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RESUMO 
 

Paola ND. Descoberta e Caracterização de Vírus Emergentes e Reergentes em Áreas 
Peri-florestais. [Tese (Doutorado em Microbiologia)]. São Paulo: Instituto de Ciências 
Biomédicas, Universidade de São Paulo; 2018. 
 
A fragmentação e a invasão de florestas tropicais e a crescente concentração de 
assentamentos humanos aumentaram exponencialmente as chances de exposição a 
vírus emergentes e emergentes. Dado o grande potencial de espalhamento de 
patógenos em população humanas, a identificação e caracterização de agentes 
patogênicos circulantes podem melhorar a atenção primária e as capacidades de 
diagnóstico para um agente emergente futuro. As abordagens moleculares e 
metagenômicas que utilizam as tecnologias de sequenciação da próxima geração 
levaram a descoberta e caracterização de muitos vírus emergentes na última década. 
Além disso, as abordagens in silico também podem ajudar a identificar vírus 
emergentes usando apenas dados de sequenciamento publicamente disponíveis. Além 
disso, estimar a ascendência filogenética e até mesmo analisar as mudanças no uso de 
codons são ferramentas adicionais que podem melhorar a nossa compreensão de vírus 
emergentes ou reemergentes. Este projeto visou aplicar essas ferramentas em ambos 
os vírus que poderiam estar circulando no Brasil: Parvovírus B19 e vírus da Febre 
Amarela. Também exploramos as aplicações de modelos ocultos de Markov e índice de 
adaptação de codons usando dados publicamente disponíveis. Esperamos que este 
trabalho forneça uma prova de conceito para futuros projetos metagenômicos e 
demonstre a utilidade das várias técnicas moleculares e bioinformáticas no estudo de 
vírus emergentes. 
 
Palavras-chave: Vírus emergente. Vírus da febre amarela. Parvovírus B19. Uso do 
codão. Evolução viral. Filogenia. Modelos Ocultos de Markov. 
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ABSTRACT 
 

Paolo ND. Discovering and Characterizing Emerging and Re-Emerging Viruses in 
Communities Encroaching Tropical “Hotspots”.  [Ph. D. thesis (Microbiology)]. São 
Paulo: Instituto de Ciências Biomédicas, Universidade de São Paulo; 2018. 
 
Fragmentation and encroachment of tropical rainforests and the growing concentration 
of human settlements have exponentially increased chances of exposure to re-emerging 
and emerging viruses. Given the large potential for pathogens to spillover and spread in 
a population, identifying and characterizing circulating human pathogens could improve 
the readiness and diagnostic capabilities for a future emergence. Molecular and 
metagenomic approaches using next-generation sequencing technologies have led to 
the discovery and characterization of many emerging viruses over the last decade. 
In complement, in silico approaches can also help identify emerging viruses using only 
publicly available sequencing data. Moreover, estimating the phylogenetic ancestry and 
even analyzing changes in codon usage are additional tools that can improve our 
understanding of an emerging or re-emerging virus. This project aimed to apply these 
tools to two viruses that could be circulating in Brazil: Parvovirus B19 and Yellow Fever 
virus. We also explored the applications of Hidden Markov models and codon adaptation 
index using publicly available data. We expect this work to provide a proof-of-concept for 
future metagenomic projects, and demonstrate the utility for several molecular and 
bioinformatics techniques in the study of emerging viruses. 
 
Keywords: Emerging virus. Yellow Fever virus. Parvovirus B19. Codon usage. Viral 
Evolution. Phylogeny. Hidden Markov Models. 
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CHAPTER 1 – RESEARCH 
 

1.1 Where there is no overlap, there is a gap 
 

This text was published on December 9th, 2014 in the RSBMT (1) 

  
Over the past 60 years, Brazil has seen extensive rural-urban migration, leading 

to human settlements encroaching on tropical ecosystems. Persistent human interaction 

with vectors from diverse tropical environments has led to the emergence of zoonotic 

pathogens varying in pathogenicity and infectivity. Over time, zoonotic viruses adapt to 

humans, eventually leading to secondary transmission in some cases. However, most 

zoonotic pathogens result in asymptomatic and/or dead-end cases, rarely leading to 

sustained human-human transmission. In very rare cases, a single transmission can 

explode into an outbreak with sustained networks of human-human transmission. This is 

the current situation in West African nations, initiated by a single emergence of the Zaire 

Ebola virus (EBOVZ) in Guéckédou in Guinea’s eastern rainforest region (2). Although 

EBOVZ is a known virus, this was the first record of a case in this region, surprising 

unprepared health authorities with no experience of encountering Ebola viruses. Owing 

to ideal conditions, the 25th Ebola virus outbreak quickly spread to the neighboring 

countries, Sierra Leone and Liberia.  

As of December 2, 2014, the CDC and WHO had conjunctly reported 16,933 

cases and 6,002 deaths. Critically, the virus itself is not necessarily the main factor 

explaining the current high EBOVZ case count, as it is behaving similarly to the ones 

isolated during the first fully recorded outbreak of EBOVZ in 1976. This time, the virus is 

not experiencing restrictions with respect to the availability of susceptible hosts, as it 

shows high transmission in densely populated metropolitan settings. Accordingly, the 

basic reproductive rate (R) has been estimated to be around 2.56 in areas with the 

highest transmission rates, which is comparable to fomite-transmitted viruses such as 

small pox and influenza (3). Indeed, as we cannot predict the success of a pathogen or 

the time or location of emergence, we should focus on what we can control, i.e., setting 

up efficient health systems to report and isolate cases and contacts and maximizing 



18 

!

surveillance efforts and resources to prevent future outbreaks. The arrival of all dengue 

virus serotypes (DENV-1, -2, -3, and -4), West Nile virus, and more recently, the 

Chikungunya virus (CHIKV) in the Americas is a reminder that even with a strong 

healthcare foundation, a novel emerging or re-emerging virus can cause morbidity and 

mortality in major metropolitan settings if it is not identified and reported quickly.  

A recent review in Revista da Sociedade Brasileira de Medicina Tropical/Journal 

of the Brazilian Society of Tropical Medicine discussed the introduction of the Mayaro 

virus (MAYV) and more recently, CHIKV in Brazil (4). Both have the potential to cause 

increased morbidity and mortality in Brazil because of arbovirus infections, and 

therefore, require our attention. 

Originally isolated in the 1950s, CHIKV has migrated through the Caribbean and 

Americas since then, with imported cases reported in Brazil since 2010. Autochthonous 

transmission was first recorded in September 2014 in the state of Amapá. CHIKV has 

already experienced sustained transmission in the states of Bahia and Minas Gerais and 

may have spread widely already. Both Aedes aegypti and Aedes albopictus are 

competent mosquito vectors of CHIKV in an urban cycle, and they are widespread 

across Brazil. Moreover, the three genotypes of CHIKV can be transmitted efficiently by 

all 35 strains of Aedes aegypti and Aedes albopictus, justifying the suggestion that 

outbreaks in other states are inevitable (4).  

MAYV is another pathogen responsible for sporadic cases in Brazil, mainly in the 

Amazonian region. With MAYV residing in primate reservoirs, Haemagogus and Aedes 

aegypti mosquitos initiate transmission via a pseudo-sylvatic cycle, similar to yellow 

fever (5). Although there have been no large outbreaks, health authorities should 

preemptively prepare for a re-emergence in unexpected localities.  

Symptoms of CHIKV and MAYV are similar to those of other common infectious 

agents, such as the DENV, and less common agents, such as Rocio, Oropouche, Saint 

Louis encephalitis, and Yellow Fever viruses (6). Importantly, the availability of rapid and 

efficient assays precisely identifying viral agents is crucial to diagnose patients and 

analyze epidemiological data. In addition, for medical personnel to follow proper 

treatment protocols, diagnostics should be readily available, accurate, sensitive, and 

economical to differentiate between these agents without a “coincidental” assumption 
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(i.e., during a dengue outbreak, patients with similar symptoms may be infected by other 

arboviruses but not subjected to formal serological assay). Interestingly, this mirrors 

initial diagnostic scenarios in Guinea. According to the CDC, in the early stages of 

EBOVZ infection, patients could present with fever, severe headache, fatigue, muscle 

pain, vomiting, diarrhea, abdominal pain, or unexplained hemorrhaging. In West Africa, 

this symptom collection could indicate a number of differential diagnoses including 

malaria, typhoid fever, leptospirosis, rickettsiosis, African trypanosomiasis, Lassa fever, 

cholera, Marburg virus, and Crimean-Congo hemorrhagic fever (7). Therefore, in the 

early stages of an outbreak, lack of positive confirmatory serological tests could delay 

health authorities’ responses, depending on the disease severity. Logically, health 

structure, resources, and sociological qualities differ between West African nations and 

the Americas. However, we must continuously remind ourselves that a similar scenario 

can occur in Brazil. Are Brazil’s diagnostic and response capabilities prepared for the 

emergence of a novel pathogen? 

It has previously been argued that many arbovirus infections have been 

neglected in Brazil, with few epidemiological studies conducted to understand their 

distribution. For instance, dengue fever is difficult to distinguish from other acute febrile 

illnesses, which emphasizes the importance of a differential diagnosis (6,8). Indeed, 

most diagnoses in the country are made on clinical and epidemiological grounds. In 

2014 (as of November 2), 547,612 clinical cases of dengue fever were reported, but 

8,423 (1.54%) were laboratory confirmed (9,10). These numbers do not represent the 

countless mildly symptomatic or nonspecific febrile cases. Therefore, the true rates of 

infection and transmission are underestimated, and the possibility of infection from other 

pathogens is ignored. With respect to the CDC Ebola case definition, DENV, CHIKV, 

and MAYV could cause overlapping symptoms with the above diagnoses, supporting the 

need for broad-spectrum, sensitive, and economic diagnostic assays to identify 

infectious agents without concerns regarding cross-reaction of closely related agents. 

This does not imply that an Ebola outbreak is a given in Brazil but exemplifies a 

complication that could arise in such a scenario. 

The emergence of a novel pathogen should always be preconsidered. Moreover, 

if it has the potential for establishing itself within a human transmission network, having 
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diagnostic tools to confirm its presence and prompt notification of national health 

authorities should be priorities. Depending on the pathogen’s transmissibility, contact 

tracing and quarantine should be established rapidly. Although EBOV is not novel in the 

sense of being unknown, it was novel in the locality of its zoonotic emergence in West 

Africa. Once a country undergoes a zoonotic-related emergence event leading to 

morbidity and mortality, the aftermath leads to preemptive measures to ensure that the 

scale of the next outbreak is significantly diminished. Continuous sentinel and active 

surveillance are costly and time consuming from a resource perspective. However, 

considering resource limitations, early diagnostic efforts and surveillance of emerging 

pathogens are the best ways to reduce mortality, morbidity, and the enormous health 

care costs associated with epidemics (11).  

Brazil has thousands of communities surrounded by tropical ecosystems teeming 

with potentially pathogenic agents. Are there countries with limited resources whose 

healthcare system has successful prevented large outbreaks efficiently and strategically, 

which who we can learn from? Uganda could be a good model; similar in respect to 

climate and ecological diversity, also limited in resources disposed towards surveillance 

and epidemic management.  Uganda presented a model system of emerging infectious 

disease control, demonstrating from previous EBOV outbreaks that continuous 

surveillance, that dedicated teams, devoted to contact tracing, case isolation, and 

cooperating with local communities and bordering countries, successfully limits case 

counts and spread (12). Brazil and other nations could learn from Uganda’s experience, 

applying the approach to CHIKV, MAYV, DENV, and other pathogens. Although our 

ability to diagnose, treat, trace, and contain pathogen outbreaks has improved over the 

last decade, it has not been sufficient to prevent large outbreaks of new serotypes of 

dengue, and there is no indication that CHIKV will be halted. Therefore, one has to 

conceive that what is ongoing in West Africa could happen in Brazil. Where there is no 

overlap, there is a gap; therefore, we should establish much-needed constructive 

interactions between governments, academia, and the private sector to continue 

searching for novel methods of diagnostics, improve surveillance, strategize, and 

maximize resources to prepare for any future emergence. The question is not one of 

whether an emergence will occur but when and whether we will be ready. 
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1.2 Objectives 
 
 The overall research goal is to identify and characterize emerging and re-

emerging viruses through molecular and bioinformatics (in silico) approaches in São 

Paulo, Brazil. The specific objectives are: 

 
(i) To identify highly divergent viruses in metagenomic sequencing data using a 

Hidden Markov Modeling approach 

 

(ii) Monitoring changes in a virus’ codon usage over time in relation to a host’s 

codon usage using codon adaptation index 

 

(iii) Using next generation sequencing to identify the etiological agents in clinically 

suspected dengue fever patient’s that were negative for the Dengue virus and 

antibody 

 

(iv) To sequence and characterize Yellow Fever virus isolated from a 

convalescent patient’s urine and semen 
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1.3 Materials and Methods 
 

1.3.1 Profile HMM construction and HMMER3 
 

 Complete amino acid (aa) sequences from human pathogenic viral genera and 

families, 70 in total, were downloaded from GenBank. Sequences were then aligned and 

manually fragmented into smaller alignments ranging from 70-200 aa. Cuts were based 

on the level of conservation between sequences: highly conserved regions were made 

the central “foundation” of a fragmented alignment and then were extended to adjacent 

regions that were less conserved regions and highly varied between species. Next, 

alignments were built into profile hidden Markov models (pHMM) using hmmbuild from 

the HMMER3 package (13).  

 To use pHMMs against sequencing databases, DNA and RNA reads were first 

downloaded from NCBI’s SRA database. Next, reads were trimmed using Trimmomatic 

2.0, converted to fasta format using fastx, and then translated to amino acids in all 6 

reading frames using an in-house script. Using hmmsearch, pHMMs were quarried 

against the translated dataset. To prevent false-positive matches, we set the search e-

value to 10-5. Hits were identified and individually extracted into Geneious 9.0.5 

(www.geneious.com) for downstream assembly and analysis. 

 

1.3.2 Codon Adaptation Index Sequence Databases. 
 

For each virus (Yellow Fever virus, Dengue 2 virus, Tobacco Mosaic virus, West 

Nile virus), all available complete genome sequences with collection date and country of 

isolation information were downloaded from Genbank. Open reading frames of 

sequences were exported aligned using MAFFT 7.222 (14) and then manually curated 

using the Geneious 9.0.5 software (www.geneious.com).  

 

1.3.3 Codon Adaptation Indices of Viral Coding Genes.  
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To investigate if our selected viruses have evidence for codon adaptation in 

humans, we calculated the codon adaptation indices (CAI) for each coding region of 

each respective virus. For Yellow Fever virus, Dengue 2 virus, and West Nile virus, the 

complete polyprotein was used to calculate CAI. For Tobacco Mosaic virus, coding 

regions were concatenated into frame and then used to generate CAI values.  

To calculate normalized CAI, we first used the CAIcal program (15) to obtain a 

“raw” CAI (rCAI). Next, an “expected neutral CAI” (eCAI) value was calculated by 

generating 1000 random sequences using similar length, codon composition and GC-

content. Normalized CAI values were then compared among different time points and 

viral lineages using a non-parametric rank test because central tendencies trend varied 

throughout time more than each time point variance. To obtain our normalized CAI 

threshold, rCAI/eCAI values were calculated. Values greater than 1 were taken as 

evidence for codon adaptation to the reference set of codon preferences (15). Values 

lower than 1 was taken as evidence that mutational bias are driving codon selection. 

 

1.3.4 Codon Usage Tables.  
 

The codon usage tables for Culex pipiens, Aedes aegypti, Macaca mulata, 

Columba livia and Rhipicephalus microplus were downloaded directly from the publically 

available Codon Usage Database (www.kazusa.or.jp/codon).  

We used 3 in-house codon usage tables that aimed to represent human house-

keeping genes, highly expressed human antiviral immune genes, and Nicotiana 

tabacum (tobacco) house-keeping genes. The human codon usage table available on 

the Kazusa Codon Usage Database was last updated in 2007. Since highly or 

constitutively expressed genes will manifest greater codon preference biases (16–18), 

we first identified which genes would be potential “targets” for viral codon adaptation. 

The 3804 identified human house-keeping genes by Eisenberg and Levanon in 2013 

(19) were selected for the human house-keeping gene codon usage table.   

To identify and select highly expressed human antiviral genes, we looked for 

studies that quantified innate immunity gene expression during infection, specifically 

differences between mice and human immune responses (20,21), various protein 
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functionalities of the innate immune system during viral infection (22–25), and immune 

responses during flavivirus infection (26,27). Ultimately, we selected 25 genes that we 

believed to represent highly expressed antiviral immune genes. To address the concern 

that we may be incorrectly comparing a population’s (virus) versus an individual’s 

genetic components, we crossed-referenced all human coding sequences used with 

haplotype date from the 1000 Genomes Project to look for single-nucleotide 

polymorphisms in coding regions of interest (28). Variants in house-keeping and immune 

genes were very rare and did not alter the overall codon frequencies of our generated 

codon usage tables. Codon usage tables are made available at Github 

(https://github.com/CaioFreire/CUB). 

 

1.3.5 WNV Phylogenetic inference and Malthusian fitness estimate.  
 

 First, 790 West Nile Virus complete polyprotein sequences from Genbank were 

downloaded. Sequences were aligned and curated by coding sequences using Muscle 

and Geneious respectively. Using FastTree.v2 (29), a maximum-likelihood tree was 

inferred, and allowed us to partition sequences by previously described lineages (30,31). 

Using 61 lineage 2 sequences, the rate of each substitution type under the general 

reversible model (GTR) substitution model, the proportion of invariant sites (I), and 

shape parameter of a gamma distribution with four rate categories (Γ4) was estimated 

from the data. Tip times corresponding to the year of virus sampling, a lognormal 

uncorrelated relaxed clock using continuous quantile parameterization (32), and a 

GMRF Bayesian Skyride coalescence model (33) was used and run using Beast 1.8.3 

(34).  The MCMC analysis was run for 100 million chains to ensure convergence 

(achieved by a single run, with 10% of the run, discarded as representing “burn in”). A 

MCC was produced and annotated by the use of TreeAnnotator in the BEAST package. 

To infer the recent demographic history of WNV in Europe, we employed the Bayesian 

skyride method (33) and previously described methods to estimate the temporal 

dynamics of effective population size (Ne.g) of WNV, which approximates the number of 

infections in time. To reveal the dynamics of viral population size growth, we calculated 
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the Malthusian fitness (Wm) for the polyprotein, which was approximated by the ratio of 

the population size in sequential time points (Wm =Ne.gt/Ne.gt−1) (35).   

 

1.3.6 Sample Collection of Guarujá 
 

Samples were collected from November 10th, 2013, to February 25th of 2014. We 

collected 182 serum samples from patients who showed signs of acute-febrile illness, 

but tested negative for all dengue-specific ELISA and PCR assays. Patients of any age 

with symptoms and clinical signs of dengue disease were examined in Primary Health or 

Emergency Care Units. Patients were included who presented with the following 

symptoms and complications: fever, joint-pain (arthralgia), headache, rash, retro-orbital 

pain, muscle pain (myalgia), difficulty swallowing (odynophagia), vomiting, diarrhea, and 

thrombocytopenia. These patients reside in the coastal city of Guarujá (23°59′37″S 

46°15′23″W), which is situated in the southeastern state of São Paulo, Brazil.  

Patient records were retrospectively collected with the kind aid of the Guarujá 

Secretary of Health.  From the 182 total serum samples collected, only 111 records that 

included basic patient information were available. Only 70 contained diagnostic 

information and 56 contained a physician’s medical records from all Guarujá public 

healthcare clinics. Only 25 had usable hematology data. All adult subjects included in 

this study provided an informed written consent, and a parent or guardian of any child 

participant provided the written informed consent on their behalf. 

 

1.3.7 Illumina Sequencing, Trimming & Contig Assembly 
 

Viral RNA was extracted from the nasopharyngeal aspirates using the QIAamp 

Viral RNA Mini Kit (Qiagen; Valencia, CA), and purified with DNAse I and concentrated 

using the RNA Clean & ConcentratorTM-5 Kit (Zymo research; Irvine, CA). The paired-

end RNA libraries were constructed and validated using the TruSeq Stranded Total RNA 

HT Sample Prep Kit (Illumina; San Diego, CA) was used to construct and validate 

paired-end RNA libraries.  Sequencing was done at the Core Facility for Scientific 
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Research – University of São Paulo (CEFAP-USP/GENIAL) using the Illumina NextSeq 

platform.  Each sample was barcoded individually, which allowed separation of reads for 

each patient.  Short, unpaired reads/bases, and low-quality reads were removed using 

Trimmomatic v0.36 (36). Paired-end reads (Qphred>33) were assembled de novo with 

SPAdes 3.10 using default parameters (37). Contigs over 500 nts were searched 

against the refseq Genbank repository using BLAST. 

 

1.3.8 Phylogenetic Reconstruction: Maximum-likelihood estimation 
 

 To infer the phylogenetic relationships of our sequences with other partial or 

complete genome sequences, we downloaded all available sequences from Genbank 

that had country and date of the samples isolation. Sequences were aligned using 

Clustal Omega version 1.2.1 (http://www.clustal.org/omega) or Muscle v3.8.31 (38) and 

manually curated by using JalView version 1.18-β8 (http://www.jalview.org/download) or 

Se-Al v2 (39). A maximum-likelihood tree was estimated in the nucleotide general time-

reversible with gamma-distribution rate variation and invariant sites model. Support for 

the tree was accessed after 10,000 nonparametric boostrap replicates with FastTree 

version 2.1.8 (29). 

 

1.3.9 Molecular Testing for Parvovirus B19 
 

The detection of the B19V IgM and IgG antibodies were done using the Serion 

ELISA classic IgM and IgG test kits. Serum samples were extracted on the NUCLISENS 

easyMag platform (bioMerieux). The eluate, containing RNA and total DNA, was stored 

in a freezer at -70 °C until the time of its use. PCR, followed by a Semi-NESTED 

reaction was performed targeting the VP1/VP2 region using primers designed by 

Durigon et al., 1996 and Erdman et al., 1993 (40,41). The two primers used in the PCR 

were P12f (nt 4127-4148; 5'- CAGCCATACCACCACTGGGACA-3') and P17r (nt 4824-

4803; 5'- TTACGCATCCTGGCTGAGGGCA-3'), with a fragment of approximately 

697bp; semi-NESTED primers were P13f (nt 4214-4237; 5'- 
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GACAAAGAGTATCAGCAAGGAGTG-3') and P17r (nt 4824-4803; 5'- 

TTACGCATCCTGGCTGAGGGCA-3'), with final product of approximately 610 bp. The 

amplification was performed in a thermocycler with the following conditions: a cycle of 94 

°C for 5 min for the activation of Hf, followed by 40 cycles of denaturation at 94 °C for 30 

seconds, Hybridization at 55 ºC for 30 seconds and extension at 72 ºC for 45 seconds 

and finally a final extension cycle at 72 ºC for 7 minutes. Semi-NESTED reaction was 

performed using the same PCR conditions. As control, a well-known sample was used, 

and DNA/RNAse free water was used as the negative control. Detection of the 

PCR/semi-NESTED amplified product was performed by 2% agarose gel 

electrophoresis (Life Technologies) in TAE buffer [0.5x], stained with 0.5µg/ml ethidium 

bromide. In 3.0µL of bromophenol blue, 10.0µL of the sample was mixed and submitted 

to electrophoresis in a horizontal vessel for 60 minutes at 100V. 

1.3.10 Sanger sequencing of Parvovirus B19 

Samples that were found positive for B19V using a semi-NESTED PCR were 

selected for downstream sequencing. Purification of the PCR product was performed 

with the ExoSap kit (exonuclease I - Amersham Pharmacia Biotech), according to the 

manufacturer's instructions. After purification of the Semi-NESTED product, the 

amplified VP1/VP2 region using P13f/P17r primers was sequenced using the "ABI 

PRISM Dye™ Terminator Cycle Sequencing Ready Reaction kit" ("Big Dye" - Applied 

Biosystems, Inc., USA), using 3.0µL of BigDye® Terminator v1.1/3.1 Sequencing Buffer 

(5X), 1.0µL of Terminator Ready Reaction Mix and 1.0µL of the primer. The enzymatic 

extension was performed on GeneAmp PCR System 9700 thermocycler for 25 cycles of 

96 °C for 10 seconds for denaturation of template DNA, 50 °C for 10 seconds for primer 

annealing and 60 °C for 4 minutes for extension. The obtained product was further 

purified with the X-terminator kit (Applied Biosystems Inc., USA) according to the 

manufacturer's instructions. The purified product was subjected to POP7 polymer 

electrophoresis using ABI model 3100 automatic sequencer (Applied Biosystems, Inc., 

USA). 
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CHAPTER 2 – LITERATURE REVIEW 
 

2.1 A Continuously Growing Threat 
 
 The devastating 1918 H1N1 influenza pandemic, the recent Middle Eastern 

Respiratory Syndrome (MERS) and the Severe Acute Respiratory Syndrome (SARS), 

are examples of significant viral outbreaks that highlight the importance of monitoring 

potential emerging viruses. Viral evolution, globalization and climate change are factors 

that further amplify the growing danger of novel viral epidemics (42–45).  Infectious 

diseases are the leading cause of human mortality and morbidity globally (46). Of these, 

zoonotic pathogens cause approximately 75% of emerging infectious diseases in 

humans (47). The most notorious viral examples include influenza, measles, HIV, 

dengue, Nipah, and SARS (48) among others. This is partially the result of 10,000 years 

of expansion of agriculture, domestication of animals and the increasing contact with 

wildlife reservoirs containing large concentrations of potential zoonotic pathogens. 

Today, humans are still continuously and increasingly exposed to vectors and animal 

infected by potentially harmful agents (49–51).  

 

2.2 The Zoonotic Barrier 
 
 Pathogens from animal vectors usually do not cause human endemics instantly 

(51). Many infectious agents fail to transition and sustain themselves in human 

populations directly from the zoonotic host. The Marburg virus and Tick-borne 

encephalitis virus are two examples of viruses that have not completed the transition to 

sustained human-to-human transmission. For a virus to spillover from one host species 

to another i.e. mosquitoes to humans, several barriers or bottlenecks must be surpassed 

(Figure 1) (52). 

The evolution of diseases was partially molded by domestication and increased 

contact with animals. Domestication has played a role in the development of zoonotic 

diseases infecting humans for the recent past (50). Highly infectious epidemic diseases 

such as measles and tuberculosis from cattle, and influenza arising from ducks and pigs 
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have arisen as a result of animal domestication. Nevertheless, we still do not know the 

origins of many notable diseases arising from domesticated animals such as smallpox. 

 
Figure 1 – Bottlenecks of viruses on the path to spillover 

 
Viruses need to overcome a range of barriers to jump from one species to another. The widths of the gaps 
in the illustrated barriers represent the ease or difficulty depending on the specific virus. Questions marks 
(?) represent points where information is lacking or poorly understood. For the Rabies virus, domestic 
dogs are widespread and infection in human hosts is generally fatal. Various aspects of Ebola virus 
dynamics remain poorly understood, but human-to-human transmission barriers are minimal. Non-human 
primates are believed to be the reservoir for the Dengue virus, but mosquito vectors facilitate transmission 
to humans. The Influenza virus is found is many different species, and can transmit easily between them. 
Figure was adapted and inspired from (52). 
 

Other human-wildlife interactions such as hunting for bushmeat have led to 

endemics such as HIV (53). Although interspecies contact has occurred in the past, it 

was restricted to small human populations rather than highly dense ones that are 

present today in urban centers.  

 The evolutionary relation between the previous host and a new potential one may 

influence the ability of the pathogen to establish and spread. For example, chimpanzees 
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are the closest related species to humans, which may explain the emergence of SIV in 

humans, causing the HIV pandemic (48,51). Distant divergence between species does 

not necessarily limit the transmission ability of viruses, as exposure also plays an 

important role. Plague and typhus, caused by Yersinia pestis (54) and Rickettsia 

prowazekii (55) bacteria and viruses such as HCV appear to have originated from 

rodents, which are less related to humans compared to other primates. Nevertheless, 

large quantity of exposure events over time may in the end assist zoonoses to traffic and 

eventually emerge in human populations. 

 Genetic barriers can restrict viruses from infecting new hosts. Among other 

issues, viruses must be capable of recognizing receptor-binding sites and adapt to the 

host metabolism (56).  Upon entry or fusion, they have to have purposeful directionality 

(i.e., ontology) as well as the ability to replicate and express its own genetic material. 

Genetic restrictions such as a change in receptor-binding affinity take multiple and 

complex changes via repeated exposure and mutations before full recognition can 

occur. Once a virus is able to proliferate and spread among humans, one can infer 

geographical spread patterns that may eventually uncover the epicenter of the primary 

virus emergence.  Phylogeographic analysis of pandemics can show how viral 

sequences diversify through mutations and recombination/reassortment as time and 

spread progresses (57–59).  Case studies on Influenza A, SARS coronavirus, canine 

parvovirus, and HIV all show changes in genetic information after establishing strong 

binding in human hosts (57,60–62). For example, after SARS established ACE2 binding, 

a epidemiological study in China showed viral divergence and adaptive genetic changes 

spread across populations (63) (Figure 2). As with influenza A transition from α-2-3 to α-

2-6 syalic acid receptor affinity, a labile receptor activated and bound to upper 

respiratory receptors allowing aerosol transmission only with a few point mutations (64). 

Another example, HIV-1 adapted into human populations through binding receptor 

changes that allowed targeting of a membrane receptor protein in humans (53,65). It is 

important to survey potential primary infections before a pandemic virus emerges and 

becomes more virulent, and capable of efficient human-to-human transmission. 
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Figure 2 – Viral sequences mutate with time, selectively and randomly 

 
 
Sequence divergence (mutations and deletions) of the SARS coronavirus spike glycoprotein (S) gene over 
the course of the 2003 epidemic. Circular nodes are colored to show different SARS genotypes. A 
genome map (top-right) is shown for reference. Nucleotide changes are highlighted and indicated. Figure 
was modified from (63). 
 

 The aforementioned study showcases the importance of following specific point 

mutations in the context of viral adaptation that may lead to enhanced transmission or 

pathogenesis. Evolutionary changes in viruses are still poorly understood in terms of 

quantitative temporal data pertaining to advances in stages leading to human endemics.  

HIV-1 has a very high mutation rate per replication cycle (0.2 errors/genome per 
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replication cycle) and generation time of 2.5 days producing 1010 - 1012 virons (66,67).  

Although advantageous mutations are rare, strong evidence supports HIV-1 undergoing 

positive selection to avert immune defenses due to hypervariability in env amino acid 

sequences (62).  For rapidly evolving viruses that do allow cross-species infection, 

changing from one host to another creates a bottleneck effect where only a very small 

population size will exhibit increased fitness in the new host organism (68). Multiple HIV 

strains have overcome transmission barriers in populations through successful adaption 

and intra-host evolution (69).  

 Recombination and reassortment are significant evolutionary events that certain 

viruses experience, which can alter their fitness. It is a single step that can impact on cell 

tropism and host range of some viruses. With one of the highest recombination rates of 

known viruses (70), HIV-1 demonstrates the difficulties in therapeutically targeting 

viruses that undergo frequent recombination due to transcriptase template switching 

(71). Well-described reassortment events caused the emergence of many influenza 

viruses that proliferated at pandemic levels and ravaged human populations as a result. 

For example, H3N2 Influenza was shown to harbor multiple genomic segment 

reassortments from avian viruses. Both HIV-1 and influenza demonstrate the epidemic 

potential of positive selection and intra-host evolution through mutation and 

recombination events.  Human innate and adaptive immunological defenses also 

prevent viruses from proliferating (48) and are therefore a strong selective force shaping 

virus spreading potential. Interferon-γ, cytokines, APOBEC protein and TRIM5α protein 

all play preventative roles that a virus must overcome to successfully infect this new 

host. But recently, with the growing number of immune-suppressed individuals (AIDS, 

transplants, chemotherapy, etc.), many pathogens that would normally fail to replicate 

and proliferate can now do so due to the absence of innate/adaptive immunological 

strategies (72,73).  It is therefore important to survey the adaptive diversification of 

potential emergent viruses among particular human populations such as those 

encroached among zoonotic pools.  
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2.3 The Evolution of Virus Surveillance and Discovery 
 
 Cell culture has long been the gold standard in viral discovery (74,75). Other 

techniques such as filtration, electron-microscopy and serology have also been used for 

novel virus discovery (76). The first virus identified using purely genetic methods was 

Borna disease virus (subtractive cloning) (77). Genetic techniques also enabled the 

identification of Human immunodeficiency virus (78), simian retrovirus (79) and hepatitis 

E virus (80). However, novel virus detection using traditional assays has several 

limitations. In order for a virus to thrive and replicate in a specific host cell culture, the 

conditions must mimic the natural interactions between the virus and host (42). Culturing 

and isolation of many uncharacterized viruses is sometimes difficult or impossible (81). 

For example, culturing of Hepatitis C proved to be immensely difficult. It was finally 

cultured in a modified human hepatoma cell line in 2005 (82). 

 Unlike bacteria with 16S RNA conservation, there is no universal conservation 

marker in viruses given the diversity of genome types and replication strategies (83,84). 

Although recently developed molecular assays such as degenerative PCR have 

identified new viruses using sequence variants derived from known viral sequences 

(84,85), it does not detect all viruses present in samples. Since the start of viral 

discovery via high-throughput sequencing, viruses have been found to be the most 

abundant and diverse organisms on Earth and current immunological assays will fail to 

uncover the substantial unknown diversity present in environmental and human samples 

(86,87).  Therefore, given the huge diversity of viruses and the serious limitations of 

traditional tools for viral identification and detection, new approaches, such as 

indiscriminate massive parallel sequencing of samples potentially carrying unknown 

viruses, are today considered to be a more efficient approach. 

   

2.4 Metagenomics   
 

 Metagenomics is sequence-based analysis of the majority of a sample´s genetic 

material which sidesteps many classical limitations for discovering unique virus 
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characteristics and origins (88). Metagenomics originally focused only on cloning double 

stranded DNA genomes (89). Now techniques have expanded to comprehend all types 

of genomic targets. This approach solves the limitations with isolation and culturing prior 

to full characterization (72). Unbiased metagenomic approaches yield sequencing data 

for almost every organism within the sample. A wide variety of applications have been 

developed using metagenomics since its initial applications in uncultured bacteria and 

Archaea (88,90).  As typical viral genomes are relatively small, applying metagenomics 

to viral genomes is efficient due to its large coverage of sequence data (deep-

sequencing) (89). 

 Many environmental samples have been collected and sequenced to date. 

Marine samples have revealed an unprecedented amount of previously unknown 

genetic diversity, a great part of which is viral. Surprisingly, there are few viral studies 

performed using human samples. Human metagenomic analyses have shed light on the 

micro-organism-host interactions that impact normal physiological processes. This 

includes the microbiota in the digestive tract as well as important interactions in immune 

responses to cancer and autoimmune diseases (91–93).  Fecal samples are primarily 

used in human metagenomics primarily due to their availability and non-existent ethical 

concern for obtaining samples (94–97). In 2003, Breitbart et al. performed the first 

metagenomic analysis of the human gut looking for non-pathogenic human DNA viruses 

using fecal samples. Using partial shotgun sequencing, 59% of the sequences were 

unknown when compared to all known biological sequencing information (via BLAST). 

The results also revealed a substantial, previously unidentified bacteriophage 

population. In 2005, Breitbart et al. performed a metagenomic analysis using blood 

samples from healthy donors and found a novel anellovirus that further research 

confirmed to be common in human populations (98). Many other metagenomic analyses 

over the past 15 years have revealed the importance of investigating viruses in potential 

viral reservoirs in ecological, animal and human clinical patients (99–102).  

 Clinical applications of viral metagenomics have uncovered many new potential 

pathogens and supported a global effort for novel virus surveillance. In 2008, an 

idiopathic transplant-associated disease was uncovered as an arenavirus through 

metagenomic approaches (103). As a result, human sources such as serum/blood 
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samples became prevalent in clinical metagenomic studies (104–106). What makes 

metagenomic approaches more applicable than PCR for viral discovery are their ability 

to detect the presence of both known and novel viruses without prior genetic information, 

at concentrations that may not be detected by PCR (107,108).  

 Deep sequencing of clinical samples yielding millions of sequence reads can also 

allow for detection of subtle differences in known viruses which would be undetectable 

through other methodologies (103,109). Knowing key genomic differences allows better 

clinical inference on the pathogenicity of the virus that would not be tested for otherwise 

(110). Metagenomic approaches could also expand and thus improve novel viral 

detection assays, which will eventually inform on what therapeutic approach to use when 

combating a specific viral infection. Moreover, testing various patients infected with a 

particular virus may allow inferences on the appropriate treatment measures based on 

environment or phylogenic profiling. A case study on cystic fibrosis patents and the viral 

flora present in their lungs revealed underlying conditions that characterize aetiology for 

the disease states of the virus (111). 
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CHAPTER 3 – RESULTS 
 

3.1 In silico applications  
 

3.1.1 Using HMMs to Discover Novel Viral Sequences 
 

3.1.1.1 Brief Introduction of HMMs and its applications 
 

Discovering novel and uncharacterized viruses poses a new set of problems and 

strategies. Although it is the most common approach, BLAST-related searches are 

limited in their ability to account for the certainty or variability of specific residues in a 

query sequence (72,112). Because of the limited reads from high-throughput 

sequencing, as well as the occasional sequence errors and incomplete public 

databases, very few novel viruses are discovered (43). A Hidden-Markov model (HMM) 

approach characterizes unknown sequences via conserved protein-domains, which are 

more conserved markers than DNA sequences. The HMM-based alignments method 

adequately detects remote protein homology (113). HMMER3 (http:// hmmer.wustl.edu/) 

(Version 3.1b1) uses a Multiple Segment Viberti (MSV) filter which fully utilizes 

mathematical modeling principles in probabilistic sequence approaches (13). The profile 

will be based on a target sequence of a known protein that is found in viruses. For 

example capsid or polymerase proteins are both common in many viruses (42). The 

profile sequence should reflect sequences or homology found in either a specific or 

general population of viruses. Providing a metagenomic database to align for the profile 

will allow detection of highly divergent sequences based on various probabilistic 

sequences generated from the profile. 

 

3.1.1.2 Discovery of a novel dicistrovirus in sewage 
 

High percentages of currently available metagenomic sequences in databases 

are unknown with no relevant homology to any known viruses (86,114). Utilizing 

probabilistic modeling and advanced algorithms, we can find putative novel viruses in 
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silico. Publically available databases provided a great opportunity to apply HMM 

searching to follow up and uncover additional information. A recent deep-sequencing 

analysis on sewage (115) collected from 4 locations; San Francisco, Nepal, Maiduguri, 

and Bangkok (SRA accession numbers SRR545987, SRR545988, SRR545989, 

SRR545990 respectively) was selected for further investigation to test the effectiveness 

of our proposed methodology.  

For segments of unknown sequences, the group utilized only BLASTx and 

BLASTn against the GenBank non-redundant database. With over 40% of diarrhea 

cases having unknown cause and the abundance of unknown enteric infections globally 

(116), creating a profile HMM can lead to the identification of divergent virus strains in 

metagenomic samples previously undetectable by BLAST or hard to detect by PCR 

primers based on known sequences. Therefore, a profile HMM can provide an additional 

method for uncovering and characterizing the unknown. Astroviruses are positive sense, 

single-stranded RNA viruses associated with gastroenteris in children around the world 

(117).  

As a crucial step in this proof of concept, an astrovirus RdRp profile was created 

with many astrovirus amino-acid sequences utilized in Ng et al.’s phylogenic analysis but 

also expanded it with other readily available sequences from GenBank that were not 

included in their analysis such as in California sea lion and dog strains. RdRps contain 

conserved motifs widespread in many viral RNA families that are used as an 

evolutionary signature to qualify divergent virus proteins (118). Using MUSCLE (Version 

3.8.3) (38) and SeaView (Version 4.3.1) (119), I aligned the sequence of reference 

RdRp(s) (Figure 3).  
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Figure 3 - An example of multiple amino acid alignment used for an astrovirus HMM 

profile. 

 
Multiple amino acid sequence alignment using Geneious 9.1.3 (120) and MUSCLE (Version 3.8.3) (38). 
Sequences contain similarity but also enough variability at key positions to allow HMMER3 (Version 3.1) to 
infer probabilistic parameters to find highly divergent sequences within a database (121). 
 

We then inputted the alignment and built a profile via hmmbuild (HMMER3.1) 

(121). Despite a high percentage of astroviruses found in the San Francisco database, 

we applied the profile to all four databases with hmmsearch (default parameters). 

Although we composed a search for astrovirus RdRps, the conservation of RdRp motifs 

and the probabilistic modeling algorithms of HMMER3 pulled several interesting reads 

from SRR545989. After trimming reads, we were able to uncover several hits that Ng et 

al. covered but also identified several reads containing a very divergent dicistrovirus 

strain. Dicistroviruses are found in insects and are part of a subclade of picornaviruses 

(122).   

We further investigated one of the hmmsearch read hits (SRR545989.527349_6). 

An initial BLAST of the entire read revealed a 43% identity and E-value of 3e-05 to a 

Taura Syndrome virus (TSV) non-structural polyprotein. Approximately 10,000 

nucleotides long, TSV has two open-reading frames (ORFs), the first including a 

helicase, protease and RdRp region (123). The next most similar BLAST hits were 

Israeli Acute Paralysis virus and Kashmir Bee virus; both retain the same structural form 

of TSV leading us to hypothesize that the read could infer a novel dicistrovirus present in 

the database, previously unidentified by Ng et al. Using CLC Genomics Workbench 5.5 
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(CLC Bio, Aarhus, Denmark) and Geneious 6.1 (120,124) (Biomatters, Auckland, New 

Zealand), we assembled contigs in reference to our target read. Staring from a 368nt 

read, we were able to extend our consensus sequence to 710 nts before lacking in 

supporting reads.  

 
Figure 4 - A de novo assembly reveals multiple viruses “fished” from original HMM 

search 

 
Image from Geneious (Version 6.1 from biomatters) (120,124). The bottom 4 reads represent an 
alternative sequence pattern. We also see multiple base changes that could also suggest similar viruses 
and not sequencing errors based on high coverage and other supporting sequence data shown here. 
 

As we extended the contig, we BLASTed extensions to see if the sequences we 

were adding on still maintained close similarity to previous searches in terms of % 

identity and supporting e-value. We then mapped the sequence to the entire database 

as a reference. We extracted contigs that fit our stringent parameters of similarity among 

reads and gap size to further assemble and extend our sequence. Contigs needed to not 

only overlap and support previously assembled regions but also had to expand far 

enough with high quality and quantity to allow consensus sequence extension. This 

restrictive second round analysis is intended to allow the assembling of different contigs 

of reads prevenient to more than one genome that maps to the searched region. This 

possibility is illustrated by Figure 4, which shows groups of reads that have different 

polymorphisms and possibly include different viral species. Once contigs were chosen, 

we de novo assembled and extended contigs into even longer contigs that matched our 

sequence.  
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 At a certain point, we decided we did not have enough reads supporting and 

extending our consensus sequence in both directions. Often, selecting the right contigs 

was difficult due to the presence of multiple viruses present in contigs that bypassed 

strict assembly parameters. Although difficult, it demonstrates the ability of our 

methodology to detect multiple viruses and extend separate contigs on those specific 

viruses if we chose to do so. After we extended our consensus sequence in both 

directions to the furthest point with enough support, we used pBLAST to evaluate 

closest matches in all available GenBank sequences. We then extracted 17 protein 

sequences that shared close %identify and e-value significance from our search and the 

sequences from the original study (115) (Figure 5). 
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Figure 5 – RNA-dependant RNA polymerase multiple alignment of picorna-like viruses 

  
 
Top sequence is our extended amino acid sequence tentatively named Putative_dicistrovirus. With a final 
consensus protein sequence almost tripled from its original read, a multiple alignment of 18 dicistrovirus 
sequences was performed using MUSCLE (Version 3.8.3). Using Clustalw coloring (125), demonstrate our 
putative novel virus RdRp containing strong conservation in 2 motifs (KDEX and YGDD) and highly 
conserved amino acid positions (126). We were not able to extend to the 3rd conserved motif.  All 
sequences were downloaded from GenBank. 
 

Three conserved motifs are needed for RdRps to retain function despite RNA 

viruses’ high evolutionary mutation rates (68). We cannot deduce the evolution of 

picorna-like viruses solely on RdRp evolution (127). However, since RdRp is the only 

universal protein within the family of picornaviruses and it is the only portion of the virus 

we have fished out from the database, we performed phylogenic analysis to theoretically 

place our putative dicistrovirus in reference to known lineages of picornaviruses (122). 
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With complete repeat of Ng. et al. phylogenic profile sequence selection for RdRps, we 

see a highly divergent novel virus protein from anything currently published and suggest 

an early divergence from the picorna-like family tree (Figure 6). 
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Figure 6 – Phylogenetic estimate of a putative dicistrovirus and the picorna-like virus 

family 

 

Based on the alignment from Figure 6, amino acid sequences from RdRP regions were phylogenically 
estimated. Maximum-likelihood trees were estimated using FastTree (Version 2.1) (128) with the Whelan 
and Goldman (WAG) (129) evolutionary model. Maximum-likelihood trees were run with 1000 bootstrap 
replications; branches with 70% or greater bootstrap values are labeled. Consistency of the tree was 
measured with the tree from Ng et al. study. Niflavirus was selected as an out-group to match their study. 
Colors represent virus host organism. 
 

We argue that a sample of our own would allow for a second round of sequencing 

and for the design of primers that could either generate more reads or allow for standard 

PCR techniques that can finish the putative genome found. If we had the original 

sample, our next step would be to extract our novel virus protein using unique primers. 

This would allow us to confirm the presence of a new virus and complement our in silico 
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analysis. This methodological proof of concept not only demonstrates the effectiveness 

and power of probabilistic modeling but also shows the abundance of novel viruses in 

unpublished metagenomic databases. 

 

3.1.2 Applications of Codon Adaptation Index in Flavivirus Biology 
 
The following section contains material that was accepted for publication in PLOS One 
on January 10, 2018. 
 

3.1.2.1 Brief introduction of Codon Adaptation Index and pathogenic flaviviruses 
 

When a virus first jumps into a human host from a non-human vector or reservoir 

host, conserved changes in viral population sequences can occur that could allow the 

virus to adapt to a new host (17,18).  Part of host adaptation relies on coping with a 

host’s cellular environment, in particular, the translational machinery that will allow a 

virus to complete its replication cycle. Codon-bias analyses have proven to be effective 

in extrapolating information from a zoonotic virus infection in a new, vector or reservoir 

host (130–135). During viral replication, the coding regions of viral genomes undergo 

both mutational and selective pressures that result in non-synonymous and synonymous 

changes that may or may not result in adaptive changes. Codon adaptation index (CAI) 

quantifies how well the codon preferences of the virus match that of the host (16,131). 

For example, a host cell that uses more frequently AGA to code for Arginine will 

generally have a greater pool of tRNAs for AGA in its cellular environment, as opposed 

to a rarer, less used codon for Arginine such as CGU. Although cellular conditions are 

“tailored” for the host’s translational needs, a virus could optimize its replicative and 

translational kinetics by selecting for codons more abundant in the host’s cellular 

environment. Although it has been shown that the translational efficiency of some 

persistently infecting viruses is reduced to diminish protein expression to avoid immune 

surveillance (134), the opposite has been observed with acutely infecting viruses. 

The availability of codon usage tables for a host’s constitutively expressed or 

highly expressed genes could allow analysis of adaptive changes of acutely infecting 

zoonotic viruses (17), as they interact with new hosts.  Convergence or divergence of 
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viral codon adaptation towards or away from that of host can be observed over relatively 

short periods of time (i.e., years), allowing side by side comparisons with their epidemic 

history.  There is plausibility for increased CAI and the occurrence of human disease 

from acutely infecting zoonotic viruses. It can be argued that a virus, whose codon 

usage is calibrated to the host’s usage, may have the capability to translate and 

replicate faster than a virus that has a lower codon adaptation to a specific host 

(136,137). Because higher replication tends to increase viral titers, higher host viral load 

could allow for an increased chance of secondary transmission, virulence and higher 

chance of mortality from the infection (138).  

Recently, it was demonstrated that there is an increasing CAI of ZIKV’s NS1 

protein to human housekeeping genes in Brazilian strains (139) and that this adaptation 

correlated, as predicted, with changes in its proteins stoichiometric ratios (Freire et al., 

unpublished).  Moreover, it was found that the ZIKV strains circulating in Brazil infects 

human neural tissues more efficiently, while an African ZIKV strain (MR766) is more 

adapted to infect non-human primates neural tissues (136), providing empirical support 

for findings on ZIKV CAI (139). In light of this data, we asked if the codon adaptation of 

other flaviviruses to various hosts could be observed at the genus and species level.  

A requirement for flaviviruses, and arborviruses in general, is the initial need to 

adapt to the codon choices of a vector species before the virus adapts to the codon 

usage choices of humans (140). The alternation between mammals and arthropods 

impose constraints on arbovirus evolution. Specifically in the vector, albeit strong 

purifying selection, we can observe silent selection, that is changes in 4-fold degenerate 

codon sites, promoting differential codon usages in viral genomes (141–143). 

Yellow Fever virus (YFV), Dengue virus (DENV) and West Nile virus (WNV) are 

globally prevalent flaviviruses that cause morbidity and mortality in humans. These three 

flaviviruses have extensive genetic and biological diversity within themselves, i.e. 

sylvatic and endemic strains of DENV and YFV, or the distinct genetic lineages of WNV 

(144,145), which vary in reservoir hosts and ability to infect humans in distinct biological 

behaviors (8,31,146–154).  To provide insights into the usage of temporally scaled CAI 

of YFV, DENV, and YFV in zoonotic emergences, we have performed a large analysis 

investigating different flavivirus vector-host relationships. We first created two codon 
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usage tables for specific human genes that could play a role in viral codon adaptation. 

Next, we looked for broad codon adaptation patterns within the flavivirus genus 

subgroups. We used an in-depth approach to investigate the codon adaption of YFV, 

Dengue 2 virus (DENV-2), and WNV to known hosts by using a large set of serially 

stamped sequences from widespread geographical origins. Our understanding of how 

viral species modulate translation and adapt to host cellular environments over time is 

limited.  From these data, we show that flaviviruses have distinct patterns of codon 

adaption linked vector-host subgroups and biology, and we provide evidence that 

species-specific codon adaptation is observable and possibly linked to the vector-host 

evolution across time in certain flaviviruses.  

 

3.1.2.2 Results of Codon Adaption Index and Pathogenic flaviviruses 
 

House-keeping genes are constitutively expressed in all human cells (19,155); 

being therefore a likely venue for viral codon adaptation. Moreover, it is fair to assume 

that human immune genes shape many viral-host interactions and disease severity 

(20,25). Usually during a viral acute infection, immune responses are triggered including 

an increased expression of antiviral genes (22,24,26,156,157). We did not have any 

evidence supporting that the host’s tRNA pools alter during viral infection or if the codon 

preferences of a virus change when cellular immune processes initiate during a 

recognized viral infection. The immune antiviral genes table was created to provide an 

alternate human codon table that has different codon usages than that of human 

housekeeping genes. Between the two human tables, the average difference between 

the frequencies per thousand bases among triplets is 4.259 (s.d. = ±4.104) with a max 

difference of 18.1.  

We first wanted to show that there are measurable and meaningful viral-host 

adaptations that could be observed using CAI.  As a proof of concept for virus-host 

codon adaptation, we calculated the CAI of Tobacco Mosaic virus (TMV) using complete 

coding sequences against the codon preferences of tobacco (Nicotiana tabacum) 

housekeeping genes (158,159), TMV’s “natural” host (Figure 7). When TMV sequences 

were tested against the codon preferences of human genes, there was no evidence for 
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codon adaptation. The average CAI of TMV to tobacco housekeeping genes was 1.037 

(s.d. = ±0.005), showing strong evidence for adaptation. On the other hand, TMV’s CAI 

against human housekeeping and antiviral genes showed no evidence for codon 

adaptation with an average CAI of 0.993 (s.d. = ±0.003) and 0.981 (s.d. = ±0.003), 

respectively.  

 

Figure 7 - The CAI of Tobacco Mosaic virus to housekeeping genes.   

 
A violin dotplot of the CAI of complete Tobacco Mosaic virus (TMV) coding sequences to the codon 
usages of human house-keeping genes, antiviral/immune genes, and tobacco (Nicotiana tabacum) house-
keeping genes. Average CAI values for each group are shown. 
 

After demonstrating that CAI could be used to measure a virus’ codon adaptation 

to specific hosts codon choices, we hypothesized that similar relationships could be 

observed in flaviviruses. They are arthropod-borne viruses that have the ability to infect 

and replicate in hosts of different phyla. Therefore, versatility in gene expression and 

protein synthesis is at premium, and certain changes in the viral RNA genome could 

affect the fitness of the virus in a specific host. Indeed, viral fitness changes relate to 

dinucleotide frequencies, codon preferences, and codon pair biases 

(132,141,142,160,161).  
Ecology, different virus-host relationships and biogeographical migrations of 

flavivirus species may explain observed genetic differences among subgroups 

(140,142,143,162,163).  Phylogenetic studies have acknowledged three groups that 

reflect the evolutionary and ecological dynamics: tick-borne, mosquito-borne (Aedes and 

Culex species), and no known-vector flaviviruses (164–170). We reconstructed the 



48 

!

evolutionary history of the Flavivirus genus based on the complete coding sequences of 

species used in Moureau et al.’s 2015 paper (170), except that we used a nucleotide 

alignment. As biological and genetic differences are evident between each host/vector 

subgroup, we calculated the normalized CAI for each sequence in their respective clade 

against 7 codon usage tables: i) human housekeeping, ii) highly expressed human 

antiviral immune genes, iii) Aedes aegypti, iv) Culex pipiens, v) Rhipicephalus microplus 

(tick), vi) Macaca mulata (rhesus monkey) and vii) Columba livia (rock dove pigeon) 

(Figure 8).  
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Figure 8 - Flavivirus-CAI dynamics to associated species.  

 
(A) Bayesian-inferred phylogenetic tree of the complete ORF using nucleotide sequences. All nodes had a 
posterior probability > 0.9. Taxa were omitted for clarity. Associated viral vectors and vertebrate host 
groups are colored. The scale bar represents 0.06 mutations per site. (B) Box and whisker plot of CAI for 
each flavivirus species subgroup. For each group of sequences, the CAI was normalized by length, GC-
percentage and amino-acid content. Black lines with asterisks signify CAI values that are significantly 
different. 

 

Insect-specific groups A includes Cell fusing agent virus (CFAV), Culex flavivirus 

(CxFV), Aedes flavivirus (AEFV), Kamiti River virus (KMV) and seven others (S1 Figure): 

all viruses in this group are thought to be vertebrate-incompetent both in vitro and in vivo 

(169,171–177).  Both CAI values to human codon and pigeon tables compared to insect 

vectors were significantly different; with vector CAI values higher (Wilcoxon rank sum 

test, p-values ranged from 1.985 x 10-5 to 0.0457). Although all CAI results for vertebrate 

CAIs were significantly lower to the Culex and Aedes tables, we did not find any 

significant difference between tick and monkey codon adaptation within the group A 

clade.  
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The other insect-specific flavivirus group F clade includes 5 species (Chaoyang 

virus (CHAOV), Donggang virus (DONV), Lammi virus (LAMV), Barkedji virus (BJV) and 

Ilomantsi virus (ILOV) paralogous to mosquito-borne flaviviruses, supporting a more 

recent emergence and closer relation to Aedes and Culex-borne viruses. The general 

equality across all of the CAIs of group F is different than the other insect-specific group 

(A), where the CAI of vector species is visibly greater than vertebrate species. The 

group F species showed no clear relationship between vertebrates and vector species 

codon usages.  

Mosquito-borne and tick-borne groups that have known associations with a 

vertebrate host revealed a different codon bias. In groups C (tick-borne), E (Yellow fever 

virus complex), G (Dengue virus complex) and H (West Nile virus complex), viral codon 

adaptation indexes were significantly higher in mammalian vertebrates than in vector 

species (Wilcoxon rank sum test, p-values ranged from 5.387 x 10-7 to 0.0192). 

Additionally, we found that CAI values were on average higher in monkeys than in 

human genes for vertebrate-associated flavivirus groups, and in some cases differences 

were significant. A higher CAI average in vertebrates compared to vectors was universal 

in all vertebrate-associated groups. Interestingly, the group B clade (no known-vector) 

shared a similar trend to mosquito-borne and tick-borne CAI box plots, where 

mammalian vertebrate CAIs were significantly higher than vector species (Wilcoxon rank 

sum test, p-values ranged from 0.002 to 0.008).  

The Culex-borne flavivirus clade (group H) emerged from Aedes-borne 

flaviviruses thousands of years ago (165,178). Culex-borne species have a life cycle 

involving primarily avian species and a few species have even been isolated from 

rodents. Like the group G Aedes-borne flaviviruses species, CAI values to mammalian 

vertebrate tables were significantly higher than in mosquito species (Wilcoxon rank sum 

test, p-values ranged from 5.83 x 10-9 to 1.032 x 10-6). In the case of the rock pigeon 

(Columba livia), the Culex-borne flaviviruses had a lower CAI distribution to pigeons than 

to mammalian vertebrates (Wilcoxon rank sum test, p-values ranged from 2.201 x 10-8 to 

0.000136). Furthermore, Culex-borne species had a significantly higher CAI to pigeons 

than to Culex pipiens (Wilcoxon rank sum test, p-value = 0.007) but only averaged 

higher than Aedes aegypti and tick CAI values. Across flavivirus subgroups that are 
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known to harbor viral species with known capability of infecting mammalian vertebrates 

(B, C, D, E, G, H), the CAI to pigeons rests in the middle of vector and mammalian CAI 

values.  

After observing CAI differences between the flavivirus genus subgroups, we 

explored if changes in CAI over time could be seen in specific viral species. Yellow fever 

virus (YFV, group E) and Dengue 2 virus (DENV-2, group G) are paralogous Aedes-

borne flaviviruses who boast century-long interactions with human hosts (153,179,180). 

Both had large numbers of serially stamped complete ORF sequences available, 

allowing us to investigate the temporal trends of YFV CAI, and compare differences in 

the CAI of DENV-2 endemic and sylvatic strains (Figure 9).  
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Figure 9 – CAI changes across time for (A) Yellow Fever virus, (B) endemic strains of 

Dengue 2 virus, and (C) sylvatic strains of Dengue 2 virus.  

 
For each codon usage table, the CAI was normalized by length, GC% and amino acid content for each 
dataset. Area of plot points reflects the density of sequences at a specific coordinate. A trend line was 
generated using LOESS, a non-parametric regression method, with 0.95 confidence interval shading. For 
B), CAI data to monkeys was removed for clarity, but was positioned in between the human table trend 
lines.  
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To start, we calculated their CAI to human gene codon usage datasets, the 

Rhesus monkey (Macaca mulata) Culex pipiens and the Aedes aegypti codon usage 

tables. For the YFV dataset (Figure 9A), the 5 CAI trendlines were highly correlated 

(Spearman’s rank correlation test, p-value ≤ 2.2 x 10-16, rho ranged from 0.977 to 0.999). 

YFV demonstrated codon adaptation for both vectors and humans across all sampled 

strains. YFV CAI to Rhesus monkey codon usage was significantly higher than human 

and vector tables (Wilcoxon rank sum test, p-values ≤ 6.375 x 10-7). We also observed 

significantly higher CAI for Aedes aegypti than in Culex pipiens (Wilcoxon rank sum test, 

p-value = 0.006). Across all three datasets, YFV had a higher CAI to the mammalian 

codon usage tables, followed by DENV-2 endemic and sylvatic strains respectively.  
A higher CAI to its Aedes-associated vector species compared to the common 

Culex-borne vector was also true for endemic and sylvatic strains of DENV-2 (Wilcoxon 

rank sum test, p-values < 1.711 x 10-5) (Figure 9B and 9C). DENV-2 endemic strains, 

showed highly correlated trend lines across all CAI tests (Spearman’s rank correlation 

test, p-values < 2.2 x 10-16, rho values ranged from 0.875 to 0.996). Since we were more 

interested in the interplay of DENV-2 endemic strains with humans, particularly when 

transmission alters between mosquitoes and humans in an urban setting, we removed 

the CAI data of DENV-2 endemic strains to the Rhesus monkey table. DENV-2 endemic 

strains showed a significantly higher CAI to housekeeping genes over time (Wilcoxon 

rank sum test, p-value < 2.2 x 10-16). This is divergent to YFV, where CAI over time was 

greater to the immune genes codon usage table (Wilcoxon rank sum test, p-value = 

5.775 x 10-5).  

In DENV-2 sylvatic strains, we saw a different pattern (Figure 9C). DENV-2 

sylvatic strains had a higher CAI towards immune genes than they did in house-keeping 

genes (Wilcoxon rank sum test, p-value = 1.919 x 10-5). Furthermore, sylvatic strains did 

not show any evidence for codon adaptation towards Culex pipiens, as the CAI for all 

sequences was below 1. Interestingly, codon adaptation to the Rhesus monkey shows 

an increase in CAI from 1995 to the 2008 sequences, positively correlating with the 

same increase in CAI that takes place later in DENV-2 endemic strains to human genes 

from 2003 to 2016 (Spearman’s rank correlation test, p-value ≤ 2.2 x 10-16, rho ranged 

from 0.943 to 0.996). In fact, this same positive correlation was shared in DENV-2 
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sylvatic strains codon adaptation to Aedes aegypti (Spearman’s rank correlation test, p-

value ≤ 2.2 x 10-16, rho ranged from 0.946 to 0.995).  

After exploring the CAI trends of YFV and DENV-2, both Aedes-borne 

flaviviruses, we then asked if a similar result could be found in a Culex-borne flavivirus 

such as West Nile virus (WNV). WNV is transmitted primarily by the Culex pipiens 

mosquito and can cause severe neurological disease in vertebrates: including humans, 

horses and birds (181). Furthermore, the virus has been isolated in every continent 

except Antarctica (31). In addition to its vast geographical spread, the WNV species 

shows high genetic diversity and exists in at least 7 different lineages (144).  WNV 

lineage 2 (L2) was historically thought as a milder, less pathogenic lineage than its 

lineage 1 counterpart and was believed to be restricted to sub-Saharan Africa (182,183). 

In 2004, the known boundaries of L2 changed when a Hungarian goshawk (Accipiter 

gentilis) had neurological symptoms that were later identified as WNV disease from a L2 

strain (184). L2 was detected in birds, mosquitoes and humans sporadically over the 

next few years in Eastern European nations (185). In 2010, a large WNV L2 human 

outbreak in Greece was reported, with 81 confirmed cases of West Nile neuroinvasive 

disease (186). From 2010 to 2014, WNV human outbreaks were reported in Russia, 

Czech Republic, Italy, Austria, Serbia, Hungary, Belgium and Romania (187).  
With the availability of African and recently sequenced European WNV L2 

complete genomes, we investigated the CAI changes of L2 during its recent emergence 

out of Africa and into Europe.  We first show that there were at least two different 

introductions of L2 into Europe since 2003 (Figure 10A). Interestingly, the epidemic 

sublineage (n=43) had a higher CAI than the 3 European sequences outside the clade 

for vertebrate and mosquito tables (Wilcoxon rank sum test, p-values ranged from 0.001 

to 0.02). We then calculated the Malthusian fitness (Wm) for L2 from 2004 to 2014, a 

time period that coincided with L2 strains isolated and sequenced in Europe (Figure 

10B).  
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Figure 10 - CAI and phylodynamics of West Nile virus lineage 2 sequences.  

 
A) Bayesian maximum clade credibility tree representing a time scaled phylogeny of a WNV lineage 2 
polyprotein sequences. Bayesian posterior probabilities > 0.9 are marked with an asterisk at major nodes. 
Averages for the European epidemic lineage (yellow bar) and a 2nd European lineage (highlighted in red) 
are shown. B) Malthusian fitness (Wm) was calculated from 2004-2014, and compared to LOESS trend 
lines generated from CAI values to the codon usages of C) human house-keeping genes, D) human 
immune/antiviral genes, E) pigeon (Columba livia) genes, and F) mosquito (Culex pipiens) genes. G) The 
Spearman’s rank correlation test was used to test if there were any correlations between the 2010 to 2012 
CAI increase in mosquitoes and the CAI increase in vertebrate species from 2012-2014, as well as Wm. 
The ∆CAI, ∆Wm and rho are shown for clarity. # = for all correlations, p-values were < 0.05. 
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We then calculated the CAI of L2 sequences against human, mosquito (Culex 

pipiens) and the pigeon (Columba livia) codon usage tables. With Wm, a measure of 

relative fitness over time, we were able to compare two independent measurements of 

viral fitness that span before and during the European WNV L2 epidemic (Figure 10B-

10F). We first looked for any trends of Wm or CAI from 2004 to 2014 that were similar. 

We discovered that the trend lines for mosquitoes and Wm were correlated (Wilcoxon 

rank sum test, p= 0.005, rho = 0.8). Notably, the joint increase of Wm and mosquito CAI 

during the 2010 to 2012 period was highly correlated (Wilcoxon rank correlation test, p = 

0.017, rho = 1). Interestingly, an increase of CAI in pigeon and human tables followed in 

2012 to 2014 that was highly correlated to the earlier increase in mosquitoes and Wm 

(Spearman’s rank correlation test, p-value ≤ 0.017, rho ≥ 0.98). The increase in vector 

CAI that precedes the increase in human CAI was similar to what we observed in 

sylvatic DENV-2 CAI to Aedes aegypti and rhesus monkeys, followed by a later increase 

in the CAI of endemic DENV-2 strains in humans. 

 

3.1.2.3 Discussion of Codon Adaption Index and Pathogenic flaviviruses 

 

 Observing changes that may be involved in translational efficiency offers a 

promising avenue for a better comprehension to how some flaviviruses can infect and 

replicate in human hosts. Codon usage bias studies are inherently common, but they 

rarely consider the changes in codon adaptation to hosts that occur over time, as we 

have done here. Although we observed significant differences in the normalized CAI of 

different viruses, we still lack the knowledge to infer what biological consequences these 

small changes could cause. Although the critique of sequencing bias, including the 

scarcity of aged samples, and lack of non-human sequences can limit CAI analyses, we 

have shown that the results can be informative. 

One advantage of calculating the CAI of flaviviruses is the single open-reading 

frame that codes for around 3400 amino acids. Using such complete polyprotein reading 

frames, we were able to observe differences in CAI between previously inferred vector 
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and vertebrate phylogenetic groups (132,170,188,189). In particular, insect-specific 

groups favored the codon choices of vector species, while mammal-associated flavivirus 

groups were better adapted to vertebrate codon usage. Insect-specific flaviviruses are 

thought to sustain their populations in their respective insect vectors in the absence of 

mammal reservoirs (190), so lower translational efficiency in vertebrates could be 

expected.  

As expected, some of our results could not be connected to some of the known 

biological aspects of flaviviruses.  This could suggest that there may be uncharacterized 

features of the translational mechanisms at play. For example, the results we obtained 

using the tick (Rhipicephalus microplus) table did not support the biological and 

epidemiology of tick-borne viruses (Figure 8). Indeed, tick-borne viruses cause dead-end 

infections in humans (191), so we did not expect CAI to be as high, especially compared 

to some mosquito-borne viruses that can cause secondary infections in humans (17). 

Some tick-borne viruses use rodents as their reservoir hosts, and have associations with 

other mammalian vertebrates such as dogs, horses, and other large mammals (192), 

which could have lead to tick-borne viruses having similar codon usages to humans and 

monkeys. Nevertheless, we did not investigate the CAI of flaviviruses to rodents so far. 

The number of insect-specific and arboviral sequences as a whole are rapidly 

increasing (193,194), which will allow for more in-depth analyses in the future. The 

capabilities of CAI analysis are limited to the availability of serial-stamped sequencing 

data, specifically older isolates. Furthermore, the public availability of complete genome 

sequences has increased as cost for sequencing has decreased and improved over 

time.   Occasionally, we also encountered a limitation as to what inferences we could 

make on the biology of flaviviruses. For example, in Figure 9C, there is only one 

complete DENV-2 sylvatic genome isolated in 2008 that suggested a CAI increase in 

rhesus monkeys and Aedes aegypti since the turn of the millennia that was later 

followed by an increase in human CAI. This was also the case for West Nile virus, where 

L2 showed an increase in Malthusian fitness and Culex pipiens prior to an increase in 

human CAI (Figure 10B-G). Although there was not enough DENV-2 sylvatic sequences 

to calculate Malthusian fitness, comparing Malthusian fitness and CAI could help 

elucidate evolutionary dynamics of an emerging virus (139).   
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Crucially, just one sequence could be enough to make statistical inferences 

regarding changes in codon adaptation to a specific host. This is due to the fact that 

every one of the 3400 codons in the genome is counted, and tested against 500 random 

sequences with the same length and amino acid content to determine if codon changes 

are adaptive or random.  Therefore, arguably every flavivirus sequence included in our 

analysis provides substantial amount of data.  

During an ongoing epidemic where sufficient sampling and sequencing have 

been generated, we could use these sequences to observe changes in fitness of a virus 

that could coincide with fluctuations of CAI to different hosts.  This was the case for 

WNV L2, for which we had access to 46 complete polyprotein sequences sampled in 

Europe since 2008.  Our phylogenetic inference supported results from previous works 

that suggest multiple entries of WNV into Europe (148,195–197). Interestingly, we found 

that a small group of European sequences (highlighted in red in Figure 10) had 

significantly lower CAI values in mammals than the epidemic sublineage composed of 

the rest of the European L2 sequences. This could be explained by sampling bias or 

possibly that these strains lacked the translational efficiency to spread with the same 

force as the other European strains (Figure 10A). We lack in vivo experimental data, but 

we can hypothesize how our results can shed light on the complexity of viral 

translational adaptation over time in different vectors and hosts.  

Coupling CAI analysis with in vivo and in vitro viral titer quantification, and 

functional genetics could improve the understanding of the phenotypic impact of 

synonymous changes, such as in the cases of the comparison between the African and 

Brazilian strains of ZIKV (136). In a similar manner, a possible follow-up study would be 

to test in vivo/in vitro kinetics (see (198) for an example) for endemic and sylvatic strains 

of DENV2 from the same sampling location. There are many gaps in our understanding 

of how synonymous and non-synonymous changes lead to functional changes in viral 

replication, virulence and host adaptation (199). Nevertheless, temporal analyses of CAI 

can be informative in better identifying time-stamped sequences with non-synonymous 

changes that could provide an advantage in different hosts.  In sum, we hope more 

studies will identify housekeeping genes for other peridomestic species capable of 
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transmitting zoonotic viruses, such as flavivirus vectors and Culex-associated migratory 

birds.  

 

3.2 Molecular approaches 
 

3.2.1 A cryptic outbreak of Human Parvovirus B19 hidden by Dengue fever 
 

3.2.1.1 Brief introduction of DENV surveillance, Guarujá, and metagenomic applications 
 

National passive surveillance systems generally rely on weekly clinical reports to 

administrators from a large network of hospitals and laboratories (200). However, high 

costs, poor clinical diagnostic accuracy, and general underreporting can limit their 

effectiveness. As an example, a previous study found that for every 20 dengue patients, 

only 1 had been reported to Brazil’s Notifiable Diseases Information System (SINAN) as 

having dengue (201). Most Dengue diagnoses are made on clinical and epidemiological 

grounds where mildly symptomatic and non-specific febrile cases are often discarded 

(9,201,202).  

Few epidemiological studies have investigated or assessed the simultaneous 

occurrence of different pathogens with similar disease outcome (105,106,203,204). In 

this case, passive surveillance underestimates Dengue’s true rate of infection and 

ignores the possibility of infection from related viruses i.e., Mayaro, Saint-Louis 

encephalitis or Zika, but also for distantly related viruses such as Parvovirus B19 (B19V) 

(203,205,206).  B19V infections have been associated with both mild (asymptomatic, 

Fifth disease, febrile non-specific flu-like illness, rash) and severe (chronic arthralgia, 

transient aplastic crisis, anemia, hepatitis, myocarditis, and autoimmune syndromes) 

clinical manifestations (207).  

Acute parvovirus B19 infections are characterized by two phases of disease. The 

first phase of illness consists of a prodromal non-specific febrile illness that can present 

with fever, myalgia, headache, and chills (208,209), which is a similar disease outcome 

in Dengue-infected patients (151). However, the Parvovirus B19 disease is usually 



60 

!

associated with and clinically diagnosed by the second phase of the illness, which may 

include the hallmark presentations of erythema infectiosum (i.e., Fifth disease), various 

cutaneous and popular rashes, and arthralgia (joint pain, arthritis) (209). Generally, B19 

disease is an asymptomatic or mild pediatric illness with far fewer diagnosed cases in 

adults; previous childhood infections are thought to provide life-long immunity. However, 

infections in immunosuppressed individuals and patients with other medical 

complications can be susceptible to a range of severe disease manifestations and 

relapsing B19V infections (210,211). The spread and infection of B19V can occur 

through respiratory secretions, blood-derived products, vertically (from mother to child) 

and nosocomial transmission (Figures 11 and 12) (212–216).  

 

Figure 11 – An overview of Parvovirus B19 

 
(A) RNA transcription map of B19 with reading frames and resulting protein product. B) A stereoscopic 
view of a completely assembled B19 capsid complex. C) Cryo-EM images adapted from (217) of empty, 
frozen and unstained B19 particles (top) and complexed with Globoside (bottom). D) Conjugated 
maximum likelihood tree of the Parvoviridae family and erythroparvovirus  genus. 
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Figure 12 – Clinical and diagnostic considerations of Parvovirus B19 

 
An illustrated overview of Parvovirus B19 transmission, clinical stages of typical manifestations, 
hematological changes, and presence of viremia and antibodies, all scaled to time. Figure was adapted 
from (216). 

3.2.1.2 Results of Parvovirus B19 cases in Guarujá 

 

From November 2013 to February 2014 during a dengue outbreak, 182 serum 

samples were collected from patients who visited the city’s public health clinics with 
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symptoms of an acute febrile illness, with some (34.2%) diagnosed with dengue fever 

but many were undiagnosed. We found that in all these cases, there was no evidence 

for DENV infection or any other nationally prevalent arboviruses such as Zika virus, 

Chikungunya virus, Mayaro virus or Yellow Fever virus. From here, samples were 

grouped into 24 pools and were subjected to total RNA sequencing to screen for other 

viruses with a similar disease outcome to Dengue. Using reads from individual pools, we 

were able to de novo assemble a complete or nearly complete Parvovirus B19 genome 

from 10 of the 24 pools (Figure 13). Albeit at a lower frequency, we also found 

sequences from GB virus C, Hepatitis C virus, Hepatitis A virus, and many different 

groups of phages and retroviruses.  
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Figure 13 – Phylogenetic estimation of B19V complete genomes assembled from 
pooled reads 

 
A radial maximum-likelihood tree with Parvovirus B19 genotypes labeled. Red circles at tree tips indicate a 
complete genome assembled in the respective pool. A zoom-in (gray box) shows that sequences are 
closely related to other genotype 1 isolates collected in Brazil. 
 

Once we identified B19V we designed specific primers for the VP1/VP2 region of 

B19V. Of the 182 patients, 115 (63.2%) were PCR positive for the B19 virus (Table 1). 

The median age of these patients was 27. In fact, nearly 60% of the patients were 

between 18 and 39 years of age.  
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Table 1 – The demographics and diagnostics of Parvovirus B19 in Guarujá 
 
Demographics of patients with B19V DNA^ Total 

  Female sex — no. (%) 66/111 (59) 

  Median age (range) — yr 27 (6−75) 

  5−17 yr (%) 19/106 (17.9) 

  18−39 yr (%) 61/106 (57.5) 

  ≥40 yr (%) 26/106 (24.5) 

Laboratory testing& — no./total (%) 

 

  

 

PCR-positive 115/182 (63.2) 

  PCR-positive and IgM-positive, IgG-negative 8/182 (4.4) 

  PCR-positive and IgG-positive, IgM-negative 47/182 (25.8) 

  PCR-positive alone 50/182 (27.5) 

  IgM-positive alone 4/182 (2.2) 

  IgM-positive and IgG-positive, PCR-negative 0/182 (0) 

  IgG-positive alone 25/182 (13.7) 

 PCR-negative, IgM-negative and IgG-negative 23/182 (12.6) 

Clinical Diagnosis* — no./total (%) 

   DENV NS1-specific ELISA test requested 46/70 (65.7) 

  Differential diagnosis of dengue 24/70 (34.2) 

^Four samples had no gender data, nine had no demographic data 
&Borderline antibody reaction results were abstained from results 
*Medical records for 70 patients were available. However, most records either were incomplete or illegible 
for further analysis. 
 

From the patients where DNA was amplified by PCR, eight were also positive for 

the B19V IgM antibody. Only four samples were PCR negative and IgM positive. A total 

of 50 patients (27.5%) with B19V DNA were negative for both B19V IgM and IgG, 

suggesting a first time exposure. Additionally, 47 (25.8%) patients were PCR positive, 

IgM negative and IgG positive, which is a serological profile that has been associated to 

a prior, persistent or a reoccurring infection (218–221). Only 23 patients (12.6%) were 

negative for all three diagnostic assays for B19V.  

As contaminations have been reported as a problem for B19V diagnostics, we 

took precautions to ensure the reliability of our results. For each sample, PCR assays 
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were performed in duplicate and on separate days to avoid false-positive DNA 

amplifications. Prior to and upon completion of both assays, we sterilized all materials 

and used new reagents as well as PCR specific negative controls for each PCR run and 

associated gel. We also tested 35 serological samples of febrile patients from another 

Brazilian state, Sergipe, that were suspected of Chikungunya (222), but were found 

negative for both B19V PCR and IgM antibodies.  

We then retrieved the patient’s date of attendance at a public clinic from 111 of 

the 115 patients positive for B19V DNA. Cases ranged from November 4th, 2013 to 

February 25th, 2014. We mapped the B19V positive patient’s date of attendance by 

week to discover whether was the time where case incidence was highest (Figure 14A). 

Peak incidence occurred during the week of November 10th, 2013. We also obtained the 

addresses for 68 of the PCR positive patients and mapped the distribution of cases 

around the city (Figure 14C). We found that the majority of cases were in the Santo 

Antônio district where the main administrative, mass transportation and commercial 

facilities are located. Highly populated districts as Morrinhos (6 cases), Enseada (7 

cases) and Vila Zilda (7 cases) also had a large proportion of localized cases. 
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Figure 14 – The 2013 to 2014 temporal and geographic spread of Parvovirus B19 cases 

in the city of Guarujá. 

 
A) Weekly sampling of serum samples where Parvovirus B19 DNA was detected (royal blue) and the 
proportion of samples that were first-time infections (purple). B) The geographical location of the coastal 
city of Guarujá. C) The geographical distribution of Parvovirus B19 cases in Guarujá.  
 

 For 70 patients, we were able to retrieve a more detailed medical record with a 

range of incomplete information including symptoms, hematology, complications, 
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diagnoses, and drug recommendations. Several medical records were discarded 

because they were either lacking data or were completely illegible. However, all patients 

included in our study presented one or more dengue-like symptom(s), but not all medical 

records included patient’s symptoms during their attendance (see footnote of Table 1). 

Nevertheless, we annotated the symptoms and complications presented from 56 

patients who were also viremic for B19V during their clinical attendance (Table 2 and 

Table 3). Fever (70%), myalgia (61%) and headaches (43%) were the most prevalent 

clinical presentations in patients. Only 12 of these patients (21%) had presentations of 

arthralgia (6 patients) or rash (6 patients). Eight patients (14.3%) described retro-orbital 

pain at their attendance, a symptom to the best of our knowledge that has no current 

association with acute or persistent parvovirus B19 infection.  

We also obtained data from patients with complications such as vomiting and 

diarrhea. Additionally, 25 medical records included patient platelet count information that 

helped us determine the prevalence of thrombocytopenia (platelets < 150,000/mm3) in 

viremic patients. In total, 15 patients (60%) presented with thrombocytopenia during their 

clinical attendance. 

Because people can be persistently infected by B19V, the sole existence of B19V 

DNA in a patient’s serum can be misleading for a clinical diagnosis of an acute infection 

without any supporting clinical information, especially if paired sampling or a quantitative 

PCR or ELISA analysis were not done (223–226).  The presence of the B19V IgM 

antibody is a strong indicator of an acute infection (227,228).  Therefore, we looked to 

see if these patients presented different symptoms in relation to their serological profile 

(Table 2) by analyzing the occurrence of patient symptoms and clinical complications 

with their serology. Only two patients with a detailed medical record were IgM positive. 

Nevertheless, 22 patients (with medical records) were IgM negative and IgG positive, 

which could indicate a persistent or reoccurring infection (227,229,230). The other 24 

patients (with medical records) were negative for both antibodies, suggesting a first-time 

and recent infection. Given that 50.4% of our (PCR only or PCR and IgM positive) 

patients appeared to be acutely infected it is fair to assume that we sampled from an 

ongoing B19V outbreak. We did not find any significant differences between serological 

profiles and clinical presentations. 



68 

!

Table 2 – Serology and clinical presentation in suspected Parvovirus B19 patients 
 

 

 Next we compared clinical presentations by the age and sex of the patient (Table 

3). We grouped patients by those who were 5-17 years of age (children) and those who 

were over 18 (adults) at the time of their attendance.  Notably, we found that the 

prevalence of myalgia was significantly higher in adult patients compared to younger 

patients (Fisher’s exact test, p-value = 0.02). Likewise, we also observed that only adults 

presented with symptoms of arthralgia, odynophagia (difficulty swallowing), and 

diarrhea. In disagreement to some previous works (231,232), we did not see any 

significant differences in symptoms between men and women. However, we did find that 

only men reported having diarrhea at their clinical attendance (Fisher’s exact test, p-

value = 0.02). 

 
 
 
 
 
 
 

  
IgM+/IgG+ IgM-/IgG+ IgM-/IgG- 

Symptoms No./total no. (%) Total M F Total M F Total 

Fever 39/56 (69.6) 1 (50) 7 (70) 9 (75) 16 (73) 9 (69) 9 (82) 18 (75) 

Arthralgia 6/56 (10.7) 0 2 (20) 0 2 (9) 1 (8) 2 (18) 3 (13) 

Headache 24/56 (42.9) 0 4 (40) 5 (42) 9 (41) 5 (38) 7 (64) 12 (50) 

Generalized Rash 6/56 (10.7) 1 (50) 2 (20) 0 2 (9) 0 1 (9) 1 (4) 

Retro-orbital pain 8/56 (14.3) 0 1 (10) 3 (25) 4 (18) 3 (23) 0 3 (13) 

Myalgia 34/56 (60.7) 1 (50) 8 (80) 7 (58) 15 (68) 6 (46) 8 (73) 14 (58) 

Odynophagia 2/56 (3.6) 0 0 0 0 0 1 (9) 1 (4) 

Complications 
        

Vomiting 6/56 (8.9) 0 1 (10) 0 1 (4) 2 (15) 2 (18) 4 (17) 

Diarrhea 5/56 (9.3) 0 2 (20) 0 2 (9) 2 (15) 0 2 (8) 

Thrombocytopenia 15/25 (60.0) 1 (50) 1/1 (100) 2/5 (40) 3/6 (50) 2/4 (50) 2/5 (40) 
4/9 

(44) 

 
Total 2 10 12 22 13 11 24 
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Table 3 – Age and sex of patients and their clinical presentations 

*No serological data was available for this patient 
^Statistical inferences were performed using Fisher’s exact test 
 

To explore the genetic diversity of B19V in Guarujá, we amplified a small region 

(sequences ranged from 427 to 560 nucleotides in length) of the VP1/VP2 gene that has 

been used for genotyping in other works (233,234). We then aligned our sequences 

(Genbank accession numbers: MG765329-MG765371) with all publically available B19V 

sequences with the country of isolation and collection date available from Genbank. Our 

phylogenetic estimation showed that our sequences (orange tips) are most similar to the 

B19V Genotype 1 sequences (Figure 15). It is possible that there was more than one 

emergence of B19V in Guarujá. Our sequences were genetically similar to two 

sequenced isolates from the city of São Paulo: one from 2010 (Genbank accession: 

KC013305) and one from 2009 (Genbank accession: KC013344). We also indicated 

(violet tips) all published Brazilian and non-Brazilian sequences (light blue tips) of B19V, 

which are widely spread across Genotype 1 and Genotype 3B. Genotype 2 sequences 

from Brazil are only available for the NS1 gene. 

 

  

  

Age Sex 

Symptoms No./total no. (%) 5-17 >18 p-value^ M F p-value^ 

Fever 39/56 (69.6) 11/13 (84) 28/43 (65) 0.3029 19/27 (68) 20/28 (71) 1 

Arthralgia 6/56 (10.7) 0/13 (0) 6/43 (14) 0.3181 4/27 (14) 2/28 (7) 0.6687 

Headache 24/56 (42.9) 5/13 (38) 19/43 (44) 0.7603 12/27 (43) 12/28 (43) 1 

Generalized Rash 6/56 (10.7) 3/13 (23) 3/43 (7) 0.13 2/27 (7) 4/28 (14) 0.6695 

Retro-orbital pain 8/56 (14.3) 1/13 (8) 7/43 (16) 0.6652 5/27 (18) 3/28 (11) 0.4688 

Myalgia 34/56 (60.7) 4/13 (31) 30/43 (70) 0.02135 17/27 (71) 17/28 (61) 1 

Odynophagia 2/56 (3.6) 0/13 (0) 2/43 (5) 1 1/27* (4) 1/28 (4) 1 

Complications 
       

Vomiting 6/56 (8.9) 2/13 (15) 4/43 (9) 0.6286 4/27 (14) 2/28 (7) 0.4216 

Diarrhea 5/56 (9.3) 0/13 (0) 5/43 (12) 0.58 5/27 (18) 0/28 (0) 0.02321 

Thrombocytopenia 15/25 (60.0) 5/9 (55) 10/16 (63) 1 8/11 (73) 7/14 (50) 0.4139 



70 

!

Figure 15 – Phylogenetic estimation of the VP1/VP2 Parvovirus B19 gene fragment 

using a maximum-likelihood tree.  

 
The Shimodaira-Hasegawa bootstrap values greater than 70% are shown at major nodes. Nodes were 
placed and colored at tree trips to indicate the origin of sequences. Scale bar (s/s) is represented by 
substitutions per site. 
 

3.2.1.3 Discussion of Parvovirus B19 cases in Guarujá 
 

 In this study, we retrospectively studied dengue-suspected cases and found a 

large prevalence (63.2%) of B19V in patient’s serum. Despite several seroprevalence 

studies (235,236) and some sporadic cases in the state of Rio de Janeiro (237), the 

public attention for Parvovirus B19 in Brazil is limited. To our knowledge, B19V is rarely 

tested for or even diagnosed in public health centers. Moreover, its febrile prodromal 

disease (i.e., pre-rash and pre-arthritis symptoms) is often mistaken for more prevalent 

pathogens such as dengue. 
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Dengue infections occur all year round in Brazil, but explosive outbreaks tend to 

happen during the summer months of November to April (238–240). A high number of 

dengue cases lead to clinical diagnoses based on epidemiological grounds, which we 

showed here can lead to cryptic outbreaks of pathogens with similar disease outcomes. 

We found that during the 2013/2014 B19V outbreak in Guarujá, infections peaked in the 

late spring and early summer months of November through January (Figure 14), which 

agreed with other reports of erythema infectiosum outbreaks (228,232,241–243), and 

occurred in a similar time frame of locally reported dengue outbreaks (239,240). 

Furthermore, clinical and hematological manifestations of B19V infected patients were 

also found to be similar to classical dengue disease presentations like fever, headache, 

myalgia, and retro-orbital pain (151). This is especially true for the eight patients who 

presented with retro-orbital pain—a symptom that has no known association with the 

Parvovirus B19 disease—and with thrombocytopenia, a common feature and diagnostic 

marker of dengue. 

 Since Parvovirus B19’s discovery, diagnostic methods for detecting acute 

infections in serum have involved electron microscopy, direct DNA hybridization, antigen 

enzyme-linked immunosorbent assays (ELISA) i.e. detection of IgM, IgG, IgA, and NS1-

specific antibodies, PCR and hemagglutination (229,243–253). Detection of B19V DNA 

in serum is circumstantial evidence for an infection, but cannot alone determine whether 

the viremia in question is acute or persistent because of its prolonged presence after 

infection (227,254). The lack of any IgM or IgG antibodies in 50 symptomatic cases 

could be a strong indication for a first time infection, which is surprising since the 

majority of patients were adults and B19V exposure typically happens during childhood 

(255). Moreover, we only detected IgM antibodies in 12 cases, which is much less than 

the number of PCR positive cases. In these cases, it is possible that the majority of 

patients were attended very early in their illness and before their IgM antibody response 

could be detected (209,216).   

We also found 47 symptomatic patients who were PCR and IgG positive, but IgM 

negative. We are aware of four explanations that could account for this: i) an acute 

infection where the patient could not elicit an IgM response, ii) a prolonged acute 

infection that lingered after the disappearance of IgM antibodies and was not completely 



72 

!

neutralized by IgG (209), iii) a persistent infection where a secondary viral reactivation or 

relapsing infection led to secondary clinical manifestations (218–221), and iv) the 

presence of low levels of B19V DNA from a previous infection that have no correlation to 

the current clinical manifestations (227). Even with clinical records for some patients, we 

were uncertain how to determine which of the above-mentioned possibilities were most 

likely.  

 None of the patients in this study were pregnant or younger than 5 years of age. 

However, it is of high concern that B19V infections in pregnant women are linked to 

hydrops fetalis (i.e., fluid collects in two or more fetal compartments), miscarriages, 

microcephaly, hydrocephalus, contractures, and intracranial and hepatic calcification 

(214,256). Nevertheless, few studies have investigated the prevalence of B19V in 

babies with birth defects suspected of ZIKV congenital syndrome in Brazil (257,258). 

This is especially worrisome as congenital infections of ZIKV and B19V can both cause 

hydrops fetalis and microcephaly (214,256,259,260). Furthermore, Brazil harbors all 

three genotypes of Erythroparvovirus, as well as recombinant variants, attesting to the 

large endemic diversity within the country and abundant case studies of severe 

complications associated with the virus (Figure 15) (233,234,261).   

Next generation sequencing approaches have led to better awareness and 

detection of several pathogens; its success in accomplishing this has been 

demonstrated over the last decade (203,262–264). In this case, it allowed us to discover 

what underlying etiological agents were behind a large number of sick patients. This 

outbreak served as an example that current passive surveillance measures could be 

vulnerable to missing a mild pathogen like B19V, which in turn, also raises concerns that 

we could be overlooking more severe pathogens too. Here, we found high amounts of 

B19V in dengue-suspected patients where no diagnosis could be previously confirmed. 

Significantly, we found that despite a negative DENV diagnosis, 34% of patients with 

medical records were still clinical diagnosed for dengue (Table 1). In one case, an 

official case notification for dengue without any diagnostic evidence was found on the 

patient’s medical record. This further illustrates that even known viruses could circulate 

camouflaged underneath diagnostic detection. Although relatively expensive, we 

advocate for the situational use of NGS for symptomatic but negatively diagnosed 
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patients during large seasonal outbreaks of dengue or other febrile illnesses.  Our 

findings provide an example that a medically important virus like Parvovirus B19 can be 

neglected by passive surveillance systems during a dengue outbreak.  Crucially, it 

demands greater attention in surveillance systems to viruses showing similar clinical 

presentations. 

 

3.2.2 Sequencing and characterization of Yellow Fever virus isolated from a 
convalescent patient’s urine 
 

The following section contains material that was published in Emerging Infectious 

Diseases on January 1, 2018. (265) 

3.2.2.1 Brief Introduction of Yellow Fever Virus 
 

The Yellow fever virus (YFV) is a single-stranded positive-sense RNA virus that is 

classified as a member of the Flavivirus genus (Figure 16) in the Flaviviridae family 

(266). YFV populations are maintained in two replication cycles: a sylvatic cycle between 

non-human primates and Culicidae mosquitoes, and an urban endemic cycle where 

transmission alternates between humans and Aedes aegypti mosquitoes (267).  

Despite the availability of a vaccine, YFV cases are estimated to exceed over 

200,000 cases annually, with greater than 30,000 case-fatalities per year (153). In early 

2017, a large outbreak of Yellow Fever occurred in Brazil (Figure 17) with 792 confirmed 

cases and 274 case fatalities (35% case fatality rate) (268). 

 

 
 
  



74 

!

Figure 16 – The genus Flavivirus and Yellow Fever virus 

 
A radial Bayesian-estimated phylogenetic tree of the subgroups of the genus Flavivirus colored by their 
predominant vector host genus. Two subgroups of species utilize the Aedes mosquito vector to infect 
mammalian species. Yellow Fever virus (YFV) is labeled. The tree branches are not too scale. 
 

YFV can cause Yellow Fever disease in humans, which is characterized by fever, 

prostration, hepatic, renal and myocardial injury that can lead to death in 20-50% of 

cases (269). Clinical confirmation of YFV infections is based on the detection of viral 

RNA in serum by reverse transcription PCR or antigen-based Enzyme-linked 

immunosorbent assays (ELISA).  

Recently, viral diagnostics using urine has been used for confirming flavivirus 

infection, such as West Nile virus (270), Zika virus (271) and Dengue virus (272). In 

these studies, the genomes of the three viruses were detected for longer periods of time 

in urine than in serum. In the case of WNV and ZIKV, recovered viral particles from urine 

were still infectious (270,273). 
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Figure 17 – Yellow Fever virus outbreak in Brazil, 2017 

 

 
The distribution of confirmed cases that were notified to the Brazilian MS/SVS since May 31st, 2017, 
adapted from (268). The patient (orange square) from this study was reported on Jan 19th, 2017.  
 

3.2.2.2 Brief Introduction of a clinical case of yellow fever 
 

Here, we report the case of a 65 year-old male who is a native of Diadema, São 

Paulo (Figures 18 and 19). On December 28th, 2016, the patient traveled to Januária 

city, which resides in the neighboring state of Minas Gerais, north of São Paulo. On 

January 6th, 2017, he became ill showing general symptoms such as fever, myalgia and 

nausea. As his condition worsened until the 9th of January, he checked himself into the 

local hospital. A NS1-antigen ELISA assay for Dengue virus was negative. On January 

13th, he returned to São Paulo city and visited a public hospital in Diadema, where a 

second Dengue NS1-antigen ELISA assay was found negative.  

From January 14th to the 16th, severe symptoms persisted in the patient; his urine 

was a dark yellow color and was feeling very weak. The patient was no longer able to 

eat solid food during this 3 day period. On January 18th, the normalization of his platelet 

count was observed on January 18th. The patient's general condition began to improve. 

From January 19th to May 14th, the patient reported having episodes of fever, dizziness, 

headaches and bitterness in the mouth, especially during physical excursion. He also 

described a loss of taste. 
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Figure 18 – Clinical Presentation of the patient diagnosed with Yellow Fever 

 

 
 
Over the course of his illness, the patient experienced severe thrombocytopenia and different phases of 
YFV symptoms. The patient presented YF-related symptoms 128 days after his initial presentation. 

 

3.2.2.3 Sequencing and Phylogenetic Results 
 

On January 16th,and January 27th, samples were collected and tested for YFV 

using a qRT-PCR assay. RNA from the urine sample was extracted and sequenced to 

obtain a complete YFV genome (Figure 20). 
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Figure 19 – Diagnostic summary of the Yellow Fever case 

 
Clinical samples were collected from the patient 11 days apart. A qRT-PCR assay testing for YFV was 
performed for all samples. YFV infection was confirmed by a qualitative assay carried out with capture IgM 
ELISA using a specific viral antigen. *Complete genome was sequenced from this isolate. 
 

Figure 20 – Genome mapping of the sequence obtained from the patient on January 

17th, 2017 

 
Complete genome map of the Yellow Fever virus. The consensus sequence had a length of 10,948 with 
112.6Χ average depth and a 99.5% breadth of coverage of the reference genome (KY885001), with bases 
lacking only at the extremes of the untranslated region. 
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3.2.2.4 Discussion and Implications for Future Yellow Fever virus diagnostics 
 

 The sequenced Brazilian isolate from Minas Gerais clustered with the South 

America I isolates, including other two sequences isolated in Espírito Santo state in 

2017, a neighboring state of Minas Gerais, and others sequences isolated in previous 

years in Brazil (Figure 21). No insertions or deletions were observed in the Brazil-2017 

nucleotide sequences compared with the others South America I strains. We found 

several synapomorphic changes in our sequence, most of them located in the NS5 

protein (RNA-dependent RNA polymerase) that has important activity in viral replication. 
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Figure 21 – Maximum-likelihood estimate of the January 17th Yellow Fever virus isolate 

 

 
Maximum-likelihood phylogenetic tree rooted at midpoint based on full length genomes of YFV showing 
major YFV genotypes. Percent bootstrap values after 10000 replicates for major branches are indicated 
near nodes. Sequences used are labeled as follows: accession number/country/year of isolation. Most 
parsimonious reconstructions (MPR) of synapomorphic changes detected in the NS3, NS4B and NS5 of 
our isolate (shown as a black circle) and those of the monkey-derived sister taxa are shown in the top left 
insert.  
 



80 

!

We are currently testing the infectiousness of the YFV isolated from the patient's 

semen and urine. If the YFV particles from the semen are indeed infectious, the public 

health implications could be considerable. We hope to explore differences between YFV  

isolates and further improve diagnostics for future outbreaks. 
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CHAPTER 4 – DISCUSSION 
 
 Viruses know no borders. It is a spinoff of a more popular quote but the lesson is 

the same. Emerging and re-emerging viral threats never cease to catch us unprepared. 

As of late, several examples come to mind: Dengue in 2014, Chikungunya in 2015, Zika 

in 2016, and Yellow Fever in 2017 (268,274–276). These are just in Brazil, as countless 

examples exist overseas.  

Brazil is experiencing a rural–urban migration that ultimately fuels haphazard 

expansion of urban areas; there have also been landscape changes in the Amazonian 

and massive recent increases in cropland in the Cerrado (tropical savanna) (277). Given 

these changes, disease may turn out to be an environmental issue: in changing 

environments, novel pathogens are more likely to spill over into human populations 

(48,49,51). It was previously shown that inadequate management of the natural 

ecosystem and expansion of cities without proper urban-environmental planning 

influence the incidence of disease (278). This concern is reflected in a recent work 

reinforcing the theory that human activities such as selective logging, construction of 

new roads, and poor forest and landscape management are risk factors for malaria and 

other infectious diseases in the Brazilian Amazon (279). As the propensity for emerging 

viruses augments with increasing population densities, global mobility, identifying and 

characterizing emerging threats before they reach critical levels is of the utmost 

importance.  

Pure in silico approaches can be used to identify and characterize emerging 

viruses without any costs or sample restrictions, making them highly accessible and 

economical. As others and I have shown, discoveries of divergent viral species can be 

made using creative algorithms and publically available sequencing data (280–282). In 

this work, the RdRp gene of a novel dicistrovirus was identified from a published sewage 

metagenomic study (115). Although we only found a partial sequence of the virus, it can 

lead to a variety of follow-up analyses: re-sequencing the original sample, searching for 

orphan domains, and codon bias analysis. All are forms are characterization once a 

target virus has been identified. 
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Characterizing viruses using in silico methods are improving with time, especially 

with the growing availability of powerful operating systems, software, and published virus 

sequences with attached experimental data. As an example, codon usage bias could be 

useful in explaining differences in replication dynamics for viruses in different hosts 

(137). In this work, it was explored thoroughly across the flavivirus genus with a few 

specific examples i.e., Dengue virus, Yellow Fever virus and West Nile virus. The work 

has a disadvantage as it has no attached in vitro or in vivo data. However, theoretical 

works can lead to experiments that can test data and theories developed in silico.  

There is a constant balance of a priori justification and empirical data that drives 

research. In this case, both approaches contributed to the discovery of a Parvovirus B19 

outbreak hidden by dengue fever. Patients who were undiagnosed but presented with 

symptoms of dengue were expected to be sick from some infectious agent. As an 

example, dengue-suspected patients in Nicaragua were discovered to be infected with 

viruses from over 6 different viral families (203), which served as a good proof-of-

concept to make a similar investigation here. The generation of complete B19V 

genomes and similar studies in different geographical regions could improve B19V 

surveillance and help us better understand the phylodynamics and the epidemiology of 

the infectious agent. 

It has been shown that a large number of clinical cases can be simultaneously 

characterized using a metagenomics approach. The same method was applied to a 

single patient. For the first time, an adult male from Minas Gerais was diagnosed with 

Yellow fever from his urine and semen. Then, the complete YFV genome was 

sequenced from his urine. Using this data, unique changes were mapped across the 

genome and compared to sequences from the ongoing and past isolates from Brazil. 

Metagenomic sequencing has characterized viruses during epidemics and facilitated the 

development of new diagnostic tools (264,283,284). Future works could further 

investigate phylogenetic and replicative differences between YFV in serum, urine and 

semen. 

In summary, there is a necessity for more active surveillance in an increasingly 

globalized world. As shown, both molecular and bioinformatics approaches can lead to 

the discovery and characterization of emerging and re-emerging viruses. The recent 
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outbreaks in Brazil have tested their capabilities to respond to emerging threats. Threats 

will always continue to emerge and our vigilance should continue to grow in turn.  
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CHAPTER 5 – CONCLUSIONS 
 

(i) Identified a highly divergent dicistrovirus in metagenomic sequencing data from 

sewage using an HMM approach 

 

(ii) Demonstrated that codon adaptation index can be applied to flavivirus 

subgroups and individual flavivirus species across a number of hosts 

 

(iii) Discovered and characterized an outbreak of Parvovirus B19 in the summer 

months of 2013/2014 in Guarujá, Brazil 

 

(iv) Sequenced and characterized a Yellow Fever virus isolate from a 

convalescent patient’s urine 
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Over the past 60 years, Brazil has seen extensive rural-
urban migration, leading to human settlements encroaching 
on tropical ecosystems. Persistent human interaction with 
vectors from diverse tropical environments has led to the 
emergence of zoonotic pathogens varying in pathogenicity 
and infectivity. Over time, zoonotic viruses adapt to humans, 
eventually leading to secondary transmission in some cases. 
However, most zoonotic pathogens result in asymptomatic and/
or dead-end cases, rarely leading to sustained human-human 
transmission. In very rare cases, a single transmission can 
explode into an outbreak with sustained networks of human-
human transmission. This is the current situation in West African 
nations, initiated by a single emergence of the Zaire Ebola virus 
(EBOVZ) in Guéckédou in Guinea’s eastern rainforest region1. 
Although EBOVZ is a known virus, this was the first record of 
a case in this region, surprising unprepared health authorities 
with no experience of encountering Ebola viruses. Owing to 
ideal conditions, the 25th Ebola virus outbreak quickly spread 
to the neighboring countries, Sierra Leone and Liberia. As of 
December 2, 2014, the Centers for Disease Control (CDC) and 
World Health Organization (WHO) had conjunctly reported 
16,933 cases and 6,002 deaths. Critically, the virus itself is not 
necessarily the main factor explaining the current high EBOVZ 
case count, as it is behaving similarly to the ones isolated 
during the first fully recorded outbreak of EBOVZ, isolated 
in 1976. This time, the virus is not experiencing restrictions 
with respect to the availability of susceptible hosts, as it shows 
high transmission in densely populated metropolitan settings. 
Accordingly, the basic reproductive rate (R) has been estimated 
to be around 2.56 in areas with the highest transmission rates, 
which is comparable to fomite-transmitted viruses such as small 
pox and influenza2. Indeed, as we cannot predict the success 
of a pathogen or the time or location of emergence, we should 
focus on what we can control, i.e., setting up efficient health 
systems to report and isolate cases and contacts and maximizing 
surveillance efforts and resources to prevent future outbreaks. The 
arrival of all dengue virus serotypes (DENV-1, -2, -3, and -4),  

West Nile virus, and more recently, the Chikungunya virus 
(CHIKV) in the Americas is a reminder that even with a strong 
healthcare foundation, a novel emerging or re-emerging virus 
can cause morbidity and mortality in major metropolitan settings 
if it is not identified and reported quickly. 

A recent review in Revista da Sociedade Brasileira de 
Medicina Tropical/Journal of the Brazilian Society of Tropical 
Medicine discussed the introduction of the Mayaro virus (MAYV) 
and more recently, CHIKV in Brazil3. Both have the potential 
to cause increased morbidity and mortality in Brazil because of 
arbovirus infections, and therefore, require our attention.

Originally isolated in the 1950s, CHIKV has migrated 
through the Caribbean and Americas since then, with imported 
cases reported in Brazil since 2010. Autochthonous transmission 
was first recorded in September 2014 in the State of Amapá. 
CHIKV has already experienced sustained transmission in the 
States of Bahia and Minas Gerais and may have spread widely 
already. Both competent Aedes aegypti and Aedes albopictus 
mosquito vectors of CHIKV in an urban cycle, and they are 
widespread across Brazil. Moreover, the three genotypes of 
CHIKV can be transmitted efficiently by all 35 strains of Aedes 
aegypti and Aedes albopictus, justifying the suggestion that 
outbreaks in other states are inevitable3. 

Mayaro virus is another pathogen responsible for sporadic 
cases in Brazil, mainly in the Amazonian region. With MAYV 
residing in primate reservoirs, Haemagogus and Aedes aegypti 
mosquitos initiate transmission via a pseudo-sylvatic cycle, 
similar to yellow fever3. Although there have been no large 
outbreaks, health authorities should preemptively prepare for 
a re-emergence in unexpected localities. 

Symptoms of CHIKV and MAYV are similar to those of 
other common infectious agents, such as the dengue virus 
(DENV), and less common agents, such as Rocio, Oropouche, 
Saint Louis encephalitis, and yellow fever viruses4. Importantly, 
the availability of rapid and efficient assays precisely identifying 
viral agents is crucial to diagnose patients and analyze 
epidemiological data. In addition, for medical personnel to 
follow proper treatment protocols, diagnostics should be readily 
available, accurate, sensitive, and economical to differentiate 
between these agents without a coincidental assumption  
(i.e., during a dengue outbreak, patients with similar symptoms 
may be infected by other arboviruses but not subjected to formal 
serological assay). Interestingly, this mirrors initial diagnostic 
scenarios in Guinea. According to the CDC, in the early stages 
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of Ebola virus (EBOV) infection, patients could present with 
fever, severe headache, fatigue, muscle pain, vomiting, diarrhea, 
abdominal pain, or unexplained hemorrhaging. In West Africa, 
this symptom collection could indicate a number of differential 
diagnoses including malaria, typhoid fever, leptospirosis, 
rickettsiosis, African trypanosomiasis, Lassa fever, cholera, 
Marburg virus, and Crimean-Congo hemorrhagic fever5. 
Therefore, in the early stages of an outbreak, lack of positive 
confirmatory serological tests could delay health authorities’ 
responses, depending on the disease severity. Logically, health 
structure, resources, and sociological qualities differ between 
West African nations and the Americas. However, we must 
continuously remind ourselves that a similar scenario can occur 
in Brazil. Are Brazil’s diagnostic and response capabilities 
prepared for the emergence of a novel pathogen?

It has previously been argued that many arbovirus infections 
have been neglected in Brazil, with few epidemiological studies 
conducted to understand their distribution. For instance, dengue 
fever is difficult to distinguish from other acute febrile illnesses, 
which emphasizes the importance of a differential diagnosis4-6. 
Indeed, most diagnoses in the country are made on clinical and 
epidemiological grounds. In 2014 (as of November 2), 547,612 
clinical cases of dengue fever were reported, but 8,423 (1.54%) 
were laboratory confirmed7,8. These numbers do not represent 
the countless mildly symptomatic or nonspecific febrile cases. 
Therefore, the true rates of infection and transmission are 
underestimated, and the possibility of infection from other 
pathogens is ignored. With respect to the CDC Ebola case 
definition, DENV, CHIKV, and MAYV could cause overlapping 
symptoms with the above diagnoses, supporting the need for 
broad-spectrum, sensitive, and economic diagnostic assays 
to identify infectious agents without concerns regarding 
cross-reaction of closely related agents. This does not imply 
that an Ebola outbreak is a given in Brazil but exemplifies a 
complication that could arise in such a scenario.

The emergence of a novel pathogen should always be 
preconsidered. Moreover, if it has the potential for establishing 
itself within a human transmission network, having diagnostic 
tools to confirm its presence and prompt notification of national 
health authorities should be priorities. Depending on the 
pathogen’s transmissibility, contact tracing and quarantine should 
be established rapidly. Although EBOV is not novel in the sense 
of being unknown, it was novel in the locality of its zoonotic 
emergence in West Africa. Once a country undergoes a zoonotic-
related emergence event leading to morbidity and mortality, the 
aftermath leads to preemptive measures to ensure that the scale of 
the next outbreak is significantly diminished. Continuous sentinel 
and active surveillance are costly and time consuming from a 
resource perspective. However, considering resource limitations, 
early diagnostic efforts and surveillance of emerging pathogens 
are the best ways to reduce mortality, morbidity, and the enormous 
health care costs associated with epidemics9. 

Brazil has thousands of communities surrounded by tropical 
ecosystems teeming with potentially pathogenic agents. Are 
there  countries with limited resources whose healthcare system 
have successfuly prevented large outbreaks efficiently and 

strategically, from which we can learn? Uganda could be a good 
model; similar in respect to climate and ecological diversity, also 
limited in resources disposed towards surveillance and epidemic 
management. Uganda presented a model system of emerging 
infectious disease control, demonstrating from previous EBOV 
outbreaks that continuous surveillance, that dedicated teams, 
devoted to contact tracing, case isolation, and cooperating with 
local communities and bordering countries, successfully limits 
case counts and spread10. Brazil and other nations could learn from 
Uganda’s experience, applying the approach to CHIKV, MAYV, 
DENV, and other pathogens. Although our ability to diagnose, treat, 
trace, and contain pathogen outbreaks has improved over the last 
decade, it has not been sufficient to prevent large outbreaks of new 
serotypes of dengue, and there is no indication that CHIKV will 
be halted. In any case, one has to conceive that what is ongoing in 
West Africa could happen in Brazil. Where there is no overlap, there 
is a gap; therefore, we should establish much-needed constructive 
interactions between governments, academia, and the private sector 
to continue searching for novel methods of diagnostics, improve 
surveillance, strategize, and maximize resources to prepare for 
any future emergence. The question is not one of whether an 
emergence will occur but when and whether we will be ready.
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Abstract
TheWest Nile virus (WNV), isolated in 1937, is an arbovirus (arthropod-borne virus) that

infects thousands of people each year. Despite its burden on global health, little is known

about the virus’ biological and evolutionary dynamics. As several lineages are endemic in

West Africa, we obtained the complete polyprotein sequence from three isolates from the

early 1990s, each representing a different lineage. We then investigated differences in

growth behavior and pathogenicity for four distinct West African lineages in arthropod

(Ap61) and primate (Vero) cell lines, and in mice. We found that genetic differences, as well

as viral-host interactions, could play a role in the biological properties in different WNV iso-

lates in vitro, such as: (i) genome replication, (ii) protein translation, (iii) particle release, and

(iv) virulence. Our findings demonstrate the endemic diversity of West African WNV strains

and support future investigations into (i) the nature of WNV emergence, (ii) neurological tro-

pism, and (iii) host adaptation.

Author summary

The West Nile virus (WNV) can cause severe neurological diseases including meningitis,
encephalitis, and acute flaccid paralysis. Differences in WNV genetics could play a role in
the frequency of neurological symptoms from an infection. For the first time, we observed
how geographically similar but genetically distinct lineages grow in cellular environments
that agree with the transmission chain of West Nile virus—vertebrate-arthropod-verte-
brate. We were able to connect our in vitro and in vivo results with relevant epidemiologi-
cal and molecular data. Our findings highlight the existence of West African lineages with
higher virulence and replicative efficiency in vitro and in vivo compared to lineages similar
to circulating strains in the United States and Europe. Our investigation of four West Afri-
can lineages of West Nile virus will help us better understand the biology of the virus and
assess future epidemiological threats.
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Introduction

West Nile virus (WNV) is a member of the Japanese Encephalitis virus (JEV) serocomplex and
is a part of the genus Flavivirus of the family Flaviviridae. The WNV is a single-stranded, posi-
tive-sense RNA virus. The genomic RNA is about 11 kilobases (kb), containing one long open
reading frame (ORF) flanked by 2 non-coding regions. This ORF encodes for a polyprotein,
which is processed into three individual structural (Capsid, pre-Membrane, Envelope), and
seven non-structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins [1–4].

West Nile fever disease (WN fever) is caused by the WNV. WN fever in humans can range
from asymptomatic infections or mild acute febrile illness, to neurological diseases including
meningitis, encephalitis, and acute flaccid paralysis [5–7]. WNV’s host range is extensive: it
has been detected in over 65 species of mosquitoes and ticks, 225 species of birds, and 29 dif-
ferent animals [8,9]. A human vaccine or specific antiviral treatment for WN fever is currently
unavailable.

WNV was first discovered and isolated from the blood of a woman suffering from febrile ill-
ness in 1937 in Uganda [10]. Cases of WN fever were documented in Israel and Egypt in the
early 1950s, France in the 1960s, and South Africa in the 1970s [11]. The global awareness of
WN fever increased in the 1990s, as sporadic and major outbreaks occurred, primarily in the
Mediterranean Basin and occasionally in Europe [5]. In 1999, WNV unexpectedly emerged in
New York City, signifying the first confirmed incidence of WNV in the Western Hemisphere.
Since then, WNV has spread throughout the Americas, causing over 20,265 cases of neurologi-
cal disease and 1,783 case fatalities in humans and even higher rates of mortality among birds
in the United States [12–16].

Meanwhile, WNV continued to spread and cause WN disease and encephalitis in Europe,
Asia, and Oceania [17]. In the 1990s, the largest outbreaks occurred in Romania in 1996 [18],
and Russia in 1999 [19], with 17 and 40 human fatalities, respectively. In the 21st century,
emergences of WN fever and encephalitis have been reported in Europe [20], with a hallmark
human neurological outbreak in Greece in 2010 [21], and several noteworthy outbreaks in
Italy [22–24], Hungary [25] and Serbia [26].

WNV is biologically diverse; up to nine lineages have been proposed [27–30]. However,
most human outbreaks of WN encephalitis have been attributed to lineages 1 and 2. Lineage 1
is globally spread and exists in distinct clades. Clade 1a comprises of strains isolated from
Europe, Africa, and the Americas. Clade 1b, also referred to as Kunjin virus, has been
restricted to Oceania. Major outbreaks in Europe, Africa, and the Americas with neurological
diseases are caused by strains belonging to lineage 1, with an exception to clade 1b where neu-
rological disease is rarely reported [12,31,32].

Lineage 2 was exclusively reported in Africa up until 2004, until it was isolated from
humans and bird populations in Hungary, Greece, and Italy [4,21,23,33]. Lineage 2 was also
considered to be less pathogenic than lineage 1, until it caused severe disease in South Africa
and encephalitis among birds and humans in Europe [4,21,23,33,34]. Both lineages include
strains with varying degrees of neuroinvasiveness in humans [35].

Besides lineages 1 and 2, there are lineages that are less widespread. Lineage 3, also referred
to as Rabensburg virus, was repeatedly isolated in the Czech Republic [36–38]. Lineage 4 has
been isolated and reported from Russia [39]. The 5th lineage was isolated from India, and is
often identified as a distinct clade of lineage 1 (clade 1c) [40]. A putative 6th lineage, based on a
small gene fragment, has been described from Spain [27,41].

Koutango virus (lineage 7) was initially classified as a different virus, but is now a distinct
lineage of WN virus [31,42]. Lineage 7 strains were isolated from ticks (this study) and rodents,
a rare feature amongWN virus lineages [4]. The Koutango strain virus has also been shown to
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have a higher virulence than the lineage 1a strain “NY99” in mice [43,44]. Although there was
a report of an accident where a Senegalese lab worker was symptomatically infected with the
Koutango strain, a natural human infection has yet to be confirmed [45]. Additionally, a new
lineage (putative lineage 8) of WNV was isolated from Culex perfuscus in Kedougou, Senegal
in 1992 [4]. Finally, a putative 9th lineage, or sublineage of lineage 4, was isolated from Urano-
taenia unguiculata mosquitoes in Austria [27].

Despite the presence of lineages 1, 2, 7 (Koutango) and a putative 8th lineage circulating in
Africa [4,46,47], WNV has had minor impact on human health. Sporadic outbreaks were
observed in several African counties [48–50], with lower frequencies of neurological disease
than that reported from outbreaks in the USA [51,52]. For example, Senegal has never had a
major outbreak of WN fever, but was the source of several endemic genotypes that were identi-
fied and sequenced. Moreover, in Senegal, WNV antibody seroprevalence has been around
80% in sampled humans, horses, and birds [53–57].

A recent study on the vector competence of African WNV lineages demonstrated that local
mosquito populations lack efficient transmission of WNV [4]. Besides vector competence—i.e.
intrinsic genetic variations among lineages—host adaptation, movement of host populations,
climate and ecological factors could play a role in viral replication, virulence, and the outcome
of infection. The N-linked glycosylation site of the envelope protein may be associated with
differences observed in: (i) WNV neuroinvasiveness in mice, (ii) viral replication, and (iii)
transmission of WNV in mosquitoes [4,58–60]. In this regard, Senegal has been a focal point
in the studies of WNV virus, where multiple lineages of WNV are co-circulating endemically,
but whose biology remains poorly understood.

To address these questions, we analyzed complete coding regions (polyproteins) of four dif-
ferent lineages circulating in Senegal and West Africa. Using additional WNV sequences from
Genbank, we performed a phylogenetic analysis using the complete polyprotein sequences of
the viruses and investigated sites for positive selection. We also analyzed the biological proper-
ties of these 4 WNV lineages using in vitro and in vivomodels. Ultimately, understanding the
relationships among ecological and genetic differences will ameliorate our understanding of
WNV emergence, epidemiology, and its maintenance in nature.

Results

Full-length polyprotein sequencing

In this study, three complete polyprotein genes from Senegal isolates were sequenced: ArD76986,
ArD96655, and ArD94343 (Table 1). These novel sequences are representative of lineages 1, 7
(Koutango) and 8 (putative), respectively. The lineage 1 and lineage 8 strains were isolated from
Culexmosquito species, while the lineage 7 strain was isolated from a tick species.

Acknowledging previous works that have reconstructed the evolutionary history and those
that have characterized novel isolates and lineages of WNV, we included seven additional

Table 1. Strains ofWest Nile virus used in this study.

Strain Lineage Place of isolation Year of isolation Isolation source Number of passages Passage historya Accession number

ArD76986 1 Senegal 1990 Culex poicilipes 10 Ap4NBM3Ap3 KY703854

B956 2 Uganda 1937 Human 11 Ap4NBM3Ap4 AY532665

ArD96655 7/
Koutango

Senegal 1993 Rhipicephalus
guihoni

8 Ap4NBM3Ap1 KY703855

ArD94343 8 Senegal 1992 Culex perfuscus 12 Ap4NBM3Ap5 KY703856

a Ap4NBM2Ap4 is equivalent to 4 serial passages in Ap61 (Ap) followed by 2 passages in newborn mice (NBM) followed by 4 serial passages in Ap61.

https://doi.org/10.1371/journal.pntd.0006078.t001

Biological and phylogenetic characteristics of West African lineages of West Nile virus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006078 November 8, 2017 3 / 23



complete ORF sequences to compare differences at the gene and protein level (Fig 1). Among
representative sequences, the average nucleotide pairwise identity is 77.6% (s.d. = 4.1%) and
the amino acid average pairwise identity is 90.1% (s.d. = 3.3%). When comparing individual
sequences, the NY99 strain (Accession number: AF196835, lineage 1a, United States 1999)
shared a 99.5% pairwise identity to ArD76986 (Accession number: KY703854, lineage 1a, Sen-
egal 1990) at the amino-acid level (Fig 1A). The sequence diversity of endemic WNV lineages
in Senegal (SN) is notable, as the lineage 1 strain (ArD76986) was 88.9% and 90.9% identical at
the amino-acid level to the ArD96655 (Accession number: KY703855, lineage 7, SN 1993) and
the ArD94343 (Accession number: KY703856, lineage 8, SN 1992) strains respectively.

Fig 1. The genetic diversity of theWest Nile virus lineages. A) Pairwise percent identity between nucleotide (blue) and amino acid (orange) sequences of
the polyprotein. Sequences are labeled in the following format: accession number, 2-letter country code, and year of isolation. B) Genomic structure of West
Nile virus with genes labeled. Alignments of known virulence motifs are shown. Codons of special interest are labeled by their position at each individual
protein sequence and not by their position in the polyprotein. Sequences are labeled by country, year of isolation and phylogenetic lineage.

https://doi.org/10.1371/journal.pntd.0006078.g001
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Between the lineage 7 and lineage 8 strains, the amino-acid pairwise identity was 87.9% (Fig
1A).

The 1937WNV isolate of strain B956 (Accession number: AY532665, lineage 2, Uganda
1937) is of particular interest, as it is the oldest clinical isolate available with a complete ORF
sequenced. Amino acid pairwise identity was 93.9% to the NY99 strain sequence and to the
lineage 1a (SN) sequence, 89% to the lineage 7 strain sequence and 91.1% to the lineage 8 strain
sequence. At the nucleotide level, the lineage 2 strain (UG) had a pairwise identity of 79.1% to
the NY99 sequence, 79.3% to the lineage 1a strain (SN) sequence, 76.9% to the lineage 7 strain
sequence and 77.7% to the lineage 8 strain sequence. Additionally, B956 contains a 12 base
pair deletion at nucleotide position 1,331, corresponding to the WNV envelope glycosylation
site.

We compared published sequences and published works to identify whether mutations that
have been shown to influence WNV virulence and replication were present in the newly
sequenced open-reading frames. For each strain, we discovered amino acid changes that were
associated to a phenotypical change and many additional mutations with unknown conse-
quences (Fig 1B). For example, the 22nd and 72nd codon sites of the pre-membrane protein
(prM) have been shown to play a role in enhancing the virulence and particle secretion in
WNV [61]. At this site, we found alterations in the lineage 7 strain (SN_1993_L7), and the line-
age 8 strain (SN_1992_L8).

Another example is the glycosylation site found in the 154-156th positions of the enve-
lope (Env) protein, which is considered a virulence factor [62]. We found that the lineage 1
strain from Senegal (SN_1990_L1a), the Kunjin strain (AU_1991_L1b), the NY99 strain
(US_1999_L1a) and the lineage 8 strain (SN_1992_L8) harbored the NYS motif while other
strains had variations or deletions in this locus. Next, the 249th codon position of the NS3
protein [63], the helicase protein, was found to increase viremia and virulence in birds, and
could play a role in other hosts. We observed several variations in our data at the 249th

codon position (Fig 1B).
Additionally, changes in the highly conserved 120P-E-P-E123 region of the NS4A protein

can attenuate or even impair virion replication and release [64], which we found present in the
lineage 8 strain. Finally, a mutation in the NS5 protein, serine (S) to phenylalanine (F) at the
653rd position in the NS5 protein, is associated with an increased resistance to interferon [65],
a mutation that is shared by the lineage 7 strain (SN_1993_L7) (Fig 1B). We also found several
synonymous changes in positions corresponding to known virulence motifs, such as variability
in the third codon site position (the wobble base) during the translation of serine (S) at the
156th codon site. We also investigated sites within the NS2A [66], NS4B [67], and additional
sites within the NS5 region that are known to impact on infectivity and virulence [65], but no
mutations were present in our sequences.

Phylogeny of West Nile virus

The phylogenetic analysis revealed a similar topology to the ones obtained from previous max-
imum likelihood trees [27,40,42,68,69]. Currently, up to 9 distinct lineages have been
suggested.

A total of 95 sequences, including 3 novel polyprotein sequences from Senegalese isolates
(Table 1), were used to estimate a maximum-likelihood tree with FastTree (S1 Fig) and a very
similar relaxed clock Bayesian maximum-clade credibility (MCC) tree (Fig 2), summarizing
the MCMC runs with BEAST. The MCC tree was scaled to time (years) and branch tip-nodes
were colored to identify previously classified lineages [27]. Here, the time to the most recent
common ancestor (tMRCA) with its corresponding 95% highest posterior density (HPD)
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Fig 2. Bayesianmaximum clade credibility tree estimating the phylogenetic relationships of West Nile
virus. Tree nodes with a posterior probability greater than 0.7 are displayed. Tree tip nodes are colored by
proposed lineage and for visual clarity. For each sequence, the two-letter code representing a country of
isolation is included in the sequence label. Branches are scaled in years before 2015. # NY99 strain.

https://doi.org/10.1371/journal.pntd.0006078.g002
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interval for WNV was estimated in the unit of years. The tMRCA of WNV is predicted to have
originated in the late 16th/early 17th century (95%HPD: 1476–1765), a major split that diverges
lineages 1, 5 and 7 from lineages 2, 3, 4, 8, and 9. Both lineage 1 and 2 show multiple introduc-
tions into Europe and other NewWorld countries. Additionally, we see that lineages 1, 2, 7,
and 8 have been isolated inWest Africa, yet only lineages 1 and 2 have emigrated.

Growth kinetics

Infection, viral proliferation, and virulence in each cell type were measured by 4 different tests
over a 146 hours post-infection period: quantitative reverse transcriptase PCR (qRT-PCR) of
the lysed cell fracture to measure genome replication (Fig 3A and 3B), qRT-PCR of the super-
natant fraction to detect genome replication dynamics (i.e., total number of particle release)
(Fig 3C and 3D), immunofluorescence staining of the cells to visualize the infectivity of cells
and estimate protein translation efficiency (Fig 3E and 3F), and plaque assays to determine the
amount of infectious viral particles (PFU/ml) from the supernatant fraction (Fig 3G and 3H).
Using Ap61 and Vero cells, our goal was to replicate the biology of WNV in a mosquito vector
and its vertebrate host.

We found that African lineages have different growth dynamics in mosquito and mamma-
lian cell lines. In Aedes pseudoscutellaris cells, growth dynamics were similar for all lineages,
(Fig 3, left column) where all lineages exhibited successful replication and generation of infec-
tious particles. In Vero cells (Fig 3, right column), lineages 1, 2, and 7 showed exceptional
growth, with lineage 2 strain exhibiting the highest replication and particle release capabilities,
and lineage 7 strain having exceptional translational dynamics and highest PFU/ml during the
infection interval.

We observed cell-specific growth differences among different WNV strains. For example,
Fig 3A and 3B showed differences in genome replication dynamics in the cells with respect to
host cells. Interestingly, lineage 1 strain had higher genome replication in Ap61 cells (p-value
ranging from 2.22x10-16 to 0.002) while the lineage 2 strain had higher genome replication in
Vero cells (statistically comparable). Lineage 8 showed a lower significant replication profile in
Vero cells (p-value ranging from 8.81x10-13 to 0.031). Furthermore, differences in growth at T0

further supports that WNV lineages could have a preference to a specific cellular environment.
The rate of viral attachment, entry and replication initiation can all depend on the genetics of
the infecting strain [70].

We estimated the total number of released particles at different times post infection by mea-
suring the WNV RNA copy number in the cell supernatant. All tested lineages had comparable
genome copy numbers in Ap61 supernatants (Fig 3C). However, we found a significantly
higher copy number of total particles released for the lineage 2 strain at 22, 28, and 50 hours
post-infection (hpi) in both in vitromodels (p-value ranging from 2.22x10-16 to 0.023). Lineage
8 strain showed significantly lower genome copy numbers in Vero supernatants (p-value rang-
ing from 8.81x10-13 to 0.031).

Next, we approached differences in protein translation efficiency between lineages by
detecting viral proteins using an immunofluorescence assay (IFA) (Fig 3E and 3F). The lineage
7 strain displayed more efficient protein translation in both cells (p-value ranging from
3.98x10-13 to 0.011), while lineage 8 strain had significantly lower levels of protein translation
in Vero cells. Nevertheless, the translation rate in lineage 8 increased significantly from T124-

146 in Ap61 cells. We also noticed a delay on translation detection in both cells, with no detect-
able protein production until T99 hours (Fig 3E) and T50 hours (Fig 3F) respectively.

To quantify the infectious particles of different WNV strains, we used plaque assays to esti-
mate the amount of infectious viral particles (PFU/ml) in the supernatant fractions. In Ap61
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Fig 3. Growth kinetics ofWest AfricanWest Nile virus strains. The strain lineage label is in reference to the strains in Table 1.
Figs A-D show the amount of viral RNA equivalents isolated from cells (A and B) and supernatant (C and D) (log10 of RNA copy
number), the percent (% immunofluorescence) of cells infected (E and F) and the number of infectious viral particles (G and H)
(log10PFU/ml) over a 146-hour post-infection time period. The experiments were performed with Ap61 cells (left column) and Vero
cells (right column). The error bars indicate the range in values of two independent experiments.

https://doi.org/10.1371/journal.pntd.0006078.g003
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cells, we found a similar profile of infectious particles production for all lineages, with signifi-
cant higher rates at 124 hpi and 146 hpi for the lineage 7 strain (p-value ranging from 2.22x10-
16 to 0.028) (Fig 3G). In Vero cells, lineage 1 and lineage 7 strains had higher number of PFU/
ml, while lineage 2 had an intermediate profile and lineage 8 had the lowest amount of infec-
tious viral particles, with significant differences from 28 to 124 hpi (p-value ranging from
2.22x10-16 to 0.049) (Fig 3H).

Finally, we approximated the replication efficiency by finding the ratio of the number of
virions released in the supernatant–particles that completed the infectious cycle–divided by
the number of plaque forming units (PFU) [71–73]. We estimated the ratio for each strain in
each cell and found significant differences in replication efficiency (p-value ranging from
5.49x10-16 to 0.0223) (Fig 4). There are some consistencies with Fig 3, where the lineage 7
strain was the most efficient and the B956 strain was the least efficient in vitro. Lineage 1 and
lineage 7 strains seem to be more cell-specific; both replicated less efficiently in Ap61 cells.

Virulence and survival of West Nile virus in vivo

To determine the virulence of WNV strains (Table 1), we challenged five- to six-week-old
mice with three different viral doses and observed their overall survival for 21 days. De-
pending on the strain and dose used, several mice developed clinical disease and died
(Table 2). Clinical signs included tremors, reduced activity and reluctance to move, hind leg
paralysis and closed eyes. The PBS-inoculated control groups exhibited no signs of disease
throughout the experiment.

The lineage 7 strain was the most virulent of the strains at all administered doses (Wilcoxon
rank sum test, p-values< 0.05). In fact, the lineage 7 strain induced the shortest survival time
compared to the other strains and always resulted in 100% mortality in every experiment (Fig
5 and Table 2). Interestingly, in most cases, mice inoculated with the lineage 7 strain died with-
out showing any clinical signs.

Comparatively, mice inoculated with the lineage 1 and lineage 2 strains usually showed
signs of disease at least 1 day before dying. However, lineage 8 showed no virulence (100% sur-
vival) at 100 and 1000 PFU doses (Fig 5B and 5C). In fact, only one mouse mortality was
observed at 10000 PFU (Fig 5A and Table 2).

Selection

To determine the evolutionary pressures acting on the WNVORF, we estimated the ratio of
nonsynonymous (dN) to synonymous (dS) substitutions per codon site (where dN—dS> 0,
signifies positive selection) using 95 sequences, which represent all investigated WNV lineages.
Our investigation on selection regimens acting on all WNV complete ORF sequences—with
the FUBAR method—revealed 3313 well supported (posterior probability! 0.9 and Bayes
Factor< 3.0) sites under purifying selection (S1 Table and S2 Fig). However, we found 95 sta-
tistically significant sites (p-value" 0.1) under diversifying episodic selection (S2 Table and S3
Fig), using MEME method.

Discussion

Despite the presence of at least four different lineages in West Africa, there has never been a
major outbreak, nor a large frequency of encephalitic cases connected with WNV. The lack of
a WN disease “burden” within Senegal could suggest that WNV is endemic, which could
explain the high seroprevalence, and therefore, few susceptible hosts [54]. However, the threat
of WNV emerging to places where the population’s seroprevalence is much lower or even
naive is a serious concern. Avian migratory routes could have played a role in the emigration
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of WNV strains from Africa [53], and for other African-borne arborviruses such as Usutu
virus [74]. The extensive genetic diversity (Fig 1A) and broad host range of WNV [8,9] could
have also contributed to its global dissemination (Fig 2), as certain mutations have been previ-
ously prosecuted with lineage 1’s entrance in the United States [32] and lineage 2’s emergence
in Europe [75]. As a consequence, several groups have investigated how specific genetic
changes and selective pressures within the WNVORF can affect the phenotypical behavior of
a WNV strain.

In our study, the growth kinetics of the different West AfricanWNV lineages were explored
in Aedes pseudoscutellaris (Ap61) and African green monkey kidney cells (Vero) to reflect
infection dynamics in two common classes of WNV hosts (insect vector and primate) (Figs 3
and 4). The virulence of these lineages in mice was also analyzed (Fig 5 and Table 2). We
found that these 4 West African lineages have significant differences in their ability to prolifer-
ate in our tested cell lines and their degree of virulence in mice (Figs 3, 4 and 5). We also
explored how our in vitro and in vivo results could be explained by their evolutionary (Fig 2)
and individual genetic variations (Fig 1).

Fig 4. Replication Efficiency of West Nile virus in vitro.Replication efficiency of West African strains in Ap61 and Vero cell
lines over 146 hour post-infection period. The error bars indicate the range in values of two independent experiments.

https://doi.org/10.1371/journal.pntd.0006078.g004

Table 2. Mice mortality and virulence of West Nile virus in vivo of 5- to 6-week-old Swissmice observed for 21 days.

Strain Lineage Viral dose (PFU) dead/total (mice) %Mortality ASTa(days)

ArD76986 1 100 0/12 0 -

1000 6/12 50 16.4

10000 5/12 42 16.7

B956 2 100 1/12 8 19.7

1000 7/12 58 14.3

10000 3/12 25 18.7

ArD96655 7 100 8/8 100 5.5

1000 12/12 100 10.8

10000 12/12 100 9.2

ArD94343 8 100 0/12 0 -

1000 0/12 0 -

10000 1/12 8 19.7

a AST (Average survival time)

https://doi.org/10.1371/journal.pntd.0006078.t002
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In agreement with other viruses that use alternate hosts (vertebrate-arthropod-vertebrate)
and cause acute infections, we found that the majority of WNV codon sites are undergoing
purifying selection [76]. Nevertheless, some of the significant episodic diversifying sites that
we found are related to virulence, like the 444th and 446th codons in polyprotein gene (154-
156th positions of the Env protein) that encode the N-glycosylation motif (NYS). This site is
present in many lineage 1 strains, some neuroinvasive lineage 2 strains [34,77], and the lineage
1 and 8 strains from this study (Fig 1B). We found significant diversifying selection acting on
these codon sites in 3% and 24% in all of the WNV lineages, respectively (S1 Table). These

Fig 5. Survival curves of 5- to 6-week-old mice following intraperitoneal infection with (A) 10,000, (B) 1,000
and (C) 100 PFU. Mice were monitored daily for 21 days. Except in (C) when comparing lineage 8 and lineage
1, all survival curves were significantly different (Wilcoxon rank sum test, p-values < 0.05).

https://doi.org/10.1371/journal.pntd.0006078.g005
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episodic non-conservative changes could have resulted in the loss of the N-linked glycosylated
site motif, which is related to less efficient replication in Culex cells [59] and better replication
in Aedes albopictuscells [60]. This N-linked site is also associated with neuroinvasiveness in
mice [62]. Second, we found that 1754th codon in polyprotein (249th in NS3) was under diver-
sifying selection (ω = 33.1) 13% of the time and under purifying selection (ω = -0.91) 87% of
the time (S1 Table) in our WNV dataset. As this site was discovered to increase viremia and
virulence in birds [63], further experiments in avian cell lines should be explored to see if our
discovered substitutions effect replication in avian hosts and transmission dynamics.

Although no significant diversifying selection was observed on the cleavage site in the
NS4A protein (120PEPE123 motif), we did discover the P122S substitution in the lineage 8 strain
(Fig 1B). Crucially, induced mutations in this motif are related to low rates of replication and
protein production in Vero cells [64], which we expected and observed for the lineage 8 strain
in vitro (Fig 3B, 3D and 3F), and could help explain its low virulence in vivo (Fig 5). In general,
we observed little change in viral replication and protein production between West African
strains in Ap61 cells (Fig 3A, 3C and 3E). This could suggest that the conservation of PEPE
motif may have a lesser role in replication in mosquito cells (lineage 8) or that the strains may
have been “pre-adapted” prior to our experiment.

The lineage 7 strain has the S653F NS5 mutation that is associated with an increased resis-
tance to interferon [65], which could help explain its phenotypical virulence in vitro and in
vivo (Figs 1B, 3, 4 and 5). However, because Vero cells are known to be interferon-deficient,
we could not associate this mutation to our in vitro results for lineage 7 in Vero cells (Fig 3,
right column). Nevertheless, all three West African strains contained a non-synonymous
change in a locus that was previously explored by site-directed mutagenesis experiments (Fig
1B). Interestingly, we also detected synonymous changes in the “wobble” base position of the
codons in “sites of interest”. However, our knowledge of how synonymous changes impact
infectivity, virulence, and replication of WNV is still limited.

As previously described, lineages 1 and 2 originated in Africa and emerged as a NewWorld
pathogen over the last 60 years [68]. Lineage 7 could be following a similar path; besides Sene-
gal, it has been detected in Somalia, Gabon and possibly in Italy [78–80]. Our study supports
that there are other lineages besides 1 and 2—such as lineage 7—that can exhibit high virulence
in mice and efficient replication in mammalian cells (Figs 3, 4 and 5). This high virulence of
lineage 7/Koutango strains in mice has been explored in two other studies, where the high vir-
ulence is suggested to be a result of delayed viral clearance and a weak neutralizing antibody
response [43,44]. All three doses tested resulted in 100% mice mortality (Table 2), which
agreed with previous results. The differences in average survival time and mortality rates com-
pared to previous studies, could be explained by differences in the passage history of viral
strains, and the age of the infected mice [81].

The Senegalese lineage 1 strain exhibited moderate virulence in mice (Fig 5) and caused
comparably less mortality than the NY99 strain when compared to similar studies [44]. Differ-
ences in neuroinvasive potential and virulence among lineage 1 strains has been reported and
could be explained by genetic differences [35]. Alternatively, lineage 8 showed poor growth
capabilities in Vero cells (Figs 3 and 4) and almost no virulence in mice (Fig 5 and Table 2),
suggesting that it may be restricted to vertical transmission or is species restrictive. Lineage 8
was described to have a similar phenotype to Rabensburg virus (lineage 3, Czech Republic
1997). Moreover, growth kinetics and vector competence studies revealed poor growth of the
Rabensburg virus in mammalian cell lines and low virulence in mice [36,82]. This similarity
could indicate that both lineage 8 and the Rabensburg strain may be restricted in host range
and are also maintained in nature through vertical transmission. Investigating the vector com-
petence of lineage 8 in different arthropod species (i.e. Culex, Aedes, and tick species) could
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lead to a better understand the transmission dynamics and maintenance cycles of WNV in
nature. The low virulence phenotype of the lineage 8 strain could also be a factor for its consid-
eration as a potential vaccine candidate for West Nile fever.

Further studies could complement our analysis, particularly, on other factors that could
explain differences in WNV host and disease dynamics. Exploring variations in codon usage
bias could also help explain biological differences [83], as distinct lineages have shown differ-
ent degrees of natural selection and mutational bias. Site-directed mutagenesis studies may
also help explain how strain-specific mutations, both synonymous and non-synonymous,
could explain deviations in replication efficiency and virulence for our in vitro and in vivo
results. For example, future studies in cell lines with interferon may help clarify the impact of
the S653F NS5 mutation for the lineage 7 strain. Additionally, the flavivirus 5’ and 3’ untrans-
lated regions (UTR) can affect replication and translation; certain mutations in these regions
can cause complete viral attenuation [84–87]. Unfortunately, we could not investigate their
impact in this study, as the majority of WNV UTR’s were publically unavailable.

Taking everything into account, especially differences in sequences, growth dynamics and
virulence in vivo, the West Nile virus is a pathogen with the capability to cause severe epidem-
ics anywhere in the globe. As complete genome sequences including the 5’ and 3’ UTR regions
are currently being generated, this could lead to future studies focused on in vivo transmission
and growth dynamics. As additional strains of WNV are characterized, monitoring the global
diversity and distribution will aid in threat assessment and epidemiological modeling if future
outbreaks are to occur.

Materials andmethods

Cell lines

Two cell lines have been used for virus cultivation and growth kinetics. Ap61 cells (Aedes pseu-
docutellaris) were grown in L15 (Leibovitz’s 15) medium (10% heat-inactivated fetal bovine
serum [FBS], 1% penicillin-streptomycin, 0.05% amphotericin B [Fungizone] (GIBCO by life
technologies; USA) and 10% tryptose phosphate (Becton, Dickinson and Company Sparks,
USA) and incubated at 28˚C without CO2. Vero cells (African green monkey kidney epithelial
cells; Cercopithecus aethiops) (obtained from Sigma Aldrich, France) were grown using the
same medium without tryptose phosphate and CO2. Furthermore, PS (Porcine Stable kidney
cell line, American type Culture Collection, Manassas, USA) cells were grown in same condi-
tions than Vero cells and have been used for plaque assay.

Virus strains

The virus strains used in this study corresponding to lineages 1, 2, Koutango (lineage 7) and 8
were described in Table 1. The virus stocks were prepared by inoculating Aedes pseudoscutel-
laris (Ap61) continuous cells lines for 4 days. The infection status was tested by immunofluo-
rescence assay (IFA), real-time RT-PCR (Reverse Transcriptase-Polymerase Chain Reaction)
and plaque assay. The supernatant of infected cells were aliquoted, frozen at -80˚C, and used
as viral stocks for growth kinetics.

Phylogenetic analyses

A total of 862 complete WNV polyprotein gene sequences with country and year of isolation
data were available and initially downloaded from Genbank for this study. A large number of
sequences were from the Americas and formed a monophyletic group of lineage 1a comprising
770 sequences. To reduce computer-processing requirements while maintaining the authenticity
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of our results, we removed all lineage 1a sequences except for a single representative sequence
denoted “NY99” (accession number: AF196835). With the addition of 3 new sequences, a total
of 95 sequences were aligned using Muscle v3.8.31 [88] and manually curated using Se-Al v2
[89]. For Fig 1, the available complete polyprotein sequences representative of WNV diversity
(excluding lineage 6, which there is only a partial sequence available) were included to compare
genetic percent identities.

Likelihood mapping analyses for estimation of data quality were performed using Tree-
Puzzle (Quartets ranged between 10,000 and 40,000) [90,91]. For each alignment we per-
formed recombination screening (RDP, GeneConv, Chimaera, MaxChi, BootScan and SiScan)
in RDP4.61 [92].

The Bayesian phylogenetic analysis was performed using Bayesian Inference (BI) using a
general time-reversible with gamma-distributed rate variation and invariant sites model (GTR
+Γ+I), as selected by Akaike’s information criterion (AICc) in jModelTest 0.1 [93]. The evolu-
tionary analysis was conducted assuming a relaxed Gamma clock and GMRF Bayesian Skyride
coalescent tree prior. We then employed a Bayesian MCMC approach using BEAST v1.8.4 and
performed five independent MCMC runs with up to 100 million generations to ensure the
convergence of estimates. Trees were summarized in a maximum clade-credibility tree after a
10% burn-in [94] and used Tracer (http://beast.bio.ed.ac.uk/Tracer) to ensure convergence
during MCMC by reaching effective sample sizes greater than 100.

To reduce the number of sequences from the original 862 downloaded from Genbank, a
maximum likelihood tree was estimated using FastTree v2.1.7 [95] after identical alignment
and curating methods. FastTree was run using GTR+Γ+I nucleotide model with 2000 Γ-rate
categories, exhaustive search settings, with 5000 bootstrap replications using the Shimodaira-
Hasegawa (SH) test. The analysis was repeated for the dataset of 95 sequences to compare tree
topologies inferred by the Bayesian approach (S1 Fig). All alignments referred to in this manu-
script can be found at https://github.com/caiofreire.

Growth kinetics

To perform this study and make it comparable with other studies [60,96], viral stocks were
standardized in number of plaque forming units per milliliter (PFU/mL) for cell infections
rather than copy numbers of genome. The growth kinetics assays were performed in 12-well
plates using one plate per virus strain with one uninfected well as a negative control. Each well
was seeded with 2.4x105 Ap61 or Vero cells in a volume of 400 μl of appropriate medium and
infected with 2.4x103 PFU (plaque-forming unit) of virus in 400 μl of medium, resulting in a
multiplicity of infection (MOI) of 0.01. After an incubation time of 4 hours, the medium was
removed and replaced with 2 ml of new medium to set a zero point for the growth curves (T0).
The harvesting of one well occurred at 22, 28, 50, 75, 99, 124, and 146 h post infection. Each
harvest was performed as follows. Supernatants were removed and frozen at -80˚C in small ali-
quots. Cells were washed once with phosphate-buffered saline (PBS) and then removed in
500 μl PBS. A volume of 20 μl of cell suspension was dried on a glass slide for a subsequent
immunofluorescence assay as previously described [97] to measure viral proteins production.
The remaining cell suspensions were frozen at -80˚C.

RNA was extracted from cell suspensions and supernatants and copy numbers of genome
were quantified by real time RT-PCR as previously described [98]. Infectious viral particles
were measured in supernatants by plaque assay also as previously described [99]. This study
was performed two times on each cell type. The initial titers of lineages 1, 2, 7 and 8 were
respectively 3x108, 5x104, 7.5x106 and 1010 PFU/ml. For each lineage, 2.4x103 PFU were used
for kinetics in mosquito and mammal cells. The ratio of particles per infectious unit in the
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initial viral stocks ranged from 8 to 600 [98]. Our viral stocks had a similar ratio of particles
per infectious unit as that seen produced by fully infectious extracellular WN virus particles
[100] and mosquito-derived repliconWN virus particles [101]. Variances in replication effi-
ciency between studies observed during in vitro infection could be explained to differences in
the viral strain and to the infection conditions i.e. very low MOIs (0.01), and distinct cell lines.

Mouse infection and survival studies

Mice were produced in the Institut Pasteur de Dakar farm, located in Mbao, approximately 15
kilometers from Dakar, Senegal. After one week of acclimatization, five-to-six-week-old Swiss
mice were challenged by intraperitoneal (IP) injection with 100, 1000 and 10000 PFU of WNV
lineages diluted in phosphate buffer saline + 0.2% endotoxin-free serum albumin (BSA). For
each lineage and dose, two independent experiments of infection were made. Each individual
experiment had 4 to 8 mice. A group of mice inoculated in parallel with an equivalent volume
of phosphate buffer saline + 0.2% endotoxin-free serum albumin (BSA) was maintained as a
control. Mice were kept on clean bedding and given food and water ad libitum. Infected ani-
mals were monitored daily for first signs of encephalitis (hunching, lethargy, eye closure, or
hind legs paralysis) and death throughout the 21 days after infection. All statistical inferences
were calculated using the Wilcoxon rank sum test.

Selection

To evaluate selection patterns on the complete coding sequences, we estimated the ratio of sub-
stitution rates (ω) per non-synonymous site (dN) over synonymous substitutions per synony-
mous site (dS) per codon sites. Briefly, sites with ω>1 are assumed to be under positive
(diversifying) selection, and sites where ω<1 are undergoing negative (purifying) selection.
When ω = 0, the site is undergoing neutral selection. To estimate ω, we applied three maximum
likelihood methods: single likelihood ancestor counting (SLAC), fixed-effects likelihood (FEL),
and internal fixed-effects likelihood (IFEL). We also investigated the presence of transient (epi-
sodic) selective pressures, using the mixed-effects model of evolution (MEME) [102] and fast,
unconstrained Bayesian approximation (FUBAR) [103] approaches. For FEL, SLAC, IFEL, and
MEME analyses, sites were identified as undergoing significant positive selection when p-value
"0.10. For FUBAR, sites were identified as undergoing positive selection when there was a pos-
terior probability!0.90. All estimations were implemented using HyPhy v2.11 [104].

RNA extraction and quantitative real-time (qRT-PCR)

Extraction of viral RNA from supernatants was performed with the QIAamp viral RNAmini
kit (Qiagen, Heiden, Germany) according to manufacturer’s instructions. For cell fractions,
prior to RNA extraction, cells were lysed by serial cycles of freeze/thaw. For the detection and
quantification of viral RNA, a consensus WNV real-time RT-PCR assay and corresponding
RNA standard were used as previously described [98]. The real-time PCR assays were per-
formed using the Quantitect Probe RT-PCR Kit (Qiagen, Heiden, Germany) in a 96-well plate
under the following conditions: 50˚C for 10 min, 95˚C for 15 min followed by 40 cycles of
95˚C for 15 s and 60˚C for 1 min. Copy numbers of genome were calculated using Ct (Cycle
threshold) and corresponding RNA standard.

Complete polyprotein sequencing

Overlapping RT-PCRs were done to recover the complete genome. All primer sequences can
be found in the S3 Table. The NS5, envelope and NS5-partial 3’UTR regions were first
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amplified using flavivirus consensus or West Nile specific primers [1,105,106], followed by
amplification of NS3 region using designed WNV primers. The 5’ non-coding region of the
genome was obtained using the 5’RACE kit (Invitrogen, Carlsbad, USA) and a designed con-
sensus primer in the capsid protein for reverse primer. Finally, specific primers were designed
according to the first sequences obtained and a second step of RT-PCR was done to obtain the
complete genome.

The PCR fragments were obtained using AMV reverse transcription kit (Promega,
Madison, USA) for reverse transcription and Go-Taq PCR kit (Promega, Madison, USA) for
amplification. The RT conditions were set according to the manufacturer’s instructions, and
the PCR conditions were as follows: 5 minutes at 95˚C, 40 cycles of 1 minute at 95˚C, 1 minute
at 53˚C, 1 to 4 minutes (according the size of the PCR product) at 72˚C, and 10 minutes at
72˚C. The PCR products were purified from the agarose gel using the Gel extraction kit (Qia-
gen) and sequenced by Cogenics (Beckman Coulter Genomics, Essex, UK).

Immunofluorescence assay (IFA)

Infected cells at different time points were dissolved in PBS and dropped on a glass slide. After
complete drying, cells were fixed for at least 20 min in cold acetone, dried again, and then
stored at -20˚C until staining. Staining was done with a WNV-polyclonal mouse immune ascit
diluted in PBS and incubated for 30 minutes at 37˚C. After washing three times with PBS, cells
were incubated with the second antibody (goat anti-mouse IgG, fluorescein isothiocyanate
[FITC] conjugated Biorad), diluted 1:40 and blue Evans 1/100 in PBS, for 30 minutes at 37˚C
in the dark. The cells were washed again three times with PBS, dried, and covered with 50%
glycerol in PBS. After dehydration, examination was done by fluorescence microscopy.

Genbank accession numbers

KJ831223, FJ159131, AY277251, FJ159130, FJ159129, AY765264, KY703856, DQ176636,
HM147823, FJ425721, KT207791, KJ934710, KP780840, KP780839, KT359349, KC496016,
KC407673, KF179639, KJ883346, KC496015, HQ537483, KF647251, KT207792, JN858070,
KP109692, KF179640, KM203863, KP780838, KP780837, KM203861, KM203862, JN393308,
EF429197, EF429198, HM147824, EF429199, KM052152, EF429200, GQ903680, HM147822,
GQ851605, DQ256376, GQ851604, JX041632, GQ851602, KT934796, KT934801, JX123031,
JX123030, KT934800, KT934802, KT934803, GQ851603, KT934797, KT934799, KT934798,
JX041628, JX041629, JX041630, HM051416, KT163243, EU249803, KC601756, JX442279,
JX041634, KU588135, JQ928175, JN858069, KF647253, KC954092, JQ928174, JX556213,
JF707789, FJ766331, FJ766332, JF719069, FJ483549, FJ483548, JF719066, JF719067, KF234080,
GU011992, JF719068, DQ786573, AY701413, HM152775, AY701412, GQ851606, GQ851607,
GQ379161, AF196835, KY703855, EU082200, KY703854, AY532665.

Supporting information

S1 Fig. Phylogenetic inference of West Nile virus using a maximum-likelihood tree. The
Shimodaira-Hasegawa values greater than 70% are shown at respective nodes. Tip labels are
colored by proposed lineage. Sequences from Table 1 are labeled.
(TIF)

S2 Fig. Selection regimens acting on codons of West Nile Virus polyprotein via FUBAR
method. The dashed line marks neutral selection (dN-dS = 0), points above the line (dN>dS)
are under diversifying selection and below (dN<dS) are under purifying selection. The inten-
sity of the point color is proportional to the posterior probability to observe that codon under
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the selection regimen, calculated with Fubar method.
(TIF)

S3 Fig. Selection regimens acting on codons of West Nile Virus polyprotein via MEME
method. Using 95WNV sequences, A) diversifying selection (dN>dS) and B) purifying selec-
tion (dN<dS) were estimated. The intensity of the point color is proportional to the posterior
probability to observe that codon under the selection regimen, calculated with MEMEmethod.
Significant positively selected sites detected by other methods were also included in A).
(TIF)

S1 Table. Raw data for FUBAR analysis.
(DOCX)

S2 Table. Raw data for MEME analysis.
(CSV)

S3 Table. List of primers used for sequencing. The NS5, envelope and NS5-partial 3’UTR
regions were first amplified using flavivirus consensus or West Nile specific primers. This was
followed by amplification of NS3 region using designed WNV primers. Finally, specific prim-
ers were designed according to the first sequences obtained and a second step of RT-PCR was
done to obtain the complete genome.
(DOC)

S1 Dataset. Raw growth kinetics data. Raw data for Fig 3.
(XLSX)

S2 Dataset. Raw mice survival data. Raw data for Fig 5.
(XLSX)

Acknowledgments

We would like to thank Mireille Mondo, Arame Ba, and Khardiata Mbaye for their excellent
technical support. We also would like to thank Erica Mendes, John Almberg, and Elissa Rot-
wein for their helpful comments and critiques in the development and improvement of this
work.

Author Contributions

Conceptualization: Gamou Fall, Martin Faye, Ousmane Faye, Amadou Alpha Sall.

Data curation: Gamou Fall, Nicholas Di Paola, Martin Faye, Moussa Dia, Caio César de Melo
Freire.

Formal analysis: Gamou Fall, Nicholas Di Paola, Martin Faye, Caio César de Melo Freire,
Cheikh Loucoubar.

Funding acquisition: Paolo Marinho de Andrade Zanotto, Ousmane Faye, Amadou Alpha
Sall.

Investigation: Gamou Fall, Nicholas Di Paola, Martin Faye, Moussa Dia.

Methodology: Gamou Fall, Nicholas Di Paola, Martin Faye, Moussa Dia, Caio César de Melo
Freire.

Project administration: Paolo Marinho de Andrade Zanotto, Ousmane Faye, Amadou Alpha
Sall.

Biological and phylogenetic characteristics of West African lineages of West Nile virus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006078 November 8, 2017 17 / 23



Resources: Paolo Marinho de Andrade Zanotto, Ousmane Faye, Amadou Alpha Sall.

Software:Nicholas Di Paola, Caio César de Melo Freire, Cheikh Loucoubar.

Supervision: Gamou Fall, Caio César de Melo Freire, Cheikh Loucoubar, Paolo Marinho de
Andrade Zanotto, Ousmane Faye, Amadou Alpha Sall.

Validation: Gamou Fall, Nicholas Di Paola, Martin Faye, Caio César de Melo Freire.

Visualization: Nicholas Di Paola, Caio César de Melo Freire.

Writing – original draft: Gamou Fall, Nicholas Di Paola, Paolo Marinho de Andrade
Zanotto.

Writing – review & editing: Gamou Fall, Nicholas Di Paola, Martin Faye, Caio César de Melo
Freire, Paolo Marinho de Andrade Zanotto, Amadou Alpha Sall.

References
1. Kuno G, Chang GJ, Tsuchiya KR, Karabatsos N, Cropp CB. Phylogeny of the genus Flavivirus. J

Virol. 1998; 72: 73–83. Available: http://jvi.asm.org/content/72/1/73.short PMID: 9420202

2. Chambers TJ, Hahn CS, Galler R, Rice CM. Flavivirus genome organization, expression, and replica-
tion. Annu Rev Microbiol. 1990; 44: 649–88. https://doi.org/10.1146/annurev.mi.44.100190.003245
PMID: 2174669

3. Gould EA, Zanotto PM de A, Holmes EC. The genetic evolution of flaviviruses. 1997.

4. Fall G, Diallo M, Loucoubar C, Faye O, Sall AA. Vector competence of Culex neavei and Culex quin-
quefasciatus (Diptera: Culicidae) from Senegal for lineages 1, 2, Koutango and a putative new lineage
of West Nile virus. Am J TropMed Hyg. 2014; 90: 747–754. https://doi.org/10.4269/ajtmh.13-0405
PMID: 24567319

5. Murgue B, Zeller H, Deubel V. The Ecology and Epidemiology of West Nile Virus in Africa, Europe and
Asia. In: Mackenzie JS, Barrett ADT, Deubel V, editors. Berlin, Heidelberg: Springer Berlin Heidel-
berg; 2002. pp. 195–221. https://doi.org/10.1007/978-3-642-59403-8_10

6. Hayes EB, Sejvar JJ, Zaki SR, Lanciotti RS, Bode A V., Campbell GL. Virology, pathology, and clinical
manifestations of West Nile virus disease. Emerg Infect Dis. 2005; 11: 1174–1179. https://doi.org/10.
3201/eid1108.050289b PMID: 16102303

7. Kramer LD, Li J, Shi P-Y. West Nile virus. Lancet Neurol. 2007; 6: 171–181. https://doi.org/10.1016/
S1474-4422(07)70030-3 PMID: 17239804

8. Marra PP, Griffing SM, McLean RG.West Nile Virus andWildlife. Emerg Infect Dis. 2003; 9: 7–9.

9. McLean RG.West Nile Virus: emerging threat to public health and animal health. J Vet Med Educ.
2003; 30: 143–4. Available: http://www.ncbi.nlm.nih.gov/pubmed/12970859 PMID: 12970859

10. Smithburn KC, Hughes TP, Burke aW, Paul JH, African A. A neurotropic virus isolated from the blood
of a native of uganda. Am J Trop Med Hyg. 1940;s1–20: 471–492.

11. Murgue B, Murri S, Triki H, Deubel V, Zeller HG. West Nile in the Mediterranean basin: 1950–2000.
Ann N Y Acad Sci. 2001; 951: 117–26. https://doi.org/10.1111/j.1749-6632.2001.tb02690.x PMID:
11797769

12. Murray KO, Mertens E, Despres P. West Nile virus and its emergence in the United States of America.
Vet Res. 2010; 41: 67. https://doi.org/10.1051/vetres/2010039 PMID: 21188801
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Ťahyňa Viruses in Central Europe. J Med Entomol. 2010; 47: 466–472. https://doi.org/10.1093/
jmedent/47.3.466 PMID: 20496595

39. Lvov DK, Butenko AM, Gromashevsky VL, Kovtunov AI, Prilipov AG, Kinney R, et al. West Nile virus
and other zoonotic viruses in Russia: examples of emerging-reemerging situations. In: Calisher CH,
Griffin DE, editors. Emergence and Control of Zoonotic Viral Encephalitides. Vienna: Springer
Vienna; 2004. pp. 85–96. https://doi.org/10.1007/978-3-7091-0572-6_7

40. Lanciotti RS, Ebel GD, Deubel V, Kerst AJ, Murri S, Meyer R, et al. Complete Genome Sequences
and Phylogenetic Analysis of West Nile Virus Strains Isolated from the United States, Europe, and the
Middle East. Virology. 2002; 298: 96–105. https://doi.org/10.1006/viro.2002.1449 PMID: 12093177

41. Vázquez A, Sánchez-Seco MP, Ruiz S, Molero F, Hernández L, Moreno J, et al. Putative new lineage
of West Nile virus, Spain. Emerg Infect Dis. 2010; 16: 549–552. https://doi.org/10.3201/eid1603.
091033 PMID: 20202444

42. Charrel RN, Brault AC, Gallian P, Lemasson JJ, Murgue B, Murri S, et al. Evolutionary relationship
between OldWorld West Nile virus strains: Evidence for viral gene flow between Africa, the Middle
East, and Europe. Virology. 2003; 315: 381–388. https://doi.org/10.1016/S0042-6822(03)00536-1
PMID: 14585341

43. Prow N a, Setoh YX, Biron RM, Sester DP, Kim KS, Hobson-Peters J, et al. TheWest Nile-like flavivi-
rus Koutango is highly virulent in mice due to delayed viral clearance and the induction of a poor neu-
tralizing antibody response. J Virol. 2014; 88: 9947–9962. https://doi.org/10.1128/JVI.01304-14
PMID: 24942584
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56. Traoré-Lamizana M, Fontenille D, Diallo M, Bâ Y, Zeller HG, Mondo M, et al. Arbovirus Surveillance
from 1990 to 1995 in the Barkedji Area (Ferlo) of Senegal, a Possible Natural Focus of Rift Valley
Fever Virus. J Med Entomol. 2001; 38: 480 LP–492. Available: http://jme.oxfordjournals.org/content/
38/4/480.abstract

Biological and phylogenetic characteristics of West African lineages of West Nile virus

PLOSNeglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006078 November 8, 2017 20 / 23



57. Chevalier V, Dupressoir A, Tran A, Diop OM, Gottland C, Diallo M, et al. Environmental risk factors of
West Nile virus infection of horses in the Senegal River basin. Epidemiol Infect. Cambridge, UK: Cam-
bridge University Press; 2010; 138: 1601–1609. https://doi.org/10.1017/S095026881000035X PMID:
20175940

58. Shirato K, Miyoshi H, Goto A, Ako Y, Ueki T, Kariwa H, et al. Viral envelope protein glycosylation is a
molecular determinant of the neuroinvasiveness of the New York strain of West Nile virus. J Gen Virol.
2004; 85: 3637–45. https://doi.org/10.1099/vir.0.80247-0 PMID: 15557236

59. Moudy RM, Zhang B, Shi P- Y, Kramer LD. West Nile virus envelope protein glycosylation is required
for efficient viral transmission by Culex vectors. Virology. 2009; 387: 222–8. https://doi.org/10.1016/j.
virol.2009.01.038 PMID: 19249803

60. Hanna SL, Pierson TC, Sanchez MD, Ahmed AA, MurtadhaMM, Doms RW. N-linked glycosylation of
west nile virus envelope proteins influences particle assembly and infectivity. J Virol. 2005; 79: 13262–
74. https://doi.org/10.1128/JVI.79.21.13262-13274.2005 PMID: 16227249

61. Setoh YX, Prow NA, Hobson-Peters J, Lobigs M, Young PR, Khromykh AA, et al. Identification of resi-
dues in West Nile virus pre-membrane protein that influence viral particle secretion and virulence. J
Gen Virol. 2012; 93: 1965–75. https://doi.org/10.1099/vir.0.044453-0 PMID: 22764317

62. Beasley DWC,WhitemanMC, Zhang S, Huang CY-H, Schneider BS, Smith DR, et al. Envelope pro-
tein glycosylation status influences mouse neuroinvasion phenotype of genetic lineage 1West Nile
virus strains. J Virol. 2005; 79: 8339–47. https://doi.org/10.1128/JVI.79.13.8339-8347.2005 PMID:
15956579

63. Brault AC, Huang CY, Langevin SA, Kinney RM, Bowen RA, RameyWN, et al. A single positively
selectedWest Nile viral mutation confers increased virogenesis in American crows. Nat Genet. 2007;
39: 1162–1166. https://doi.org/10.1038/ng2097 PMID: 17694056

64. Ambrose RL, Mackenzie JM. A Conserved Peptide in West Nile Virus NS4A Protein Contributes to
Proteolytic Processing and Is Essential for Replication. J Virol. 2011; 85: 11274–11282. https://doi.
org/10.1128/JVI.05864-11 PMID: 21880777

65. Van Slyke G a., Ciota AT, Willsey GG, Jaeger J, Shi PY, Kramer LD. Point mutations in theWest Nile
virus (Flaviviridae; Flavivirus) RNA-dependent RNA polymerase alter viral fitness in a host-dependent
manner in vitro and in vivo. Virology. Elsevier Inc.; 2012; 427: 18–24. https://doi.org/10.1016/j.virol.
2012.01.036 PMID: 22365326

66. LiuWJ, Wang XJ, Clark DC, Lobigs M, Hall R a, Khromykh A a. A Single Amino Acid Substitution in
theWest Nile Virus Nonstructural Protein NS2A Disables Its Ability To Inhibit Alpha / Beta Interferon
Induction and Attenuates Virus Virulence in Mice A Single Amino Acid Substitution in theWest Nile
Virus Nonstructur. J Virol. 2006; 80: 2396–2404. https://doi.org/10.1128/JVI.80.5.2396-2404.2006
PMID: 16474146

67. Wicker JA, WhitemanMC, Beasley DWC, Davis CT, Zhang S, Schneider BS, et al. A single amino
acid substitution in the central portion of theWest Nile virus NS4B protein confers a highly attenuated
phenotype in mice. Virology. 2006; 349: 245–253. https://doi.org/10.1016/j.virol.2006.03.007 PMID:
16624366

68. May FJ, Davis CT, Tesh RB, Barrett ADT. Phylogeography of West Nile virus: from the cradle of evolu-
tion in Africa to Eurasia, Australia, and the Americas. J Virol. 2011; 85: 2964–74. https://doi.org/10.
1128/JVI.01963-10 PMID: 21159871

69. Ciccozzi M, Peletto S, Cella E, Giovanetti M, Lai A, Gabanelli E, et al. Epidemiological history and phy-
logeography of West Nile virus lineage 2. Infect Genet Evol. 2013; 17: 46–50. https://doi.org/10.1016/j.
meegid.2013.03.034 PMID: 23542457

70. Brinton M a. Replication cycle and molecular biology of the west nile virus. Viruses. 2013; 6: 13–53.
https://doi.org/10.3390/v6010013 PMID: 24378320

71. Carpenter JE, Henderson EP, Grose C. Enumeration of an extremely high particle-to-PFU ratio for
Varicella-zoster virus. J Virol. 2009; 83: 6917–21. https://doi.org/10.1128/JVI.00081-09 PMID:
19369328

72. Alfson KJ, Avena LE, Beadles MW, Staples H, Nunneley JW, Ticer A, et al. Particle-to-PFU Ratio of
Ebola Virus Influences Disease Course and Survival in Cynomolgus Macaques. Dermody TS, editor. J
Virol. 2015; 89: 6773–6781. https://doi.org/10.1128/JVI.00649-15 PMID: 25903348

73. Hussmann KL, Vandergaast R, Zheng K, Hoover LI, Fredericksen BL. Structural proteins of West Nile
virus are a major determinant of infectious particle production and fitness in astrocytes. J Gen Virol.
2014; 95: 1991–2003. https://doi.org/10.1099/vir.0.065474-0 PMID: 24920724
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ABSTRACT Here, we present the complete genome sequences of two human para-
influenza virus type 3 (HPIV-3) isolates collected from hospitalized infants suffering
from acute respiratory disease. These are the first complete genome sequences of
HPIV-3 originating from Brazil.

Human parainfluenza viruses (HPIVs) are single-stranded RNA viruses and part of the
Paramyxoviridae family. The four types of HPIV exist in two distinct genera:

Respirovirus (HPIV-1 and HPIV-3) and Rubulavirus (HPIV-2 and HPIV-4). HPIV-3 has a
higher prevalence than other HPIVs and is responsible for nearly 11% of all pediatric
hospitalizations for acute respiratory infections (1, 2). In Brazil, HPIV-3 infections leading
to pediatric hospitalization have been reported as high as 8.3% (3).

In 2010, a prospective study of acute respiratory infection surveillance was con-
ducted in children under 24 months old. Patients who presented at the time of their
admission signs and symptoms of lower respiratory tract infection, including history of
coughing and/or respiratory distress and/or those with one or more of the following
clinical diagnoses, bronchiolitis, alveolar pneumonia, wheezing, bronchospasm, croup,
coqueluchoide syndrome, whooping cough, cyanosis, and apnea, were included in this
study. Sixteen patients tested negative for all PCR diagnostic assays for common
respiratory viruses. To discover the etiological pathogen and improve surveillance,
patient samples were processed for next-generation sequencing.

Viral RNA was extracted from the nasopharyngeal aspirates using the QIAamp Viral
RNA minikit (Qiagen, Valencia, CA, USA) and purified with DNase I and concentrated
using the RNA Clean and Concentrator TM-5 kit (Zymo Research, Irvine, CA, USA). The
paired-end RNA libraries were constructed and validated using the TruSeq Stranded
Total RNA HT sample prep kit (Illumina, San Diego, CA, USA). Sequencing was done at
the Core Facility for Scientific Research–University of São Paulo (CEFAP-USP/GENIAL)
using the Illumina NextSeq platform. Each sample was barcoded individually, which
allowed separation of reads for each patient. Short unpaired reads and bases and
low-quality reads were removed using Trimmomatic version 0.36 (4). Paired-end reads
(Phred quality score !33) were assembled de novo with SPAdes version 3.10 using
default parameters (5).

For two patients, STA762 and STA829, the largest assembled contig was identified
as HPIV-3 using BLAST searches. We extracted the consensus sequences using Geneious
version 9.1.2 (6). For STA762, the sequence had a length of 15,450 with 1,415.6"
average depth. Likewise, the sequence extracted from STA829 had a length of 15,422
with 20.2" average depth. When aligned with the HPIV-3 reference genome sequence
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ABSTRACT Here, we present the complete genome sequences of five human respi-

ratory syncytial virus isolates collected from hospitalized infants suffering from acute

respiratory disease. These are the first five complete genome sequences of human

respiratory syncytial virus to originate from Brazil.

H
uman respiratory syncytial virus (HRSV) is a negative-sense single-stranded RNA

virus and is part of the Orthopneumovirus genus within the Pneumoviridae family.

HRSV is a causative agent of severe lower respiratory tract infection in infants and

children (1). Nearly all children over the age of two have been infected by HRSV (2).

In Brazil, HRSV was detected in 41.8% of patients under 2 years of age with lower

respiratory tract infections (3).

Patients under 2 years of age were included in prospective study of acute respiratory

infection surveillance. Patients with signs, symptoms, and/or a history of lower respi-

ratory tract infections at the time of their admission were included in this study.

Specifically, patients with signs or symptoms of wheezing, whooping cough, coque-

luchoide (pertussis-like) syndrome, croup, cyanosis, alveolar pneumonia, apnea, bron-

chiolitis, and bronchospasms were considered. Nasopharyngeal aspirates from patients

were first subjected to all PCR diagnostic assays for common respiratory viruses; all

were found to be negative. To discover the etiological pathogen and improve surveil-

lance, patient samples were processed for next-generation sequencing.

Viral RNA was extracted from the nasopharyngeal aspirates using the QIAamp viral

RNA minikit (Qiagen, Valencia, CA, USA), purified with DNase I, and concentrated using

the RNA Clean & Concentrator TM-5 kit (Zymo Research, Irvine, CA, USA). The paired-

end RNA libraries were constructed and validated using the TruSeq stranded total RNA

high-throughput (HT) sample prep kit (Illumina, San Diego, CA, USA). Sequencing was

done at the Core Facility for Scientific Research–University of São Paulo (CEFAP-USP/

GENIAL) using the Illumina NextSeq platform. Each sample was barcoded individually,

which allowed separation of reads for each patient. Short unpaired reads and bases and

low-quality reads were removed using Trimmomatic version 0.36 (4). Paired-end reads

(Phred quality score !33) were assembled de novo with SPAdes version 3.10 using

default parameters (5).

The de novo assemblies of five isolates constructed contigs ranging from 15,181 to

15,268 nucleotides (nt) in length. The average depths of the assemblies ranged from

12" to 475". Using Geneious 9.1.2, we extracted the consensus sequences (6) and

used BLASTn to identify HRSV and class the subtype of each HRSV isolate. STA754,

STA786, and STA826 were most closely related to HRSV subtype B (HRSV-B) isolates,

while STA836 and STA839 were to HRSV subtype A (HRSV-A). When our HRSV-A isolates

were compared to the HRSV-A reference genome sequence (GenBank accession num-

ber NC_001803), pairwise identities were 97% (STA836) and 96% (STA839). Similarly, for
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ABSTRACT Here, we present the complete genome sequence of a human metap-
neumovirus isolate collected from a hospitalized infant suffering from acute respira-
tory disease. This is the first complete genome sequence of human metapneumovi-
rus originating from Brazil.

Human metapneumovirus (HMPV) is a negative-sense single-stranded RNA virus and
is part of the Metapneumovirus genus of the family Pneumoviridae. Originally

discovered in 2001 in the Netherlands, it is a causal agent of acute respiratory infection
(ARI) in primarily children (1, 2). The incidence of HMPV in ARI cases has varied by
continent; reports have generally ranged from 4% to 16% (3–5). In southeastern Brazil,
HMPV has been detected in 11.4% of children suffering from ARI (6).

Patients under 2 years of age were included in a prospective study of ARI surveil-
lance. Patients with signs, symptoms, and/or a history of lower respiratory tract
infections at the time of their admission were included in this study. This included any
of the following clinical diagnoses: alveolar pneumonia, apnea, bronchiolitis, broncho-
spasm, coqueluchoide syndrome, croup, cyanosis, wheezing, and whooping cough.
Several patients tested negative for all PCR diagnostic assays for common respiratory
viruses. To discover the etiological pathogen and improve surveillance, patient samples
were processed for next-generation sequencing.

Viral RNA was extracted from the nasopharyngeal aspirates using the QIAamp Viral
RNA minikit (Qiagen, Valencia, CA, USA) and purified with DNase I and concentrated
using the RNA Clean and Concentrator TM-5 kit (Zymo Research, Irvine, CA, USA). The
paired-end RNA libraries were constructed and validated using the TruSeq Stranded
Total RNA HT sample prep kit (Illumina, San Diego, CA, USA). Sequencing was done at
the Core Facility for Scientific Research–University of São Paulo (CEFAP-USP/GENIAL)
using the Illumina NextSeq platform. Each sample was barcoded individually, which
allowed separation of reads for each patient. Short unpaired reads and bases and
low-quality reads were removed using Trimmomatic version 0.36 (7). Paired-end reads
(Phred quality score !33) were assembled de novo with SPAdes version 3.10 using
default parameters (8).

The de novo assembly of isolate STA755 constructed a single contig of 13,243
nucleotides (nt) that was identified as an HMPV using BLASTn analysis. The HMPV-
assembled consensus sequence had a 1,069" average depth. Using Geneious version
9.1.2, we extracted the consensus sequence of STA755 (9). When aligned with the HMPV
reference genome sequence (GenBank accession number NC_004148.2), the sequence
exceeded a 99.3% breadth of coverage with missing nucleotides at the extremes of the
5= and 3= untranslated regions.

A maximum-likelihood tree was estimated using FastTree version 2.1 (10) and
included publicly available HMPV complete genomes from GenBank. We found that
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