para ello 
utilizará, una inyectadota y una aguja. La muestra es igual a otras que te has tomado anteriormente. En muy pocos casos la aguja 
podría lastimarte por pocos segundos y puede que te deje un moretón en el antebrazo. También se te hará una prueba llamada prueba 
del torniquete la cual consiste en hacer presión en el brazo con el aparato para tomar la presión arterial, con esta prueba solo sentirás 
presión en tu brazo y puede que te deje un pequeño morado que se te quitará a los pocos días. Esta prueba es muy importante ya 
que le dirá al doctor que tan enfermo estás. 
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¿CUÁLES SON LOS BENEFICIOS COMO PARTICIPANTE DE ESTE ESTUDIO? 
Con tu participación en el estudio, el personal médico y de enfermería del Ministerio de Salud y del proyecto tendrán un mejor 
conocimiento de las características clínicas del dengue en Venezuela. Además, el personal del estudio espera determinar factores 
que ayuden a predecir si alguien desarrollará dengue severo.  Si eres sospechoso de presentar dengue, tendrás resultados de 
laboratorio de manera gratuita y temprana que permitirán hacer un seguimiento de la evolución de tu enfermedad de manera 
adecuada y oportuna minimizando así la aparición de la enfermedad severa.  

CUIDADOS MEDICOS POR LESIONES RELACIONADAS CON LA INVESTIGACION:  
Si eres lastimado como resultado directo de formar parte de este proyecto de investigación, recibirás atención médica para esa lesión 
sin costo alguno pero no una compensación monetaria.  
CONFIDENCIALIDAD DE TU INFORMACION:  Toda la información relacionada con este proyecto será confidencial. Los 
documentos de esta investigación serán mantenidos en las oficinas del LARDIDEV/BIOMED-UC en Maracay, Venezuela, y en la 
oficina UMCG, Holanda. Nosotros mantendremos los documentos en privado hasta donde sea legalmente posible. Como serás 
identificado con un número de código, tu nombre no será utilizado para ningún análisis de datos (el cual será realizado de manera 
anónima) y no aparecerá en las publicaciones que se produzca del estudio. Solo la enfermera, el médico que te atienda y el personal 
del laboratorio de diagnóstico de dengue conocerán tu nombre. 

PARTICIPACION VOLUNTARIA: Tu participación en este estudio es de manera voluntaria, si no quieres participar no hay 
problema y si quieres participar y luego retirarte no te preocupes ya que tendrás la misma atención en el centro de salud. En cualquier 
momento del estudio puedes negarte a que te tomen muestras de sangre para este proyecto de investigación, sin que esto tenga 
ninguna consecuencia.  Si no deseas continuar participando en el estudio, se te agradece que lo notifiques a la enfermera del estudio 
o a la co-responsable del proyecto Dra. Gloria Sierra al 0414-450.7827. El personal del estudio puede retirarte del estudio en 
cualquier momento, incluso si todavía desea participar. Esto podría pasar si; no sigues instrucciones acerca del estudio; la 
investigación es finalizada por cualquier razón.. 

¿A QUIEN PUEDES CONTACTAR SI TIENES ALGUNA PREGUNTA O PROBLEMAS? 
Si quieres conversar con alguien sobre este estudio, o si has resultado lastimado por haber formado parte de este estudio, por favor 
contacte a la Dra. Gloria Sierra en el LARDIDEV/BIOMED-UC al 0414-450.7827 
 
Tu firma en este formulario indica que se te ha explicado y has entendido el estudio, y que has decidido formar parte del mismo. 
Adicionalmente, tu firma indica que has tenido la oportunidad de hacer  preguntas. Debes saber que cualquier pregunta que tengas 
en el futuro será respondida por uno de los investigadores del estudio. Una copia de este formulario se te será entregado e irá junto 
al consentimiento del Padre, Madre o Representante. 

 
1. Nombre del  Participante:  

______________________ ______________________ _______________________ ____________________ 
 Primer nombre Segundo Nombre Primer apellido Segundo Apellido 

    
Fecha de nacimiento del Participante: Día __ __ Mes __ __ Año __ __ __ __ 

Firma del  Participante: ____________________________________   Fecha  día_____mes_____año___ 

Nombre del Investigador: _____________________________________   

Firma del  Investigador _________________________________  Fecha  día_____mes_____año___ 

Nota: Copias firmadas de este Formulario de Asentimiento tienen que ser: a) guardadas en un archivo del Investigador Principal, b) 
entregadas al participante, c) incluidas en el registro médico del paciente (cuando corresponda). 
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FORMULARIO DE CONSENTIMIENTO INFORMADO DEL ADULTO 
Personas de 18 años de edad o mayores 
Consentimiento para Participar en un Estudio de Investigación – CASOS Y CONTROLES 
 
TÍTULO DEL PROYECTO:  
DENGUE EN VENEZUELA: Epidemiología, factores de riesgo, diversidad genética y determinantes de enfermedad 
severa. 
 
Laboratorio Regional del Diagnóstico e Investigación del Dengue y otras Enfermedades Virales (LARDIDEV-CORPOSALUD), Centro 
de Investigaciones Biomédicas de la Universidad de Carabobo, Maracay, Venezuela (BIOMED-UC) y Centro Médico Universitario 
Groningen (UMCG), Groningen, Holanda. 

¿POR QUÉ HACEMOS ESTE ESTUDIO? 
El Dengue es una enfermedad causada por un virus que es transmitido a las personas por la picadura de un mosquito, 
comúnmente llamado “patas blancas”. Las personas que se infectan con dengue generalmente tienen fiebre y síntomas leves 
pero algunas pueden desarrollar dengue severo con hemorragias o sangramientos. Aún no se sabe por qué a veces el dengue 
se transforma en severo. 
El propósito de este estudio es determinar qué factores pueden predecir que alguien esté a mayor riesgo de tener enfermedad 
de dengue severa, como anticuerpos especiales o citoquinas. Parte del estudio busca determinar cuáles son las 
cepas de virus circulantes (diversidad genética) en la comunidad. Los resultados de este estudio servirán para mejorar 
el manejo médico de pacientes con dengue. Nos gustaría solicitarle que participe en este proyecto de investigación que 
incluirá un mínimo de 200 personas de diferentes sectores de la ciudad de Maracay. Su participación en el estudio será de 1 
mes aproximadamente. Si usted está de acuerdo en participar, se le pedirá firmar este formulario de consentimiento 
informado. A continuación le explicaremos en qué consistirá su participación si decide aceptarla. 

PROCEDIMIENTOS 
Actualmente usted presenta criterios clínicos para dengue, si usted acepta participar en este estudio, tomaremos sus datos 
personales y se le tomará una muestra de sangre de 10ml para realizar hematología y otras pruebas relacionadas con el 
dengue.  Si es sospechoso a dengue, deberá asistir diariamente a este centro de salud (Ambulatorio del Norte, Unidad de 
Emergencia La Candelaria o IVSS el Limón) mientras tenga fiebre y luego en determinados días para hacerle seguimiento 
clínico. Se le solicitarán un máximo de cinco muestras de sangre de 10ml cada una que serán tomadas a las 24, 48 y 72 
horas después de colectada la primera muestra mientras dure la fiebre,  24 a 48 horas después de finalizada la fiebre y 21 a 
30 días después de la muestra inicial, para esta última toma de muestra, una enfermera del estudio lo visitará en su casa y 
tomará además las coordenadas de su vivienda con un dispositivo especial (un GPS) que le mostrará. Las coordenadas nos 
servirán para ver en un mapa cómo se distribuyen geográficamente los casos de dengue en su comunidad La finalidad de 
estas tomas de sangre es monitorear cambios hematológicos (hematología, plaquetas y otros en su sangre) y correlacionarlos 
con sus síntomas. Una parte de estas muestras se utilizará para estudiar factores predictivos de enfermedad severa de dengue 
(anticuerpos y citoquinas). Todas estas pruebas se realizarán de manera gratuita. El personal médico del centro de salud se 
encargará de indicarle tratamiento y monitoreará su salud. Durante cada visita mientras se sienta enfermo, la enfermera del 
proyecto le hará unas preguntas sobre cómo se siente, le tomará la temperatura y signos vitales y le hará la prueba del 
torniquete. La prueba del torniquete se utiliza para buscar trastornos hemorrágicos y consiste en aplicar presión en la parte 
superior de su brazo utilizando el brazalete para tomar la presión arterial durante menos de un minuto. 
En caso de desarrollar dengue severo: 
Si usted desarrolla la enfermedad severa, los médicos del centro asistencial decidirán hospitalizarlo en el mismo centro de 
salud o lo referirán al Hospital Central de Maracay para que sea hospitalizado y tratado por personal médico especializado. 
Durante su hospitalización será monitoreado por personal médico y de enfermería del centro de salud y del proyecto y se le 
tomarán dos muestras de sangre adicionales de 10ml cada una en días alternos. Estas muestras servirán para estudiar 
factores predictivos de enfermedad severa de dengue. Una vez salga del hospital, se le pedirá una última muestra de sangre a 
los 21-30 días del inicio de su enfermedad. 
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¿CUÁLES SON LOS RIESGOS O INCOMODIDADES EN EL ESTUDIO? 
La sangre le será extraída de su antebrazo con una aguja por un(a) enfermero(a) con experiencia o un(a) médico(a). Todo el 
material utilizado para la toma de muestra de sangre es estéril y descartable luego de su uso. El riesgo de que pueda salir 
lastimado durante la colecta de la sangre es mínimo, pero es posible que sienta algún dolor o incomodidad cuando le 
extraigan la sangre de su antebrazo; después puede presentarse algún moretón o hinchazón, y con muy poca probabilidad, 
infección en el sitio donde se extrajo la sangre. Puede sentir desfallecimiento cuando se le esté tomando la muestra, pero 
esto es poco común y la sensación pasará rápidamente. Para minimizar cualquier riesgo, toda muestra de sangre será tomada 
por personal experimentado. La prueba del torniquete para dengue puede causar dolor en el brazo en algunas personas 
mientras se infla el dispositivo de la presión sanguínea.  El dolor desaparece cuando el dispositivo se desinfla. Cuando este 
dispositivo se infla la piel de su brazo y de su mano debajo de este dispositivo puede cambiar de color (rojo, azul, púrpura). 
Este color volverá a la normalidad luego de que el dispositivo se desinfle. Pueden desarrollar una erupción en su antebrazo 
bajo la forma de pequeños puntos rojos.  Esta erupción desaparecerá luego de unos cuantos días. 

¿CUÁLES SON LOS BENEFICIOS COMO PARTICIPANTE DE ESTE ESTUDIO? 
Con su participación en el estudio, el personal médico y de enfermería del Ministerio de Salud y del proyecto tendrán un 
mejor conocimiento de las características clínicas del dengue en Venezuela. Además, el personal del estudio espera 
determinar factores que ayuden a predecir si alguien desarrollará dengue severo.  Si usted es sospechoso de presentar 
dengue, tendrá resultados de laboratorio de manera gratuita y temprana que permitirán hacer un seguimiento de la evolución 
de su enfermedad de manera adecuada y oportuna minimizando así la aparición de la enfermedad severa.  

CUIDADOS MEDICOS POR LESIONES RELACIONADAS CON LA INVESTIGACION:  
Si usted es lastimado como resultado directo de formar parte de este proyecto de investigación, recibirá atención médica 
para esa lesión sin costo alguno. Usted  recibirá la atención médica necesaria pero no una compensación monetaria por la 
lesión que el procedimiento de extracción de sangre le pueda ocasionar. 

CONFIDENCIALIDAD DE SU INFORMACION: 
Toda la información relacionada con este proyecto será confidencial. Los documentos de esta investigación serán 
mantenidos en las oficinas del LARDIDEV/BIOMED-UC en Maracay, Venezuela, y en la oficina UMCG, Holanda. 
Nosotros mantendremos los documentos en privado hasta donde sea legalmente posible. Como usted será identificado con 
un número de código, su nombre no será utilizado para ningún análisis de datos (el cual será realizado de manera anónima) 
y no aparecerá en las publicaciones que se produzca del estudio. Solo la enfermera, el médico que lo atienda y el personal 
del laboratorio de diagnóstico de dengue conocerán su nombre. 

PARTICIPACION VOLUNTARIA: Usted puede decidir no formar parte del estudio, la decisión es solo suya así como 
también puede dejar este estudio en cualquier momento sin consecuencias para usted y sin que cambien sus beneficios 
actuales. Usted puede decidir en cualquier momento del estudio negarse a que le tomen muestras de sangre para este 
proyecto de investigación, sin que esto tenga ninguna consecuencia para usted.  Si no desea continuar participando en el 
estudio, se le agradece que lo notifique a la enfermera del estudio o a la co-responsable del proyecto Dra. Gloria Sierra al 
0414-450.7827. 
El personal del estudio puede retirarle del estudio en cualquier momento, incluso si todavía desea participar. Esto podría 
pasar si:  
· Usted no sigue instrucciones acerca del estudio 
· La investigación es finalizada por cualquier razón. 

¿A QUIEN PUEDE CONTACTAR SI TIENE ALGUNA PREGUNTA O PROBLEMAS? 
Si usted quiere conversar con alguien sobre este estudio, o si ha resultado lastimado por haber formado parte de este estudio, 
por favor contacte a la Dra. Gloria Sierra en el LARDIDEV/BIOMED-UC al 0414-450.7827. 
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CONSENTIMIENTO DEL ADULTO 
Su firma en este formulario indica que se le ha explicado y ha entendido el estudio, y que ha decidido formar parte del 
mismo sin costo alguno para usted. Adicionalmente, su firma indica que ha tenido la oportunidad de hacer  preguntas. Usted 
debe saber que cualquier pregunta que pueda formular en el futuro le será respondida por uno de los investigadores del 
estudio. A usted se le proporcionará una copia de este consentimiento para que disponga de esta información. 
Es posible que después de que completemos las pruebas de laboratorio con sus muestras de sangre, quede un remanente de 
las mismas. ¿Qué desea Ud. que hagamos con los remanentes de sus muestras de sangre? Coloque sus iniciales en una sola 
una opción: 
 
_______ 
Iniciales 

Después de completar el estudio, destruyan todas las muestras restantes 

 
_______ 
Iniciales 

 
Después de completar el estudio, las muestras restantes pueden ser utilizadas para cualquier propósito 
científico siempre que este propósito científico sea aprobado por el Comité de Bioética y que mi 
muestra no sea  identificada con mi nombre sino sólo con un número.  También entiendo que no habrá 
compensación por el uso futuro de mi(s) muestra(s). 

 
Si cambia de opinión, en cualquier momento, y desea que se destruyan las muestras de sangre remanentes contacte a la Dra. 
Gloria Sierra en el LARDIDEV/BIOMED-UC al 0414-450.7827 
 
1. Nombre del  Participante:  

_______________________ _______________________ _______________________ _____________________ 
 Primer nombre Segundo Nombre Primer apellido Segundo Apellido 
    
Fecha de nacimiento del Participante: Día __ __ Mes __ __ Año __ __ __ __ 
 
Firma del  Participante: ____________________________________   Fecha  día_____mes_____año___ 
 
Si el Participante es analfabeto o tiene impedimentos físicos para firmar, debe colocar su huella digital en el sitio de la firma 
y se requerirá preferiblemente de un familiar o vecino como testigo.. 
 
2. Nombre del Testigo:  

_____________________ _____________________ _______________________ ___________________ 
 Primer nombre Segundo Nombre Primer apellido Segundo Apellido 
 
Fecha de nacimiento del Testigo: Día __ __ Mes __ __ Año __ __ __ __ 
 
Firma del Testigo ____________________________________  Fecha  día_____mes_____año___ 
 
 
3. Nombre del Investigador: _____________________________________   
 
Firma del  Investigador _________________________________  Fecha  día_____mes_____año___ 
 
Nota: Copias firmadas de este Formulario de Consentimiento tienen que ser: a) guardadas en un archivo del Investigador 
Principal, b) entregadas al participante, c) incluidas en el registro médico del paciente (cuando corresponda). 
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Asentimiento-CASOS/CONTROLES                                          PARTICIPANTE NÚMERO: CC __ __ __ __ 
 

FORMULARIO DE ASENTIMIENTO INFORMADO PARA NIÑOS 
Para niños de 8 a 11 años de edad 
Asentimiento para Participar en un Estudio de Investigación – CASOS Y CONTROL 
TÍTULO DEL PROYECTO:  
DENGUE EN VENEZUELA: Epidemiología, factores de riesgo, diversidad genética y determinantes de 
enfermedad severa hacia prueba de vacuna contra el dengue                  

 

Doctores e investigadores del Laboratorio Regional del Diagnóstico e Investigación del Dengue y otras 
Enfermedades Virales (LARDIDEV-CORPOSALUD), del Centro de Investigaciones Biomédicas de la 
Universidad de Carabobo, Maracay, Venezuela (BIOMED-UC) y del Centro Médico Universitario 
Groningen, Holanda, están haciendo un estudio qué factores pueden predecir la severidad de la enfermedad 
producida por el virus dengue. Quisiéramos invitarte a participar en el estudio durante 1 mes 
aproximadamente junto con un mínimo de 200 personas. 

Actualmente presentas criterios clínicos para dengue, si aceptas participar en este estudio, tomaremos tus 
datos personales y se te tomará una muestra de sangre de 10ml para realizar hematología y otras pruebas 
relacionadas con el dengue. En este caso, deberás asistir diariamente a este centro de salud (Ambulatorio del 
Norte, Unidad de Emergencia La Candelaria, IVSS El Limón) mientras tengas fiebre y luego en determinados 
días para hacerte seguimiento clínico. Se te solicitarán un máximo de 5 muestras de sangre de 10ml cada 
una que serán tomadas a las 24, 48, 72 horas durante tu enfermedad, 24 a 48 horas después de finalizada la 
fiebre y 21 a 30 días después de la muestra inicial, para esta última toma de muestra, una enfermera del 
estudio te visitará en tu casa y tomará además las coordenadas de tu vivienda con un dispositivo especial (un 
GPS) que te mostrará y que servirá para mapear los casos de dengue. Estas muestras servirán para que tu 
médico tratante vea cómo evoluciona tu enfermedad e indicarte tratamiento: además servirán para investigar 
qué factores nos puedan indicar con anticipación si la enfermedad evolucionará a un dengue severo o no.  

Las muestras de sangre serán tomadas de tu antebrazo por un(a) médico(a) o enfermero(a) especializado del 
estudio, para ello utilizará, una inyectadota y una aguja. La muestra es igual a otras que te has tomado 
anteriormente. En muy pocos casos la aguja podría lastimarte por pocos segundos y puede que te deje un 
moretón en el antebrazo. También se te hará una prueba llamada prueba del torniquete la cual consiste en 
hacer presión en el brazo con el aparato para tomar la presión arterial, con esta prueba solo sentirás presión 
en tu brazo y puede que te deje un pequeño morado que se te quitará a los pocos días. Esta prueba es muy 
importante ya que le dirá al doctor que tan enfermo estás. 

Tu participación en este estudio es de manera voluntaria, si no quieres participar no hay problema y si 
quieres participar y luego retirarte no te preocupes ya que tendrás la misma atención en el centro de salud. 
Puedes hacer todas las preguntas que quieras en cualquier momento. Una copia de este formulario se te será 
entregado e irá junto al consentimiento del Padre, Madre o Representante. 

Si estas de acuerdo en participar, por favor firma a continuación 

Nombre del Niño/a 

_______________________ _______________________ _______________________ _____________________ 
 Primer nombre Segundo Nombre Primer apellido Segundo Apellido 

 
Fecha de nacimiento del Niño/a:  Día __ __ Mes __ __ Año __ __ __ __ 
 
Firma _____________ ____________________________________  Fecha:  día_____mes_____año___ 
 
Nombre del Investigador: _____________________________________   
 
Firma del  Investigador _________________________________  Fecha: día_____mes_____año___ 
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SIENO  
SISTEMA DE INFORMACIÓN 

DE ENFERMEDADES DE 
NOTIFICACIÓN OBLIGATORIA 

FICHA DE  INVESTIGACIÓN  
FIEBRE CHIKUNGUNYA 

 
 

9-Primer Apellido: 10-Segundo Apellido: 11-Primer Nombre : 
Nombre: 

12-Segundo Nombre: 
 

15-Fecha de 
Nac. 

Día Mes Año 13-C.I. 
Pasaporte 

V 

E 

21-Situación 
        Conyugal: 

 S 
 C 

 U 
 Se 

 D 
 V 

20-  Años 
Aprobados: 

19- Nivel 
 Educativo: 

 I 
 P 

 S 
TM 

 TSU/U 

23- Ocupación: 

Dirección de 
Habitación 

26-Entidad de Residencia: 27-Municipio de Residencia: 28-Parroquia de Residencia 
 

29-Localidad de Residencia 

30- Urb./Sector/Zona Industrial: 31-Av./Carrera/Calle/Esquina/Vereda: 32-Casa/Edif./Quinta/Galpón: 

34-Teléfono de 
Habitación (fijo): 

33-Piso/Planta/Local: 

36-Punto de Referencia: 

38-Nombre de la Madre: 39-Nombre del Padre: 

22- Profesión: 

40--Sitio de trabajo  :                                                                                                                                                    41-Plantel Estudiantil : 

35-Teléfono Celular (móvil): 

17- 
Sexo 

 M 

 F 

24-Latitud 25-Longitud 

1- Numero  del Caso: 2 -Fecha de Elaboración: 

6-Estado 

3- Establecimiento de Salud: 

5- Municipio 

4-Parroquia 

14-Nacionalidad: 16-Edad: 
         

18-Etnia 
         

37-Lugar donde el Paciente enfermó: 

42-Dirección y Punto de Referencia :   

44-Fecha de Inicio de Síntomas : 
 (D / M / A ) ___ ___ ____ 

 46-Fecha de Denuncia o Notificación y  Semana Epidemiológica : 
(D/ M /A ) __ ___ ___  Nº  de Semana Epidemiológica: _______ 

43-Fecha de Atención Médica  

45-Fecha de Toma de Muestra: 
 ( D / M / A) ___ ___ ___ 

  DATOS DE LA ENFERMEDAD 

Enfermedad Fiebre de Chikungunya 
Caso sospechoso: paciente con fiebre >38,5ºC y artralgia 
severa o artritis de comienzo agudo, que no se explican 
por otras condiciones medicas. Caso probable:caso 
sospechoso además que resida o haya visitado áreas 
epidémicas o endémicas durante las dos semanas 
anteriores al inicio de los síntomas.Caso confirmado: 
persona que cumple los criterios clínicos, con o sin 
criterio epidemiológico y que cumple algún criterio de 

8-  Fuente de  Notificación:    Público                          Laboratorio         Búsqueda Activa          
                                               Privado      Comunidad    otros    7-Código 

        Postal: 

  ANTECEDENTE 

47– Viaje durante el período de incubación:   confirmaci Sí  No 48 – País / Ciudad  a donde viajó:   

49-Fecha de Ida : 
 (D / M / A ) ___  ___  ____   

50-Fecha de Vuelta : 
 (D / M / A ) ___  ___  ____   

 51-      DATOS CLÍNICOS  SI  NO  NO PRECISA 

FIEBRE       

ARTRALGIA       

CEFALEA       

POLIARTRITIS       

DOLOR DE ESPALDA       

ERUPCIÓN (ES) CUTÁNEA (S)       

MIALGIAS       

DOLOR RETROORBICULAR       

HEMORRAGIAS CUTÁNEAS 
(PETEQUIAS, EQUIMOSIS) 

      

HEMORRAGIAS MUCOSAS 
(GINGIVORRAGIA, MELENA, MERORRA-
GIA, OTRAS) 

      

DOLOR ABDOMINAL (CONTINUO E 
INTENSO) 

      

NAUSEA O  VÓMITOS       

DIARREA       

HEPATOMEGALIA       

ICTERICIA       

DOLOR FARÍNGEO       

DERMATITIS EXOFOLIATIVA (NIÑOS)       

FOTOFOBIA       

SÍNDROME MENINGEO       

DISMINUCIÓN DE LA DIURESIS       

PRUEBA DE TORNIQUETE       

HOSPITALIZACIÓN       

AMBULATORIO       

PULSO       

TENSIÓN ARTERIAL       

OTROS       

  Observación: 
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62- Fecha de Declaración del caso: 
Declaración  del caso (D /M / A) 

63-Médico/a Encuestador : 
 

 64- Enfermera / o que  
declara el caso: 

 65- Epidemiólogo  / a Regional: 

59  CLASIFICACIÓN DEL 
CASO: 
 

61 -   LABORATORIO:  
FECHA DE RECEPCION DE MUESTRA  (D /M / A) __ ___ ____ F DE PROCESAMIENTO ( D/M /A ) __ ___ ___ F DE ENTREGA DE RESULTADOS (D/ M /A)      ____ ______ ____ 

* Criadero: Todo recipiente servible o no que contenga agua 

66-Firma: ___________________________ 
  
Fecha ( D / M / A ) ___ ___ ______ 

  DATOS DE LABORATORIO 

  52-SEROLOGÍA RESULTADOS DE LABORATORIO (VALORES) 

FECHA  D / M /A                               

HEMATOCRITO           

HEMOGLOBINA           

LEUCOCITOS           

LINFOCITOS           

EOSINOFILOS           

NEUTROFILOS           

MONOCITOS           

SEGMENTADOS           

PT           
P T T           

PLAQUETAS           

HEMATURIA           

TRANSAMINASAS TGP           

TRANSAMINASAS TGO           

OTROS:           

  53-UROANÁLISIS RESULTADOS DE LABORATORIO (VALORES) 

FECHA  D / M /A                               

PROTEINURIA           

AMILASA           

OTROS:           

            

 54- TIPO DE MUESTRA FECHA  RESULTADO 

SANGRE     

LCR     

OTRAS:     

      

 55- TIPO DE PRUEBA FECHA  RESULTADO 

AISLAMIENTO VIRAL     
PCR     
DETECCIÓN IgM     

DETECCIÓN IgG     

OTRO:     
      

  DATOS DEL RIESGO 

        56- FACTOR   SI NO 

* CRIADEROS EN LA CASA O EN LOS VECINOS     

CONTACTO CON ANIMAL COMO VECTOR/VEHÍCULO DE 
TRANSMISIÓN 

    

USA TAMBORES , PIPAS, PIPOTES      

PRESENCIA  DE MOSQUITOS EN EL ÁREA      

AGUA POR ACUEDUCTO     

SUMINISTRO DE AGUA  EN FORMA CONTINUA      

ALMACENA  EL AGUA  EN SU CASA      

LLUVIAS EN LOS ÚLTIMOS 15 DÍAS     

DISPONIBILIDAD DE RECOLECCIÓN DE BASURA     

 NEUMÁTICOS  O CAUCHOS EN SU CASA      

PROTECTORES EN LA VIVIENDA     
USO DE TELAS METÁLICAS EN VENTANAS      

USO DE INSECTICIDA EN LA CASA     

USO DE REPELENTE      

TRANFUSIONES, HEMODIÁLISIS, TRANSPLANTE     

CUANTAS HORAS ESTA EN SU CASA     

CASA EN ÁREA NO PLANIFICADA     

NÚMERO DE PERSONAS DEL GRUPO FAMILIAR     

NUMERO DE HABITACIONES PARA DORMIR      

FAMILARES O VECINOS CON SÍNTOMAS PARECIDOS EN 
LOS ÚLTIMOS  15 DÍAS  

    

        57- COMORBILIDAD   SI NO 

ANTEDENTES DE HIPERTENSIÓN     

ANTECEDENTES DE ASMA      

ANTECEDENTES DE DIABETES     

ANTECEDENTE DE DENGUE      

ANTECEDENTES DE INSUFICIENCIA RENAL     

EMBARAZO     

OBESIDAD O SOBREPESO     

ENFERMEDADES HEMATOLÓGICAS     

CARDIOPATÍAS     
ÚLCERA PÉPTICA     

NEUROPATÍAS     

VIVE SOLO     

CASO SOCIAL     

DOMICILIO LEJANO     

OTROS     

      

  58—ANTECEDENTE VACUNAL 

  DATOS DE DIAGNÓSTICO DEL CASO 

SOSPECHOSO CONFIRMADO 60  CRITERIO DE 
CLASIFICACIÓN: 
 

CLÍNICO EPIDEMIOLÓGICO ón de laboratorio  LABORATORIO 
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Instructivo  para ficha de investigación  de Fiebre de ChIkungunya  
 
Escribir en letra de molde y con bolígrafo negro toda la información  solicitada. En caso que un dato derive del ante-
rior no dejar espacios vacíos 
1.- Registrar el número de caso. 
2.- Registrar la fecha de elaboración según formato d /m / a. 
3.- Registrar el nombre del establecimiento de salud donde se notificó el caso. 
4.- Registrar el nombre de la parroquia donde está ubicado el establecimiento de la salud. 
5.- Registrar el nombre del municipio donde está ubicado el establecimiento de salud. 
6.- Registrar el nombre del estado donde está ubicado el establecimiento de salud. 
7.-Registrar el  código el cual tiene  asignado el  estado    
8.- Marque con una “X” en el ovalo correspondiente la fuente de Notificacion. 

9.- Registrar el primer apellido del paciente tal como aparece en   la cedula de   identidad. 

10.- Registrar el segundo apellido del paciente tal como aparece en   la cedula de   identidad. 

11.- Registrar el primer nombre del paciente tal como aparece en la cédula de Identidad. 

12.- Registrar  el segundo nombre del paciente tal como aparece en la cédula de Identidad. 

13.- Marcar con una “X” en el  ovalo  correspondiente, según la nacionalidad del   paciente    
       (V si es de nacionalidad venezolana   y   E si es de nacionalidad   Extranjera)  seguidamente colocar el    
        número de cédula de identidad o pasaporte, utilizar una casilla para cada número. En caso de ser un niño y  
        no poseer cédula de identidad colocar el número de Cédula de Identidad   de la madre. 
14.- Registrar  la nacionalidad en caso de ser venezolano o el país de origen en caso de ser extranjero. 
15.- Registrar en las casillas correspondientes el día, mes y año de nacimiento del paciente o usuario.  
16.- Registrar la edad del paciente. 
17.- Marcar en el ovalo correspondiente   con una “X” el sexo al cual corresponda.    
18.- Indicar el nombre de la etnia o pueblo indígena   a   que   pertenece el paciente.  
19.- Marcar una “X” en el ovalo correspondiente al nivel educativo en el cual se encuentra el paciente;   
        I:  si se encuentra  en el nivel Inicial,    P: si esta cursando  o cursó solo  el nivel de  Primaria,   
       S: si se encuentra en el  nivel de  Secundaria, TM:  si esta cursando o curso el nivel de Técnico Medio,  
       TSU/U: si esta cursando o curso el nivel  de  Técnico Superior Universitario  o  Educación universitaria y 
       EE: si  se encuentra cursando o curso  algún nivel de  Educación Especial (incluye la educación recibida  
        a través de las Misiones). 
20.- Registrar   los años aprobados en el último nivel educativo cursado. 
21.- Marcar con   una   “X” en el ovalo correspondiente la alternativa que identifique la situación conyugal del  
        usuario para el momento de la notificación de la enfermedad; S: soltero, C: casado, U: unido,   D: divorciado,  
        Se: separado, V: viudo. 
22.-Indicar la  profesión desempeña el usuario. 
23.- Colocar la ocupación del usuario. 
24.- Registra la latitud de la zona. 
25.- Registrar  la longitud de la zona. 
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26.- Escribir el nombre de   la entidad de residencia del paciente. 
27- Escribir el nombre del Municipio en que se encuentra la residencia del paciente. 
28- Registrar  el nombre de la parroquia donde se encuentra ubicada la residencia del paciente. 
29.- Indicar  el nombre de la localidad en que se encuentra   la residencia del paciente. 
30.- Indicar  Urb./Sector/Zona Industrial en que se encuentra   la residencia del paciente. 
31.- Indicar  Av./Carrera/Calle/Esquina/Vereda en que se encuentra   la residencia del paciente. 
32.- Indicar   Casa/Edif./Quinta/Galpón en que se encuentra   la residencia del paciente. 
33.- Escribir el número del piso, planta o local donde se encuentra ubicada la residencia del paciente. 
34-  Escribir el número de teléfono fijo donde habita el paciente. 
35.- Indicar el número de teléfono celular donde pueda ser ubicado el paciente. 
36.- Registrar un punto de referencia que facilite la ubicación de la residencia del paciente.  
37- Indicar  el lugar donde el usuario contrajo la enfermedad.  
38.- Escribir el nombre y apellido de la madre en caso de que el paciente sea menor de edad. 
39.- Escribir el nombre y apellido del padre en caso de que el paciente sea menor de edad. 
40.- Registrar el lugar  o sitio de trabajo.  
41.- Registrar en caso de estudiante el plantel estudiantil donde cursa estudios.  
42.- Registrar la dirección y punto de referencia del plantel estudiantil . 
43.- Registrar la fecha de atención  medica según formato (d/m/a). 
44.- Registrar la fecha  de  inicio de  los síntomas según formato (d/m/a). 
45.- Registrar la fecha   en que se realiza la toma de muestra según formato (d/m/a). 
46.- Registrar la fecha  en que se realiza la denuncia o notificación según formato (d/m/a) así como el Nº  
       de la semana epidemiológica. 
47.- Marcar con una “X” en  la casilla correspondiente de acuerdo al  si, no, no precisa, los datos clínicos 
       de la enfermedad. 
48.- Registrar en la columna correspondiente la  fecha y los valores de los resultados de laboratorio  
       ( los últimos 5 , o los que registre si son menos).   
49.- Registrar en la columna correspondiente la fecha y los valores de los tipos de prueba. 
50.- Marcar con una “X” en la casilla correspondiente de acuerdo al  si,  no  los factores de riesgo y en caso  
       de viajar  en los últimos quince días registrar donde.   
51.- Marcar con una “X” en la casilla correspondiente si el caso es probable confirmado o descartado. 
52.- Registrar en los espacios correspondientes según formatos, las fechas de recepción, procesamiento y  
       resultados de la muestra. 
53- Registrar en el espacio correspondiente según formatos la fecha . de declaración del caso (d/m/a). 
54.- Registre en el espacio correspondiente nombre y apellido del medico encuestador.  
55.- Registrar en el espacio correspondiente  el nombre y apellido de la enfermera que declara el caso. 
56.- Registrar en el espacio correspondiente el nombre y apellido del Epidemiólogo/a Regional. 
57.- Registrar en el espacio correspondiente la firma del Epidemiólogo/a Regional.  
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FIEBRE DE  CHIKUNGUNYA  
 

A) Caso Sospechoso:  Paciente con fiebre mayor de 38,5º C y artralgia severa ó artritis de 
     comienzo agudo, que no se explican por otras condiciones médicas y que reside ó ha  
     visitado áreas epidémicas ó endémicas durante las dos semanas anteriores al inicio de los  
     síntomas 
B) Caso Confirmado:  Caso sospechoso con cualquiera de las siguientes pruebas  específicas  
      para CHIKV  positiva: 

• Aislamiento viral. 
• Detección de ARN viral por RT-PCR. 
• Detección de IgM en una sola muestra de suero (recogida durante la fase aguda o convale-

ciente). 
• Aumento de cuatro veces en el titulo de anticuerpos específicos para CHIKV (muestras recogi-

das con al menos dos a tres semanas de diferencia). 
 

 Durante una epidemia, no es necesario someter a todos los pacientes a las pruebas confirmatorias   
enumeradas anteriormente. El vínculo epidemiológico puede ser suficiente. 

 

TOMA Y ENVIO DE MUESTRAS PARA DIAGNOSTICO DE   FIEBRE   DE    CHIKUNGUNYA             

• Extraer por lo menos 5 ml de sangre .NO USAR ANTICUAGULANTE . 
• Separar el suero . En caso de no poder centrifugar , dejarlo reposar 2 horas . 
• Transferir a un tubo estéril( preferiblemente plástico) 
• Asegurar el cierre hermético  
• Rotular con tela adhesiva  
• Rótulo: Nombre y apellido , fecha de toma de la muestra , tipo de muestra ( suero) 
• Refrigerar de inmediato  en heladera (4ºC) . NO CONGELAR  
• PARA EL SERODIAGNÓSTICO LA MUESTRA DEBE SER TOMADA A PARTIR  DEL 5TO DIA  DEL INICIO DE LOS 

SINTOMAS . ( DEMOSTRACION DE  ANTICUERPOS  CLASE IgM,  IgG , SIENDO LA IGM  DETECTABLE HASTA  
POR UN PERIODO DE 3 MESES ) . ESTAS MUESTRAS    SERÁN  PROCESADAS EN EL LABORATORIO DE SA-
LUD PÙBLICA DE CADA ESTADO . 

• PARA LA IDENTIFICACIÓN DEL VIRUS, AISLAMIENTO VIRAL LA MUESTRA DEBE SER TOMADA ENTRE   48 –
72 HORAS (< 3 DÍAS ) DEL INICIO DE LOS  SINTOMAS  Y ENVIARLAS EN REFRIGERACIÓN  A LA MAYOR BRE-
VEDAD AL DEPARTAMENTO DE VIROLOGIA DE LINSTITUTO NACIONAL DE HIGIENE “RAFAEL RANGEL” 

• Si no se  garantiza  el envío inmediato , las muestras deben congelarse a –70ºC transportase en hielo seco . 
• Es oportuno señalar  que se pueden congelar muestras  de suero . EVITE LA CONGELACIÓN DE SANGRE  

COMPLETA. 
• Muestra de autopsia : Hígado, Bazo ,Pulmón ,Corazón ,Riñón, deben preservase en solución  salina  refrige-

rada a 4ºC. 
   Nota: se recomienda no almacenar las muestras por más de 4 días. 

    Acompañar la muestra con la ficha y todo los datos completos del paciente. 
 

• NO ADMINISTRAR ACIDO ACETIL SALICILICO  
• ANTIINFLAMATORIOS NO ESTEROIDEOS (IBUPROFENO, DICLOFENAC, KETOPROFENO 

(PROFENIC) NIMESULIDE  O DIPIRONA A JUICIO DEL MÉDICO TRATANTE  
• SOLO DEBE ADMINISTRARSE AL PACIENTE “ACETAMINOFEN ” HASTA DETERMINAR EL 

DIAGNÓSTICO. 
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SIENO  
SISTEMA DE INFORMACION 

DE ENFERMEDADES DE 
NOTIFICACION OBLIGATORIA 

FICHA DE  INVESTIGACION   
DENGUE  

9-Primer Apellido: 10-Segundo Apellido: 11-Primer Nombre : 
Nombre: 

12-Segundo Nombre: 
 

15-Fecha de 
Nacimiento 

Día Mes Año 13-C.I. 
Pasaporte 

V 

E 

21-Situación 
        Conyugal: 

 S 
 C 

 U 
 Se 

 D 
 V 

20-  Años 
Aprobados: 

19- Nivel 
 Educativo: 

 I 
 P 

 S 
TM 

 TSU/U 

23- Ocupación: 

Dirección de 
Habitación 

26-Entidad de Residencia: 27-Municipio de Residencia: 28-Parroquia de Residencia 
 

29-Localidad de Residencia 

30- Urb./Sector/Zona Industrial: 31-Av./Carrera/Calle/Esquina/Vereda: 32-Casa/Edif./Quinta/Galpón: 

34-Teléfono de 
Habitación (fijo): 

33-Piso/Planta/Local: 

36-Punto de Referencia: 

38-Nombre de la Madre: 39-Nombre del Padre: 

22- Profesión: 

40--Sitio de trabajo  :                                                                                                                                                    41-Plantel Estudiantil : 

35-Teléfono Celular (móvil): 

17- 
Sexo 

 M 

 F 

24-Latitud 25-Longitud 

1- Numero  del Caso: 2 -Fecha de Elaboración: 

6-Estado 

3- Establecimiento de Salud: 

5- Municipio 

4-Parroquia 

14-Nacionalidad: 16-Edad: 
         

18-Etnia 
         

37-Lugar donde el Paciente enfermo: 

42-Dirección y Punto de Referencia :   

44-Fecha de Inicio de Síntomas : 
 (D / M / A ) ___ ___ ____ 

 46-Fecha de Denuncia o Notificación y  Semana Epidemiológica : 
(D/ M /A ) __ ___ ___  Nº  de Semana Epidemiológica: _______ 

43-Fecha de Atención Medica  

45-Fecha de Toma de Muestra: 
 ( D / M / A) ___ ___ ___ 

  48-RESULTADO DE LABORATORIO VALORES 

FECHA  D / M /A                              

HEMATOCRITO      

HEMOGLOBINA      

LEUCOCITOS      

LINFOCITOS      

EOSINOFILOS      

MONOCITOS      

SEGMENTADOS      

PT      

P T T      

PLAQUETAS      

OTROS:      

 47-      DATOS CLINICOS  SI  NO  NO PRECISA 

FIEBRE    

CEFALEA    

DOLOR RETROORBICULAR 
 
ARTRALGIAS 

   

MIALGIAS    

ERUPCION    

NAUSEA O  VOMITOS    

DIARREAS    

ESCALOFRIOS    

TOS    

PETEQUIAS    

EQUIMOSIS    

HEMOPTISIS    

MELENA    

  DATOS DE LA ENFERMEDAD 

Enfermedad 
Caso probable dengue sin signos de ALARMA: paciente con enfermedad febril aguda con duración 
máxima de 7 días,de origen no aparente y con dos o más de las siguientes manifestaciones:cefalea, dolor 
retroorbitario, mialgias, artralgias, erupción cutánea, manifestaciones hemorrágicas y leucopenia, y 
que resida o haya estado en los últimos 15 días en zona  con circulación de virus de dengue   
Caso probable dengue con signos de ALARMA:paciente que cumple con la anterior definición y además 
presenta cualquiera de los signos de alarma: dolor abdominal intenso  y continuo, vomitos 
persistentes, diarrea, sonnoliencia y/o irritabilidad,hpotension postural,hepatomegalia 
dolorosa,2cms,disminucion de la diuresis,caida de la temperatura,hemorragia en mucosas, leucopenia 
(<4000), trombocitopenia (<100.000xmm3). 
Caso probable dengue GRAVE:paciente que cumple con las anteriores definiciones y además presenta 
uno o mas de los siguientes hallazgos (choque hipovolemico por fuga de plasma,distress respiratorio 
por acumulación de liquidos,sangrado grave, afectación de órganos) 
 
 
 

8-  Fuente de  Notificación:    Público                          Laboratorio         Búsqueda Activa          
                                               Privado      Comunidad    otros    7-Código 

        Postal: 
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54- Fecha de Declaración del caso: 
Declaración  del caso (D /M / A) 

55-Medico/a Encuestador : 
 

 56- Enfermera / o que  
declara el caso: 

 57- Epidemiólogo  / a Regional: 

        50-              FACTOR DE RIESGO    SI NO                    FACTOR DE RIESGO       SI  NO FACTOR DE RIESGO      SI NO 

* CRIADEROS EN LA CASA O EN LOS VECINOS  
 

  ANTEDENTES DE HIPERTENSION   LLUVIAS EN LOS ULTIMOS 
15 DIAS  

  

USA TAMBORES , PIPAS, PIPOTES    ANTECEDENTES DE ASMA    VIAJES EN LOS ULTIMOS 
15 DIAS  

  

PRESENCIA  DE MOSQUITOS EN EL AREA    ANTECEDENTES DE DIABETES    CANTIDAD 

AGUA POR ACUEDUCTO   ANTECEDENTE DE DENGUE    CUANTAS HORAS ESTA EN 
SU CASA 

 

SUMINISTRO DE AGUA  EN FORMA CONTINUA    CASA EN AREA NO PLANIFICADA    NUMERO DE PERSONAS 
DEL GRUPO FAMILIAR 

 

ALMACENA  EL AGUA  EN SU CASA    FAMILARES O VECINOS CON SINTOMAS  
PARECIDOS EN LOS ULTIMOS  15 DIAS  

  NUMERO DE HABITACIO-
NES PARA DORMIR  

 

DISPONIBILIDAD DE RECOLECCION DE BASURA  
 

   
< DE 5 AÑOS,  

    

 NEUMATICOS  O  CAUCHOS EN SU CASA    > DE 65 AÑOS     

PROTECTORES   OBESIDAD     

USO DE TELAS METALICAS EN VENTANAS    ANTECEDENTES DE ENFERMEDADES  HEMATO-
LÓGICAS 

    

USO DE INSECTICIDA EN LA CASA  
 

  EMBARAZO     

USO DE REPELENTE    CARDIOPATÍA     

52  CASO  PROBABLE :______ 
 

CASO DESCARTADO: _____  CASO CONFIRMADO:_________ 
 

53-   LABORATORIO:  
       FECHA DE RECEPCION DE MUESTRA  (D /M / A) __ ___ ____ F DE PROCESAMIENTO ( D/M /A ) __ ___ ___ F DE ENTREGA DE RESULTADOS (D/ M /A)      ____ ______ ____ 

* Criadero: Todo recipiente servible o no que contenga agua 

58-Firma: ___________________________ 
  
Fecha ( D / M / A ) ___ ___ ______ 

EPISTAXIS    

GINGIVORRAGIA    

HEMATURIA    

METRORRAGIA    

CONGESTION NASAL    

DOLOR DE GARGANTA 
 
ICTERICIA  

   

DOLOR ABDOMINAL    

PRUEBA DE TORNIQUETE    

HOSPITALIZACION    

AMBULATORIO    

 49- TIPO DE PRUEBA  FECHA  RESULTADO 

AISLAMIENTO VIRAL   

P C R   

I G M   

I g G   

OTRO   

   

51. DENGUE SIN SIGNOS DE ALRMA      _________________    DENGUE CON SIGNOS DE ALARMA___________________ DENGUE GRAVE________________ 
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SIENO  
SISTEMA DE INFORMACION DE 

ENFERMEDADES DE NOTIFICACION 
OBLIGATORIA 

FICHA   DE  INVESTIGACIÓN    
DENGUE 

Instructivo de llenado de la ficha de investigación DENGUE 
 

Instrucciones Generales: 
Escribir en letra de molde y con bolígrafo negro toda la información  solicitada. En 
caso que un dato derive del anterior no dejar espacios vacíos 
1. Registrar el número de caso. 
2. Registrar la fecha de elaboración según formato d /m / a. 
3. Registrar el nombre del establecimiento de salud donde se notificó el caso. 
4. Registrar el nombre de la parroquia donde está ubicado el establecimiento 

de la salud. 
5. Registrar el nombre del municipio donde está ubicado el establecimiento 

de salud. 
6. Registrar el nombre del estado donde está ubicado el establecimiento de 

salud. 
7. Registrar el  código el cual tiene  asignado el  estado    
8. Marque con una “X” en el óvalo correspondiente la fuente de Notificación. 
9. Registrar el primer apellido del paciente tal como aparece en   la cédula de  

identidad. 
10. Registrar el segundo apellido del paciente tal como aparece en   la cédula 

de  identidad. 
11. Registrar el primer nombre del paciente tal como aparece en la cédula de 

Identidad. 
12. Registrar  el segundo nombre del paciente tal como aparece en la cédula 

de Identidad. 
13. Marcar con una “X” en el  óvalo  correspondiente, según la nacionalidad del   

paciente  (V: si es de nacionalidad venezolana   y   E: si es de nacionalidad 
Extranjera), seguidamente colocar el número de cédula de identidad o 
pasaporte, utilizar una casilla para cada número. En caso de ser un niño y 
no poseer cédula de identidad colocar el número de Cédula de Identidad  
de la madre. 

14. Registrar  la nacionalidad en caso de ser venezolano o el país de origen en 
caso de ser extranjero. 

15. Registrar en las casillas correspondientes el día, mes y año de nacimiento 
del paciente o usuario.  

16. Registrar la edad del paciente. 
17. Marcar en el óvalo correspondiente con una “X” el sexo al cual correspon-

da.    
18. Indicar el nombre de la etnia o pueblo indígena   a   que   pertenece el 

paciente.  
19.  Marcar una “X” en el óvalo correspondiente al nivel educativo en el cual se 

encuentra el paciente; I: si se encuentra en el nivel Inicial,    P: si está 
cursando  o cursó solo  el nivel de  Primaria,  S: si se encuentra en el  nivel 
de  Secundaria, TM:  si está cursando o curso el nivel de Técnico Medio, 
TSU/U: si está cursando o curso el nivel  de Técnico Superior Universitario  
o  Educación universitaria y EE: si  se encuentra cursando o curso  algún 
nivel de  Educación Especial (incluye la educación recibida a través de las 
Misiones). 

20. Registrar   los años aprobados en el último nivel educativo cursado. 
21. Marcar con   una   “X” en el óvalo correspondiente la alternativa que identi-

fique la situación conyugal del usuario para el momento de la notificación 
de la enfermedad; S: soltero, C: casado, U: unido,   D: divorciado, Se: 
separado, V: viudo. 

22. Indicar la  profesión desempeña el usuario. 
23. Colocar la ocupación del usuario. 
24. Registra la latitud de la zona. 
25. Registrar  la longitud de la zona. 
26. Escribir el nombre de   la entidad de residencia del paciente. 
27. Escribir el nombre del Municipio en que se encuentra la residencia del 

paciente. 
28. Registrar  el nombre de la parroquia donde se encuentra ubicada la resi-

dencia del paciente. 
29. Indicar  el nombre de la localidad en que se encuentra   la residencia del 

paciente. 

30. Indicar  Urb./Sector/Zona Industrial en que se encuentra   la residencia del 
paciente. 

31. Indicar  Av./Carrera/Calle/Esquina/Vereda en que se encuentra   la residen-
cia del paciente. 

32. Indicar   Casa/Edif./Quinta/Galpón en que se encuentra   la residencia del 
paciente. 

33. Escribir el número del piso, planta o local donde se encuentra ubicada la 
residencia del paciente. 

34. Escribir el número de teléfono fijo donde habita el paciente. 
35. Indicar el número de teléfono celular donde pueda ser ubicado el paciente. 
36. Registrar un punto de referencia que facilite la ubicación de la residencia 

del paciente.  
37. Indicar  el lugar donde el usuario contrajo la enfermedad.  
38. Escribir el nombre y apellido de la madre en caso de que el paciente sea 

menor de edad. 
39. Escribir el nombre y apellido del padre en caso de que el paciente sea 

menor de edad. 
40. Registrar el lugar  o sitio de trabajo.  
41. Registrar en caso de estudiante el plantel estudiantil donde cursa estudios.  
42. Registrar la dirección y punto de referencia del plantel estudiantil . 
43. Registrar la fecha de atención  medica según formato (d/m/a). 
44. Registrar la fecha de inicio de los síntomas según formato (d/m/a). 
45. Registrar la fecha   en que se realiza la toma de muestra según formato (d/

m/a). 
46. Registrar la fecha en que se realiza la denuncia o notificación según forma-

to (d/m/a) y el Nº de la semana epidemiológica. 
47. Marcar con una “X” en  la casilla correspondiente de acuerdo al  si, no, no 

precisa, los datos clínicos de la enfermedad. 
48. Registrar en la columna correspondiente la  fecha y los valores de los 

resultados de laboratorio ( los últimos 5 , o los que registre si son menos).   
49. Registrar en la columna correspondiente la fecha y los valores de los tipos 

de prueba. 
50. Marcar con una “X” en la casilla correspondiente de acuerdo al  si,  no  los 

factores de riesgo y en caso de viajar en los últimos quince días registrar 
donde.   

51. Marcar con una “X” en la casilla correspondiente si el caso es sin signos de 
alarma, con signos de alarma o dengue grave,  

52. Marcar con una “X” en la casilla correspondiente si el caso es probable 
confirmado o descartado. 

53. Registrar en los espacios correspondientes según formatos, las fechas de 
recepción, procesamiento y resultados de la muestra. 

54. Registrar en el espacio correspondiente según formatos la fecha . de de-
claración del caso (d/m/a). 

55. Registre en el espacio correspondiente nombre y apellido del medico en-
cuestador.  

56. Registrar en el espacio correspondiente  el nombre y apellido de la enfer-
mera que declara el caso. 

57. Registrar en el espacio correspondiente el nombre y apellido del Epidemió-
logo/a Regional. 

58. Registrar en el espacio correspondiente la firma del Epidemiólogo/a Regio-
nal.  
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SIENO  
SISTEMA DE INFORMACION DE 

ENFERMEDADES DE NOTIFICACION 
OBLIGATORIA 

Ficha de Investigación DENGUE 

Instructivo de llenado de la ficha de investigación DENGUE 

 
 DENGUE  

 
DENGUE SIN SIGNOS DE ALARMA 

Caso probable : paciente con enfermedad febril aguda con du-
ración máxima de 7 días,de origen no aparente y con dos o más 
de las siguientes manifestaciones:cefalea, dolor retroorbita-
rio, mialgias, artralgias, erupción cutánea, manifestaciones 
hemorrágicas y leucopenia, y que resida o haya estado en los 
últimos 15 días en zona  con circulación de virus de dengue  
  
Caso Confirmado:  Cumple con los criterios de Caso Probable , además 
de una de las pruebas  de laboratorio positiva para dengue  o criterio 
clínico epidemiológico por nexo epidemiológico con otros casos confirma-
dos por laboratorio. 
 
Caso Notificado:  Todo caso que cumpla con los criterios  de caso pro-

bable  y / o caso confirmado por criterio de laboratorio o clínico -
epidemiológico. 

 
DENGUE CON SIGNOS DE ALARMA 

 
Caso probable dengue con signos de ALARMA:paciente que cum-
ple con la anterior definición y además presenta cualquiera de 
los signos de alarma: dolor abdominal intenso  y continuo, 
vomitos persistentes, diarrea, sonnoliencia y/o irritabili-
dad,hpotension postural,hepatomegalia doloro-
sa,2cms,disminucion de la diuresis,caida de la temperatu-
ra,hemorragia en mucosas, leucopenia (<4000), trombocitopenia 
(<100.000xmm3). 
 
Caso Confirmado:  Cumple con los criterios de Caso Probable , además 
de una de las pruebas  de laboratorio positiva para dengue  o criterio 
clínico epidemiológico por nexo epidemiológico con otros casos confirma-
dos por laboratorio. 
 
Caso Notificado:  Todo caso que cumpla con los criterios  de caso pro-
bable  y / o caso confirmado por criterio de laboratorio o clínico -
epidemiológico. 

 
DENGUE GRAVE 

 
Caso probable :paciente que cumple con las anteriores defini-
ciones y además presenta uno o mas de los siguientes hallaz-
gos (choque hipovolemico por fuga de plasma,distress respira-
torio por acumulación de liquidos,sangrado grave, afectación 
de órganos) 

 
 
 
Caso Confirmado:  Cumple con los criterios de Caso Probable , además 
de una de las pruebas  de laboratorio positiva para dengue  o criterio 
clínico epidemiológico por nexo epidemiológico con otros casos confirma-
dos por laboratorio. 
 
Caso Notificado:  Todo caso que cumpla con los criterios  de caso pro-
bable  y / o caso confirmado por criterio de laboratorio o clínico -
epidemiológico. 

  
TOMA Y ENVIO DE MUESTRAS PARA DIAGNOSTICO DE DENGUE  

          
Extraer por lo menos 5 ml de sangre .NO USAR ANTICUAGULANTE . 
Separar el suero. En caso de no poder centrifugar , dejarlo reposar 2 
horas. 
Transferir a un tubo estéril( preferiblemente plástico) 
Asegurar el cierre hermético  
Rotular con tela adhesiva  
Rótulo: Nombre y apellido, fecha de toma de la muestra , tipo de muestra 
( suero). 
Refrigerar de inmediato  en heladera (4ºC). NO CONGELAR  
 
PARA EL SERODIAGNÓSTICO LA MUESTRA DEBE SER TOMADA A 
PARTIR  DEL 5TO DIA  DEL INICIO DE LOS SINTOMAS . ( DEMOS-
TRACION DE  ANTICUERPOS  CLASE IgM,  IgG , SIENDO LA IGM  
DETECTABLE HASTA  POR UN PERIODO DE 3 MESES ) .  
 
ESTAS MUESTRAS    SERÁN  PROCESADAS EN EL LABORATORIO 
DE SALUD PÙBLICA DE CADA ESTADO . PARA LA IDENTIFICACIÓN 
DEL VIRUS, AISLAMIENTO VIRAL LA MUESTRA DEBE SER TOMA-
DA ENTRE   48 –72 HORAS (< 3 DÍAS ) DEL INICIO DE LOS  SINTO-
MAS  Y ENVIARLAS EN REFRIGERACIÓN  A LA MAYOR BREVEDAD 
AL DEPARTAMENTO DE VIROLOGIA DE LINSTITUTO NACIONAL DE 
HIGIENE “RAFAEL RANGEL” 
 
 
Si no se  garantiza  el envío inmediato , las muestras deben congelarse a 
–70ºC transportase en hielo seco . Es oportuno señalar  que se pueden 
congelar muestras  de suero . EVITE LA CONGELACIÓN DE SANGRE  
COMPLETA. 
 
Muestra de autopsia: Hígado, Bazo, Pulmón, Corazón, Riñón, deben 
preservase en solución  salina  refrigerada a 4ºC. 
 
Nota: se recomienda no almacenar las muestras por más de 4 días. 
Acompañar la muestra con la ficha y todo los datos completos del pacien-
te. 

• NO ADMINISTRAR ACIDO ACETIL SALICILICO (ASPIRINA), 
ANTIINFLAMATORIO NO ESTEROIDEOS (IBUPROFENO, 
DICLOFENAC, KETOPROFENO (PROFENIC) NIMESULIDE  O 
DIPIRONA 

• SOLO DEBE ADMINISTRARSE AL PACIENTE CON DENGUE  
“ACETAMINOFEN ” 

• SI LA MUESTRA ES PARA PRUEBAS DE INMUNOHISTOQUI-
MICA DEBEN VENIR EN SOLUCION DE FORMOL AL 10% A 
TEMPERATURA AMBIENTE  
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