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RESUMO

Ortiz-Baez, AS. Diversidade intra-hospedeiro do virus da dengue tipo 4 circulando em
Guaruja, Sao Paulo. [Dissertagio (Mestrado em Microbiologia)]. Sdo Paulo: Instituto de
Ciéncias Biomédicas, Universidade de Sao Paulo, 2016.

A caracterizacdo da variabilidade genética intra-hospedeiro do virus da dengue (DENV) ¢
fundamental para a compreensdo de sua evolucdo e dinamica populacional no contexto atual
como um importante patéogeno viral humano. A diversidade viral acumulada em hospedeiros
infectados influencia diretamente em outros aspectos como patogénese, transmissdo e
imunidade do hospedeiro. Contudo, apesar de existirem varios estudos sobre a diversidade
genética intra-hospedeiro em dengue, nenhum tem sido relatado para DENV-4 até o presente
momento. O ressurgimento e disseminagdo desse sorotipo foi associado com a sua co-
circulagdo e o substitui¢do dos sorotipos 1, 2 e 3 durante os recentes surtos no municipio do
Guaruja-SP. Com base neste quadro epidemiologico, este estudo visou identificar a variagdo
genética intra-hospedeiro do DENV-4 em amostras coletadas durante o surto de 2013,
utilizando tecnologias de sequenciamento de nova geragdo. Portanto, nds caracterizamos a
variabilidade genética de DENV-4 em diferentes niveis e as forcas evolutivas que afetam
essa diversidade. Em adicdo, foram explorados os principais eventos na transmissdo das
variantes de DENV-4 identificadas. Nossos resultados revelaram uma baixa diversidade
genética intra-hospedeiro para DENV-4. No entanto, mutagdo e pressoes seletivas foram
mecanismos importantes na variabilidade genética do virus. A nivel populacional, as variantes
estdo sujeitas 4 selecdo natural negativa, ndo obstante identificamos selecao positiva atuando
sob sitios especificos. Nenhuma evidéncia de recombinacdo foi detectada. Além disso, contra-
intuitivamente, variantes de baixa frequéncia estdo sendo transmitidas e contribuindo para
diversidade genética do DENV-4 circulando em Guaruja. Nossos resultados fornecem novas
evidéncias potencialmente uteis para futuros trabalhos focados em infec¢des mistas, escape
imunoldgico, assim como o espalhamento e diversificacdo viral. Este estudo também e o
primeiro trabalho a investigar a diversidade intra-hospedeiro do DENV-4.

Palavras-chave: Diversidade genética. Evolugdo molecular. Intra-hospedeiro. Virus da
Dengue tipo 4.



ABSTRACT

Ortiz-Baez, AS. Intra-host genetic diversity of dengue virus type 4 strains from the
municipality of Guaruja, Sdo Paulo. [Masters thesis (Microbiology)]. Sao Paulo: Instituto de
Ciéncias Biomédicas, Universidade de Sao Paulo, 2016.

Characterizing intra-host genetic variability in dengue virus (DENV) virus is paramount for
understanding its evolution and population dynamics in the context of its current status as a
major human viral pathogen. The extent to which viral diversity accrues in infected host
influences aspects such as pathogenesis, transmission, and host immunity. Although there are
several studies about intra-host genetic diversity in dengue, so far nothing has been revealed
about DENV-4. In the Guaruja municipality in the State of Sdo Paulo, the reemergence and
spread of this serotype was associated with its co-circulation and the displacement of
serotypes 1, 2 and 3 during recent outbreaks. Based on this epidemiological framework, we
seek to identify the intra-host genetic variation of DENV-4 strains from samples collected
during the 2013 outbreak by using deep sequencing technologies. We characterized the
genetic variability of DENV-4 at different levels, and the forces shaping this diversity.
Likewise, we explored major transmission events among DENV-4 variants. Our results
revealed a low intra-host genetic diversity for DENV-4. However, we found selective and
mutational pressures contributing to genetic diversity, while recombination did not seem play
an important role. We further identified purifying selection at population level but sites
subject to potential diversifying selection. Additionally, we observed low frequency
haplotypes being transmitted among hosts and contributing to the viral diversity of DENV-4
circulating in Guaruja. Our findings provide preliminary insights for future studies in mixed
infections, drug resistance, virus variant spread and immune scape. This study is the first
effort to investigate the intra-host diversity of DENV-4.

Keywords: Genetic Diversity. Molecular Evolution. Intra-host. Dengue virus type 4.
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1 INTRODUCTION

1.1 DENGUE VIRUS

Dengue virus (DENV) is a RNA virus, which belongs to the genus Flavivirus (family
Flaviviridae) [1]. DENV structure consists of a 50 nm-diameter particle with an envelope of
host-cell-derived lipids, associated with virus-derived proteins (envelope and membrane)
(Figure 1). This structure encloses a ribonucleoprotein complex formed by the nucleocapsid
protein and a single stranded, positive strand RNA of =11 kb in length [2]. Furthermore, the
viral genome encodes a single open reading frame (ORF), flanked by untranslated regions
(UTRs) at each end (95-450 nucleotides). The 5> UTR contain a cap structure while the 3’
UTR lacks a poly (A) tail. Both 5’UTR and 3’UTR contain important elements critical for
viral RNA replication and translation processes. Besides the UTRs, the viral RNA acts as an
mRNA for the translation of ten viral proteins, starting with three structural proteins (C, prM,
and E), and followed by seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A,
NS4B and NS5) [3] (Figure 2).

Envelope Membrane
protein protein
Capsid
protein

Viral genome
+ssRNA

Figure 1 - Dengue virus structure. Schematic representation of dengue virus showing membrane and
capsid structures organized around the viral genome. Figure adapted from: Cruz-Oliveira et al., 2015 [4].

The envelope glycoprotein (E) is considered as the major surface protein of DENV. It carries
the main antigenic determinants that induces protective immunity, is essential for fusion
activity and mediates receptor binding. Therefore, this protein presumably plays an important

role in tropism, host range, and virulence [5]. A previous study also provided evidence of the
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role of the E protein in assembly/disassembly process in flavivirus [6]. Crystal structures of
the E protein in DENV have showed three structural and functional domains. Although
antigenic regions have been reported for all the protein domains, it is possible to distinguish
some domain-specific activities. Domain I (DI) is of particular importance for the
organization of the protein structure and the DI-DII interface. Likewise, the domain II (DII)
bears the fusion loop, providing an attachment point between the endosomal membrane and
the viral membrane, thus triggering conformational changes in response to the acidic pH of
the endosome. Finally, the domain III (DIII) participates in the recognition/ attachment to the

cell surface, and harbors the receptor binding site [5,7,8] (Figure 2).

Genomic polyprotein
Structural Non-structural
NS2B NS4A
5 UTR prlM | | 3 UTR
(] E NS1 I NS3 | NS5
NS2A NS4B
Cell atachment and phusion
Major immunological epitopes
| 11 | 11 | 11l Steam  Anchor

Mediates postfusion interface Bears the fusion loop and Host cell receptor recognition
Target of the antibody response Glycosylation sites Immunoglobulin C-like module

Target of the antibody response

Envelope protein domains

Figure 2 - Dengue virus genome. The viral genome is a positive-sense RNA that encodes ten genes
flanked by the 5’ and 3’ untranslated regions. Genes encoding for structural proteins correspond to
capside (C), pre-membrane (preM), and envelope (E). NS abbreviation represents genes encoding for
non-stuctural proteins. The figure shows a zoom in the envelope protein, which is organized in three
domains (DI-DIII), a stem and an anchor.

1.2 ECOLOGY AND TRANSMISSION IN BRIEF

Dengue viruses circulate in both human and wild animals (e.g. monkeys and bats). In sylvatic
enzootic cycles, transmission among non-human primates is mediated by arboreal canopy-dwelling
Aedes spp. [1,3]. It is hypothesized that viruses circulating among humans, emerged multiple times
independently over the course of evolution, from sylvatic strains circulating in Africa or Southeast
Asia forests. DENV Sylvatic strains continue to circulate in these regions, increasing the risk of newly
emerging strains involved in sustained transmission chains. In human populations, DENV is
responsible for the most common arthropod-borne viral disease, namelly dengue fever (DF) [9].
Mosquito vectors of genus Aedes mediate the transmission of this arbovirus in endemic/epidemic

cycles. The Aedes (Stegomya) aegypti subsp. aegypti is the main anthropophilic vector in urban cycles
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throughout the tropical and subtropical regions of the world [10,11]. The peridomestic Aedes
(Stegomya) albopictus is the main responsible by the transmission in subtropics and peri-urban
settings. The global distribution of both vectors defines the worldwide establishment of the four
DENV serotypes, reaching more than 100 countries, and putting in risk nearly half of the world’s

population (Figure 3) [3,12].

Aedes luteocephalus (West Africa) Aedes aegypti subsp. aegypti (tropics)
Aedes furcifer (West Africa) Aedes albopictus (tropics)
Aedes niveus spp. (Southeast Asia) Aedes polynesiensis (Polynesia)
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Figure 3 - Hypothetic origin and transmission of dengue virus in sylvatic, semi-urban and urban
cycles. Source: Vasilakis et al., 2011 [3].

1.3 CLASSIFICATION

Four genetically and antigenically related serotypes of DENV are known (DENV 1-4)
(Figure 4). Indeed, a recent study proposed the emergence of a fifth serotype circulating in a
sylvatic transmission cycle [13]. The viral infection by any of them can result in a broad
spectrum of clinical features, ranging from dengue without symptoms to overt severe
manifestations, such as dengue haemorrhagic fever or shock syndrome [14]. Moreover, within
each serotype it is possible to recognize a wide genetic diversity partitioned into
monophyletic clusters of sequences termed genotypes, which also differ in their spatial-
temporal distribution [15]. The absence of proof reading-repair activities contributes largely

to the extensive genetic diversity within DENV populations [15,16].
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Four major genotypes have been identified in DENV-4 [17,18]. Genotype I: Southeast Asia,

genotype II: Southeast Asia and the Americas, genotype III: recent Thai strains isolated
between 1997 and 2001 and, genotype IV: sylvatic DENV-4 strains isolated from sentinel
monkeys in Malaysia. The genotype circulating in the Americas shows an additional
spatiotemporal division, which segregates clade I (strains isolated in the Americas and Asian

strains collected prior to 2000), from clade II (Asian strains collected after 2000) [1]. The
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Figure 4 - Dengue virus phylogeny. The tree shows the classification of dengue viruses into serotypes

Origin of DENV-4 in the Americas is currently unclear. Previous studies have suggested the
introduction of this serotype (genotype II) from the Southeast Asia (French Polynesia)
South America [21].

through the Caribbean [19,20], while other recent approach suggests the introduction through

1.4 DENGUE IN THE WORLD AND BRAZIL

Currently, dengue is present in more than 125 countries in tropical and subtropical regions of
the globe (Figure 5). More than 50% (3.6 billion people) of the global population is at risk,

and an estimated 50 to over 200 million. DENV infections occur annually [22,23]. In Latin
America, despite the implementation of an integrated management strategy for the prevention

and control of dengue by the Pan American Health Organization (PAHO) [24], there have
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been a progressive regional increase in the number of outbreaks and reported cases [9,25].
Co-circulation of multiple viral serotypes (hyperendemicity) and genotypes is considered the
most common factor associated with the emergence of severe dengue, because of the
heterologous DENV infections increase the probability of antibody-dependent enhancement
(ADE), through enhancing the infection and replication of dengue virus in mononuclear cells

[26-28].

,"
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Figure 5 - Global distribution of dengue. World map representing the geographic distribution of
dengue and the annual number of infections. Adapted from Bhatt et al., 2013.

Dengue has been a serious health problem in Brazil for more than 30 years [29]. The complex
interplay of several factors such as hyperendemicity, deficiencies in the vector management,
lack of public awareness, environmental factors, and the breakdown in the healthcare policies
and procedures, imposes a tough challenge in the control, and prevention of the disease in the
country. Furthermore, the costs deriving from disease-associated treatment have a major
impact on financial resources and the welfare of both governments and communities [30,31].
According to the PAHO, since 2006 to 2015, Brazil has contributed with around US $ 450
million in the regional dengue program', while the national dengue cost estimated is US$ 310
million per year on average, excluding vector control, loss in productivity and prevention

campaigns [32].

In 2013, over 1.450.000 clinical cases were reported in Brazil, 3.749 with severe

manifestations, and 201 deaths [33], hence reaching the highest record of cases ever in the
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country (data up to August 20 17, 2016) [34,35] (Figure 6). Likewise, in 2013, 39.52% of
notified cases were registered in the Southeast region of the country [36], being Sao Paulo
among the states reporting the highest number of dengue cases. Guaruja, a coastal city located
around 63 km away from Sdo Paulo (Figure 7), and with a population of 290.752 inhabitants
(IBGE index), was one of the worst affected areas in the southeast region during the 2013
epidemic. A recent study conducted in this municipality, revealed the co-circulation of the
four serotypes in the early days of the dengue epidemic [33]. Nevertheless, a shift in serotype
during the season showed that DENV-4 becomes the dominant serotype in Guaruja during the
2013 epidemic [33,37]. The spreading of DENV-4 and the population susceptibility triggered

a major dengue emergency situation.
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Figure 6 - Number of cases of CHIKV, DENV and ZIKV reported by epidemiological week.
Adapted from Secretaria de vigilancia em Satde [34,38].
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Figure 7 - Maps showing the geographic location of the municipality of Guaruja in Sdo Paulo.
Adapted from Villabona-Arenas et al., 2016 [37].

The early spread of DENV-4 started in 1953 in Philippines and Thailand. Then the virus
spread to the French Polynesia and Southeast Asian countries, and was reported in the
Americas until 1981 in several Caribbean countries and Brazil. Since then, the virus
continued to expand its distribution, reaching several countries in South America and Asia
(Figure 8) [39]. In Brazil, the reemergence of DENV-4 was documented in Boa Vista,
Roraima State, 28 years after it was last detected in 1981 [40,41]. Afterwards, the virus was
broadly associated with outbreaks in the Amazon, Bahia, Ceara, Goias, Mato Grosso do Sul,
Pernambuco, Pard, Piaui, Rio de Janeiro, Rio Grande do Sul, and Sao Paulo state. The spread
of DENV-4 within Guarujé (Sao Paulo state) and the ensuing serotype turnover became into a
dramatic epidemiological situation within a short time [33], providing an important
opportunity to explore the intra-host diversity of DENV-4 into an urban population previously

exposed to the remaining three serotypes.
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Figure 8 - Worldwide spread of DENV-4 from 1943 to 2013. Source: Messina et al., 2014 [39].

1.5 BASIC OF VIRAL INTRA-HOST DIVERSITY

Intra-host genetic variation in RNA viruses is ultimately determined by the error-prone nature
of the RNA polymerase and the lack of proofreading mechanisms during replication [42—44].
As a result, an infected organism can harbor a collection of closely related variants or
haplotypes which are subject to selection pressures imposed by the host environment [43,45].
(Figure 9). It is well known that genetic variation is the fuel for natural selection [46,47].
The occurrence of natural selection is important to promote advantageous mutations and
purge deleterious changes in virus populations. Similarly, recombination, complementation
and stochastic processes contribute to shape the heterogeneity in viral populations within a
single host [48]. Therefore, in view of the underlying viral diversity, some variants in the pool

of mutants will be potentially able to quickly adapt and confront changing environments.

Thai et al. (2011) suggested that intra-host virus diversity could be potentially increased by
mixed infections, which would provide the raw material for intra-serotype recombination

[49]. Moreover, mixed infections can be caused by different combinations of serotypes or



26

genotypes [50-53]. Importantly, hyperendemic transmission in endemic countries have

increased the likelihood of mixed infections with different serotypes [54,55].

Heterogeneity in RNA virus populations can be accurately characterized using Next-
Generation Sequencing (NGS) [56-59]. In general, NGS provides an opportunity to study
viral diversity beyond the consensus sequence with cost-effective options, high throughput
and resolution [60]. Moreover, the development of these technologies has showed a great
potential for the study of re-emerging RNA viruses with sustained transmission cycles in
humans, like dengue (DENV) [56,61-63]. For example, using the resolution enabled by next
generation sequencing (NGS) technologies, a recent study explored the genetic diversity of
DENV populations during human and mosquito infections [64]. Likewise, Lequime et al.,
[62] showed the evolutionary forces acting on DENV populations in the mosquito vector. The
revolution of NGS in many fields of virology suggests the potential of these tools to

investigate and unravel a wide range of questions in clinical virology.

Host

Mutation
Recombination
Selection

ion spectrum

Figure 9 - Schematic representation of intra-host virus diversity and the most important factors
shaping diversity in RNA viruses.

Understanding the intra-host genetic diversity of viruses is of critical importance to assess key
aspects of disease pathogenesis, transmission, surveillance, and viral evolution in infected

hosts. Despite, viral genetic diversity defines many evolutionary and epidemiological aspects
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in DENV [65], there are not studies on the extent of the intra-host diversity of DENV-4.
Related studies based on the remaining serotypes have focused on assessing the relationship
between intra-host genetic variability and different issues such as disease severity
[49,56,66,67], viral emergence [68], host’s factors [69], clade identity [66], inter-host
transmission [56,66,69], and selective pressures acting on viral populations [70-72].
Nevertheless, an important gap remains in our understanding of several aspects of DENV-4

evolution.

This work is part of an effort to assess the composition of DENV-4 populations at the intra-
host level and improve our understanding about how this virus evolves and contributes to the
extent of genetic diversity of DENV in Guaruja, which is ultimately a good indication of the

viruses circulating near the largest metropolis of Brazil.
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2 OBJECTIVES

The overall research goal of this study is to characterize the intra-host genetic diversity of
dengue virus type 4 strains isolated during the 2013 outbreak in the municipality of Guaruja,

Sao Paulo. The specific objectives are:

1) To identify the intra-host dengue virus variants using deep sequencing technologies to infer

the evolutionary history of dengue lineages;

2) To evidence adaptive or purifying evolution over the virus sequences;

3) To assess the occurrence of mixed infections and its contribution to intra-host viral

diversity and DENV recombination.
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3 METHODS

3.1 PHYLOGEOGRAPHIC ANALYSIS

A total of 118 envelope sequences belonging to DENV-4 were obtained from the GenBank
database. To construct the dataset, we included representative sequences from different
localities of Brazil and other Latin American countries. We also included some sequences
isolated in Asia in order to better document the introduction of DENV-4 in the Americas and
its spreads to Brazil. All sequences were aligned using MUSCLE v3.8.31 [73]. Likewise, we
further dereplicated the dataset using the function UCLUST implemented in USEARCH v7

[74]. Sequences were analyzed for recombination using RDP [75].

We assessed the phylogenetic content present in our dataset with TREE-PUZZLE v5.2 [76]
using the likelihood-mapping algorithm [77]. Moreover, we explored the temporal structure,

data integrity, and best-fit’ root position for our data set with TempEst [78].

Spatial and temporal information were used in a Bayesian phylogenetic framework as
implemented in BEAST v1.8.3 [79]. Analyses were performed under the GTR+I+I4
nucleotide substitution model. This model was selected with the Akaike information criterion
in jModelTest v2 [80]. The demographic history was inferred using the Bayesian skyride

coalescent model [81] under a relaxed (uncorrelated log-normal) molecular clock model.

Furthermore, a non-reversible discrete phylogeography model was evaluated by implementing
Bayesian stochastic search variable selection (BSSVS), with each locality used as a discrete
state. Genealogy and parameters were estimated running MCMC chains for 200 millions
states, and sampling every 200.000 states with 10% burn-in. Convergence and the Skyline-
plot were examined using Tracer v1.6.0 [82]. Likewise, the maximum clade credibility tree

was visualized and edited by using FigTree v1.4.2 [83].

3.2 VIRAL SAMPLES

In this study we used samples collected in 2013 during a previous work carried out in the

municipality of Guaruja, Sdo Paulo [33] (Figure 7). The samples corresponded to acute-phase
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sera of clinically suspected dengue individuals. Infections were diagnosed using a qualitative

serological test for dengue (Table 1). After collected, all the samples were stored at -80 °C.

Table 1 - Characteristics of samples included in this study.

Sample Code Cogzgon NS1 IgM IgG Stage Sex Age Locality
GUO11 11-934298 2013/01/02 RE NR NR P M 37 Enseada
GU128 11-945877  2013/02/11 RE NR NR P F 40 NA
GU145  11-945688 2013/02/14 RE NR NR P F 17 Enseada
GU208  11-946520 2013/02/22 RE WR NR P F 57 Enseada
GU266  11-941507 2013/02/25 RE NR NR P M 50 Morrinhos
GU269 2-484595  2013/02/25  NR RE RE S M 53 Sta. Rosa
GU376  11-949038 2013/03/04 RE NR NR P M 11 NA
GU465 25-20876  2013/03/09 RE NR NR P M 14 C. Atlantica
GUS30  11-942286 2013/03/13 RE NR WR S M 27 NA
GUS544  11-953786  2013/03/13 RE NR NR P M 15 Enseada
GUS68  11-953810 2013/03/14 RE NR NR P B 37 Mar e Céu
GU630  11-952974 2013/03/16 RE NR NR P M 33 B. Esperancga
GU689  11-957589  2013/03/19 RE NR WR S F NA NA
GU727 11-957315  2013/03/19 RE NR NR P M 41 Perequé
GU792  11-958907 2013/03/21 RE NR WR P M 76 Pae-Cara

GU1128  11-977235  2013/04/22 RE NR NR P F 26 J. Progresso

P: Primary infection; S: Secondary infection

3.3 SAMPLE PREPARATION

Viral RNA was extracted with the QIAmp viral RNA mini kit (Qiagen,Venlo, Limburg,
Netherlands) following manufacturer's instructions. The RNA extracted was purified using
RNA Clean and Concentration kit (Zymo Research). Additionally, the genetic material was
quantified with Qubit fluorometer and checked for quality with NanoDrop spectrophotometer.
The number of amplifiable molecules present in the serum was quantified by qPCR to

estimate viremia.

To confirm the presence of dengue virus in the samples, we performed a PCR using the
SuperScript One-Step RT-PCR with Platinum taq (Invitrogen) and generic primers (Table 2)
for the four dengue serotypes. The 511-bp products were purified using ExoSAP-IT
(Affymetrix), and visualized in 1% agarose gel. In addition, some bands were extracted and

sequenced by Sanger with ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems).
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3.4 LIBRARY PREPARATION

Purified RNA was aliquoted for the construction of sequencing libraries using the Nextera XT
DNA library preparation kit (Illumina). For the library construction, 10 pl of the purified
RNA were reverse transcribed in two reactions using SuperScript® III Reverse Transcriptase
(Invitrogen), a mix of random hexamers and primers specific for dengue, and RNAse
inhibitor to avoid RNA degradation (RNAse OUT, Invitrogen). For double stranded DNA
Synthesis, the RNA was cleavaged from the RNA:DNA hybrid with Rnase H (Invitrogen)
according to the manufacturer's instructions. Next, the single stranded DNA was used as a
template for double stranded DNA Synthesis using DNA Polymerase I, Large (Klenow)
Fragment (Invitrogen) and T4 DNA ligase (Promega). The mix was incubated sequentially at
16 °C during 2 h and at 70 °C for 10 min.

For amplicon sequencing, the complementary DNA (cDNA) was used as template to generate
the PCR products. The PCR was carried out using primers targeting the complete viral
envelope gene (Table 2) along with the Phusion high-fidelity DNA polymerase (New
England BioLabs). Finally, the amplicons and dsDNA samples were purified with DNA
Clean and Concentrator kit (Zymo Reseach). The final concentration of the DNA was
estimated with Qubit dsDNA HS Assay Kit Qubit fluorometer (Life Technologies), and the

quality was checked with NanoDrop spectrophotometer.

Table 2 - List of primers used in different stages of this study.

Primer Sequence Reaction Author

EHD1° 5 '-TCAATATGCTGAAACGCGCGAG Diagnostic Lanciotti et al.
AAACCG-3' (DENV) 1992

EHD2® 5’-TTGCACCAACAGTCAATGTCTTC Diagnostic Lanciotti et al.
AGGTTC-3' (DENV) 1992

a 5'- CACGTATAAATGCCCCCTACTGGTC-3' Envelope  Bennet et al.
D4-U486 (DENV-4) 2013
DA-12679" 5'- CCTTCACATCCCCAGCCACTACAGT-3' Envelope  Bennetetal.

(DENV-4) 2013

* Forward primer; " Reverse primer

Double stranded DNA from PCR amplicons and cDNA samples was used as the starting
material to generate the Illumina library using NEXTERA XT kit, following manufacturer’s
guidelines. All the samples were diluted to 0.2 ng/uL and Sul/sample (1 ng total) were used
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as input for the library preparation. Briefly, the DNA was fragmented and tagged using
enzymatic treatment to add the adaptors. Subsequently, indexes and primers were added
through an amplification step by PCR. Next, the library DNA was size selected and purified
using AMPure XP beads (Beckman Coulter).

The resulting libraries, were diluted 1:1000 and quantified in triplicate data points by qPCR
using KAPA SYBR FAST gPCR Kit (KAPA Biosystems) and DNA standards (six 10-fold
dilutions). The average size distribution and quality of the libraries were checked using an
Agilent High Sensitivity DNA kit (Agilent Technologies). The concentration of each library

was calculated by performing a size adjustment using the following formula (Equation 1):

Equation 1.

452
average fragment length

Library concentration = average concentration x ( )x 1000

The averages for the replicate data points were calculated considering at least two of the three
replicates. Once we estimated the concentration for each library, all the samples were
normalized based on the lowest concentration, in order to have the same representation into
the pool. Next, the qPCR was repeated. Finally, equal volumes of normalized libraries were
put together to prepare the pool and the resulting library was diluted in hybridization buffer
prior to sequencing with MiSeq Regent Kit v2 500-cycles (Illumina, USA).

3.5 NEXT-GENERATION SEQUENCING DATA ANALYSIS

3.5.1 NGS data preprocessing

To avoid mismatches in the assembly, quality assessment was performed using FastQC [85].
From raw sequencing data, adapter sequences were removed. Then, reads were trimmed and
those with low quality were discarded. Quality control checks were done after each

preprocessing step (Figure 10). Reads filtered were used in downstream analyses.
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3.5.2 NGS data processing

Filtered reads were de novo assembled into contigs from SPAdes v3.5.0 genome assembler
[86] and with different k-mer values as input. From the contigs built, we selected the biggest
contig as query sequence against BLAST database [87]. After confirming the taxonomic
identity of our query sequence, we used it as reference to align the preprocessed reads using
Bowtie v2.0.0-beta2 [88]. BAM files were filtered, sorted and duplicates were eliminated.
Additionally, we mapped the reads against reference sequences from GenBank belonging to
the four dengue serotypes. Amplicon-based NGS data was mapped to reference sequences

generated using Sanger sequencing.

De novo Contigs Mapping Haplotype
assembly reconstruction

@
X }

BLASTN

Trim reads

Rawireacs Cut adapter by quality

Mapping

+

Reference
sequences
(DENV 1-4)

Figure 10 - Next generation sequencing workflow for assembly and haplotype reconstruction of
dengue sequences. F: filter, S: sort, D: dereplicate.

3.6 SNVs DETECTION

We investigated the DENV-4 intra-host diversity present in 16 dengue patients. We were able
of detecting genetic variation in the envelope (E) gene in 13 out of 16 samples, and changes

through the whole-genome in the remaining three samples.

To adjust base-call error rates and improve the accuracy of variant calls, we recalibrated

individual base quality scores using GATK (BQSR algorithm) [89], with default options.
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After quality calibration step, we called single nucleotide variants (SNVs) with LoFreq v2.1.2
[90]. In order to reduce bias and filter variants, we defined some parameters in LoFreq, such
as quality threshold (-Q 25), and minimum coverage (--min-cov 100). SNVs present in all the

samples were mapped using the respective Sanger sequence as reference.

3.7 HAPLOTYPE RECONSTRUCTION

Haplotypes with frequencies were inferred with QuasiRecomb software [91]. Briefly,
QuasiRecomb implements a probabilistic model based on an HMM which assume that the
underlying diversity is generated by a few predicted generators through mutation and
recombination. To estimate haplotype distribution, we took quality scores into account based
on PHRED scores per base, and only haplotypes at a frequency > 1% were selected in order
to reduce false-positive variants induced by experimental errors. Recombination, was tested

with SplitsTree4 [92] and RDP [93].

3.8 TRANSMISSION NETWORK

In order to identify identical haplotypes at different points in time and estimate potential links
among our samples in a transmission chain, we reconstructed a transmission network with

haplotype sequences. The analysis was conducted in the R package Outbreaker [94].

3.9 GENETIC STRUCTURE

In order to explore the genetic-like pattern present in our samples, we performed a principal
analysis component (PCA) by using the package outbreaker [94] for the R software [95]. In
addition, we employed Neighbour-Joining tree and clustering approaches to identify major

genetic groups in DENV-4 population.

3.10 CODON USAGE DEVIATION

To investigate if a codon is being used more or less frequently than expected in DENV-4
populations, we calculate the Relative Synonymous Codon Usage (RSCU) (Equation 2). This
index takes advantage of the number of times a codon would be observed in absence of any

codon usage bias to calculate the deviation in the codon usage. In order to reduce data
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dimensionality and identify major trends, we employed a correspondence analysis (COA) of
RSCU values. We further assessed the base composition by estimating the average content of
GC at the first and second position (GCjy), versus the content at the third codon position
(GCs) in a neutrality plot. All the analyses were conducted using the software package

CodonW v1.4.2 [96].

Equation 2.

Frequency of codonx
RSCUx =

Expected frequency of codon x if codon usage was uniform

3.11 SELECTION PRESSURES

Datasets were constructed using selected envelope and genome haplotypes (cutoff: frequency
>1%). In order to identify inter-clade variation in substitution rates were included other
sequences from Brazil and Latin America available from the GenBank database. Sequences
were aligned with Muscle [73] using default parameters. To test evidence of recombination
and the presence of chimeric sequences within each dataset, we used USEARCH v8.1.1861
[74,97], and RDP software [75]. We evaluated selection pressures acting on a site-by site
basis by using four codon approaches: SLAC (counting substitutions), FEL (fixed effects),
REL (random effects) and FUBAR (hierarchical Bayesian method). We included the MEME
method to detect selection at individual sites following the developer recommendation. In
addition, lineage-specific changes were tested using the aBSREL approach. All the analyses
were performed with HyPhy software [98]and the Datamonkey web server (available at
http://www.datamonkey.org/). Global omega () or /o, was also estimated. Phylogenetic
trees were reconstructed using maximum likelihood criterion implemented in PhyML v3.0

[99]. For all datasets, the best nucleotide model was determined by jModelTest v2 [80].

3.12 DIVERSITY METRICS

Sequences were compared by using distance methods implemented in Mega v6.0 [100]. For

this purpose, we estimated the proportion of nucleotide and amino acid differences.

Furthermore, mean pair-wise distances were computed by sample and by month of isolation.
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Global dN/dS ratios and Tajima’s D statistic [101] were calculated with DnaSP v5.10.1 [102].
To evaluate the distribution of polymorphic sites along the alignments, we used 1000

replicates in a Monte Carlo test as implemented in the R package adegenet 2.0.0 [103].
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4 RESULTS

4.1 BAYESIAN PHYLOGEOGRAPHY

Before attempting to document viral diversity within host, we reconstructed the
spatiotemporal transmission pathway of DENV-4 (Genotype 1I) (Figure S1), in order to gain
insight into the origin of strains circulating in Guarujd, Sao Paulo during the 2013 epidemic,
and investigate the phylogenetic relationships with strains isolated from different Brazilian

localities and the Americas.

The likelihood-mapping analysis suggested a high-moderated content of phylogenetic signal
present in our dataset. Approximately, 71% of the sequences were placed into the distal areas
and evolve on a completely resolved tree. No evidence of recombination was detected.
Bayesian analysis was performed to reconstruct the evolutionary rate and spatial dynamics.
Most parameters estimates showed ESS values >200. The overall evolutionary rate was
9.1827E-4 x 10" substitutions/site/year (95% HPD: 7.8057E-4 — 1.0847E-3), and the date of
the most common ancestor (MRCA) was estimated to be 1972 (95% HPD: 1969-1975).

Our results revealed that the virus circulating in Guaruja corresponded to the lineage
(genotype II) most widely distributed throughout Brazil. Phylogeographic analysis
corroborated the introduction of the virus in the Americas through Puerto Rico and rapidly
spread to others countries in the region. We recognized two main routes for genotype II,
represented by well-supported monophyletic groups. The most recent event was an
introduction from the Caribbean (Martinique) into the Para state, whereas the second event
involved a transmission route throughout Venezuela, Colombia and Brazil. Finally, in Brazil
the virus was first detected in Roraima state by 2005 and it was responsible for the spread into

the country before emerging in Guaruja between 2010-2011 (Figure 11).

Additionally, we found sequences from Guaruja seem to diverge into two major clades, one
consisting only of strains from Guaruja and the other comprising a strain from Guaruja along
with strains from Sao José do Rio Preto and Mato Grosso state, thereby revealing a plausible

route of introduction into this municipality.
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Bayesian skyplot (BSP) for DENV-4 described a gradual increase in genetic diversity through
time with a peak in the 90s, coinciding with the expansion of the genotype in the Americas
(Figure 12). Nevertheless, we observed an abrupt downfall just prior to the extended
transmission of the virus in the Brazil, followed by a moderate increase in DENV-4, probably

as a result of the spread of the virus in the country.
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Figure 11- Bayesian phylogeography analysis of DENV-4 (genotype II). Locations are represented by color according to the legend on the left. The times of
introduction are indicated in gray boxes. Asterisks represent well-supported nodes with posterior probabilities > 0.70. The timescale is depicted at the bottom
on the x-axis. Lineages grouping sequences from Guarujé are represented by the L1 and L2 bars.
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Figure 12. Bayesian skyride plot showing the effective population size trajectory of DENV-4
(genotype II) over time. The solid line represents the posterior median estimate and the shaded area
shows the 95% HDP intervals.

4.2 LIBRARY CHARACTERIZATION

Because the envelope coding region is responsible for cell receptor binding and is the main
target of neutralizing antibodies, amplicon based analysis of E gene sequences is a good
strategy to detect relevant biological variants and study the genetic diversity of dengue virus
populations [104,105]. In this study, we sequenced 16 samples (Table 3) corresponding to
amplicon and cDNA libraries. In particular, gene amplicons showed an efficient
representation into the library preparation and a better sequencing performance than cDNA

samples (Table 4, Figure 13, Figure 14).

Despite the limited number of effective samples corresponding to ds-cDNA libraries (Table
S1), we were able to obtain some genomes by sequencing ds-cDNA directly (Table 4). We
observed the method is potentially efficient, however, we faced with some difficulties such as
limited quantity, viral RNA degradation, and ribosomal RNA (rRNA) contamination, which

biased the resolution of our results.
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Table 3 - Processed samples available for library preparation and sequencing.

sample Numberof Qubit Nanodrop Copies/ uL Source One-
extractions (ng/pL)  (ng/uL) (dengue) Step
GUO11 3 753,5 49,2 NA Cultivated Positive
GU128 12 1079,1 70,4 2.91 E+07 Serum Positive
GU145 10 254,1 27,4 3.41 E+06 Serum Positive
GU208 11 914 62,7 NA Serum Positive
GU266 6 305 21,5 NA Serum Positive
GU269 13 934 61 NA Serum Positive
GU376 12 677 45,8 NA Serum Positive
GU465 12 732 48,2 NA Serum Positive
GU530 8 353,2 26,6 NA Serum Positive
GU544 12 1016 60,8 NA Serum Positive
GU568 10 442,4 43 7.38 E+05 Serum Positive
GU630 12 1130 80,2 NA Serum Positive
GU689 10 311,9 29,2 NA Serum Positive
GU727 12 631,9 45,1 NA Serum Positive
GU792 14 693.2 53,6 1.33 E+05 Serum Positive
GU1128 12 86,3 34.7 NA Serum Positive

Even though we recovered a relatively low coverage for most ds-cDNA samples (Table 4),
we got a high quality control during library preparation. All the sample concentrations were
estimated between 20 and 0.2 pM (standards 1 and 3, respectively), further the libraries were
free of primer or adaptor dimer contamination (Figure S2). To get an accurate quantification
of the individual samples and the pool, we normalized the concentration using the average
size distribution of the fragments (Figure S3). Despite we recovered some small DNA
fragments, the peak ranged into the expected size. Likewise, this result was consistent across

most samples included in the library preparation.
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Table 4 - Summary of read composition obtained after Illumina sequencing.

. N° of Avg. % Mapped Non- Avg.
Library Sample reads deep Trimmed reads mapped PHRED
(%) reads (%) score
ds-cDNA GU11 653253 455.54 98.23 5.04 94.96 >=30
ds-cDNA GU128 787164 236.52 97.64 2.29 97.71 >=30
ds-cDNA GU145 620067 151.95 97.28 2 98 >=30
Amplicon  GU208 148218 2,518.10 99.89 98.9 1.1 >=30
Amplicon GU266 286406 4,715.61 99.75 98.99 1.01 >=30
Amplicon  GU269 163128 2,696.28 99.76 99.21 0.79 >=30
Amplicon GU376 292334 4643.46 99.7 96.51 3.49 >=30
Amplicon  GU465 201241 2804.90 99.40 98.79 1.21 >=30
Amplicon GU530 275941 4361.96 99.64 99.07 0.93 >=30
Amplicon GU544 355387 5039.89 99.31 98.74 1.26 >=30
Amplicon GU568 356110 5709.06 99.75 99.40 0.60 >=30
Amplicon  GU630 347022 5413.09 99.66 99.12 0.88 >=30
Amplicon GU689 39486  630.05 99.96 96.92 3.08 >=30
Amplicon GU727 433252 5920.16 99.25 98.75 1.25 >=30
Amplicon  GU792 338030 5460.18 99.7 99.14 0.86 >=30
Amplicon GU1128 258538 4168.82 99.71 99.24 0.76 >=30

Based on the sequencing data (Figure S4), we got three samples nearly fully assembled (i.e.
over 10.000 bp). In all the cases, the coding region was full-length reconstructed whereas
untranslated regions were partially reconstructed. Hence, these sequences would represent the
first genomes of the 2013 dengue outbreak (Figure 13, Figure 15). Moreover, we observed a
high level of host RNA contamination (e.g. mRNA and rRNA) present in our libraries.
Nonetheless, we got an average coverage >150 in the assembled genomes (Table 4). Despite
the low proportion of mapped reads compared with the total reads, we identified two
serotypes (Figure 15). Reads mapping against references sequences of DENV-1 and DENV-4
within the same patient suggested co-infection or superinfection events during the outbreak

(Table S2).
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4.3 DENV HAPLOTYPES

Because transmission is a stochastic process, identifying the composition of viral variants at
intra-host level i.e., the collection of DENV variants present within-host, could provide a
preliminary insight into the potential inter-host diversity. Our study comprised 60 envelope
gene sequences and 29 genomes taken from 16 patients. No significant evidence of genetic
recombination was detected (p >0.05) (Table 5). Haplotype inference showed that most of the
variants exist at low-frequencies (<1%) (Figure 16A), while only a few haplotypes occur at
high frequencies within infected individuals. Despite stochastic events such us genetic drift
and population bottlenecks impact on horizontal virus transmission, the most common
variants seem to be transmitted more frequently than those less representatives (Figure 16B).
However, we observed that haplotype frequencies can fluctuate among patients, and then
major variants (more frequent) could turn into minor variants (less frequent) into different

hosts.
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Figure 16 - Reconstructed haplotypes for DENV. (A) Haplotype distribution for all the samples. The
cut-off value (1%) adopted for haplotype selection was represented by the dotted line. Plot on a x-axis
log scale. (B) Frequency distribution of selected haplotypes. Color triangles represent the variants
shared by different samples.
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Table 5 - Total number of haplotypes selected per sample.

sample Haplotypes Phi P DENV Target
>1% serotype sequence
GUO11 11 0.3079 DENV-4 Genome
GU128 9 0.4253 DENV-1 Genome
GU145 9 0.93 DENV-4 Genome
GU208 6 1 DENV-4 Envelope
GU266 6 0.97 DENV-4 Envelope
GU269 3 0.43 DENV-4 Envelope
GU376 4 0.92 DENV-4 Envelope
GU465 3 0.65 DENV-4 Envelope
GU530 3 0.09 DENV-4 Envelope
GU544 3 0.33 DENV-4 Envelope
GU568 5 1 DENV-4 Envelope
GU630 4 0.99 DENV-4 Envelope
GU689 4 0.89 DENV-4 Envelope
GU727 5 0.167 DENV-4 Envelope
GU792 8 1 DENV-4 Envelope
GU1128 6 1 DENV-4 Envelope

Furthermore, as a first effort to characterize the genetic variability of DENV-4 haplotypes in
the envelope fragment, the entropy distribution (Shannon entropy, S) showed a similar profile
across the samples but a heterogeneous variability across the envelope gene, with some
positions exhibiting a high variability (lowly conserved) between positions 250-500 and 600-
800 (Figure S6A). Similarly, when genomes were analyzed, we observed DENV-1 (GU128)
have the lowest variability per position (0.01), whereas the DENV-4 genomes (GUI11 and
GU145) exhibited slightly high levels of variation (0.015 and 0.011, respectively) throughout
the viral region (Figure S6B).

4.4 VARIANT CALLING

The base recalibration performed on the pre-processing stage evidenced an improvement in
base quality scores. Therefore, more accurate bases were available for a better performance in
SNVs calling (Figure S5). Moreover, SNVs detected from deep sequencing revealed a
heterogeneous composition among samples, consequently limiting the identification common
SNVs during transmission. Nonetheless, we observed that the most frequent substitution were
transitions A>G and G>T followed by G>A and T>C. Transversions C>A were the most

frequent followed by C>T into the full set of variants (Figure 17).
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We further showed that the proportion of SNVs differs among domains, thus most nucleotide
variants were located in domains II and III. Although haplotypes derived from DENV-4
samples showed a similar mutation profile, the composition and frequency of SNVs in the
cell-culture derived sample was higher compared to that observed in the serum-derived
sample. Likewise, clear differences in SNVs composition were detected between DENV-4

and DENV-1 samples, suggesting that the latter was more conservative.
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Figure 17 - Contribution of NGS-detected SN'Vs present in DENV samples. (A) Distribution of SNVS
present in envelope-derived haplotypes. (B) Frequency of SNVS per domain. (C) Frequency of SNVS
in genome-derived haplotypes.

4.5 CODON BIAS

RSCU values revealed an unequal usage of codons in the E gene of DENV-4 populations
(Figure 18, Table S3). About 28% of the codons were over-represented (RSCU > 1.1),
likewise triplets such as AGA (Arg), GGA (Gly), UCA (Ser), and ACA (Thr) were the most
frequent nucleotide combinations in codon composition, thus exhibiting a preference by A-
ended codons. The triplets GCG (Ala) and CGA (Arg) were identified as the less abundant
codons (RSCU < 0.3), while CGG (Arg) was the only sense codon not present in the
sequences. In addition, we found that GCs; content was lower (45%) than the mean GC
content (47%) and GC,, (48%). Similarly, after comparing the content of GC;, with GCs we
did not identify a mutational bias influencing the codon usage in DENV-4. (= 0.141,
P>0.3164) (Figure S7).
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Figure 18 - Stacked bar chart showing codon usage in envelope for DENV-4 haplotypes. The relative
synonymous codon usage (RSCU) is represented in the Y-axis. Values above the threshold (red
dashed line) indicate a higher codon usage preference.

Trends in codon usage were observed in the correspondence analysis where the first principal

axis accounted for 47% of the total variation, and the second most important factor explained

about 19% of the remaining variation. The factor map based on RSCU values and amino acid

usage showed a preference in the use of Lys contrasting with a reduction in the use of Asp,

and Glu. We further observed a segregation of DENV-4 variants into several genetic groups

located in the factorial plane. However, we did not recover a temporal structure (Figure 19).
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Figure 19 - Correspondence analysis. Ordination of amino acid (A) and codon usage (B) on the two
principle correspondence analysis axes. Individual samples were grouped according to the Guaruja’s
administrative divisions and color-coded by annotation. Monthly distribution of DENV-4 isolates is
represented using shapes.

4.6 INTRA-HOST GENETIC VARIABILITY

To establish the extent of genetic variation in DENV-4 haplotypes, we evaluated different
diversity metrics (Table 6). Overall, we observed a low genetic diversity, with mean values of
pair-wise nucleotide and amino acid distance of 0.0033 and 0.0021, respectively. Likewise,
the percentage of polymorphic sites was 0.0189% for nucleotide and 0.0029% for amino acid
sequences. The ratios of synonymous to nonsynonymous nucleotide substitutions (dN/dS)
were less than unity for all the samples (w<1), with an average of 0.1992, suggesting strong
negative selection pressures acting on DENV-4 populations. Distance metrics and selection
pressure analysis performed across the whole coding region of DENV-4 variants showed
similar values between the samples. Interestingly, we evidenced moderate negative selection
acting on DENV-1 when comparing with DENV-4 population samples, independently of the

source of virus isolation (Table 7).



Table 6 - Analysis of variability of envelope gene sequences of DENV-4 populations.

No. of No. of No. of Global
Sample variable variable N nt Maa Stop
dN/dS
nt aa codons
Gu208 4(0.27%) 3(0.6%) 0.0011 0.002 - 0.480
Gu266 5(0.33%) 2(0.4%) 0.0011 - - 0.213
Gu269 2(0.13%) - 0.0009 - - 0
Gu376 2(0.13%) - 0.0009 - - 0
Gu465 6 (0.4%) - 0.0009 - - 0
Gu530 2(0.13%) - 0.0009 - - 0
Gu544  2(0.13%) - 0.0009 - - 0
Gu568 4(0.27%) 2(0.4%) 0.0011 0.0016 - 0.32
Gu630 3(0.2%) 1(0.2%) 0.001 0.0010 - 0.159
Gu689 2(0.13%) - 0.0009 - - 0
Gu727 4(0.27%) 1(0.2%) 0.0011 0.0008 1 0.32
Gu792 7(0.44%) 4(0.8%) 0.0012 0.002 - 0.426
Gull28 9(0.61%) 3(0.6%) 0.0011 0.002 - 0.48
Pairwise distances among amino acid /nucleotide sequences.
dn Nonsynonymous substitutions per site
ds Synonymous substitutions per site
Table 7 - Analysis of variability of genome sequences of DENV populations.
Nq. of Nq. of No. of GIobaIl
Sample variable variable Nnt N aa Stop
dN/dS
nt aa codons
Gu11® 4(0.04%) 1(0.03%) 0.0002 0.0002 - 0.090
Gu128™ 8 (0.07%) 5(0.15%) 0.0002 0.0003 - 0.050
Gul4s5® 4 (0.04%) 1(0.03%) 0.0002 0.0001 - 0.085

*Virus grown in C6/36 cells
®Virus isolated from serum
“DENV-1 variants
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For the envelope sequence, above 2.15% of all sites were polymorphic, whilst above 0.43% of

the sites varied in the whole genome. All polymorphic sites corresponded to biallelic sites

(Figure S8). Likewise, we observed a large number of fixed alleles and only a small number

of rare alleles or loci showing intermediate frequencies. This result was also consistent with

the Tajima’s D test (8 = 0.0046, D = -0.905373), which suggests natural selection removing

genetic variation or a recent population expansion of DENV-4.

In order to identify hotspots in the distribution of polymorphic sites, we plotted the density of

SNPs across the alignments. As we expected, the region corresponding to the envelope gene
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was highly variable in DENV-4 (Figure 20). Furthermore, when polymorphisms are
represented by codon position in the envelope gene, we observed a non-homogeneous
distribution of polymorphic sites (p < 0.05), which were aggregated into at least two hotspots.
Most SNPs were located within positions 200-500 and constrained on the second codon

position.
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Figure 20 - Distribution of polymorphisms in the envelope gene of DENV-4. Linear representation of
the DENV-4 envelope is showed at the bottom. Codon positions are represented by colors.

4.7 NATURAL SELECTION

No potential recombination events were found in our datasets using envelope or genome
sequences. As previously noted, the estimates of selection pressures on coding sequences
(global omega) indicated purifying (negative) selection pressure (@ <1) acting at the gene
level (Table 6, Table 7). In contrast, when we investigated codon adaptation, differences in
selection pressures were detected operating on individual codon positions. Hence, we found

five codons being positively selected across the envelope gene (Table 8). However, position
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235 associated with the envelope glycoprotein domain II, was the only residue consistently

recovered by the different datasets and methods evaluated (Figure 21).
Furthermore, to test if natural selection acts uniform throughout time, we tested the
distribution of dN/dS along both sites and branches. Nonetheless, not positively selected sites

were identified using branch-site approaches (Table 9).

Table 8 - Individual sites under selection across envelope alignments using site-level approaches.

Haplotypes Haplotypes + Additional 1
sequences
Method Positive selected Negatlv'e Positive Negative
sites selec'zoe/j sites selected sites selected sites (%)
FEL 235 8 (0.24) 64',235" 5 (1.01)
iFEL NA 2 (0.40) NA 5(1.01)
REL 111, 113,126,235 19(3.83) 64,235,350 NA
SLAC NA 2 (0.40) NA 8 (0.24)
FUBAR 235 5(1.01) 235 35 (7.07)
MEME 113, 126, 235" NA 126, 235 NA

Selected sites were detected at significance level set at p < 0.05 for FEL, iFEL, SLAC and MEME.
Bayes factor was set at > 50 for the REL and FUBAR method. "Marginally significant sites (>0.05-
0.08 range).

Table 9 - Summary of selection analyses using a branch-site approach.

aBSREL
Method .Brjcmch—W|se w Branc.h-s.|te w
variation (MG94) (log variation p-value
L) (log L)
Haplotypes -2383.84 -2383.84
Haplotypes + >0.05
plotyp -3662.59 -3659.80

Additional sequences
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Figure 21 - Modeled envelope protein structure in its trimetric conformation for DENV-4. The
positively selected residue 235 was indicated in red while domains I, II, and III are represented in blue,
yellow and green, respectively. Monomers were represented with A-C letters.

After assessing selection pressures on genomes, we found four sites under positive selection
for DENV-4 sequences and 21 sites for DENV-1 (Table 10). Although detected residues
varied widely among methods, position 921 in DENV-1 alignment was conservative across

most approaches, demonstrating positive selection acting on the non-structural (NS1) protein

(Table S3).

As with the dataset based on viral envelope sequences, we did not detected positive selection
on sites along branches using the aBSREL approach (Table 11). Likewise, all selected sites
recovered by the MEME approach were located along terminal branches rather than on
internal branches in the phylogenetic tree (Figure S9). Finally, no evidence for selection was
detected through lineages representing DENV-4 populations isolated from serum and cell

culture (Figure S10, Table 11). Nonetheless, we identified borderline significant variation of
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selective pressures over branches across the serum group. Our results suggested relaxation of

selection pressure rather than substantial positive selection (Table 12).

Table 10 - Individual sites under selection across polyprotein alignments using site-level approaches.

Positive Negatlv‘e Positive selected Negatlv‘e
selected sites selected sites sites selected sites
(%) (%)
FEL NA 84 (2.48) 921 145 (4.27)
iFEL NA 9 (0.26) 921, 1068 29 (0.85)
95, 577, 618, 823,
868, 921, 950, 1068,
REL 630, 1505 3 (0.08) 1208, 1298, 1340, 2 (0.06)
1349, 2278, 3122
SLAC NA 9 (0.26) NA 31 (0.91)
FUBAR NA 301 (8.88) 921 1192 (35.14)
MEME 248, 292 NA 495, 512, 2276, NA

2974, 3267, 3272

Selected sites were detected at significance level set at p < 0.05 for FEL, iFEL, SLAC and MEME.
Bayes factor was set at > 50 for the REL and FUBAR method.

Table 11 - Summary of selection analyses using branch-site approaches with genomic datasets.

aBSREL

Branch-wise w

Method variation (MG94) Branch-site w variation p-value
(log L) (log L)
DENV-4 -16004.79 -16004.79 >0.05
DENV-1 -20662.93 -20651.62 >0.05

Table 12 - Omega variation along branches representing different viral populations isolated in cell

culture and serum.

| Log Log Log
Haplotypes — jyelihood  likelihood P~ likelihood  p-value
(Foreground)  po. )~ HL:wezw; V2V Ho:w, >1
Cellculture  -16094.67 -16092.09 0.16  NA NA
Serum 116094.67 -16091.13 007 1609113 0.77

®o . Proportion of sites under selection on background branches. ®;. Proportion of sites under selection

on foreground branches.
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4.8 INTER-HOST DYNAMICS

In order to detect the occurrence of genetic structure in our data set, we performed a principal
component analysis (PCA). We identified three separate clusters arranged along the principal
component, which accounted for 39% of the total variation. The second component accounted
for 20% of the total genetic variability, suggesting a gradual similarity between some closely
related variants (Figure 22A). As with the PCA method, we observed a consistent pattern of
the genetic structure by performing a distance-based approach (Figure 22B). Hence, four
clusters were identified, which also grouped variants sampled at different times, as previously

noted.
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Figure 22 - Population genetic variation in DENV-4 samples. (A) PCA biplot of DENV-4 haplotypes.
(B) Neighbor joining tree.
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Despite our limited sample size, we attempted to elucidate major transmission events present
in our sampling by integrating genetic and temporal data into a transmission tree. Genomes
were not included in the analysis due to the small number of samples. The reconstruction
exhibited several subtrees and some missing links that evidenced a biased sampling.
However, we identified variants that appeared to be more successfully transmitted through
time and were circulating in both early and late months into the outbreak. Overall, we
observed that envelope gene haplotypes from samples GU208 and GU376 were the most
common nodes in the transmission chain, which also set well-supported links with other

samples (Figure 23).

Sample

() Gu208
O Gu266
O Gu269
O Gu37e
O Guaes
O Gus30
() Gus44
() Guse6s
() GU630
8 GU689
GU727
() GU792
(O Gu1128

Month

— February
— March
— April

Figure 23 - Reconstruction of transmission events. Darker arrows correspond to well-supported
transmission links. Haplotype frequencies f are represented in increasing order by host. Identical

haplotypes are connected with a dashed line. Asterisks indicate those haplotypes bearing the mutation
E235K. The month of sample collection was showed using border-colors.
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5 DISCUSSION

5.1 PHYLOGEOGRAPHY

After the re-emergence of DENV-4 in Brazil, the spread of the virus across several Brazilian
locations became a public health threat, reaching an unprecedented record of cases in the
country [35,106]. Previous research studies have shown how inter and intra-host viral
diversity continually feedback to one another [107,108]. Based on this point, we incorporated
spatio-temporal information in a phylogeography analysis, in order to elucidate the origin,
dispersal routes, and demography history of DENV-4 circulating in Guaruja, which ultimately

provided us with insight into the epidemiological setting of the virus.

By including additional sampling (e. g. isolates from Sdo Paulo), we recapitulated the
phylogeography of DENV-4, genotype II in the Americas [109,110]. Although there is
evidence of the circulation of genotype I in Brazil [111-113], all samples included from
Guaruja and most of Brazilian localities belonged to genotype II; thereby, supporting the role

of this genotype in boosting the recent circulation of DENV-4 in the country [33,37,114].

Similar to a recently published study, we identified multiple introductions of DENV-4 into
Brazil [110]. However, the virus circulating in Guaruja corresponded to the most broadly
distributed and well established lineage in Brazil, which also reached Sao José de Rio Preto in
Sao Paulo, and other states such as Mato Grosso, Rio Grande do Sul, Roraima, and
Amazonas. Remarkably, Northern South America (e.g. Colombia, Guyana, Venezuela) seems
to be a center of viral diversity and a common route for the traffic of viral pathogens with

Brazil [109,115-118].

Despite we included a more geographically diverse dataset, the estimated posterior mean
substitution rate (9.1827E-4 x 10™* substitutions/site/year) for DENV-4 was comparable with
Allicock et al., 2012 [109]. Although we did not establish the local dispersal pattern of the
virus in Brazil, we found a close relationship among strains isolated in Sao Paulo (Guaruj4,
Sdo José de Rio Preto), and Mato Grosso, both corresponding to densely populated states.
Furthermore, evidence for the circulation of DENV-4 in Goias, Mato Grosso do Sul, Minas

Gerais, and Rio de Janeiro between 2011 and 2012 has been published [119-123], thus
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suggesting the wide dissemination of the virus across the region. However, samples from

these states were not available to be included in our analysis.

As reported by Villabona-Arenas et al., 2016, we identified two lineages in Guaruja, which
emerged and co-circulated over similar time-scales. Unfortunately, we recovered low support
values in most nodes grouping Brazilian sequences, probably due to the high genetic

similarity among these sequences.

Previous studies have demonstrated the re-emergence of DENV-4 in Roraima state and
hypothesized its cryptic or imperceptible circulation before its detection [110,114]. This re-
emergence and spread of DENV-4 toward different Brazilian locations, including Guaruja,
coincided with the increase in the number of reported cases and the rising trend of genetic
diversity observed in the Bayesian skyplot after 2010 (Figure 12). This epidemiological
framework could be associated with the high number of susceptible host, which were not

immunized against DENV-4 in Brazil [110,114,119,123].

5.2 SEQUENCING AND SEROTYPE DETECTION

Identifying the composition of viral populations at the intra-host level provides a preliminary
insight into the potential inter-host diversity, and allows to better understand both the
emergence and spread of DENV variants [56,66]. In this study, we analyzed 16 samples in
order to characterize the intra-host diversity of DENV-4 for the first time. Here, we
successfully obtained whole-genome haplotypes from three samples and envelope haplotypes

from 13 samples.

In the last decade, the development of next-generation sequencing technologies have
revolutionized the field of virus research by sequencing a variety of samples and allowing
their exploration from different methodological approaches [124—126]. Targeted sequencing
is a widely used strategy to construct DENV NGS libraries based on PCR-amplified
fragments [56,62,64,127,128]. Although the main advantage of this approach is the specificity
and the target sequence enrichment [129], we sequenced effectively three samples by
implementing an alternative methodology based on the sequencing of ds-cDNA material. This

approach has the potential to provide an enhanced detection of heterogeneous viral
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populations and also it involves fewer steps in sample pre-processing, which reduces

sequencing bias and increases efficiency [126].

Although cDNA-based library construction remained unexplored for high throughput
sequencing of DENV, we obtained positive results but a limited performance, due to the
presence of unwanted RNA in our samples. The large amount of host RNA contamination (i.
e. mRNA and rRNA) together the potential risk of RNA degradation and decrease of viral
RNA titers over time, represented the major technical challenges during sample preparation.
Certainly, the high amount of host-derived RNA was evidenced in the high percentage of
reads recovered by competition with the viral RNA [130]. Nonetheless, we were able to
sequence three complete coding genomes that correspond to the first genomic sequences
available for the outbreak and we provided additional evidence supporting the co-circulation

of DENV-1 and DENV-4.

Our work support previous findings published by Villabona-Arenas et al., 2014 showing the
emergence of DENV-4 and simultaneous circulation of all four dengue serotypes in late 2012-
early 2013 in Guaruja, Sao Paulo [33]. Although most of our samples did not correspond to
the early outbreak, we reiterated the co-circulation of DENV-1 and DENV-4 in Guaruja. A
similar result was showed by Amancio et al., 2014 in Minas Gerais state, where DENV-4
became the predominant serotype, following by the simultaneous circulation of DENV-1
[131]. Likewise, in the states of Mato Grosso and Mato Grosso do Sul was reported the co-
circulation of both serotypes [119,132]. These results highlight the hyperendemic status of
dengue in densely populated cities such as Guaruja, and promote an increase in surveillance

efforts to control the disease.

Mixed infections contribute to the diversity of DENV populations at intra-host level
[42,49,61]. By employing NGS we identified some samples with reads belonging to DENV-1
and DENV-4 serotypes, which was suggestive of potential mixed infections (i.e. super-
infection, co-infection). However, given the low number of reads we cannot conclude that the
number of reads is directly proportional to serotype abundance [133]. Evidence of co-
infections between both serotypes has been previously documented. In Sdo José de Rio Preto,
Sao Paulo, Colombo et al., 2013, reported 359 positive samples in an outbreak headed by
DENV-1. Of these, one sample was a co-infection between DENV-1 and DENV-4 [134].

Similarly, co-infections by both serotypes were also reported in Mato Grosso [132].
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Nonetheless, co-infection cases between DENV-4 and other serotypes have been reported in
Contagem, Minas Gerais [135]. Here, we reported the co-circulation of DENV-1 and DENV-
4 serotypes in Guaruja and the potential co-infection by both serotypes in at least five
patients. The presence of two serotypes within patients reveals the high transmission taking

place near to the largest metropolis of Brazil.

Interestingly, according to the local public health authorities, after the burden attributable to
DENV-4 in 2013, DENV-1 established itself as the dominant serotype (82%) followed by
DENV-4 (16.1%) in 2014 [136]. Therefore, our results suggest an alternating epidemic
pattern [137,138], where DENV-1 would be associated with low circulating levels in the

population during the 2013 outbreak and then it peaked in prevalence for the next outbreak.

In the present study, we further investigated the intra-host diversity of DENV-4 based on the
amplicon sequencing of the envelope gene region. Deep sequencing on a genome-wide level
provides a comprehensive approach to explore variant diversity and get individual strains
from a population [139,140]. However, in dengue, the study of the envelope region is widely
used as an informative genetic target given its role in mediating receptor binding and
membrane fusion [7,141]. Furthermore, the envelope gene is considered a mutational hotspot

[64], responsible for coding the main antigenic determinants of the virus [142].

As expected, we recovered a higher coverage by using an amplicon-based sequencing method
[126]. Nevertheless, we observed an heterogeneous depth of coverage across the envelope,
with a sharp fall near position 800 (Figure 14), probably because sequencing and PCR
amplification can be biased by the GC content and GC-rich motifs present in target sequences

[143-145].

5.3 HAPLOTYPES

RNA viruses display high spontaneous mutation rates compared with DNA organisms [146];
however, distinguishing between errors and real variants, in order to capture the whole picture
of viral diversity in a population, result a complex issue [147]. In this study we investigated
the intra-host genetic diversity of DENV-4 populations by using high-throughput sequencing
to reconstruct viral haplotypes. Although we characterized some whole genome haplotypes,

we focused primarily on the inference of gene-specific trends in intra-host diversity, since this
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gene encodes for the envelope protein which is highly immunogenic, and plays an important
role in infectivity, viral membrane fusion, receptor binding and host antibody response, as

highlighted in a previous report [66].

The influence of haplotype composition was reported for several viruses, including the CSFV,
HBV, HCV, HIV, and PV with the purpose of investigating a wide range of topics such as
pathogenesis, evolution, adaptability, and diversity [44,148]. In arboviral pathogens like
dengue virus, the maintenance of intra-host variants have been mainly associated with its

adaptability to the arthropod vector and vertebrate host [127].

Even though, our analyses include haplotypes being represented at >1% of the viral
population, the vast majority of these haplotypes corresponded to low frequency variants.
According to the quasispecies theory, mutants present at low frequency in viral populations
contributed for adaptability and viral evolution. Therefore, minority variants may harbor
mutations to overcome selective constraints imposed by factors such as immune response and
antiviral agents [43,44]. For instance, the role of minority variants in disease outcome and
drug-resistance has been widely documented in HIV [149—151]. Despite, the phenotypic role
of minor variants in DENV evolution remains poor understood [45], a recent study with
CHIKV suggested the association among low frequency variants with increased infectivity

and transmissibility [152].

One intriguing question we tried to address along some sections in this study is whether
DENV-4 haplotypes could be detected across different individuals. Interestingly, we found
that haplotypes are being shared among host. Most importantly, haplotype frequencies can
change among host, probably as a result of being subjected to different selection intensity
[44]. Besides transmission of high-frequent variants, we identified some haplotypes, which
were maintained even at low-frequencies across individuals. In this respect, two possible
scenarios have been previously proposed: i) variants retain some level of replicative capability
and efficiency of infection/transmission, and ii) transmission is helped by complementation
[43,44]. Additionally, the occurrence of bottleneck events is considered a major factor
associated with changes in the composition of haplotype assembles and fluctuations in viral

fitness [44,47].
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Recombination is one of the forces contributing to maintain genetic diversity in DENV [153].
Strand switching is the common proposed mechanism for recombination, which presupposes
the concomitant infection with at least two different strains [153]. Nevertheless, little is
known about recombination in DENV-4. Abubakar and colleagues [154], suggested the
emergence of the genotype IIA in Malaysia as a result of intra-serotypic recombination
between envelope sequences of DENV-4. Likewise, Woreobey and colleagues, revealed
evidence for recombination between envelope sequences of DENV-4 [155]. Our results did
not provide support for recombination events in DENV-4 haplotypes. Despite our findings
suggested that recombination does not play a significant role in shaping genetic diversity of
variants circulating at the intra-host level, it is worth noting that most of the target sequences
corresponded to partial haplotypes, and thereby we mainly focus on detecting breakpoints in
the envelope gene, which does not deny the possibility of recombination occurring across
other genes. We also speculated that available methods for assessing recombination may lose

sensitivity when analyze haplotype populations at the intra-host level.

5.4 INTRA-HOST GENETIC VARIABILITY

Since DENV-4 evolves as a heterogeneous population, the repertoire of DENV-4 sequences
contributes to the variability within and between hosts. According to a previous report,
structural proteins such as envelope represent the most hyper-variable region for studying
quasispecies in DENV [156]. Despite this expected variability, and in agreement with
previous estimates, the intra-host diversity of DENV-4 showed lower genetic variation and
hence lower levels of amino acid diversity compared to those seen the other RNA viruses.
However, levels of diversity were very similar with other serotypes [49]. This is relevant as
DENV-4 was able of driving a high level epidemic situation, thus suggesting the role of the

immune status in a susceptible population.

Negative selection is responsible by removing deleterious genetics variants in virus
populations [71]. Current evidence supports that the lack o positive selection for the entire
envelope gene in DENV is frequently associated to the highly immunogenic properties of its
domains [49]. Likewise, several studies have suggested that the low intra-host genetic
diversity of DENV in human host may be attributable to the effects of purifying selection on

nonsynonymous variation.
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Moreover, our analyses indicated that variability was not uniformly distributed across the
envelope, whereas domains I and II exhibited the highest variability in the protein. Overall,
these findings suggest that mutations across these regions may have important implications in

structural features and antigenic properties [8,141,157].

Association among virulence and genetic variability is worthy of further investigation given
that several studies seems to reach different conclusions [45,49,61,158]. However, we were
not able to establish any association between genetic diversity and clinical outcome. Though,
the lack of a pattern between genetic diversity and other epidemiological variables might
underpin a small sample size, related studies found not significant correlation between intra-

host genetic variability and age, sex, host immune status, and viraemia [49,159].

Premature translation stop codons result in non-functional proteins and therefore in defective
viruses. As previously documented, when the frequency of stop mutations reaches high
frequencies, the effect of bottlenecks is reduced to the point were a defective variant can
become widespread [160]. According to the data presented here, we identified a haplotype
bearing a mutation resulting in protein truncation, however, this haplotype did not appear to
be successfully spread among susceptible hosts. Thai and colleagues [49], postulated
complementation as the most probably mechanism explaining the presence of genome-

defective DENV due to in-frame stop codons.

5.5 SNVS AND CODON BIAS

Identifying the true biological SNVs composition from technical artifacts represent a major
challenge in deciphering NGS data [161,162]. In order to improve variant detection we
applied different filtering strategies. However, due to the poor quality and low coverage of
some bases, many reads were filtered out in the process, therefore, limiting the detection of
common variants across individual samples and the feasible detection of changes in SNV

frequency.

We explored intra-host diversity by mapping variants onto reference sequences in order to
detect major tendencies. The accumulation of transitions and transversions across the
samples, revealed a mutational bias towards A and T nucleotide variants. We hypothesized

that the underlying substitution spectrum account for the codon usage, virus fitness and,
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consequently, the intra-host genetic variation of DENV-4, as highlighted in other studies
[163].

A mutational hotspot of SNVs in the envelope domains I and II of DENV from human
derived samples. Likewise, coldspots have been associated with functionally important
residues, which preserve a stable protein phenotype [127]. Other study reported that
frequency and location of SNVs can vary among populations. Differences in the number of
SNVs and the relatively lower intra-host diversity of DENV-4, could be associated with the
distribution of SNVs across reads corresponding to different variant sequences instead of

clustering together on one sequence, as have been previously suggested [127].

Mutational bias is considered the major determinant affecting the preferential usage of
synonymous codons in RNA viruses [164,165]. Therefore, characterizing the bias in codon
usage is important for understanding the evolutionary patterns and delineating the constraints

that shape genetic diversity in DEN-4 [166].

Deviations in codon usage patterns occur widely in nature and can be detected even within a
single gene [167,168]. Herein, we have presented evidence, which suggests codon bias in the
envelope region of DENV-4. The observed bias in the nucleotide composition of the DENV-4
envelope showed a slight preference for A-ended codons, thus indicating that the A content at
the third position of the codons influence the overall synonymous codons usage pattern.
Moreover, the presence of four over-represented codons might be representing a translational
efficiency and a relatively stable genetic composition in DENV-4, as has been showed in

other RNA viruses [169].

Despite we evidenced a selective preference for codons in DENV-4 sequences, highly over-
represented codons (RSCU > 1.8) were infrequent, while most of the remaining codons
lacked strong codon preference. Mutational pressure and natural selection are frequently
proposed as mechanistic hypothesis explaining the bias in codon usage among certain RNA
viruses such as dengue. [168—171]. Furthermore, the alternating host replication between
human and vector cells could be constraining the codon representation in DENV-4. Thus, a

weak codon bias could result into a plastic response to replicate in different host cells [172].
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Our results showed congruent findings with those of Behura and Severson by analyzing the
genome wide genetic diversity in dengue [173]. Thereby, we corroborated a preferential
codon usage for amino acids: Gly, Ser and Thr in dengue, but also we indicated a preference
in codon choice for Arg in the envelope of DENV-4 [174]. Regions rich on these amino-
acids have been associated with differences in host infectivity, binding affinity, and

neutralization susceptibility [175-177].

In addition to codon usage analysis, we performed a correlation analysis between GCI12
versus GC3 to determine if mutation pressure is the sole determinant of codon choice.
However, a non-significant positive correlation was noticed for our dataset, suggesting that

only mutational pressures did not govern patterns of base composition and codon usage.

Pal et al., 2014 [171] showed that mutational bias plays a major role in codon usage in
DENV-4. Here, we posit that mutational pressure would have less influence than expected
and some others factors such as natural selection could be playing an important role in
shaping codon bias at the intra-host level, similar with some other reports for dengue and
other flaviviruses [164,178]. Certainly, given the limited sample size, it would be interesting
to re-evaluate this analysis by including additional samples and compare with other target

regions in order to determine if this pattern is identical for all the genes in DENV-4.

Correspondence analysis is a useful multivariate technique to uncover trends in both codon
and amino acid usage [96]. Therefore, by performing COA we examine amino acid and codon
composition in DENV-4 envelope. A previous study found that codon usage in DENV-4 is
apparently conservative between phylogenetically closely related strains [171]. However, we
observed variants closely related, forming clusters, suggesting differences in codon usage at
intra and inter-host level. Nonetheless, we did not observe clustering patterns related to the
spatial or temporal origin, possibly because some of these variants were being transmitted
through both scales. Our results also showed a discrepancy with a recent work which
suggested that geographic origin can shape codon usage in DENV-1 [164]. This conclusion
might be assumed as consequence of the spatial scale at which the analysis was performed by

comparing codon usage bias by continental region.

Concerning the amino acid usage, it was observed that Arg, Glu and Lys amino acids had an

important contribution to the amino acid usage. In this respect, these amino acids have been
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associated with hydrogen-bond formation and stabilization of the domain-domain and
envelope-antibody interfaces in dengue [8,179]. Thereby, suggesting that charged amino-

acids residues could affect amino-acid usage.

5.6 SELECTION PRESSURES

Intra-host selection plays an important role in fitness, but also is the predominant force
changing variant frequencies [180]. Evidence of natural selection acting on intra-host dengue
populations has been previously observed [49,62,66,127,181]. Likewise, natural selection in
the presence of variation has significant implications for transmissibility, replication, and
immune response [16,182]. For example, a study with DENV-4 isolates collected from Puerto
Rico over 20 years, showed that DENV-4 evolution and lineage turnover was driven by

selection [183].

In agreement with previous reports [62,71,181], our results demonstrated that natural
selection is predominantly negative in DENV-4, which means that natural selection eliminates
the majority of newly arising mutants, presumably due to the high frequency of deleterious
mutations estimated for dengue [71]. Despite the DENV-4 envelope gene operates under
purifying selection, we also provided evidence of positive selection acting on a site-by-site
basis in the gene, thereby highlighting the importance of assessing selection pressures at

different levels beyond the average of dN/dS [184,185].

In a conservative mode, the most compelling evidence showed signatures of positive selection
in the E235K amino acid position, which fell into the domain II of the envelope protein.
Interestingly, this mutation was not fixed in the population during the outbreak (Figure 24).
Hence, this fact suggested that the E235K site was subject to diversifying selection. The
advantage of maintaining this amino-acid diversity lies in an increased capacity of the virus
population to confer phenotypic properties that could result advantageous in specific
situations [186]. For example, in IVA (H1N1) and HIV, sites subject to diversifying selection
are frequently associated with epitopes and responsible for immune evasion [187,188].
Additionally, in DENV a recent report showed diversifying selection associated with in-situ
evolution of DENV-2 and DENV-3 in Pakistan [189]. Nonetheless, fixation of mutations after

prolonged periods of time have been also reported for DENV [183].



67

A
220 225 230 235 240
B
4.0
@ 3.0
520 A
1.0
0.0= = T _ e H
220 225 230 235 240

WebLogo 3.5.0

Figure 24. Sequence log representation of DENV-4 viruses. The scheme shows the frequency of the
nucleotide position 235 in: (A) Intra-host level (B) Inter-host (consensus) level.

Because the E235K mutation was not detected at inter-host level using a Sanger-derived data
set, we initially hypothesized that the mutation disappear at some point while cycling between
vector and human hosts. In support of this hypothesis, a variety of studies suggest that
different selection pressures are imposed on viral populations infecting vector and human
hosts [42,127,190]. Therefore mutations favored in the vector can be selected against in the
human host. However, it is important to consider that Sanger-sequences are weak indicatives
of population heterogeneity given that only represent the predominant variant present in a

sample [60].

Interestingly, the majority of samples included in this study carried very low-frequency
haplotypes harboring the E235K mutation. Nonetheless, these haplotypes were filtered out
from our analysis because they fell below the threshold. According to Borderia and colleagues
[191], low-frequency mutants are selected along dominant mutants by group selection, in
order to confer an increase in fitness. This may suggest that haplotypes carrying E235K
mutation hold an intermediate fitness which would contribute to preserves the most fit
sequence [47]. After detecting the E235K mutation present in four subjects at frequencies
>1%, we postulated that this mutation is maintained at low frequencies in the population at

intra and inter-host levels.
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Domain II exhibits a high diversity and is believed to participate in the folding of the
envelope, fusion, and provide a target for the host immune response [192]. In humans, the
immune pressure is considered as the major driver of viral diversity even during acute
infection [61,66]. Because domain II is highly immunogenic we speculated that the E235K
residue might serve as an antigenic determinant. Conversely, after comparing with predicted
and previously published epitopes, we identified that the E235K residue possessed non-
neutralizing activity [193,194] (Figure 25). Nonetheless, the non-synonymous substitution
from one negatively charged residue (Glu) to another positively charged (Lys) may be
associated with an increase in the pH at which conformational changes occurs and lead to
formation of fusion-competent trimmers [157]. Noticeably, this hypothesis deserves further
investigation. However, the implications of changes in the pH of fusion have been well
documented for other envelope viruses. There is evidence to suggest that pH-dependent viral
fusion can affect viral tropism [195]. In influenza virus, the subunity HA2 of the envelope
protein mediates the viral fusion. Alterations in its pH of fusion have been associated to the
adaptation to different host and determine the establishment of the infection in different

organs and tissues [196,197].

In addition, we detected signatures of positive selective pressures acting on NS1 in DENV-1.
It is well known that NS1 is a non-structural gene, which is involved in immune evasion,
virus replication and dengue infectivity. Given the critical role of the NS1 protein, this
evidence may contribute to explain the displacement of DENV-4 and the predominance of

DENV-1 in the 2014 and 2015 dengue outbreaks [38,136].

5.7 TRANSMISSION

Villabona-Arenas and colleagues [37,198] documented the epidemiological dynamics of the
DENV-4 outbreak during 2013 in Guaruja, Sdo Paulo. The study showed that the region
maintained high levels of transmission and several imported cases. Throughout our analysis
using haplotypes, we also suggested the circulation of dominant and minor haplotypes, which
would be able to promote the high rate of inter-host transmission during the outbreak in
Guaruja. Several studies have demonstrated that dominant and minor haplotypes have a
sustainable transmission with implications on pathogenesis and treatment failures [149-151],

adaptation [191], and population diversity [108,199]. In dengue, the maintenance of minority
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haplotypes requires additional study, however evidence so far suggest the association between
low-frequency variants and molecular memory [45,200].

As described previously in the haplotype section, stochastic processes influence inter-host
transmission. Particularly, virus population bottlenecks during mosquito infection and
transmission affect genetic diversity and contribute to fluctuations in haplotype frequencies.
Therefore, low-frequency variants can potentially increase or decrease its frequency during
transmission. Supporting these observations, Rodriguez-Roche and colleagues [201] showed
that minor population became predominant during an epidemic with DENV-3. It is not clear,
however, whether all the shared haplotypes result from transmission or eventually correspond
to convergent de novo mutants, which arise multiple times during inter-host transmission

[108].

Furthermore, our results demonstrated that some haplotypes spread efficiently through time
and space scales, demonstrating the importance of intra-host surveillance over inter-host
diversity and dynamics [108,199]. Villabona-Arenas and colleagues [198] postulated the
neighborhood Pae-Card as a key transmission loci during the outbreak in Guarujé. This fact
could explain in part the widespread distribution of the haplotypes derived from sample
GU792. Although, disconnected haplotypes could be reflecting a limited sampling, we
identified four haplotypes bearing the mutation E235K, suggesting the effective spreading of
the variant. Interestingly, high and low frequency variants shaped a genetic structure in
DENV-4. Since multiple factors determine the genetic structure in viral populations, the
observed distribution may result from the interplay between genetic drift and natural selection

[202]
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Figure 25 - Density plot of scores for antibody epitope prediction and distribution of polymorphic
sites across the envelope gene. Predictions for linear epitopes are displayed in gray. Values above the
threshold (red dashed line) correspond to positive predictions for linear epitopes. Predictions for
conformational epitopes are displayed in green. Those values close to zero corresponded to positive
predictions for conformational epitopes. The selected residue in domain II (position 235) is indicated
by the red strip. Line coding represented the distribution of polymorphic sites per codon position.



71

6 CONCLUSIONS

1) DENV-4 circulating in Guaruja corresponded to the most broadly distributed lineage in
Brazil, which was introduced in 2005 into northern Brazil from South American countries and

spread widely across several Brazilian locations.

2) Guaruja sequences were grouped in two lineages. Additionally, we identified one isolate

from Guaruja closely related with strains from Sao Jos¢ de Rio Preto and Mato Grosso.

3) This study provides the first DENV-4 genomes available for the 2013 urban outbreak in

Guaruja, Sao Paulo.

4) Our results corroborate the co-circulation of DENV-1 and DENV-4 and suggest the
occurrence of potential mixed infections during the DENV-4 outbreak, in the city of Guaruja,

Séao Paulo.

5) DENV-4 evolves into heterogeneous populations composed of a few dominant haplotypes
and a large number of low-frequency haplotypes. Although some of these viral variants can

be maintained at the inter-host level their frequencies fluctuate among individuals.

6) Evolution of intra-patient populations of DENV-4 lies on low diversity levels during

infection. However, envelope domains I and II display a high variability.

7) We did not find any evidence for intra-host recombination in DENV-4 populations
circulating in infected hosts during the 2013 epidemic.

8) Preferred synonymous codons were dominated by A-ended codons, whilst charged amino

acids played a major contribution in amino-acid usage in DENV-4 at the intra-host level.

9) Mutational bias and natural selection contributes to the codon usage bias in the envelope of

DENV-4 at the intra-host level.

10) Selection pressures imposed on DENV-4 populations at the intra-host level differ between

the entire envelope gene and individual sites. Negative selection operates on the gene-wide
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scale, while positive selection acting at a per-site level would be influencing pH-dependent

postfusion conformational changes.
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APPENDIXES

FIGURES

Figure S1 - ML phylogenetic tree showing the grouping of DENV-4 sequences from Guaruja into
genotype II. Asterisk indicates a support value >70% for genotype II. The phylogenetic tree was
reconstructed based on the envelope gene.
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Figure S2 - NGS library quantification with qPCR. (A) Amplification curves using six plasmid DNA
standards (10-fold dilutions); all our samples fell between the first and third plasmid standards (B)
Dissociation analysis (melt curve). (C) Standard curve.
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Figure S3 - Electropherograms of genetic material used as input in Nextera XT library preparation.
A) Fragmentation of cDNA samples B) Fragmentation of amplicons.
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Figure S4 - General profiles of per base sequence quality scores for DENV sequences.

Figure S5 - General profile of base recalibration in DENV-4 vse.quences.
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Figure S6 - Diversity per nucleotide position based on Shannon entropy (H). (A) Envelope gene

sequences. (B) Genomes sequences. Bombers on top of each plot represent the sample code.
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Figure S7 - Hexagonal binning plot representing the relationship between the GC content of first-
second and third codon position.
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Figure S8 - Proportion of monomorphic and polymorphic sites present in DENV sequences included
in this study.
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Figure S9 - ML DENV-1 phylogenetic tree showing branches and sites under positive selection
pressure. The tree was constructed using genomic sequences of DENV-1.

N
N
S
Q NS 4
S S g e o
&/ A A\ o
> < © ¥ \
"9\ 65\/ AN oy
& 4 Z
S o
D(bQ' / & \%“Q o
oD N oS
si S 9 g~
ite R @%b ,LQQL? @"é“o
® 5 & © P
o5 7 B
. & o
® 2276 \J
o o w2
2974 Q \ -
S G
3267 &/
n? waé%
v 28
3272 & e
. &
W
VN
&
N 1
Q'n// uﬂ-&—‘ead
Do’
D
RS Q@q
Sl
TE)
) bb\/ g\l\ﬂ’ read2
NS
NAAS
N/N/S
VA
A
NS

qul 28 _read4

gul28 _readS

8u128_readé

BU128 reaqy

8U128 po e



93

Figure S10 - ML phylogenetic tree depicting lineages isolated from serum and cell culture. The tree
was constructed using genomic sequences of DENV-4.

o

0o
RYCR)

Qv

&0
e

& Haplotypes
& 45 _read® Serum
W g\l‘ -

o
@ g\.\AsfreaGG

gul4s, readl
gu145_reads
Qgu145_read7
gu11_reado
9uT1_readz
QT reagyy
T1_rga,
LI

9ury reace
b 6
Haplotypes

9uy Cell culture

"""aaa

Quzy o

uy
7
te,
a0t

Yuy,
" reg

o5
Yuy,

% acey



TABLES

94

Table S1. List of samples included for ds-cDNA library preparation.

Sample  Number of Qubit Nanodrop Copies/ uL Source One-
extractions (ng/pL) (ng/pL) (dengue) Step
GUO06 1 337 32 NA Serum Positive
GUO011 3 753,5 49,2 NA Cultivated Positive
GU128 12 1079,1 70,4 2.91 E+07 Serum Positive
GU142 17 1550,1 102 5.87 E+05 Serum Positive
GU144 8 1719,4 105 1.24 E+06 Serum Positive
GU145 10 254,1 27,4 3.41 E+06 Serum Positive
GU795 14 690 43,6 1.33 E+05 Serum Positive
GU797 8 1497,9 95,2 3.79 E+06 Serum Positive
GU882 7 985,7 53,4 2.32 E+05 Serum Positive
GU1153 11 28,3 17 1.24 E+05 Serum Positive

Table S2. List of samples with reads mapping DENV-1 and DENV-4 reference sequences.

Sample DENV-1 DENV-4 Mappedreads Ref-Seq Ref-Seq
DENV-1 DENV-4
GU128 17.347 9 17.354 97.8% 8.3%
GU142 2 61 63 2.8% 38%
GU145 9 12.255 12.662 7.1% 99.1%
GU882 4 7 11 3.2% 5%
GU1153 4 2 6 1.2% 0.5%
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Table S3. Relative synonymous codon usage in envelope E gene of DENV-4 populations. Values in
parenthesis correspond to codon frequencies.

Lys AAA 1.10 (50) Arg AGA 3.30 (33)
AAG 0.90 (41) AGG 1.20 (12)
Asp GAU 1.00 (30) Gly GGU 0.58 (24)
GAC 1.00 (30) GGC 0.51 (21)
Glu GAA 1.21 (54) GGA 2.33 (96)
GAG 0.79 (35) GGG 0.58 (24)

AA Codon RSCU (N) AA Codon RSCU (N)
Phe UUU 1.37 (39) _ Ser UCU 0.64 (9)
uuC 0.63 (18) ucc 1.07 (15)
Leu UUA 0.69 (12) UCA 2.79 (39)
uuG 1.49 (26) ucG 0.43 (6)
Cuu 0.34 (6) Pro ccu 0.80 (9)
cuc 0.86 (15) ccc 1.60 (18)
CUA 1.03 (18) CCA 1.07 (12)
CUG 1.60 (28) CCG 0.53 (6)
lle AUU 1.08 (27)  Thr ACU 0.35 (12)
AUC 0.72 (18) ACC 0.78 (27)
AUA 1.20 (30) ACA 2.17 (75)
Met AUG 1.00 (54) ACG 0.70 (24)
Val GUU 1.08 (39) Ala GCU 1.38 (30)
GUC 0.83 (30) GCC 1.24 (27)
GUA 0.53 (19) GCA 1.10 (24)
GUG 1.56 (56) GCG 0.28 (6)
Tyr UAU 0.91(15)  Cys UGU 1.08 (21)
UAC 1.09 (18) UGC 0.92 (18)
TER UAA 0.00 (0) TER UGA 0.00 (0)
UAG 0.00 (0) Trp UGG 1.00 (30)
His CAU 1.38 (27)  Arg CGU 0.30 (3)
CAC 0.62 (12) CGC 0.90 (9)
Gln CAA 0.83 (15) CGA 0.30 (3)
CAG 1.17 (21) CGG 0.00 (0)
Asn AAU 1.00 (27)  Ser AGU 0.64 (9)
AAC 1.00 (27) AGC 0.43 (6)
(
(
(
(
(
(




