
 i 

UNIVERSIDADE FEDERAL DE MINAS GERAIS 
Instituto de Ciências Biológicas e  Departamento de Biologia Geral 

Programa Interunidades de Pós-Graduação em Bioinformática 
 
 
 
 
 
 
 

Vagner de Souza Fonseca 
 
 
 
 
 

 
 
 

DEVELOPMENT OF BIOINFORMATICS TOOLS FOR ASSEMBLY AND 
GENOMIC CHARACTERIZATION OF EMERGING AND RE-EMERGING 

VIRUSES CIRCULATING IN BRAZIL  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Belo Horizonte 
2022 

Vagner de Souza Fonseca 



 ii 

 

 

 

 

 

 

 

DEVELOPMENT OF BIOINFORMATICS TOOLS FOR ASSEMBLY AND 

GENOMIC CHARACTERIZATION OF EMERGING AND RE-EMERGING 

VIRUSES CIRCULATING IN BRAZIL. 

 

 

 

Versão Final 

 

Tese apresentada ao Programa Interunidades de 

Pós-Graduação em Bioinformática da 

Universidade Federal de Minas Gerais, como 

requisito parcial à obtenção do título de Doutor 

em Bioinformática.  

 

Orientador: Dr. Luiz Carlos Júnior Alcantara 

Coorientador: Dr. Tulio de Oliveira 

 

 

 

 

 

 

 

Belo Horizonte 

2022  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           

 

043 

 

     
     Fonseca, Vagner de Souza. 
         Development of bioinformatics tools for assembly and genomic   
     characterization of emerging and re-emerging viruses circulating in Brazil  
     [manuscrito] / Vagner de Souza Fonseca. – 2022. 

    136 f. :  il. ; 29,5 cm.         
 

         Orientador: Dr. Luiz Carlos Júnior Alcantara. Coorientador: Dr. Tulio de  
     Oliveira. 
         Tese (doutorado) – Universidade Federal de Minas Gerais, Instituto  
     de Ciências Biológicas. Programa Interunidades de Pós-Graduação em  
     Bioinformática. 
 
         1. Bioinformática. 2. Genômica. 3. Filogenia. 4. Arbovirus. I. Alcantara, Luiz  
     Carlos Júnior. II. Oliveira, Tulio de. III. Universidade Federal de Minas Gerais.  
     Instituto de Ciências Biológicas. IV. Título.             

                                                                  
 

                                                                                                    CDU: 573:004 

 
  

 

Ficha catalográfica elaborada pela bibliotecária Fabiane C M Reis – CRB 6 - 2680                                                                             



 iv 



 v 

 
  



 vi 

ACKNOWLEDGEMENTS 
 

 

I would like to express my sincere gratitude and appreciation to my supervisors and mentors, 

Dr. Luiz Alcantara, Prof. Tulio de Oliveira, and Dr. Marta Giovanetti, for their mentorship throughout 

my research and PhD training. Their indispensable contribution to my career is greatly appreciated. 

I also extend my thanks to the staff and registrars at the Department of Bioinformatics, of 

Universidade Federal de Minas Gerais, for their support throughout my research work. Thanks to all the 

laboratory and data analysts and staff at the Flavivirus Laboratory of Oswaldo Cruz Foundation 

(LABFLA/IOC/Fiocruz) and Kwazulu-Natal Research Innovation and Sequencing Platform (KRISP) 

for their support in the implementation of this work, and for the fantastic facilities, training and 

collaborations that I received throughout my studies. I would also like to acknowledge financial support 

from the Coordination of Superior Level Staff Improvement (CAPES). 

Many thanks to my family, especially my mother, Mrs. Neide de Souza Fonseca, my parents-

in-law, Mr. Antonio Teixeira and Teresa Elisabete Teixeira, for their unwavering support throughout 

my studies, from the first day of school up to now, my siblings, Aecio Brito Teixeira, Saulo Brito 

Teixeira, Verusca Bastos, Tiago Fonseca, and Mariana Souza, and most importantly my wife, Mrs. 

Simara Teixeira, for all her encouragement and support in every aspect of my life. Also, I thank my 

great friends on the scientific journey, Emmanuel James San, Joilson Xavier, and Talita Adelino. 

Praise to God for blessing me with life, knowledge, guidance and health throughout the years 

of my studies. To God be all the glory. 

 

 



 vii 

RESUMO 
 
 

As emergências e reemergências recentes de arbovírus como os vírus Chikungunya (CHIKV), 

Zika (ZIKV), Dengue (DENV), Febre Amarela (YFV), Mayaro (MAYV), Oropouche (OROV) e Febre 

do Nilo Ocidental (WNV) no Brasil ilustram a necessidade de monitoramento genômico rápido para que 

contramedidas possam ser prontamente organizadas. 

O objetivo geral deste estudo foi, portanto, melhorar a qualidade dos serviços de saúde pública, 

por meio de um monitoramento ativo de vírus circulantes e co-circulantes por análise genômica e de 

bioinformática que são necessárias para: (i) identificar possíveis novos vírus emergentes, bem como 

identificar aqueles já circulantes mas com baixa viremia; ii) reduzir a subnotificação de casos de 

coinfecção; iii) compreender a dinâmica de disseminação espaço-temporal de possíveis vírus circulantes 

e co-circulantes, e (iv) determinar os fatores que afetam a disseminação e evolução clínica das infecções 

causadas por arbovírus. 

 Ferramentas de bioinformática eficientes capazes de analisar o grande volume de dados gerados 

a partir do sequenciamento de alto rendimento são essenciais para entender a epidemiologia das 

infecções causadas por patógenos virais em uma determinada área. Essas ferramentas também podem 

ser usadas para fornecer dados oportunos sobre a disseminação de infecções para outras regiões 

geográficas. Nesse contexto, estratégias criativas de bioinformática podem democratizar e descentralizar 

o processo de gerenciamento e análise de dados, permitindo a realização de um sistema de vigilância 

global automatizado, em tempo real e de acesso aberto. 

Os dados genômicos gerados neste projeto permitiram aumentar a compreensão sobre a 

disseminação geográfica e temporal dos vírus circulantes. Isso pode ter influenciado políticas públicas 

melhorando as medidas para controlar epidemias, monitorar a dinâmica e disseminação de novas 

variantes virais com consequencte implementação de programas de controle mais eficientes para 

vigilância genômica em tempo real da síndrome febril aguda relacionada a arbovírus. 

 

Palavras-Chave: Arbovirus, Bioinformática, MinION, Filogenia e NGS. 
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ABSTRACT 
 
 

The recent emergence and re-emergence of arboviruses such as Chikungunya (CHIKV), Zika 

(ZIKV), Dengue (DENV), Yellow Fever (YFV), Mayaro (MAYV), Oropouche (OROV), and West Nile 

Fever (WNV) viruses in Brazil illustrate the need for rapid genomic monitoring so that countermeasures 

can be readily organized.   

The overarching aim of this study was therefore, to improve the quality of public health care 

services, through an active monitoring of circulating and co-circulating viruses by genomics and 

bioinformatics analysis.  These are necessary: (i) to identify possible new emerging viruses, as well as 

to identify those already circulating but low in viraemia; ii) to reduce underreporting of co-infection 

cases; iii) to understand the dynamics of spatiotemporal dissemination of possible circulating and co-

circulating viruses, and (iv) to determine the factors affecting the spread and clinical outcome of 

infections caused by arboviruses. 

 Efficient bioinformatics tools capable of analysing the large volume of data generated from 

high throughput sequencing are essential to understand the epidemiology of infections caused by viral 

pathogens in a given area. These tools may also be used to provide timely data about the spread of 

infections to other geographical regions. In this context, creative bioinformatics strategies can 

democratize and decentralize the data management and analysis process, allowing the realization of an 

automated, real time and open access global surveillance system. 

Indeed, the genomic data generated in this project improved understanding of geographic and 

temporal spread of circulating viruses. This likely influenced policy and improved measures to control 

epidemics, monitor the dynamics and spread of new viral strains, and led to the implementation of more 

efficient control programs for real-time genomic surveillance of acute febrile syndrome related to 

arboviruses. 

 

Keywords: Arbovirus, Bioinformatics, MinION, Phylogeny and NGS. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 

1.1 Background 
 
Arboviruses are diseases transmitted by the bite of arthropod vectors, mostly mosquitoes and 

ticks. Historically, arbovirus research has been of low global priority, mainly because it is mostly 

confined to under-developed countries in the tropics. However, the 21st century has witnessed a rapid 

and worrying re-emergence of these viruses, which is linked to factors such as virus adaptation to new 

vectors, world population growth, urbanization of forest areas, climate change, globalization, and ease 

of population displacement [1]. Among the main arboviruses of medical importance are the Dengue 

virus (DENV), Chikungunya virus (CHIKV), and the Zika virus (ZIKV), whose main vector is 

mosquitoes of the genus Aedes, such as Aedes aegypti and Aedes albopictus. In Brazil, these three 

viruses currently circulate simultaneously. They are responsible for an extremely worrying 

epidemiological crisis, placing the country at the centre of global attention with regard to the threat of 

arboviruses.  

Diseases caused by arboviruses are associated with significant epidemics and, as a 

consequence, diagnosis and treatment place a significant financial burden on the public health system 

[2]. Clinical diagnosis is considered complex due to the similarity of symptoms to other diseases, 

serological cross-reactions, the presence of clinically asymptomatic or oligosymptomatic disease, and 

the difficulty of accessing reference laboratories that can perform a molecular and/or differential 

serological diagnosis [1,3].  

DENV is already endemic in Brazil and has caused numerous epidemics. In 2014-2015 there 

was the introduction of CHIKV and ZIKV.  In addition, the emergence of other arboviruses which were 

previously circulating in the Amazon and in tropical areas of Central America and the Caribbean, such 

as the Mayaro virus (MAYV) and Oroupoche virus (OROV), have recently been reported in Northeast, 

Southeast, and Midwest Brazil.  This raises serious concerns about public health in the country [4]. 

The epidemiological cycle of MAYV and OROV is similar to that of wild-type YFV and takes 

place with the participation of wild mosquitoes, mainly of the genus Haemagogus. Other genera of 

mosquitoes, such as Culex, Sabethes, Psorophora, Coquillettidia, and Aedes, may participate in the 

maintenance cycle of these viruses as they can amplify and maintain these viruses in their natural 

environment [5–7]. 

The sequencing of viral genomes has played an important role in the fight against emerging, 

and re-emerging epidemics since the use of bioinformatics tools and the combination of viral and 

epidemiological genomic data has generated useful information for understanding the past and future 

of circulating arboviruses [8,9]. 
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In terms of real-time active genomic surveillance, recent successes in sequencing Ebola, Zika, 

and YFV using the nanopore sequencing technology present in the MinION handheld device [10–12] 

have proven that high quality complete viral genome sequences can be generated in near real-time (often 

< 2 business days) during viral outbreak events. The portability and real-time data production provided 

by MinION allows genomic data to be generated at the source of origin of the outbreak in real-time, 

allowing fast data channelling, and consequently, quick intervention strategies. 

As can be seen from the above background, it is necessary to track transmission patterns and 

geographical spread over time to determine the emergence and re-emergence of circulating and co-

circulating arboviruses.   

 

1.2 Literature Review   
 

1.2.1 Arboviruses 
 

Arboviruses comprise a large group of zoonotic viruses that infect hematophagous arthropods 

and are commonly transmitted to humans through mosquito bites. Arboviruses are classified into four 

main families: Togaviridae (genus Alphavirus), Flaviviridae (genus Flavivirus), Bunyaviridae (genus 

Orthobunyavirus and Phlebovirus), and Reoviridae. Most arboviruses have a single-stranded 

Ribonucleic Acid (RNA) genome with spherical morphology and a diameter that varies between 45-

120 nanometers [13,14]. 

It is estimated that there are more than 545 species of arboviruses, more than 150 of which are 

related to diseases in humans. Most of which are caused by new agents or known agents that affect sites 

and species that have not yet experienced the disease. They are kept in a transmission cycle between 

arthropods (vectors) and vertebrate reservoirs as the main amplifier hosts [15,16]. The Flavivirus and 

Alphavirus genera account for more than 90% of infections caused by arboviruses in tropical countries. 

 

1.2.1.1 Flavivirus 
 

The Flavivirus genus comprises 53 different species of virus, harbouring more than 70 

described viruses [17–20]. The word ‘flavivirus’ is derived from the Latin word ‘flavus’, which means 

yellow,  due to jaundice (a condition that causes a yellowish skin colour) caused by the YFV, the 

prototype of the family [21]. The vast majority of these are pathogens transmitted by arthropods: 

mosquitoes transmit 27 species of viruses, ticks transmit 12, whilst 14 species do not have their vectors 

identified yet [22]. Symptoms of infection range from mild fever and malaise to fatal encephalitis (acute 

brain infections caused by a virus, bacteria, fungi or parasites and even chemical or toxic substances), 

and haemorrhagic fever [23]. 
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The classification of viral species is based genomic organization, vector association, 

morphology, viral ecology, and the relationship of nucleotide sequences. Flaviviruses can cause 

epidemics with high mortality and morbidity rates, hence the importance of research. The Flaviviruses 

that most infect human hosts are DENV, West Nile Virus (WNV), Japanese Encephalitis Virus (JEV), 

and ZIKV [24]. 

The construction of phylogenetic inference analyses based on alignments of multiple nucleotide 

(nt) sequences of viruses belonging to this genus indicate the existence of four large monophyletic 

groups (Figure 1). The coding sequences used in the analysis of this work [25] were collected from the 

RNA Virus Database [26]. The first group of sequences, represented by the colour blue, has its vector 

transmitted by the mosquito, known in literature as Mosquito-Borne Viruses (MBV). The second group 

of sequences, represented by the colour red, has its vector transmitted by ticks, known in literature as 

Tick-Borne Viruses (TBV). The third group of sequences, represented by the colour orange are not yet 

associated with a known an arthropod and are therefore referred to as No Known Vector Viruses 

(NKVV). Finally, the fourth group of sequences, represented by the colour green, are sequences 

transmitted by specific insects. These are termed Insect-Specific Flaviviruses (ISF) in literature [25]. 

 

 

Figure 1. Phylogenetic reconstruction of the Flavivirus genus. (Reproduced with modifications from Cook et al., 
2012) 
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The monophyletic group formed by the ISF constitutes an ancestral lineage of the genus 

Flavivirus in phylogenetic trees [23].  ISFs were initially designated as mosquito-specific viruses, but 

after identifying the virus in sandflies (Diptera and Psychodidae insects), this last nomenclature was 

invalidated and called ISF [27]. 

The genome of the Flavivirus genus is composed of a single strand of RNA with approximately 

11kb and positive polarity, which flanks a single Open Reading Frame (ORF) encoding a polyprotein 

with about 3,400 amino acid residues. After its synthesis, this polyprotein is processed by viral and 

cellular proteases with three structural proteins: capsid [C], membrane [M] and envelope [E]; and seven 

non-structural proteins (NS), called NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5 [22,28–30]. In 

addition, at both ends of the genome, there are two Untranslated Region (UTR) called UTR-5' and UTR-

3', which tend to form secondary structures that perform regulatory functions and virus expression, such 

as replication, virulence, and pathogenicity [31] (Figure 2). 

 

Figure 2. Flavivirus genome. (Reproduced from Viral Zone: Flavivirus; 
https://viralzone.expasy.org/24?outline=all_by_species). 

 

1.2.1.1.1 Dengue Virus 
 

The first vectors isolated in Japanese soldiers were called DENV-1, the second, isolated in 

American soldiers, were called DENV-2.   DENV-3 and DENV-4 were isolated in the Philippines [32]. 

Chinese manuscripts published during the Chin dynasty (AD 265 to 420) report a Dengue-like disease 

called "water poison". There are also reports from 1889 to 1990 of an epidemic similar to Dengue in 

Jakarta, Cairo, and Philadelphia [33]. Between the 1950s and 1960s, an outbreak of haemorrhagic fever 

occurred in Manila and Bangkok [31]. Before World War II, pandemics caused by Dengue occurred 

every 20 years, but they were not frequent in the same region [34]. Favourable conditions resulting from 

ecological changes and economic activities such as urbanization in Southeast Asia provided the 

proliferation of the mosquito vector, thus initiating a global DENV pandemic [35,36].  

While the Aedes aegypti vector was eradicated from the Americas 50 to 70 years ago to control 

YFV in urban regions, the Dengue vector remained in in Southeast Asia sustaining a large circulation 

of several serotypes of the Dengue haemorrhagic virus in the area [35,37]. From the 1980s onwards, 

the number of countries with a Dengue epidemic increased significantly as new genotypes emerged 
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[35]. Aedes aegypti mosquito was reintroduced in the American continent with new serotypes in 

susceptible populations, thus increasing vector transmission [38,39]. Dengue is now endemic in more 

than 100 countries, distributed across tropical Asia, Africa, Australia, Central America, and South 

America where it causes high rates of infection [37]. 

DENV is classified into four closely related serotypes, called: DENV-1, DENV-2, DENV-3 

and DENV-4 [31] and 18 genotypes (1-I, 1-II, 1-III, 1-IV, 1-V, 2-I, 2-II, 2-III, 2-IV, 2-V, 2VI, 3-I, 3-

III, 3-V, 4-I, 4-II, 4-III and 4-IV). This nomenclature consists is based on the annotations of the     

DENV genomes in Virus Pathogen Database and Analysis Resource (ViPR) [40]. 

 
 
1.2.1.1.2 Zika Virus 
 

ZIKV was discovered in Uganda in the Zika Forest by researchers in 1947 studying YFV cycle 

[41]. The first ZIKV infection in humans occurred in Nigeria in 1954 [42]. Symptoms of this first 

infections were fever, headache, diffuse joint pain, and in one case, mild jaundice. The first infection 

detected by the Aedes aegypti vector occurred in Malaysia in 1966 [43]. After 11 years of suspicions 

of ZIKV infections on the Asian continent, Indonesia reported that seven patients had a fever, malaise, 

stomach pain, anorexia, and dizziness [44]. 

The first outbreaks of ZIKV infection occurred on an island in the Federated States of 

Micronesia in 2007. Fever, rash, conjunctivitis, and arthralgia were identified in 59 patients. Of these, 

49 cases were positive for ZIKV [45]. In 2013, ZIKV reached French Polynesia and several islands in 

Oceania, where Aedes aegypti and Aedes albopictus are mostly found [46]. The outbreak in Polynesia 

infected approximately 10,000 people with fever, maculopapular rash, arthralgia, and conjunctivitis 

[47]. In 2014, new cases were also registered in New Caledonia and the Cook Islands. 

To date, no deaths have been attributed to the ZIKV. However, in February 2014, Chilean 

public health authorities confirmed a case of autochthonous transmission of ZIKV infection on Easter 

Island [48]. In the first half of 2015, ZIKV was identified for the first time in the Americas, in some 

states in the Northeast region of Brazil. Since then, the virus has spread throughout the country and 

other countries in the Americas, with the exception of Chile and Canada [48]. 

ZIKV has two genotypes classified by phylogenetic analysis, these being African and Asian.  

The African genotype was identified in Ugandan patients in 1947 and many other African countries 

since then. The second group was first identified in Malaysia in 1966 and has caused epidemics in 

Micronesia, French Polynesia, and New Caledonia [43]. 

 

1.2.1.2 Alphavirus 
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The primary virus of the Alphavirus genus is CHIKV. The genome consists of a linear, single-

stranded, positive polarity RNA molecule with approximately 11.8 kb. This viral genomic RNA 

resembles cellular messenger Ribonucleic Acid (mRNA) in that it has a cap structure at the 5' end and 

a polyA tail at the 3' end. The CHIKV genome has two ORFs (Figure 3). One of them occupies two-

thirds of the 5' portion of the genome and encodes a polyprotein that, after proteolysis, gives rise to 

multifunctional non-structural proteins (nsP1, nsP2, nsP3 and nsP4), which form the viral replicase. 

The other ORF, separated from the first by a junction region, encodes a second polyprotein generated 

by proteolytic processing, the structural proteins [C, E1, PE2 (E3+E2), and 6K]. Non-Translatable 

Region (NTR) is flanked at the 5' and 3' ends by untranslated sequences, called 5'NTR and 3'NTR, 

respectively [49]. 

 

 

Figure 3. Chikungunya virus genome. (Reproduced from ViralZone: Togaviridae; https://viralzone.expasy.org/3) 

 

1.2.1.2.1 Chikungunya Virus 
 

CHIKV was isolated for the first time in blood samples obtained during an epidemic suggestive 

of Dengue-like Dengue, which occurred between 1952-1953 in Tanzania, a country located in East 

Africa [50,51]. The difficulty in walking caused by the intensity of the involvement of the joints served 

as inspiration for the name given to that disease: chikungunya, which in the Makonde dialect, spoken 

in the region, meant something like “walking bent over the body” [50,52]. Over the next 50 years, 

following its isolation, the circulation of CHIKV was restricted to Africa and Asia [53]. 

In 2004, CHIKV re-emerged during an epidemic in Kenya, reaching several islands in the 

Indian Ocean and India in the following years. During this period, hundreds of imported cases were 

identified in Europe, the Caribbean and North America [53]. In 2005, a large outbreak of CHIKV 

occurred on the islands of the Indian Ocean. Several Asian countries were affected in 2006 and 2007, 
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and more than 1.9 million people were infected [54]. Also, in 2007, Italy registered an outbreak with 

197 reported cases transmitted by the vector of Aedes albopictus [54]. 

In October 2013, the first autochthonous cases were diagnosed on the island of Saint Martin, 

located in the so-called French Caribbean [55,56]. Since then, CHIKV infection has been confirmed in 

more than 43 countries, making this the first documented outbreak of CHIKV in the Americas. In 2014, 

around 1,300,000 suspected cases of CHIKV were registered in Caribbean islands, the United States 

and Latin American countries, leading to the death of around 191 people [54]. 

Three distinct groups of CHIKV capable of causing infection, were identified by phylogenetic 

analysis. The first was classified as a Central-East-South-African (ECSA) genotype, originating in 

Africa. The second genotype was classified as Caribbean Asian and the third a West African genotype, 

which is more divergent and less widespread than the previous two [57]. 

 

1.2.2 Coronavirus 
 

Coronaviruses (CoV) belong to the Coronavirinae subfamily, Coronaviridae family. They are 

viruses with a single strand of RNA and a helical nucleocapsid, a structure composed of the virus's 

nucleic acid and its protein envelope, the capsid [58]. Its name is due to spicules, prominent structures, 

present on the virus's surface, which gives it the appearance of a corona [59]. 

Coronaviruses are viruses mainly related to respiratory and gastrointestinal tract infections, 

being taxonomically classified into four genera: Alphacoronavirus, Betacoronavirus, 

Gammacoronavirus and Deltacoronavirus [60]. Seven different species of CoV causing infection in 

humans have been described: HCOV-SARS, HCOV-OC43, HCOV-NL63, HCOV-MERS, HCOV-

229e, HCOV-HKU1 and the newly discovered SARS-CoV-2 [61]. The group can also be divided into 

endemic and epidemic viruses according to the record of their discovery. The first record of infection 

Coronavirus in humans was reported in the 60s, when HCOV-OC43 and HCOV-229e were described 

as causing "colds", until then without any severe complications [62,63]. The next record of endemic 

coronaviruses that infected humans occurred in 2004-2005 when species HCOV-NL63 and HCOV-

HKU1 were discovered. Up until this point, Coronaviruses were classified as a family of endemic 

viruses and associated with short colds being equated with the Influenza virus [64,65].  

The first case of Severe Acute Respiratory Syndrome SARS was identified in Foshan, China, 

in November 2002. A few months later, in July 2003, the virus had already spread to more than 30 

countries, causing about 8,000 infections and approximately 800 deaths. Nine years later, a new species 

of Coronavirus was identified in a lung sample from a 60-year-old patient who died of respiratory failure 

in Saudi Arabia, this being the first Middle East Respiratory Syndrome (MERS) notification. 

Coronavirus. In the 2012 epidemic in Saudi Arabia, MERS caused more than 2500 cases with a total of 

861 deaths, with a fatality rate of 35% [66–68]. 
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CoVs are enveloped viruses with positive polarity (+ssRNA) single-stranded RNA genetic 

material, with a genome of 26 to 32 kilobases. The RNA of coronaviruses contains multiple ORFs (open 

read frames). The largest ORF located at the 5' end occupies about 2/3 of the genome is composed of 

two overlapping ORFs called ORF1a and ORF1b, responsible for encoding its polyprotein [69]. The 

other major ORF is located at the 3' end and encodes four structural proteins: Spike (S), Membrane (M) 

and Envelope (E) and Nucleocapsid (N). 

  

1.2.2.1 Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) 
 

Thought to have emerged from an animal host in late 2019, SARS-CoV-2 has subsequently 

spread to nearly every country in the world. The declaration of the disease caused by the novel 

coronavirus (COVID-19 - Coronavirus Disease 19) as a Public Health Emergency of International 

Concern and subsequent classification as a pandemic, on March 11, 2020, by the World Health 

Organization (WHO), has raised serious concerns around the world because of the rapid spread of the 

SARS-CoV-2 virus and the ability of hospitals to meet the high demand for hospitalizations [70–72]. 

The resulting COVID-19 pandemic has caused almost 340 million cases and 5 million deaths, 

strained local and global economies, and laid bare the racial, social, and gender inequities that dictate 

access to health resources. Since the start of the Anthropocene epoch, human led, or “anthropogenic” 

activities have exerted environmental effects on a range of scales, straining ecosystem services. 

Although the exact nature of the SARS-CoV-2 emergence is still uncertain, anthropogenic forces likely 

played a key role.  

On February 11 2020, WHO held a meeting in Geneva with more than 300 scientists and public 

health experts to assess current knowledge about the new virus and discuss a plan to accelerate research 

on questions that need to be answered that can contribute to shorten the pandemic and prevent future 

outbreaks [73]. In the context of the WHO Plan of Action to Prevent Epidemics R&D Blueprint, gaps 

in knowledge were discussed and research priorities were identified, including understanding the 

natural history of the virus, monitoring the adaptation of the virus and understanding the transmission 

dynamics of the virus [73,74]. 

          As the large-scale spread caused by COVID-19 and the recommendations suggested by 

the WHO of social distancing/isolation as measures to control and spread the virus [75], Brazilian states 

and municipalities followed these recommendations and, through government decrees, stipulated the 

suspension of face-to-face classes in schools, colleges and universities [76]. Concern about the ability 

of health systems to meet growing demand, including the need for hospital beds and respirators, has led 

to the proposition of measures to contain the rapid escalation of the disease [77]. 

 

1.2.3 Genomic Surveillance and Bioinformatics Tools 
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Genomic surveillance combines genomic and epidemiological data with bioinformatics tools 

that generate essential information for understanding the past and future of circulating human viruses. 

A continuous and structured system of viral genomics, epidemiology and bioinformatics, integrated 

with surveillance data, can provide timely data to inform adequate responses to emerging and re-

emerging viruses [74]. 

To further clarify this topic, we have published the book chapter, "Mosquito-Borne Viral 

Diseases: Control and Prevention in the Genomics Era" from the book "Vector-Borne Diseases - Recent 

Developments in Epidemiology and Control", published by the publisher IntechOpen. 

The chapter highlights how genomic surveillance has responded to the vast increase in 

information caused by the increased sophistication of bioinformatic tools. 
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1.3 Justification 

 

Despite the growing knowledge about circulating and co-circulating arboviruses in Brazil, 

many questions remain unanswered about their vectors and reservoirs, their pathogenesis, their genetic 

diversity, and the potential synergistic effects of infection or co-infection between them or with other 

circulating viruses. These questions highlight the need for research, especially through a network, to 

optimize surveillance, patient follow-up, and public health intervention during epidemics. Given the 

rapid spread of ZIKV and CHIKV across Central and South America in recent years the potential for 

neurological complications as well as the lack of effective diagnosis, vaccine and therapy, these 

arboviruses are viewed as a major public health issue across the Americas. With the growing volume 

of data generated by infections caused by these viruses and research carried out on the human genome, 

other species and pathogens, the need for highly efficient computer systems to assist in processing this 

volume of information is even more accentuated. 

Phylogenetic tools are significant resources used in virology to study viral evolution, trace the 

origin of epidemics, establish the transmission mode, research the occurrence of drug resistance, or 

determine the source of the virus in different body compartments. Therefore, the tools developed by 

bioinformatics are essential to monitor the evolution of viral diversity and support genomic sequence 

analysis studies. They are also crucial for the surveillance of viral polymorphism in the development of 

new therapeutic strategies and vaccines. 

All open access bioinformatics programs used to classify the genetic profile of virus subtypes, 

genotypes, subgroups, or groups are based on similarity search tools to determine the genotype of a new 

sequence. Similarity-based methods help identify recombination patterns in viral sequences, but they 

require further confirmation of their phylogenetic methods and lack statistical support for their results. 

Automated genotyping tools use a set of reference sequence genomes, carefully selected to 

represent each genotype. The use of several reference sequences that represent the genotype of a given 

group increases the consistency and reproducibility of the data. This accelerates the search and improves 

the quality of the information by excluding results with an inadequate set of reference sequences.  

 

1.4 Main objective 
 
To develop user-friendly, web-based computational tools and underlying methods to analyze 

raw data from next-generation sequencing (NGS) platforms and perform viral genomic characterization 

to identify viral infectious agents in clinical samples from infected individuals. 
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1.4.1 Specific objectives 
 

• To develop a tool for assembling viral genomes using NGS platforms for short and long reads. 

• To develop tools for the genomic characterization and genotypes/lineages assignment of 

emerging and reemerging, viral pathogens. 

• To make available in the tool phylogenetic trees, based on bootstrap analysis of the 

monophyletic groups of sequences submitted by the user. 

• To make assembly information available in the tool, such as the method used, alignment, 

mutations, contigs, etc. 

 

1.5 Ethical approval 
 
The availability of these samples for research purposes during outbreaks of national concern is 

allowed according to the terms of the 510/2016 Resolution of the National Ethical Committee for 

Research – Brazilian Ministry of Health (CONEP - Comissão Nacional de Ética em Pesquisa, 

Ministério da Saúde). It authorizes, without the necessity of an informed consent, the use of clinical 

samples collected in the Brazilian Central Public Health Laboratories to accelerate knowledge building 

and contribute to surveillance and outbreak response. 
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CHAPTER 2: GENOME DETECTIVE: AN AUTOMATED SYSTEM FOR VIRUS 

IDENTIFICATION FROM HIGH-THROUGHPUT SEQUENCING DATA 
 

 

This Chapter presents the quick and efficient development of viral genome analyzes that are 

challenging due to their high variability and deviation from reference genomes. This is compounded by 

the increased speed of identification, the continuous emergence of new viruses, and the relative 

recessiveness of viral fragments in metagenomic analyses. The tool called Genome Detective was 

developed to solve this problem. This tool was designed and thought to allow fast assembly and real-

time analysis of partial and complete viral genomes directly from Next Generation Sequencing (NGS) 

readings in just a few minutes, in addition to allowing the discovery of new viruses, through assembly 

“de novo” from samples originally submitted to metagenomics experiments. 

The Chapter is presented in the form of a research article. It has been published in the journal, 

Bioinformatics. The published manuscript is hereby presented in the journal format. 

 

 

 

Manuscript Published: Michael Vilsker, Yumna Moosa, Sam Nooij, Vagner Fonseca, Yoika Ghysens, 
Korneel Dumon, Raf Pauwels, Luiz Carlos Alcantara, Ewout Vanden Eynden, Anne-Mieke Vandamme, 
Koen Deforche, Tulio de Oliveira, Genome Detective: an automated system for virus identification from 
high-throughput sequencing data, Bioinformatics, Volume 35, Issue 5, 01 March 2019, Pages 871–873, 
https://doi.org/10.1093/bioinformatics/bty695  
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CHAPTER 3: A COMPUTATIONAL METHOD FOR THE IDENTIFICATION OF 

DENGUE, ZIKA AND CHIKUNGUNYA VIRUS SPECIES AND GENOTYPES 
 

 

This Chapter presents the quick and efficient development of three genotyping tools for DENV, 

ZIKV, CHIKV. The tools method of the tools is to genotype by phylogenetic inference for this they do 

the aligning the user-submitted sequence with a carefully selected set of predefined reference strains, 

followed by Neighbour Joining (NJ) phylogenetic analysis of multiple overlapping segments of the 

alignment using a sliding window. Each segment of the query sequences is assigned the genotype of 

the reference strain with the highest bootstrap scores (>70%). The tools allow high-throughput 

classification of these virus species and genotypes in seconds by providing users with a classified 

genotype report along with phylogenetic trees of the submitted sequences. 

The Chapter is presented in the form of a research article. It has been published in the journal, 

PLOS Neglected Tropical Diseases. The published manuscript is hereby presented in the journal format. 

 

 

 

 

Manuscript Published: Fonseca V, Libin PJK, Theys K, Faria NR, Nunes MRT, et al. (2019) A 

computational method for the identification of Dengue, Zika and Chikungunya virus species and 

genotypes. PLOS Neglected Tropical Diseases 13(5): e0007231. 

https://doi.org/10.1371/journal.pntd.0007231 
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CHAPTER 4: GENOME DETECTIVE CORONAVIRUS TYPING TOOL FOR 

RAPID IDENTIFICATION AND CHARACTERIZATION OF NOVEL 

CORONAVIRUS GENOMES 

 

 

This Chapter presents the quick and efficient development of one genotyping tools for 

Coronavirus and SARS-CoV-2. The tools method of the tools is to genotype by phylogenetic inference 

for this they do the aligning the user-submitted sequence with a carefully selected set of predefined 

reference strains, followed by Neighbour Joining (NJ) phylogenetic analysis of multiple overlapping 

segments of the alignment using a sliding window. Each segment of the query sequences is assigned 

the genotype of the reference strain with the highest bootstrap scores (>70%). The tools allow high-

throughput classification of these virus species and genotypes in seconds by providing users with a 

classified genotype report along with phylogenetic trees of the submitted sequences. 

The Chapter is presented in the form of a research article. It has been published in the journal, 

Bioinformatics. The published manuscript is hereby presented in the journal format. 

 

 

Manuscript Published: Cleemput S, Dumon W, Fonseca V, Abdool Karim W, Giovanetti M, Alcantara 

LC, et al. Genome Detective Coronavirus Typing Tool for rapid identification and characterization of 

novel coronavirus genomes. Bioinformatics. 2020 Jun 1;36(11):3552–5 
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CHAPTER 5: WEST NILE VIRUS IN BRAZIL 

 

 

This Chapter presents the quick and efficient development of one genotyping tools for West 

Nile Virus. The tools method of the tools is to genotype by phylogenetic inference for this they do the 

aligning the user-submitted sequence with a carefully selected set of predefined reference strains, 

followed by Neighbour Joining (NJ) phylogenetic analysis of multiple overlapping segments of the 

alignment using a sliding window. Each segment of the query sequences is assigned the genotype of 

the reference strain with the highest bootstrap scores (>70%). The tools allow high-throughput 

classification of these virus species and genotypes in seconds by providing users with a classified 

genotype report along with phylogenetic trees of the submitted sequences.  

The Chapter is presented in the form of a research article. It has been published in the journal, 

Pathogens. The published manuscript is hereby presented in the journal format. 

 

 

Manuscript Published: Costa ÉA, Giovanetti M, Silva Catenacci L, Fonseca V, Aburjaile FF, 

Chalhoub FLL, et al. West nile virus in brazil. Pathogens. 2021 Jul 15;10(7). 
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CHAPTER 6: SYNTHESIS OF RESEARCH FINDINGS 

 

7.1 Key Themes 
 

The application of computational tools contributed to a better understanding of the infections 

caused by emerging and remerging viruses, thus contributing to the resolution of issues relevant to 

public health. 

In the group of emerging and re-emerging infectious diseases in Brazil, infections caused by 

arboviruses DENV, ZIKV, CHIKV and YFV pose a major threat. It is therefore crucial to control the 

epidemics arising from transmission of these viruses. The occurrence of a recent ZIKV epidemic 

associated with cases of microcephaly and congenital infections, the emergence of CHIKV associated 

with its limiting capacity for long periods, and the re-emergence of YFV in the wild cycle, generating 

an epidemic beyond the limits of the Amazon, all highlight the need for systematic and continuous 

monitoring of these arboviruses. 

The generated genomic data obtained in those studies provided a more detailed understanding 

of the introduction and progression of several arboviruses currently circulating and co-circulating within 

Brazilian regions revealing the timing, source, and likely routes of their transmission and dispersion. 

These findings helped guide future efforts on viral surveillance and Health authorities were able to use 

our inferences to strengthen vaccination programs and prioritize surveillance and control strategies. The 

results obtained have been translated into modelling efforts on other enzootic viruses, thus supporting 

public health decisions to prevent and cope with future outbreaks. Finally, the results of this thesis 

contributed to the establishment of an International Network for genomic monitoring of neglected, 

emerging and re-emerging viral pathogen, playing an important role in solving pressing public health 

issues. Studies involving more in-depth molecular analyses of circulating strains can help the Health 

Authorities to adopt appropriate measures to control epidemics, and to monitor the dynamics and spread 

of novel viruses. 

Studies which involve more in-depth molecular analysis of sequences circulating in the country 

and which track viral dispersion/circulation could guide the use of appropriate measures to control the 

epidemic and monitor the dynamics of the evolution of circulating viral strains. In addition, the genomic 

data generated in this study shed light on the potential impact of additional mutations, providing support 

for appropriate preventive actions and therapeutic interventions.  

Implementing a standard protocol using the MinION portable sequencer to identify potential 

emerging viruses has become of fundamental importance in order to allow rapid identification and 

monitoring of possible introductions into different regions. In addition, it has enabled us to investigate 
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the evolution of viral genomes, better understand the origin of outbreaks and epidemics, and maintain 

diagnostic methods. 

The bioinformatics tools we developed, namely “GenomeDetective MinION module, Dengue 

Typingtool, Chikungunya Typingtool and Zika Typingtool” have enabled viruses obtained through the 

rapid and accurate assembly, identification, and classification of viruses present in samples obtained 

through state-of-the-art sequencing. The tools provide an aesthetic, graphic user-friendly interface and 

produce comprehensive reports that serve various purposes, such as presenting information on viral 

species, visual representation of genomic components, and visualization of alignments. They are able 

to measure nucleotide and amino acid similarity, and to determine read counts in a BAM file using an 

implementation of the Burrows-Wheeler Aligner software (BWA) [78]. Furthermore, the tools can be 

accessed directly from other viral assembly and identification tools through an application programming 

interface (API), as for example, from Genome Detective [79] a short-read sequencing assembly 

pipeline. In this way, users can quickly obtain reliable and useful information from the raw viral 

sequencing data through the MinION portable platform. The FastQ data obtained from the Nanopore 

sequencing can be submitted to the Genome detective pipeline after running the basecalling and 

demultiplexing processes, which first convert the FAST5 data into FastQ and subsequently translate 

raw signals (referred to as squiggle) into nucleotide sequences. It is not necessary to install any 

additional software or possess in-depth knowledge of bioinformatics tools. It is also possible to obtain 

visual confirmation of the identified viruses, with high specificity and sensitivity, based on curated 

reference databases. 

The genotyping tools that we developed in Chapter 3 to 5 are able to perform genomic 

characterization for DENV, ZIKV, CHIKV, WNV, Coronavirus and SARS-CoV-2 quickly and 

efficiently. This method involves aligning a query string with a carefully selected set of predefined 

reference strains, followed by phylogenetic analysis of multiple overlapping segments of the alignment 

using a sliding window. Each segment of the query string is assigned the genotype of the reference 

strain with the highest bootstrap scores (>70%). This provides the user with information about the 

genotype that is circulating in a given region from sequenced samples. The tool also provides 

phylogenetic trees with groupings of monophyletic clades and is able to analyse up to 2000 thousand 

sequences at a time ranging from sequence fragments to complete genomes. 

The tools developed within the scope of this thesis, which appear in Chapters 2 to 5, contributed 

to the generation of a total of 291 complete arbovirus genomes. These included 49 CHIKV, 61 DENV-

1, 170 DENV-2 and 11 DENV-4 genomes all through MinION sequencing and more than 15 thousand 

genome SARS-CoV-2 between Illimuna and MinION [80–86]. These sequences significantly increased 

the number of complete sequences deposited in public databases and allowed us to make phylogenetic 

inferences about the dates of introduction of the lineages circulating in different places.  
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For example, findings from the show that the ECSA genotype in the state of Rio de Janeiro 

accounted for 66.8% and 69.7% of cases accumulated in the Southeast region of Brazil in 2016 and 

2018, respectively [87]. In Mato Grosso, Brazil, the findings of the phylogenetic analysis revealed a 

complex pattern of CHIKV transmission between epidemic seasons and sampled locations. This 

suggests that Brazil has played a critical role in seeding international dispersions of arboviral infections 

to other countries in the Americas, such as Paraguay and Haiti [80,88]. From DENV sequences 

generated in Brazil and Paraguay, the phylogenetic analyses show that the Southeast and North regions 

of Brazil and Paraguay, which are all major tourist destinations in South America, were fundamental in 

the dispersion of DENV-1 and DENV-2 [82,88]. However, the Caribbean also played an important role 

in the spread of the virus across Paraguay. The results show that intelligent use of bioinformatics tools 

can reveal intricate transmission dynamics between sampled locations, especially when combined with 

epidemiological data and travel history. 

 Therefore, the urban cycles of DENV and CHIKV have been responsible for large epidemics 

in continents that cover several countries [89,90]. After causing outbreaks on the Indian Ocean Islands 

and in India, the viruses also spread to Asia [89,90]. DENV has been endemic in the Americas since 

the 1980s, with a seasonal cycle causing more than 20 million cases there [91,92]. In 2013, the 

introduction of CHIKV in the Caribbean resulted in an epidemic in St. Martin, followed by its spread 

to other islands nearby [93,94]. At the same time, CHIKV also spread throughout South and Central 

America, causing significant epidemics throughout the region where competent vectors had already 

been established. Studies on vector competence demonstrate that this can be highly variable in natural 

populations and is determined by genotype-genotype interactions, in which successful transmission 

depends on a specific combination of genetic characteristics of mosquitoes and viruses under specific 

environmental conditions. Factors such as conducive temperatures and daily fluctuations play a 

fundamental role in the competence of vectors in relation to the multiplication of pathogens [90,95]. 

The subtyping tools in Chapters 3 to 5 classified the genomes generated belong to the ECSA 

genotype of CHIKV, DENV-1 genotype V, DENV-2 genotype III, and DENV-4 genotype II [82], 

which was expected, as previously described [96–100]. Although CHIKV is related to explosive 

outbreaks worldwide [101], we report the persistence of ECSA genotype circulation within the South 

American population. Thus, we conclude that the establishment of a network of laboratories working 

together to provide rapid responses to the emergence of epidemics is essential for its management.  

 

7.2 Recommendations for policy  
 

This study showed that it is possible to carry out research and promote capacity building of 

Central Public Health Laboratories (LACENS - Laboratórios Centrais de Saúde Pública) in Brazil 

through the exchange of experiences and knowledge on modern DNA sequencing technologies and 
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genomic data analysis. Thus, since its conception, the proposal presented here has included a broad 

educational component. 

This study described the results of a training course in next genome sequencing (NGS) 

techniques and bioinformatics analysis designed for professionals from public health laboratories in 

Brazil. Such activities with participants from outside of academia can improve health workers and 

managers’ qualifications in sequencing technologies and genomic data analysis of circulating and co-

circulating arboviruses. 

Training like this can help staff to identify circulating viral strains, characterize infected 

individuals, produce new diagnostic techniques and immunotherapeutic approaches. These include 

seeking to better understand the transmission chains of these arboviruses and identify the origin and 

spread of these infections. 

It is important that health authorities be given the training they need to make informed decisions 

so they can respond appropriately to outbreaks and epidemics.  Laboratories like LACENS can assist 

in genomic surveillances of arboviruses and other public health diseases like influenza and measles.  In 

this way, they help generate data for the composition and update of the vaccine carried out annually by 

the Ministry of Health and the World Health Organization for the influenza vaccine. 

In addition, as demonstrated in this research, laboratories can also play a vital role in capacity 

building and the training health professionals, which substantially contribute to more effective and 

assertive responses by health surveillance. 
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APPENDICES 
 

Appendix 1 Supplementary material to the manuscript entitled “Genome Detective: an 
automated system for virus identification from high-throughput sequencing data” 
 

Supplementary Information: 

 

Genome Detective: An Accurate, Fast and Automated System for Virus Identification from High-

throughput next generation sequencing (NGS) data 

 

1) Genome Detective NGS Pipeline Figure 

2) Genome Detective NGS Reports 

2A) Quality control (QC) and Filtering 

2B) Summary table 

2C) Detailed table 

2D) Detailed Alignment Statistics and Mutations 

2E) Mapping short reads to de novo assembled consensus or reference sequence 

3) Accuracy: validation against published results 

4) Performance: comparison competitor pipelines 

5) References 
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1) Genome Detective NGS Pipeline 
 
The diagram below shows the process of assembling next generation sequencing (NGS) short reads into 
de novo consensus sequences (Supplementary figure 1). Black text describes the process; orange text 
mentions the software applications used. SPAdes is used for single-ended reads and MetaSPADES for 
paired-end reads. Green lines represent short reads and blue lines the contigs. Bold black lines represent 
virus reference sequences; grey lines the genomic proteins and green lines represent reference datasets 
used for phylogenetic typing. 
 

 
Supplementary Figure 1: Schematic illustration of Genome Detective NGS Pipeline 
 
 
 
2 - Genome Detective NGS Reports 
 
2A) Quality control (QC) and Filtering: 
 
The first part of the online report includes quality control (QC), filtering of viral reads and assembly 
and identification of viral taxonomy units (supplementary figure 1).  The size of the input files, the 
original read length and the trimmed read length are summarized at the beginning of the report. This is 
followed by a report on the pre-processing and quality control steps, which filter low quality reads and 
reads that seem to be non-viral. The QC reports of the original submitted reads before and after pre-
processing can be extracted from the report. The report also presents the total number of reads 
assembled and the computational time. A picture of the taxonomy units identified is created. The order 
of the taxonomy units is based on the number of the reads assembled in the table and in the taxonomy 
chart, with the largest number reported first.  

Raw reads Trim & remove low quality

Trimmomatic DIAMOND + 
Uniref90

Group by viral taxonomy 
level & reject non-viral 
reads

Bucket removed (not viral)

Bucket 1 (e.g. genus X)
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SPAdes or 
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Proteins (AA)

Create a de novo consensus 
& identify viral species

Contigs

Blastn + 
Blastx 
against 
RefSeq

Align contigs by AA + NT

Identify candidate 
references

DNA/RNA (NT)

AGA*

Pick best 
reference + 
Make-
Consensus*BWA

Map reads against denovo 
consensus or refseq (optional)

Phylogenetic typing tool 
(optional)*

Virus 
typing 
tools

AGA*

For each bucket

Identify best reference 
contig alignment
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Supplementary Figure 2: Genome Detective report provides information on the input file, quality 
control (QC) and filtering of viral reads and de novo assemblage.  
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2B) Summary table:  
 
The summary table displays information on the assignment, number of de novo contigs, estimated 
number of reads, percentage (%) coverage of the genome, estimated mean depth coverage and 
nucleotide and amino acid identity (Supplementary table 3). The table also provides a link to download 
the de novo contigs and a link to download the detailed report on each assignment. 
 

 
Supplementary Figure 3: Genome Detective summary table report provides information on the 
assignment, number of de novo contigs, estimated number of reads, percentage (%) coverage of the 
genome, estimated mean depth coverage and nucleotide and amino acid identity. 
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2C) Detailed table: 

A detailed table of the assembly is provided for each assignment. This table presents details on the 
assembly, assignment, alignment, genome region and codon alignment (Supplementary Figure 4). 

Supplementary Figure 4: Genome Detective detailed table report for Rotavirus A de novo whole 
genome. This report also contains a diagram of the whole genome and the alignment.  
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2D) Detailed Alignment Statistics and Mutations: 
 
The detailed alignment statistics table below shows the nucleotide positions, coding regions 
and proteins (Supplementary Figure 5). All mutations in the protein are also presented with the 
following nomenclature (example: I15V, “I” is the wild type amino acid, “15” is the codon 
position and “V” is the mutant amino acid). 
 

 

Supplementary Figure 5: Genome Detective detailed alignment statistics and mutations.  
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2E) Mapping short reads to de novo assembled consensus or reference sequence: 
 
Genome detective allows the short reads to be mapped to the de novo assembly or to the viral 
reference sequence from NCBI RefSeq (Supplementary figure 6). Genome detective allows the short 
read assembly to be downloaded as BAM files and a single nucleotide position (SNP) variant table to 
be created. 
 

 

Supplementary Figure 6: Genome Detective coverage maps can be created with the de-novo assembled 
consensus or with the reference sequence for a given virus. In this example, Rotavirus segment 1 is fully 
sequenced and assembled. 
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3) Accuracy: validation against published results 
 
3A) Detailed results are presented in Supplementary Table 1, which is an Excel table of the 
supplementary information 
 
In order to validate the results of Genome Detective, we compared them with the published results from 208 
datasets. Summary results are presented in Table 1 of the manuscript. Detailed results are presented in 
Supplementary Table 1, an Excel table which is part of the supplementary information. Supplementary Table 1 
contains detailed information about the 208 datasets used in the validation of Genome Detective. Variables are 
explained below.  
 
 

Dataset name Run accession number (SRR/ERR) of the dataset 

Reference genome  RefSeq accession number of the closest related virus as identified by Genome Detective 

Assigned species Virus species identified by Genome Detective 
Assigned genus Virus genus identified by Genome Detective 
Assignment agreement  Agreement with published result (‘TRUE or FALSE’) 
Contigs count The number of contigs generated  
Coverage % The percentage of the reference genome covered by the contigs 
Reads count The total number of reads used in the generation of the contigs 

Deep coverage The average deep coverage of the contigs, as determined by the function:   
read count * read length / contig length,  as estimated by SPAdes 

N50 (Assembly quality) A statistical measure of the average length of the contigs. It is widely used to judge assembly 
quality based on contig lengths 

Assignment quality 
The next 5 parameters compare detected virus sequence to the reference genome 

AA identity The percentage amino acid identity in all coding regions of the detected virus 
as determined by the function:   
Total number of matching amino acids in coding regions alignment / coding regions alignment 
length * 100   

AA quality Amino acid alignment score (see AGA for detailed scoring) / amino acid sequence length 
NT identity The percentage nucleotide identity of the detected virus, 

as determined by the function:   
Number of matching nucleotides in alignment / alignment length * 100 

NT quality Nucleotide alignment score (see AGA for detailed scoring) / nucleotide sequence length 
Frame shifts The number of frame shifts detected in all coding regions of the detected virus 
 

Stop codon (in CDs) The total number of stop codons within coding regions of the detected virus sequence 
Ambiguities (NT) The number of nucleotide ambiguities in the detected virus sequence  
Ambiguities (in CDs) The number of amino acid ambiguities in the detected virus coding regions 
Assignment quality “GOOD” indicates that the assignment is considered reliable based on the heuristic of having 

sufficient nucleotide identity for a sufficient part of the genome, as determined by the function:  
“NT identity” / 100 * “Coverage” + (“Reference length” – “Coverage”) * 0.45 > 0.5 * 
“Reference length” 

Sample 
General information about the sample 
Time The total analysis time 
# Reads before QC The read count in the original dataset 
# Reads after QC The number of reads that remain after preprocessing (trimming and removing low quality reads) 
# Reads after filtering The number of reads that remain after filtering (alignment against UniRef90 protein database) 
Read length before QC The average read length in the original dataset  
  

Read length after QC The average read length after preprocessing 
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Input file (zipped) size The dataset size 
Supplementary Table 1 legend for Excel table showing the results of the evaluation of the 208 datasets. 
 
 
 
3B) Detailed information on the seven datasets presented in Table 1 of the manuscript. 
 
As previously mentioned in the manuscript and Table 1, 208 datasets from eight studies were used in 
the validation of Genome Detective. Below, we provide information on the datasets used in the 
validation process. In addition, we mention the tables and figures from the original publications that 
were used to validate our results. 
 
Publication 1 - Virome synthetic datasets.  
 
We first validated Genome Detective by using synthetic virus datasets originally prepared to optimise 
laboratory-based virus extraction procedures [Conceição-Neto et al. 2015]. Viruses were carefully 
selected to cover the range of naturally occurring diversity. This published dataset also included 
carefully validated quantitative results, confirmed with quantitative PCR. The Supplementary Table S4 
in the article described the exact quantity of each virus in every sample. All samples contained 
Circovirus, Parvovirus, Polyomavirus, Pepino mosaic virus, Rotavirus, Coronavirus, Herpesvirus and 
Mimivirus in different quantities. Genome Detective identified all of the 64 viruses in the synthetic 
dataset was reconstructed and for seven the partial genome.  
 
Sample Reconstructed Also detected 

SRR3458562 Identified 8/8  Koala retrovirus 

SRR3458563 Identified 7/8 (Herpesvirus detected with low genome coverage) Koala retrovirus 

SRR3458564 Identified 7/8 (Mimivirus detected with low genome coverage)  Koala retrovirus and Baboon endogenous 
virus strain M7 

SRR3458565 Identified 7/8 (Mimivirus detected with low genome coverage) Koala retrovirus 

SRR3458566 Identified 7/8 (Mimivirus detected with low genome coverage) Koala retrovirus 

SRR3458567 Identified 7/8 (Mimivirus detected with low genome coverage) Koala retrovirus 

SRR3458568 Identified 7/8 (Mimivirus detected with low genome coverage) Gibbon ape leukemia virus 

SRR3458569 Identified 7/8 (Mimivirus detected with low genome coverage) Koala retrovirus 

Notes:  
In all cases, all Rotavirus segments were identified 
In several samples, Herpesvirus or Mimivirus were detected with very low genome coverage (< 0.05 %) due to low concentration and large 
genome size 
BLAST search revealed that the additional (false positive) viruses in the “Also detected” column were most likely endogenous viruses that 
were not in RefSeq, and Genome Detective assigned them to the closest available reference genome 

Supplementary Table 2: Detailed results from synthetic (metagenomic) datasets 
 
Publications 2-6 - Single virus amplicon-based datasets – HIV, RSV, Rotavirus, Norovirus, 
Influenza A and MERs. 
 
Single virus amplicon-based datasets were used to validate the pipeline with specific viruses [Agoti et 
al. 2015, Cotton et al. 2014, Rutvisuttinunt et al. 2015, Cotton et al. 2013, de Oliveira et al. 2018] 
 
These included single viruses with segmented genomes (RSV, Rotavirus, Norovirus, Influenza A, 
MERS) and unsegmented genomes (HIV) from amplicon-based NGS. Because the study design 
included amplification of the viruses of interest, the reads were expected to cover the amplified 
fragments. In the single virus datasets, we reconstructed the genomes of all of the amplified virus 
fragments with high accuracy. Furthermore, Genome Detective produced longer contigs than most of 
the competitor pipelines. 
 
Publication 7 – Human and pig samples for Rotavirus.  
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This study analyzed human and pig samples for Rotavirus (RV). They used a primer-independent, 
agnostic, deep sequencing approach [Phan et al. 2016].  
 
Publication 8 – Metagenomic dataset 
 
The study [Cotten et al. 2014] analyzed 20 metagenomic datasets and they provided a heat map (Fig 6 
of the article). Genome Detective identified the 66 virus species with more then 10 reads as the original 
study did. 
 
 
4) Performance: comparison with competitor pipelines 
 
In order to compare Genome Detective’s performance with other pipelines, we used four published 
datasets: SRR1170797, SRR1106548, DRR049387 and ERR690519. These are four of the five datasets 
that the authors of drVM  [Lin & Liao et al. 2017] used to compare with three other tools, SURPI 
[Naccache et al. 2014], VIP [Li et al. 2016] and VirusTap [Yamashita et al. 2016] (Supplementary Table 
3).  
 
We found that, in general, Genome Detective created longer, more accurate contigs than drVM, SURPI, 
VIP and VirusTap. In addition, Genome Detective was faster than the four other tools. For example, in 
the HIV-1 dataset (SRR1106548), Genome Detective assembled a near complete genome (8,334 of 
9,181 bps) in 430 sec, whereas drVM identified a 3,055 bp contig in 608 sec. Both Genome Detective 
and drVM also identified Torque teno virus. For the Rotavirus dataset (DRR049387), Genome 
Detective identified all of the 11 segments of Rotavirus A (segment 1 to 11), each with one contig 
covering 97-100% of the segment, whereas drVM identified 13 contigs covering only seven segments. 
The time for this run in Genome Detective was 440 seconds whereas if took 464 seconds in drVM [Lin 
& Liao 2017]. For Influenza A virus (ERR690519), we identified the same eight segments as drVM in 
less than half the time. Supplementary table 3 is adapted from the drVM paper, which compared 
performance between drVM, SURPI, VIP and VirusTAP. We were unable to locate the fifth dataset 
(SRR062073) in the public databases. (see - 
https://www.ebi.ac.uk/ena/data/view/SRR062073&display=html). 
 
Target virus (run 
accession) 

Read bases (Mbp) Genome 
Detective 

drVM SURPI 
(comprehensive) 

VIP (sense) VirusTAP 

Bovine viral diarrhea 
virus (SRR1170797) 

12.5 Run time 71 s 149s 52 365 s 1 683 s 71 s 

  Result 11 906 bp 12 224 bp 262 bp 9078 bp 353 bp 

Human 
immunodeficiency virus 
(SRR1106548) 

600.9 Run time 430 s 598 s 32 604 s 25 049 s 1 388 s 

  Result 8 334 bp 3 055 bp 799 bp 4632 bp 2 896 bp 

Human rotavirus A 
(DRR049387) 

266.1 Run time 440 s 464 s 59 510 s 6259 s 925 s 

  Result 11 contigs (11 
segments, 99% 
complete) 

13 contigs (7 
segments) 

13 contigs 41 377 reads 11  contigs 

Influenza A virus 
(ERR690519) 

3300 Run time 1 423 s 12 697 s 16 997 s 86 001 s 4 504 s 
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  Result 8 contigs (8 
segments, 99% 
complete) 

8 segments 11 contigs 2673 reads 34  contigs 

Supplementary Table 3: Performance Comparison with other pipelines. We analyzed the Genome 
Detective data for the same datasets analyzed by drVM. This table was adapted from Lin & Liao 2017 
(https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5466706/table/tbl3/.) Genome Detective’s analysis 
was executed on a quad-core CPU with 64 GB RAM. The drVM, SURPI and VIP analyses were executed 
on a quad-core CPU with 128 GB RAM, and the VirusTAP analyses executed on a 120-core CPU with 
1 TB RAM.  
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Appendix 2 Supplementary material to the manuscript entitled “A computational method for 
the identification of Dengue, Zika and Chikungunya virus species and genotypes” 
 
 

 
S1 Fig. Maximum likelihood phylogenetic tree of the DENV-sero1 outliers. 
All full genome DENV-sero1 sequences were assigned to genotype-level using manual phylogenetic analysis and 
classification by the automated typing tool. In total, seven full genomes of DENV-sero1 could not be classified at 
genotype level by either classification method. These seven sequences are visualized in a phylogenetic tree of the 
WGS datasets, colored according to genotype. (1I in blue, 1II in green, 1III in red, 1IV in yellow, 1V in pink) It 
can be seen that a divergent cluster of six genomes (AF298807, KF864667, KF184975, EU179860, KF289073 
and JQ922546 in black) form an outlier clade and one genome (EF457905 in black) can be considered an outlier. 
However, note that these seven genomes could be properly assigned to serotype 1. 
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S2 Fig. Recombination analysis for the DENV whole genome sequences. 
The bootscan results for the ten whole genomes of DENV that could not be classified at genotype level are shown. 
Boot-scanning analysis was performed using a window length of 1500 base pairs and a step size of 100 base pairs. 
The different colours represent the genotypes for each serotype. The X-axis represents the nucleotide position in 
the genome and the Y-axis represents bootstrap results in percentages. In total, 7 DENV-sero1 sequences were 
analysed and 1 sequence for each of the other serotypes, i.e. DENV-sero2, DENV-sero3 and DENV-sero4. We 
only found sequence AY496879 to be a recombinant of DENV genotype 3I and 3II. The other sequences are 
outliers (i.e. JF262783, KF744408, EF457905) or clades of outliers (i.e.: AF298807, KF864667 and KF184975 
form an outlier clade; EU179860, KF289073 and JQ922546 form an outlier clade). 
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S1 Table. Reference strains selected for the DENV, CHIKV, ZIKV genotypes. 
These reference sequences were selected to be representative for the diversity within the different DENV, CHIKV 
and ZIKV genotypes that circulate within these virus species. 
 

ZIKV Genotype Accession Number Country Year 
African AY632535 Uganda 1947 
African KF383116 Senegal 1968 
African HQ234500 Nigeria 1968 
African KF383115 Cent Afr Rep 1968 
African HQ234501 Senegal 1984 
African KF383117 Senegal 1997 
African KF383118 Senegal 2001 
African KF383119 Senegal 2001 
African KF383121 Senegal -N/A- 
African KF268950 Cent Afr Rep -N/A- 
African KF268949 Cent Afr Rep -N/A- 
Asian HQ234499 Malaysia 1966 
Asian EU545988 Micronesia 2007 
Asian JN860885 Cambodia 2010 
Asian KF993678 Canada 2013 
Asian KJ776791 FrenchPolynesia 2013 

    
CHIKV Genotype Accession Number Country Year 

Asian HM045813 India 1963 
Asian EF027140 India 1963 
Asian EF027141 India 1973 
Asian HM045790 Philipiness 1985 
Asian FN295483 Malaysia 2006 
Asian FJ807897 Taiwan 2007 

ESCA_IOC HM045811 Tanzania 1953 
ESCA_IOC HM045821 Senegal 1963 
ESCA_IOC AM258993 Reunion 2005 
ESCA_IOC AM258991 Seyche 2005 
ECSA_IN AB455494 Japan 2006 

ESCA_IOC EF012359 Mauri 2006 
ECSA_IN EU244823 Italy 2007 
ECSA_IN FJ445426 SriLanka 2008 
ECSA_IN FN295485 Malaysia 2008 
ECSA_IN GU199352 China 2008 
ECSA_IN GU301781 Thailand 2009 

ESCA_IOC HM045784 Central -N/A- 
ESCA_IOC HM045822 Central -N/A- 
ESCA_IOC HM045792 South -N/A- 

WestAfr HM045786 Nigeria 1964 
WestAfr HM045785 Senegal 1966 
WestAfr HM045815 Senegal 1979 
WestAfr HM045817 Senegal 2005 
WestAfr HM045818 Ivory -N/A- 
WestAfr HM045820 Ivory -N/A- 

    
Dengue Virus 1 Genotype Accession Number Country Year 

1I AF350498 -N/A- 1980 
1I AY732478 Thailand 1991 
1I AY732480 Thailand 1994 
1I GQ868637 Cambodia 2000 
1I AY732482 Thailand 2001 
1I FJ469907 Singapore 2003 
1I GQ199835 VietNam 2005 
1I FJ176779 China 2006 
1I AB608786 Taiwan 2008 
1I GU131895 Cambodia 2009 
1I HQ891316 Sri Lanka 2009 
1I AY726552 Myanmar 2012 
1I AF298808 Djibouti -N/A- 
1II AF180817 -N/A- -N/A- 
1III AY713473 Myanmar 1971 
1III AY722801 Myanmar 1976 
1III AY722802 Myanmar 1996 
1III AY722803 Myanmar 1998 
1IV EF032590 -N/A- 1995 
1IV AB189121 Indonesia 1998 
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1IV DQ672564 USA 2001 
1IV DQ672561 USA 2001 
1IV FJ196842 China 2003 
1IV GQ868602 Philippines 2004 
1IV AB204803 Japan 2004 
1IV JN697056 Malaysia 2005 
1IV U88535 -N/A- -N/A- 
1IV AB074761 -N/A- -N/A- 
1IV AB189120 Indonesia -N/A- 
1V FJ205875 USA 1995 
1V AF311956 -N/A- 1997 
1V EU482567 USA 1998 
1V AB519681 Brazil 2001 
1V DQ285559 Reunion 2004 
1V HQ166037 Mexico 2008 
1V KJ189351 Puerto Rico 2012 
1V AY277666 -N/A- -N/A- 
1V AY206457 -N/A- -N/A- 
1V AY277665 -N/A- -N/A- 

    
Dengue Virus 2 Genotype Accession Number Country Year 

2I (American) EU056812 Puerto Rico 1977 
2I (American) EU056811 Peru 1995 
2I (American) AF100469 -N/A- -N/A- 

2II (Cosmopolitan) EU081180 Singapore 2005 
2II (Cosmopolitan) EU081179 Singapore 2005 
2II (Cosmopolitan) EU081177 Singapore 2005 
2II (Cosmopolitan) EU179859 Brunei 2006 
2II (Cosmopolitan) KC762660 Indonesia 2007 
2II (Cosmopolitan) KC762669 Indonesia 2007 
2II (Cosmopolitan) KC762680 Indonesia 2010 
2II (Cosmopolitan) KM279597 Singapore 2012 

2III (SE Asian-America) EU482582 USA 1989 
2III (SE Asian-America) GQ868540 Venezuela 1990 
2III (SE Asian-America) GQ398290 Puerto Rico 1994 
2III (SE Asian-America) AY702036 Cuba 1997 
2III (SE Asian-America) AB122020 Dominican Republic 2001 
2III (SE Asian-America) FJ898461 Belize 2002 
2III (SE Asian-America) EU687216 USA 2005 
2III (SE Asian-America) EU687217 USA 2005 
2III (SE Asian-America) GQ199868 Nicaragua 2007 
2III (SE Asian-America) HQ999999 Guatemala 2009 
2III (SE Asian-America) AF489932 -N/A- -N/A- 
2III (SE Asian-America) M20558 -N/A- -N/A- 

2IV (Asian II) KF744406 Philippines 1995 
2IV (Asian II) KF744407 Philippines 1996 
2IV (Asian II) HQ891023 Taiwan 2008 
2IV (Asian II) AF204177 China -N/A- 
2IV (Asian II) AF038403 -N/A- -N/A- 
2V (Asian I) DQ181806 Thailand 1974 
2V (Asian I) DQ181805 Thailand 1979 
2V (Asian I) DQ181804 Thailand 1984 
2V (Asian I) DQ181802 Thailand 1988 
2V (Asian I) GQ868545 -N/A- 1996 
2V (Asian I) DQ181798 Thailand 1999 
2V (Asian I) DQ181797 Thailand 2001 
2V (Asian I) FM210211 Viet Nam 2003 
2V (Asian I) GU131896 Cambodia 2007 

2VI (Sylvatic) EF105387 Nigeria 1966 
2VI (Sylvatic) EF105379 Malaysia 1970 
2VI (Sylvatic) EF105382 Burkina Faso 1980 
2VI (Sylvatic) EF105389 Senegal 1999 
2VI (Sylvatic) FJ467493 Malaysia 2008 

    
Dengue Virus 3 Genotype Accession Number Country Year 

3I AY858039 Indonesia 1998 
3I KC762682 Indonesia 2007 
3I KC762681 Indonesia 2007 
3I KC762686 Indonesia 2007 
3I KC762684 Indonesia 2007 
3I KC762687 Indonesia 2008 
3I KC762689 Indonesia 2008 
3I KC762688 Indonesia 2008 
3I KC762690 Indonesia 2008 
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3I KC762685 Indonesia 2008 
3I KC762691 Indonesia 2008 
3I AY858037 Indonesia -N/A- 
3II AY876494 Thailand 1994 
3II AY923865 Thailand 1994 
3II AY766104 Singapore 1995 
3II DQ675528 Taiwan 1998 
3II DQ675525 Taiwan 1998 
3II DQ675532 Taiwan 1998 
3II AY496871 Bangladesh 2002 
3II AY496877 Bangladesh 2002 
3II AY496874 Bangladesh 2002 
3II AY496873 Bangladesh 2002 
3III JQ411814 Sri Lanka 1989 
3III AY099337 Martinique 1999 
3III FJ639747 Venezuela 2000 
3III FJ547071 USA 2000 
3III FJ898458 Peru 2002 
3III AY679147 Brazil 2002 
3III EU529702 USA 2003 
3III FJ898442 Mexico 2007 
3III GQ868578 Colombia 2007 
3III AY099336 Sri Lanka -N/A- 
3III AY770511 India -N/A- 
3V EF629370 Brazil 2002 
3V AF317645 China -N/A- 

    
Dengue Virus 4 Genotype Accession Number Country Year 

4I GQ868594 Philippines 1956 
4I AY618991 Thailand 1977 
4I FJ196850 China 1990 
4I AY618992 Thailand 2001 
4I KF041260 Pakistan 2009 
4I JQ513345 Brazil 2011 
4II GU289913 Colombia 1982 
4II JF262782 Haiti 1994 
4II AY762085 -N/A- 1995 
4II JF262781 Venezuela 1995 
4II GQ252675 USA 1995 
4II FJ024476 Colombia 1997 
4II FJ882581 Venezuela 2007 
4II JN983813 Brazil 2010 
4II AF326573 -N/A- -N/A- 
4III AY618988 Thailand 1997 
4III AY618989 Thailand 1997 
4IV JF262780 Malaysia 1973 
4IV EF457906 Malaysia 1975 
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S2 Table. Phylogenetic signal estimated by likelihood mapping for DENV (DENV-sero1 to DENV-sero4), 
CHIKV and ZIKV sub-genomic regions. 
Phylogenetic signal was calculated separately per protein by the likelihood mapping method implemented in the 
software TreePuzzle. Likelihood mapping analysis computes the likelihood of the three possible trees that can be 
constructed from all possible inter-genotype quartets of taxa. The results for the resolved quartets and unresolved 
quartets are shown in the table, while the partially resolved quartets are not listed (can be obtained by 100%—
(un)resolved quartets). Partially resolved quartets represent the quartets for which conflicting phylogenetic signal 
or potential recombination is present. Genomic regions for which the percentage of resolved quartets is higher 
than 90% are shaded in orange and are considered to be characterized by sufficient phylogenetic signal. 
 

 DENV-1 DENV-2 DENV-3 DENV-4 
 Resolved Unresolved Resolved Unresolved Resolved Unresolve

d 
Resolved Unresolved 

C 54.5% 42,3% 68,3% 25,8% 86,1% 9,8% 78,3% 15,5% 
E 93.2% 3,3% 95,3% 2,5% 97,2% 1,3% 92,9% 3,4% 
M 75.3% 20,2% 87,6% 8,8% 88,2% 7,3% 83,4% 12,2% 

NS1 92.2% 4,5% 89,4% 8,1% 96,7% 1,3% 95,4% 2,3% 
NS2A 82.5% 15,5% 87,7% 9,4% 88,5% 8,3% 87,3% 8,5% 
NS2B 79.0% 19,2% 83,0% 14,4% 89,2% 6,3% 82,5% 12,7% 
NS3 94,6% 2,8% 94,5% 2,6% 97,2% 1,3% 95,0% 2,7% 

NS4A 73,8% 19,9% 78,1% 19,8% 88,7% 8,4% 84,7% 9,9% 
NS4B 85,2% 12,7% 90,2% 5,7% 92,2% 4,1% 83,5% 10,6% 
NS5 94,7% 2,0% 94,0% 3,2% 98,1% 0,7% 97,0% 1,4% 

         
 ZIKV   CHIKV   
 Resolved Unresolved 

 
 Resolved Unresolve

d   
C 78.2% 3.9%  NSP1 52.2% 47.7%   
E 94.3% 1.5%  NSP2 52.1% 47.9%   
M 81.6% 4.8%  NSP3 62.3% 19.6%   

NS1 91.9% 1.8%  NSP4 52.7% 46.8%   
NS2A 93.5% 2.3%  CAP 56.9% 35.6%   
NS2B 85.4% 1.1%  E3 58.2% 26.9%   
NS3 94.0% 1.7%  E2* 77.1% 13.1%   

NS4A 90.8% 3.7%  E1 53.1% 41%   
NS4B 93.2% 2.0%       
NS5 96.3% 2.4%       

 
 
 
 
S3 Table. Evaluation of the automated phylogenetic method to classify DENV, CHIKV and ZIKV whole-
genome genomes. 
The new classification method consists of 2 parts: determining the species (and for DENV also the serotype) using 
a BLAST procedure, followed by determining the genotype using an automated phylogenetic method. Our method 
was able to assign all sequences in the whole-genome validation dataset to the right species and DENV serotype. 
Therefore, in this table, we focus on the classification performance with respect to genotype assignment, based 
on the output of the BLAST step (i.e. a dataset of the proper species and serotype). The classification results were 
compared to manual phylogenetic analysis. Column names: TP = total positives, TN = total negatives, FP = false 
positive, FN = false negative, SENS = sensitivity, SPEC = specificity, ACC = accuracy. 

Virus species Known TP TN FP FN SENS SPEC ACC 
Dengue Virus Serotype 1 1688 1688 3496 0 0 100,0% 100,0% 100,0% 

1i 1151 1151 4033 0 0 100,0% 100,0% 100,0% 
1ii 28 28 5156 0 0 100,0% 100,0% 100,0% 
1iii 26 26 5158 0 0 100,0% 100,0% 100,0% 
1iv 63 63 5121 0 0 100,0% 100,0% 100,0% 
1v 413 413 4771 0 0 100,0% 100,0% 100,0% 

Genotype could not be 
assigned* 7               

Dengue Virus Serotype 2 1317 1317 3867 0 0 100,0% 100,0% 100,0% 
2i (American) 47 47 5137 0 0 100,0% 100,0% 100,0% 

2ii (Cosmopolitan) 245 245 4939 0 0 100,0% 100,0% 100,0% 
2iii (SE Asian-America) 649 649 4535 0 0 100,0% 100,0% 100,0% 

2iv (Asian II) 41 41 5143 0 0 100,0% 100,0% 100,0% 
2v (Asian I) 317 317 4867 0 0 100,0% 100,0% 100,0% 
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2vi (Sylvatic) 17 17 5167 0 0 100,0% 100,0% 100,0% 
Genotype could not be 

assigned* 1               

Dengue Virus Serotype 3 897 897 4287 0 0 100,0% 100,0% 100,0% 
3i 68 68 5116 0 0 100,0% 100,0% 100,0% 
3ii 190 190 4994 0 0 100,0% 100,0% 100,0% 
3iii 620 620 4564 0 0 100,0% 100,0% 100,0% 
3v 18 18 5166 0 0 100,0% 100,0% 100,0% 

Genotype could not be 
assigned* 1               

 Dengue Virus Serotype 4 216 216 4968 0 0 100,0% 100,0% 100,0% 
4i 23 23 5161 0 0 100,0% 100,0% 100,0% 
4ii 187 187 4997 0 0 100,0% 100,0% 100,0% 
4iii 2 2 5182 0 0 100,0% 100,0% 100,0% 
4iv 3 3 5181 0 0 100,0% 100,0% 100,0% 

Genotype could not be 
assigned* 1               

Total 4118               
Chikungunya  Virus                 

East-Central-South-African 274 274 4910 0 0 100,0% 100,0% 100,0% 
Asian and Caribbean 364 364 4820 0 0 100,0% 100,0% 100,0% 

West African 15 15 5169 0 0 100,0% 100,0% 100,0% 
Total 653               

Zika Virus                 
African 26 26 5158 0 0 100,0% 100,0% 100,0% 
Asian 387 387 4797 0 0 100,0% 100,0% 100,0% 
Total 413               

Total sequences 5184               
 
 
S4 Table. Evaluation of the automated phylogenetic method to classify DENV, CHIKV and ZIKV envelope 
genomes. 
The new classification method consists of 2 parts: determining the species (and for DENV also the serotype) using 
a BLAST procedure, followed by determining the genotype using an automated phylogenetic method. Our method 
was able to assign all sequences in the envelope validation dataset to the right species and DENV serotype. 
Therefore, in this table, we focus on the classification performance with respect to genotype assignment, based 
on the output of the BLAST step (i.e. a dataset of the proper species and serotype). The classification results were 
compared to manual phylogenetic analysis. Column names: TP = total positives, TN = total negatives, FP = false 
positive, FN = false negative, SENS = sensitivity, SPEC = specificity, ACC = accuracy. 

Virus species Known TP TN FP FN SENS SPEC ACC 
Dengue Virus ENV                 

Dengue Virus Serotype 1 1688 1688 5374 0 0 100,0% 100,0% 100,0% 
DQ859064 1151 1148 5911 0 3 99,7% 100,0% 100,0% 

1ii 28 28 7034 0 0 100,0% 100,0% 100,0% 
1iii 26 25 7034 2 1 96,2% 100,0% 100,0% 
1iv 63 59 6998 1 4 93,7% 100,0% 99,9% 
1v 413 413 6649 0 0 100,0% 100,0% 100,0% 

Genotype could not be 
assigned* 7               

Dengue Virus Serotype 2 1317 1317 5745 0 0 100,0% 100,0% 100,0% 
2i (American) 47 47 7015 0 0 100,0% 100,0% 100,0% 

2ii (Cosmopolitan) 245 242 6816 1 3 98,8% 100,0% 99,9% 
2iii (SE Asian-America) 649 649 6413 0 0 100,0% 100,0% 100,0% 

2iv (Asian II) 41 33 7021 0 8 80,5% 100,0% 99,9% 
2v (Asian I) 317 317 6744 1 0 100,0% 100,0% 100,0% 

2vi (Sylvatic) 17 17 7045 0 0 100,0% 100,0% 100,0% 
Genotype could not be 

assigned* 1               

Dengue Virus Serotype 3 897 897 6165 0 0 100,0% 100,0% 100,0% 
3i 68 68 6992 2 0 100,0% 100,0% 100,0% 
3ii 190 189 6872 0 1 99,5% 100,0% 100,0% 
3iii 620 620 6442 0 0 100,0% 100,0% 100,0% 
3v 18 18 7044 0 0 100,0% 100,0% 100,0% 

Genotype could not be 
assigned* 1               

Dengue Virus Serotype 4 216 216 6846 0 0 100,0% 100,0% 100,0% 
4i 23 23 7038 1 0 100,0% 100,0% 100,0% 
4ii 187 186 6875 0 1 99,5% 100,0% 100,0% 
4iii 2 2 7060 0 0 100,0% 100,0% 100,0% 
4iv 3 3 7059 0 0 100,0% 100,0% 100,0% 

Genotype could not be 1               
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assigned* 
Total DENV 4118               

Chikungunya  Virus E1                 
East-Central-South-African 1699 1699 5363 0 0 100,0% 100,0% 100,0% 

Asian and Caribbean 780 780 6282 0 0 100,0% 100,0% 100,0% 
West African 52 52 7010 0 0 100,0% 100,0% 100,0% 
Total CHIKV 2531               

Zika Virus ENV                 
African 26 26 7036 0 0 100,0% 100,0% 100,0% 
Asian 387 387 6675 0 0 100,0% 100,0% 100,0% 

Total ZIKV 413               
Total sequences 7062               

 
 
 
S1 File. Accession number of the sequences collected from DENV, ZIKV and CHIKV whole-genome 
genomes. 
A GenBank mining of sequences was performed against whole-genome genomes of these viruses that had the 
genotype reported for sensitivity, specificity and accuracy tests of the tool. 
 
Download here: https://doi.org/10.1371/journal.pntd.0007231.s007 
 
 
S2 File. Accession number of the sequences collected from DENV, ZIKV and CHIKV envelope genomes. 
A GenBank mining of sequences was performed against envelope genomes of these viruses that had the genotype 
reported for sensitivity, specificity and accuracy tests of the tool. 
 
Download here: https://doi.org/10.1371/journal.pntd.0007231.s008 
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Appendix 3 Supplementary material to the manuscript entitled “Genome Detective 
Coronavirus Typing Tool for rapid identification and characterization of novel coronavirus 

genomes” 
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Phylogenetic tree can be visualized in polar or radial format: 
 

  
 
 

Alignment Details and Genome Mapper: 
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Nucleotide (NT) and Coding Regions (CDS) Mutational Analysis 
 

 
 
 
 

Protein Analysis (from UNIPROT RefSeq): 
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SARS-CoV-2 Protein Mutations and Codon Mutations on E and Matrix Proteins as compared 

with SARSr-CoV RefSeq (GenBank: NC_004718.3 ). 
 

 

 
 
 
 
SARS-CoV-2 Protein Mutations and Codon Mutations on E and Matrix Proteins as compared  

with Bat SARS related CoV sequence, bat_SL_CovZXC21 (GenBank: MG772934) 
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SARS-CoV-2 comparison between sequences isolated in France, Jan 2020 
(BetaCoV/France/IDF0373/2020) and Wuhan, China, Dec 2019 (GenBank: MN908947) 
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Submission page: Input  sequences in FASTA format 
 

 
 
 
 Supplementary Table 1: n2019-CoV GISAID Tested Sequences. GISAID acknowledges the 
Authors and the Laboratories for their sequence and metadata shared through GISAID. All 
Originating laboratories are gratefully acknowledged for sharing the data and are cited in 
this table:  
 

GISAID Accession ID Virus name Location Collection 
date 

Lab 
citation 

EPI_ISL_402125 BetaCoV/Wuhan-Hu-1/2019 China 2019-12 1 

EPI_ISL_405839 BetaCoV/Guangdong/20SF013/2031 China / Guangdong / Shenzhen 2020-01 2 

EPI_ISL_406030 BetaCoV/Guangdong/20SF013/2032 China / Guangdong / Shenzhen 2020-01 2 
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EPI_ISL_402119 BetaCoV/Wuhan/IVDC-HB-01/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 3 

EPI_ISL_402120 BetaCoV/Wuhan/IVDC-HB-04/2020 
China / Hubei Province / Wuhan 
City 2020-01-01 3 

EPI_ISL_402121 BetaCoV/Wuhan/IVDC-HB-05/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 3 

EPI_ISL_402123 BetaCoV/Wuhan/IPBCAMS-WH-01/2019 
China / Hubei Province / Wuhan 
City 2019-12-24 4 

EPI_ISL_402124 BetaCoV/Wuhan/WIV04/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 5 

EPI_ISL_402127 BetaCoV/Wuhan/WIV02/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 5 

EPI_ISL_402128 BetaCoV/Wuhan/WIV05/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 5 

EPI_ISL_402129 BetaCoV/Wuhan/WIV06/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 5 

EPI_ISL_402130 BetaCoV/Wuhan/WIV07/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 5 

EPI_ISL_403928 BetaCoV/Wuhan/IPBCAMS-WH-05/2020 
China / Hubei Province / Wuhan 
City 2020-01-01 4 

EPI_ISL_403929 BetaCoV/Wuhan/IPBCAMS-WH-04/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 4 

EPI_ISL_403930 BetaCoV/Wuhan/IPBCAMS-WH-03/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 4 

EPI_ISL_403931 BetaCoV/Wuhan/IPBCAMS-WH-02/2019 
China / Hubei Province / Wuhan 
City 2019-12-30 4 

EPI_ISL_402131 BetaCoV/bat/Yunnan/RaTG13/2013 
China / Yunnan Province / Pu'er 
City 2013-07-24 6 

EPI_ISL_406531 BetaCoV/Guangdong/20SF013/2037 China/Guangdong Province 2020-01-22 7 

EPI_ISL_406534  BetaCoV/Guangdong/20SF013/2039 China/Guangdong Province 2020-01-22 7 

EPI_ISL_406535 BetaCoV/Guangdong/20SF013/2040 China/Guangdong Province 2020-01-22 7 

EPI_ISL_406536 BetaCoV/Guangdong/20SF013/2041 China/Guangdong Province 2020-01-22 7 

EPI_ISL_406538 BetaCoV/Guangdong/20SF013/2042 China/Guangdong Province 2020-01-23 7 

EPI_ISL_403932  BetaCoV/Guangdong/20SF012/2020 China/Guangdong, China 2020-01-14 7 

EPI_ISL_403933 BetaCoV/Guangdong/20SF013/2020 China/Guangdong, China 2020-01-15 7 

EPI_ISL_403934 BetaCoV/Guangdong/20SF013/2021 China/Guangdong, China 2020-01-15 7 

EPI_ISL_403935 BetaCoV/Guangdong/20SF013/2022 China/Guangdong, China 2020-01-15 7 

EPI_ISL_403936  BetaCoV/Guangdong/20SF013/2023 China/Guangdong, China 2020-01-17 7 

EPI_ISL_403937 BetaCoV/Guangdong/20SF013/2024 China/Guangdong, China 2020-01-18 7 

EPI_ISL_406533 BetaCoV/Guangdong/20SF013/2038 China/Guangzhou City 2020-01-22 7 

EPI_ISL_402132 BetaCoV/Wuhan/HBCDC-HB-01/2019 China/Hubei Province 2019-12-30 5 

EPI_ISL_406592  BetaCoV/Guangdong/20SF013/2043 China/Shenzhen 2020-01-13 8 

EPI_ISL_406593 BetaCoV/Guangdong/20SF013/2044 China/Shenzhen 2020-01-13 9 

EPI_ISL_406594 BetaCoV/Guangdong/20SF013/2045 China/Shenzhen 2020-01-16 9 

EPI_ISL_406595 BetaCoV/Guangdong/20SF013/2046 China/Shenzhen 2020-01-16 9 

EPI_ISL_404227 BetaCoV/Guangdong/20SF013/2027 China/Zhejiang, China 2020-01-16 10 

EPI_ISL_404228 BetaCoV/Guangdong/20SF013/2028 China/Zhejiang, China 2020-01-17 10 

EPI_ISL_406596 

BetaCoV/France/IDF0372/2020|EPI_ISL_
406596 France / Ile-de-France / Paris 2020-01-23 11 

EPI_ISL_406597 

BetaCoV/France/IDF0373/2020|EPI_ISL_
406597 France / Ile-de-France / Paris 2020-01-23 11 

EPI_ISL_402126 BetaCoV/Kanagawa/1/2020 
Japan/ Kanagawa Prefecture, 
Japan 2020-01-14 12 

EPI_ISL_406031 BetaCoV/Guangdong/20SF013/2033 Taiwan/Kaohsiung City 2020-01-23 13 

EPI_ISL_403962 BetaCoV/Guangdong/20SF013/2025 Thailand/ Nonthaburi Province 2020-01-08 14 

EPI_ISL_403963 BetaCoV/Guangdong/20SF013/2026 Thailand/ Nonthaburi Province 2020-01-13 14 
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EPI_ISL_406223  BetaCoV/Guangdong/20SF013/2036 USA / Arizona / Phoenix 2020-01-22 15 

EPI_ISL_406034 BetaCoV/Guangdong/20SF013/2034 USA / California / Los Angeles 2020-01-23 16 

EPI_ISL_406036 BetaCoV/Guangdong/20SF013/2035 USA / California / Orange County 2020-01-22 16 

EPI_ISL_404253 BetaCoV/Guangdong/20SF013/2029 USA / Illinois /Chicago 2020-01-21 17 

EPI_ISL_404895 BetaCoV/Guangdong/20SF013/2030 
USA / Washington / Snohomish 
County 2020-01-19 18 

 
Citations and acknowledgements to original laboratories generating the data: 
 
1 - National Institute for Communicable Disease Control and Prevention (ICDC) Chinese 
Center for Disease Control and Prevention (China CDC) 
2 - The University of Hong Kong - Shenzhen Hospital 
3 - National Institute for Viral Disease Control and Prevention, China CDC 
4 - Institute of Pathogen Biology, Chinese Academy of Medical Sciences & Peking Union 
Medical College 
5 - Wuhan Jinyintan Hospital, Wuhan Institute of Virology, Chinese Academy of Sciences 
6 - Institute of Pathogen Biology, Chinese Academy of Medical Sciences & Peking Union 
Medical College 
7 - Guangdong Provincial Center for Diseases Control and Prevention; Guangdong Provinical 
Public Health 
8 - Wuhan Jinyintan Hospital, Hubei Provincial Center for Disease Control and Prevention 
9 - Shenzhen Key Laboratory of Pathogen and Immunity, National Clinical Research Center 
for Infectious Disease, Shenzhen Third People's Hospital 
10 -Zhejiang Provincial Center for Disease Control and Prevention, Department of 
Microbiology, Zhejiang Provincial Center for Disease Control and Prevention 
11 - Department of Infectious and Tropical Diseases, Bichat Claude Bernard Hospital, Paris, 
National Reference Center for Viruses of Respiratory Infections, Institut Pasteur, Paris 
12 -Deptartment of Virology III, National Institute of Infectious Diseases  
13 - Centers for Disease Control, R.O.C. (Taiwan) 
14 - Bamrasnaradura Hospital,  Department of Medical Sciences, Ministry of Public Health, 
Thailand, Thai Red Cross Emerging Infectious Diseases - Health Science Centre, Department 
of Disease Control, Ministry of Public Health, Thailand 
15 - Arizona Department of Health Services, Pathogen Discovery, Respiratory Viruses 
Branch, Division of Viral Diseases, Centers for Disease Control and Prevention 
16 - California Department of Public Health, Pathogen Discovery, Respiratory Viruses 
Branch, Division of Viral Diseases, Centers for Dieases Control and Prevention 
17 - Department of Public Health Chicago Laboratory, Pathogen Discovery, Respiratory 
Viruses Branch, Division of Viral Diseases, Centers for sControl and Prevention 
18 - Providence Regional Medical Center, Division of Viral Diseases, Centers for Disease 
Control and Prevention 
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Supplementary Table 2: Reference phylogenetic dataset sequences selected for the 
Genome Detective Coronavirus Tool. 
 

SARSr-CoV Cluster Sequence Name Accession Number Location Host 

Bat SARS-CoV HKU3 HKU3_3 DQ084200 China Bat 

Bat SARS-CoV HKU3 HKU3_6 GQ153541 China Bat 

Bat SARS-CoV HKU3 HKU3_9 GQ153544 China Bat 

Bat SARS-CoV ZXC21/ZC45 bat_SL_CoVZXC21 MG772934 China Bat 

Bat SARS-CoV ZXC21/ZC45 bat-SL-CoVZC45 MG772933.1 China Bat 

SARS related CoV As6526 KY417142 China Bat 

SARS related CoV BtCoV2732005 DQ648856 China Bat 

SARS related CoV BtCoV2792005 DQ648857 China Bat 

SARS related CoV Rs3367 KC881006 China Bat 

SARS related CoV Rs4237 KY417147 China Bat 
SARS related CoV Rs9401 KY417152 China Bat 

SARS related CoV WIV1 KF367457 China Bat 

SARS-CoV Outbreak 2002-3 BJ182_12 EU371564 China Human 

SARS-CoV Outbreak 2002-3 HKU_39849 AY278491 Hong Kong Human 
SARS-CoV Outbreak 2002-3 LC4 AY395001 China Human 

SARS-CoV Outbreak 2002-3 NC_004718 NC_004718 Canada Human 

SARS-CoV Outbreak 2002-3 SARS_ExoN1_2010 KF514393 USA N/A 

SARS-CoV Outbreak 2002-3 SARS_WTic_2009 KF514394 USA N/A 

SARS-CoV Outbreak 2002-3 SARS_WTic_2010 KF514388 USA N/A 

SARS-CoV Outbreak 2002-3 Sin842 AY559081 Singapore Human 
SARS-CoV Outbreak 2002-3 Sin848 AY559085 Singapore Human 

SARS-CoV Outbreak 2002-3 Sin850 AY559096 Singapore Human 

SARS-CoV Outbreak 2002-3 TW7 AY502930 Taiwan Human 

Wuhan 2019-nCoV WH-Human1_China_2019-Dec MN908947 China Human 

2019nCoV_USA_AZ1_2020 2019nCoV_USA_AZ1_2020 MN997409 USA Human 

2019_nCoV_WHU02 2019_nCoV_WHU02 MT019532 China Human 

Supplementary Table 3: Evaluation of the Genome Detective Coronavirus Typing Tool to 
classify coronavirus complete genomes. The classification results were compared to manual 
phylogenetic analysis .  In this table, the following abbreviations are used:   TP, total positives; 
TN, total negatives; FP, false positive;  FN, False negative; Sens, sensitivity; Spec, specificity; 
PPV, positive predicted value; NPVs negative predicted value, ACC, accuracy. 
 

Virus species Known TP TN FP FN SENS SPEC ACC 

Betacoronavirus 121 121 311 0 0 100% 100% 100% 

Human Coronavirus HKU1 19 19 413 0 0 100% 100% 100% 

Longquan Rl rat coronavirus 1 0 432 0 1 0% 100% 100% 

MERSr-CoV 97 97 335 0 0 100% 100% 100% 

Murine Hepatitis Virus 9 9 423 0 0 100% 100% 100% 
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Rat Coronavirus 3 3 429 0 0 100% 100% 100% 

Rousettus bat coronavirus HKU9 4 4 428 0 0 100% 100% 100% 

SARSr-CoV 176 176 256 0 0 100% 100% 100% 

Tylonycteris bat coronavirus HKU4 1 1 431 0 0 100% 100% 100% 

Zaria_bat_coronavirus 1 0 432 0 1 0% 100% 100% 

Total 432               

SARSr-CoV Clusters Known TP TN FP FN SENS SPEC ACC 

Bat SARS-CoV HKU3 8 8 424 0 0 100% 100% 100% 

Bat SARS-CoV ZXC21/ZC45 2 2 430 0 0 100% 100% 100% 

SARS related CoV 6 6 426 0 0 100% 100% 100% 

SARSr-CoV outbreak 2002-3 112 112 320 0 0 100% 100% 100% 

Wuhan 2019-nCoV 47 26 406 0 0 100% 100% 100% 

Total 176               

Total sequences 432               

 
 
Supplementary Table 4A:  Nucleotide and protein mutational analysis performed by Genome 
Detective Coronavirus Typing Tool. This table compares an n2019-CoV query sequence 
(GenBank Accession Number MN90847) to the reference strain of SARS (NC_004718.3: 
GenBank). In the table, the following abbreviations are used: Begin, first nucleotide position 
that reference sequence; End, last nucleotide position that matches the reference sequence;  
Coverage: coverage of  reference sequence genome; Score, nucleotide and amino acid score 
of AGA;  Matches, number of matches; Identities, number of identical nucleotides; I, 
insertions; D, deletions; M, misaligned; F, Frameshifts; Stop codons, number of stop codons 
and CDS, coding sequencing. 
 

Ref:  SARS: NC_004718.3 
Begi

n End 
Coverag

e 
Scor

e 
Concordan

ce Matches Identities I/D   
Query: n2019-CoV: 

MN908947 1 
2967

7 99.8% 
3451

0 58.6% 
29591 

(98.9%) 
23621 

(79.0%) 229/86   

CDS Begi
n End Coverag

e 
Scor

e 
Concordan

ce Matches Identities I/D/M/
F 

Stop 
Codon

s 

1_orf1ab 1 7074 100% 
4403

4 89.0% 
7068 

(99.5%) 
6126 

(86.2%) 
29/6/0/

0 1 

2_orf1ab 1 4383 100% 
2529

7 83.9% 
4377 

(99.2%) 
3553 

(80.5%) 
29/6/0/

0 1 

3_S 1 1256 100% 7176 81.6% 
1249 

(97.5%) 976 (76.2%) 
25/7/0/

0 1 

4_sars3a 1 275 100% 1490 75.5% 275 (99.6%) 200 (72.5%) 1/0/0/0 1 

5_sars3b 1 155 100% 519 52.9% 155 (99.4%) 89 (57.1%) 1/0/0/0 5 

6_E 1 77 100% 447 96.3% 76 (98.7%) 73 (94.8%) 0/1/0/0 1 

7_M 1 222 100% 1419 92.9% 222 (99.6%) 202 (90.6%) 1/0/0/0 1 

8_sars6 1 64 100% 300 74.6% 62 (96.9%) 43 (67.2%) 0/2/0/0 1 

9_sars7a 1 123 100% 758 89.3% 122 (99.2%) 105 (85.4%) 0/1/0/0 1 

10_sars7b 1 45 100% 252 83.7% 44 (97.8%) 36 (80.0%) 0/1/0/0 1 

11_sars8a 1 40 100% 100 33.8% 39 (90.7%) 13 (30.2%) 3/1/0/0 0 

12_sars8b 1 85 100% 26 4.2% 81 (81.8%) 30 (30.3%) 
14/4/1/

1 4 
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13_N 1 423 100% 2645 91.3% 420 (99.3%) 383 (90.5%) 0/3/0/0 1 

14_sars9b 1 99 100% 451 72.9% 98 (99.0%) 72 (72.7%) 0/1/0/0 1 

 
Supplementary Table 4B: Nucleotide and protein mutational analysis performed by Genome 
Detective Coronavirus Typing Tool. This table compares an n2019-CoV query sequence 
(GenBank Accession Number MN90847) to the Bat SARS related CoV sequence, 
bat_SL_CovZXC21 (MG772934: GenBank). In the table, the following abbreviations are used: 
Begin, first nucleotide position that reference sequence; End, last nucleotide position that 
matches the reference sequence;  Coverage: coverage of  reference sequence genome; Score, 
nucleotide and amino acid score of AGA;  Matches, number of matches; Identities, number of 
identical nucleotides; I, insertions; D, deletions; M, misaligned; F, Frameshifts; Stop codons, 
number of stop codons and CDS, coding sequencing. 
 
 

B) bat_SL_CoVZXC21: 
MG772934 

Begi
n End 

Covera
ge 

Scor
e 

Concordan
ce Matches Identities I/D   

n2019-CoV: MN908947 1 
2974

1 99.5% 
4475

0 75.6% 
29638 

(99.3%) 
26108 

(87.5%) 182/17   

CDS Begi
n 

End Covera
ge 

Scor
e 

Concordan
ce 

Matches Identities I/D/M/F 
Stop 
Codo

ns 

1_orf1ab 1 7078 99.9% 
4759

3 96.4% 
7071 

(99.6%) 
6767 

(95.3%) 
28/1/6/

0 1 

2_orf1ab 1 4387 99.9% 
2893

3 96.3% 
4380 

(99.3%) 
4197 

(95.2%) 
28/1/6/

0 1 

3_S 1 1253 99.4% 7104 83.8% 
1243 

(97.6%) 
1015 

(79.7%) 
29/2/10

/0 1 

4_sars3a 1 276 100% 1847 93.7% 276 (100%) 254 (92.0%) 0/0/0/0 1 

5_sars3b 1 156 100% 755 75.1% 156 (100%) 124 (79.5%) 0/0/0/0 5 

6_E 1 77 98.7% 474 100% 76 (100%) 76 (100%) 0/0/0/0 1 

7_M 1 223 100% 1521 98.6% 223 (100%) 220 (98.7%) 0/0/0/0 1 

8_sars6 1 64 96.9% 369 86.6% 62 (100%) 58 (93.5%) 0/0/0/0 1 

9_sars7a 1 123 99.2% 776 91.0% 122 (100%) 108 (88.5%) 0/0/0/0 1 

10_sars7b 1 45 97.8% 288 93.8% 44 (100%) 41 (93.2%) 0/0/0/0 1 

11_sars8a 1 43 97.7% 331 98.5% 42 (100%) 40 (95.2%) 0/0/0/0 0 

12_sars8b 1 99 96.0% 453 74.0% 95 (100%) 73 (76.8%) 0/0/2/0 4 

13_N 1 422 99.5% 2707 94.6% 419 (99.5%) 396 (94.1%) 1/1/0/0 1 

14_sars9b 1 99 99.0% 446 72.3% 98 (100%) 72 (73.5%) 0/0/0/0 1 

 
Supplementary Table 4C: Nucleotide and protein mutational analysis performed by Genome 
Detective Coronavirus Typing Tool. This table compares an n2019-CoV query sequence,  
BetaCoV/France/IDF0373/2020|EPI_ISL_406597, isolated in France, Jan 2010, (GISAID 
Accession Number ISL_406597) to the first n2019-CoV sequence, isolated in Wuhan, Dec 2019 
(MN908947: GenBank). The following abbreviations are used: Begin, first nucleotide position 
that reference sequence; End, last nucleotide position that matches the reference sequence;  
Coverage: coverage of  reference sequence genome; Score, nucleotide and amino acid score 
of AGA;  Matches, number of matches; Identities, number of identical nucleotides; I, 
insertions; D, deletions; M, misaligned; F, Frameshifts; Stop codons, number of stop codons 
and CDS, coding sequencing. 
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C) n2019-CoV: MN908947 
Begi

n End 
Coverag

e Score 
Concordanc

e Matches Identities I/D   

n2019-CoV: 
BetaCoV/France/IDF0373/2

020 

20 2991
4 99.4% 5960

6 99.9% 29809  
(100%) 

29806 
(99.9%) 0/0   

CDS 
Begi

n End 
Coverag

e Score 
Concordanc

e Matches Identities 
I/D/M/

F 

Stop 
Codon

s 

1_orf1ab 1 7103 99.9% 
4959

6 100% 
7097 

(100%) 7097 (100%) 0/0/0/0 1 

2_orf1ab 1 4412 99.9% 
3027

7 100% 
4406 

(100%) 4406 (100%) 0/0/0/0 1 

3_S 1 1281 99.5% 8985 99.9% 
1274 

(100%) 
1273 

(99.9%) 0/0/0/0 1 

4_sars3a 1 276 100% 1944 99.4% 276 (100%) 275 (99.6%) 0/0/0/0 1 

5_sars3b 1 156 100% 964 99.6% 156 (100%) 155 (99.4%) 0/0/0/0 5 

6_E 1 77 98.7% 474 100% 76 (100%) 76 (100%) 0/0/0/0 1 

7_M 1 223 100% 1538 100% 223 (100%) 223 (100%) 0/0/0/0 1 

8_sars6 1 64 96.9% 400 100% 62 (100%) 62 (100%) 0/0/0/0 1 

9_sars7a 1 123 99.2% 846 100% 122 (100%) 122 (100%) 0/0/0/0 1 

10_sars7b 1 45 97.8% 316 100% 44 (100%) 44 (100%) 0/0/0/0 1 

11_sars8a 1 43 97.7% 339 100% 42 (100%) 42 (100%) 0/0/0/0 0 

12_sars8b 1 99 96.0% 608 100% 95 (100%) 95 (100%) 0/0/2/0 4 

13_N 1 423 99.3% 2860 99.9% 420 (100%) 419 (99.8%) 0/0/0/0 1 

14_sars9b 1 99 99.0% 618 100% 98 (100%) 98 (100%) 0/0/0/0 1 

 
 
Supplementary Table 4C-II: This table compares an n2019-CoV query sequence, 
BetaCoV/France/IDF0373/2020|EPI_ISL_406597, isolated in France, Jan 2010, (GISAID 
Accession Number ISL_406597) to the first n2019-CoV sequence, isolated in Wuhan, Dec 2019 
(MN908947: GenBank). The French isolated sequence has two nucleotide (NT) mutations at 
genome position 22551 (G to T) and 26016 (G to T). These mutations affect three proteins: E2 
glycoprotein (Uniprot Accession Number: NP_828851.1), Hypothetical protein sars3a (Uniprot 
Accession Number: NP_828852.2) and Hypothetical protein sars3b ((Uniprot Accession 
Number: NP_828853.1). Please note that NT mutation 26016G>T affects two open reading 
frames that code two hypothetical proteins, sars3a and sars3b. 
 

Mutations NT 22551G>T, 26016G>T       

Proteins Mutations:         

E2 glyco (NP_828851.1 )  Protein mutations:         

  V354F (22551G>T)         

  Codon mutations:         

  GTC354TTC (22551G>T)       

sars3a (NP_828852.2) Protein mutations:         

  G250V (26016G>T)         

  Codon mutations:         
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  GGT250GTT (26016G>T)       

sars3b (NP_828853.1) Protein mutations:         

  V110F (26016G>T)         

  Codon mutations:         

  GTT110TTT (26016G>T)       
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Appendix 4 Supplementar y material to the manuscript entitled “West Nile Virus in Brazil” 
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