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 Background: The occurrences of global viral pandemics have been rising as increased travel between distant countries has introduced previously endemic viruses to new envi-ronments. Major contributors to global human hemorrhagic and neurological diseases with high mortality rates include half of the ca. 70 species of the genus Flavivirus. The most widespread and well-known flaviviruses are Dengue virus, Japanese encephalitis virus, West Nile virus and Zika virus. Although the transmission routes of major viruses are well-documented and thoroughly researched, the knowledge has been gained from past outbreaks, which has been a limitation in surveillance of novel flaviviruses. Thus, having early information about potential hosts is essential in controlling and preventing viral outbreaks. 

Aims: The goal of the master’s thesis is to characterize the codon and nucleotide com-positions of flaviviruses and to assess a potential use to the identification of putative hosts. This methodology will be utilized to develop a new algorithm capable of identifying optimal hosts through a simple comparative codon usage analysis. This information will be highly valuable to estimate the risk of spread of a virus.  
Methods: The genomic characterization of flaviviruses was done with computational bi-ology methods. Computed codon usages were analyzed with clustering methods to iden-tify subgroups of viruses and their optimal hosts. The rationale behind this methodology was that codon usages vary among species and this variability is driven by the virus adaptation to the hosts.  
Results: (1) Genotypes of Zika viruses showed distinct codon usage patterns, which linked the origin of American and European virus cases to the Asian genotype. (2) Dis-tinct usage patterns were similarly observed when the methodology was applied to other major flaviviruses. (3) Optimal hosts for mosquito-borne flaviviruses included vertebrates and Aedes mosquitos, whereas tick-borne viruses were optimized to ticks. Aedes mos-quitoes were also optimal for insect-only flaviviruses. Culex and Anopheles mosquitoes were suboptimal to all groups. Moreover, flaviviruses clustered based on established vector-based classification, host types preferences and phylogeny. The identified hosts were in accordance to previous studies done in field and laboratory.  
Conclusions: The proposed methodology based on codon usages is able to estimate hosts for flaviviruses within a close range. The algorithm can be implemented in compu-tationally weak equipment, thus it may be deployed fast and on-site during viral pandem-ics. In further studies this methodology, with minor modifications, could be utilized to predict putative hosts of other viruses. A scientific article describing the host identification algorithm is under preparation (appendix 4). 
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TURUN YLIOPISTO Biologian laitos Phuoc Truong Nguyen Flavivirusten fylogenominen määritys Tutkielma, 62 sivua (4 liitettä). Biologia Helmikuu, 2019 Turun yliopiston laatujärjestelmän mukaisesti tämän julkaisun alkuperäisyys on tarkas-tettu Turnitin Originality Check -järjestelmällä. 
 Taustatiedot: Maailmanlaajuisten viruspandemioiden määrä ihmisten keskuudessa on kasvanut, koska ihmisten lisääntynyt liikkuminen on mahdollistanut endeemisten virus-ten leviämisen uusiin ympäristöihin. Noin 70 Flavivirus-suvun virusta kuuluu kuolemaan johtavien verenvuoto- ja hermostotautien merkittävimpiin aiheuttajiin. Laajimmalle levin-neet ja tunnetuimmat flavivirukset ovat denguevirus, Japanin aivotulehdusvirus, Länsi-Niilin virus ja zikavirus. Virusten leviämismekanismit ovat yleensä selvitetty vasta vi-rusepidemioiden jälkeen. Tiedon puute virusten siirtovektoreista ja isäntäeliöistä rajoittaa uusien flavivirusten jäljittämistä, minkä vuoksi ennakko tieto mahdollisista isäntäeliöistä on välttämätön virusepidemioiden hallinnassa ja torjunnassa. 

Päämäärät: Päämääränä on määritellä flavivirusten koodaavan sekvenssin kodoni- ja nukleotidikoostumus sekä hyödyntää näitä mahdollisten isäntäeliöiden tunnistuksessa. Menetelmää hyödynnetään kehitettäessä uutta algoritmia, jolla voitaisiin tunnistaa opti-maaliset isäntäeliöt yksinkertaisella vertailevalla kodonienkäyttöanalyysillä.  
Menetelmät: Laskennallisen biologian menetelmillä määritettiin flavivirusten kodoni- ja nukleotidikoostumus. Virusten alaryhmät ja optimaaliset isäntäeliöt tunnistettiin laske-tuilla kodonien käyttöarvoilla, jotka olivat analysoitu klusterointimenetelmillä. Tunnistus-menetelmä perustui viruslajien erilaisiin kodonienkäyttöprofiileihin, joiden muunteluun vaikuttaa virusten adaptaatio isäntäeliöihin. Tämä tieto on hyvin tärkeää virusten le-viämisriskin arvioinnissa.  
Tulokset: (1) Zikavirusten eri genotyypeillä havaittiin omanlainen kodonienkäyttöprofiili. Havainto osoitti amerikkalaisten ja eurooppalaisten zikuvirusten kuuluvan Aasian geno-tyyppiin. (2) Erilaisia käyttöprofiileja havaittiin myös dengueviruksella, Japanin aivotuleh-dusviruksella ja Länsi-Niilin viruksella. (3) Flavivirusten klusterit ryhmittyivät siirtovekto-rien, isäntäeliöiden ja fylogenian mukaisesti. Hyttysten levittämien flavivirusten optimaa-liset isäntäeliöt olivat selkärankaiset ja Aedes-suvun hyttyset, kun taas punkkien levittä-mät virukset olivat sopeutuneet punkkeihin. Aedes-suvun hyttyset olivat myös optimaa-lisia isäntiä hyönteisiä infektoiville viruksille. Culex- ja Anopheles-suvun hyttyset eivät olleet ihanteellisia isäntäeliöitä millekään flavivirusryhmälle. Algoritmin tulokset olivat yh-teneviä aiempien kenttä- ja laboratoriotutkimusten tulosten kanssa. 
Johtopäätelmät: Tutkielmassa kehitetty menetelmä, joka perustuu kodonien käyttöön, pystyy arvioimaan suhteellisen tarkasti flavivirusten isäntäeliöt. Koska algoritmi ei tar-vitse paljon laskentatehoa, menetelmää voidaan hyödyntää kenttäolosuhteissa. Jatko-kehitettyä menetelmää voitaisiin soveltaa jatkossa muidenkin virusten isäntäeliöiden määrityksessä. Tutkielman tulokset tullaan julkaisemaan tieteellisessä artikkelissa (liite 4). 

 
 
Asiasanat: flavivirus, synonyymien (samaa aminohappoa koodaavien) kodonien suhteel-linen käyttö, kodonien adaptaatioindeksi, algoritmi, laskennallinen biologia, isäntäeliön tunnistus



 

 

CONTENTS 
1. INTRODUCTION ................................................................................................... 1 

 Virus epidemics in the recent past .................................................................. 1 

 Genus Flavivirus ............................................................................................. 1 

 Arthropod vectors of flaviviruses ..................................................................... 2 

 Flavivirus genome organization and replication .............................................. 2 

 The importance and challenges of virus surveillance ...................................... 4 

 Aims ............................................................................................................... 5 

2. MATERIALS AND METHODS ............................................................................... 7 

 Data collection ................................................................................................ 7 

2.1.1. Genome sequences................................................................................. 7 

2.1.2. Classification of flaviviruses ..................................................................... 7 

2.1.3. Codon usage reference tables ................................................................. 9 

 Characterization of genomic composition ....................................................... 9 

 General statistical methods ........................................................................... 11 

 Host identification ......................................................................................... 12 

 Cluster analysis ............................................................................................ 14 

2.5.1. UPGMA ................................................................................................. 14 

2.5.2. K-means ................................................................................................ 15 

 Multifactorial analyses .................................................................................. 16 

 Phylogenetic analyses .................................................................................. 16 

 Programming skills ....................................................................................... 18 

3. RESULTS ............................................................................................................ 19 

 Pilot study ..................................................................................................... 19 

3.1.1. Codon usage patterns ........................................................................... 19 

3.1.2. Dendrograms ......................................................................................... 21 

3.1.3. Pair-wise distances ................................................................................ 25 

 Genomic composition ................................................................................... 26 

3.2.1. Dengue virus ......................................................................................... 27 

3.2.2. Japanese encephalitis virus ................................................................... 28 

3.2.3. West Nile virus....................................................................................... 29 

3.2.4. Zika virus ............................................................................................... 30 

3.2.5. Major mosquito-borne flaviviruses ......................................................... 31 

 Optimal host identification ............................................................................. 32 

3.3.1. Optimal hosts......................................................................................... 33 

3.3.2. Trends in codon usage optimization ...................................................... 34 
  



 

 

4. DISCUSSION ...................................................................................................... 36 

 Examination of the Zika virus pilot study ....................................................... 36 

4.1.1. Validity of proposed methodology .......................................................... 36 

4.1.2. Differences found among Zika viruses ................................................... 37 

4.1.3. Origin of Zika virus ................................................................................. 39 

 Genomic composition of major mosquito-borne flaviviruses .......................... 40 

 Optimal host identification of flaviviruses ...................................................... 40 

4.3.1. Aspects of codon usage optimization and nCAI ..................................... 40 

4.3.2. Estimated hosts and their accuracy ....................................................... 42 

5. CONCLUSIONS .................................................................................................. 44 

6. FUTURE IMPROVEMENTS ................................................................................ 45 

7. ACKNOWLEDGMENTS ...................................................................................... 46 

8. REFERENCES .................................................................................................... 47 

9. APPENDICES ..................................................................................................... 62 

 
 



 

1 

1. INTRODUCTION 
 Virus epidemics in the recent past 

The number of novel human infecting viruses and pandemics have been steadily increas-
ing since the beginning of the 20th century (Woolhouse et al. 2012). The main factors that 
contribute to the rise of viral epidemics are international traveling, which contributes to 
the introduction of endemic viruses and their vectors to new environments (Tatem et al. 
2006); climate change, which widens the habitable zone of many disease transmitting 
vector organisms (Githeko et al. 2000); and the rise of human population densities that 
can increase the likelihood of exposure and transmission of pathogens (Dobson and 
Carper 1996; Wolfe et al. 2007). 
It is estimated that 61% of human infecting pathogens are zoonotic (Taylor et al. 2001), 
i.e. mainly spread from animals to human. Out of these, vector-borne viruses make up 
11% (Taylor et al. 2001). However, novel human infecting pathogens are estimated to 
be 75% zoonotic and of those, 29% are vector-borne viruses (Taylor et al. 2001). Novel 
human infecting viruses primarily emerge through the process of initial exposure and the 
following primary infection (Wolfe et al. 2007). Many of the current viral infectious dis-
eases in humans have originated from zoonotic viruses, such as AIDS (Keele et al. 
2006), swine influenza (Smith et al. 2009; Das et al. 2010), Ebola virus disease (Gire et 
al. 2014), rabies (Badrane and Tordo 2001) and measles (Furuse et al. 2010). 

 Genus Flavivirus 
The name of these arthropod-borne, i.e. arboviruses, originates from the Latin word fla-
vus meaning yellow, which stems from the yellow skin pigmentation (jaundice) caused 
by yellow fever. Flaviviruses can be found on every continent, but species have diverse 
geographic distributions. Infections from Flaviviruses may cause a wide-range of symp-
toms including several types of fever (e.g. meningitis, encephalitis, fever and hemor-
rhagic fever) and other ailments (e.g. arthralgia and rashes). Over half of the ca. 70 spe-
cies of the genus Flavivirus cause illnesses with high mortality rates and are major con-
tributors to global human hemorrhagic and neurological diseases. 
Flaviviruses originated right after the last ice age, around 10,000 years ago, from an 
ancestral non-vector mammal specific virus (Gould et al. 2001, 2003). The serological 
classification of flaviviruses divides them into two major groups: viruses with and without 
a vector. The monophyletic groups of vector dependent flaviviruses are based on the 
type of vector (Kuno et al. 1998). These are 1) mosquito-borne flaviviruses (viruses 
mainly spread by mosquitoes); 2) tick-borne flaviviruses (viruses mainly spread by ticks); 
3) insect-specific or insect-only flaviviruses (viruses that infect only insects); and 4) fla-
viviruses with unknown vector.  
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Flaviviruses infect a wide range of vertebrates and hematophagous arthropods (Cham-
bers et al. 1990), mainly mosquitoes (50% of flaviviruses) and ticks (28% of flaviviruses) 
(Simmonds et al. 2017). As arboviruses, vector-borne flaviviruses have enzootic trans-
mission cycles, which are also known as jungle (sylvatic) cycles. During these cycles, a 
virus replicates itself within the cell of a reservoir host without causing any apparent harm 
to the host. Therefore, reservoir hosts tend to be infected multiple times by flaviviruses 
and exploited for viral reproduction.  

 Arthropod vectors of flaviviruses 
The most widely distributed flaviviruses are Dengue virus (DENV), Japanese encephali-
tis virus (JEV), West Nile virus (WNV) and Zika virus (ZKV). They are spread by mosqui-
toes of the genus Aedes, mainly Aedes aegypti (yellow fever mosquito) and A. albopictus 
(Asian tiger mosquito). Both species are similar morphologically (dark brown or black 
with white stripes on their bodies and legs) and are wide-spread around the globe, but 
mostly in the tropics. Usually, A. aegypti is a more suitable vector to spread the virus in 
human populations because of its ecological habits. Whereas A. albopictus prefers to 
breed, feed and live in rural outdoor areas, A. aegypti usually feeds in urban areas within 
human housings and lays its eggs in small water containers near houses. A. aegypti has 
two distinguishable subspecies, the darker rural A. aegypti formosus (Mattingly 1957), 
and the globally distributed domestic A. aegypti aegypti. The domesticated subspecies 
is more susceptible to Dengue viruses infections enabling it to be a more potent carrier 
vector (Failloux et al. 2002). 
The majority of tick-borne flaviviruses (TBFVs) are transmitted to vertebrates by hard 
ticks (Ixodidae) of the genera Ixodes, Dermacentor and Haemaphysalis. Soft ticks (Ar-
gasidae) are the primary cause of transmission of TBFVs in seabirds, which rarely infect 
humans (Estrada-Peña and Jongejan 1999), except when humans go into the natural 
habitats of soft ticks, e.g. bird nests. 

 Flavivirus genome organization and replication 
The average size of a spherical flavivirus virion is 50 nm and typically contains three 
structural proteins: the capsid protein C, the envelope glycoprotein E and the membrane 
protein M (or its precursor prM). C is a vital capsid protein in the formation of the nucle-
ocapsid, i.e. the unenveloped capsid housing the viral genome. E protein is the most 
abundant envelope protein. It is dimeric and rod-shaped, and as a hemagglutinin (a gly-
coprotein that causes the agglutination of red blood cells), participates in both the binding 
of the surface receptors of a virus and the host cell, and the entry of the virion via endo-
cytosis. The membrane-associated M and prM proteins are used to differentiate virions 
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that are either mature or immature. If the proteolytic cleavage of it from prM is compro-
mised, it will inhibit the formation of functional viral particles (Amberg and Rice 1999) and 
therefore decrease the virulence of a virus. The weight of a flavivirus virion consists of 
approximately 17% of lipids and 9% of glycolipids and glycoproteins, which are derived 
from host cells during exocytosis. 
A flavivirus genome (figure 1) is typically an enveloped positive single-stranded RNA 
ranging between 9.2–11.0 kilobases in length. The sequence contains a type I cap 
(m7GpppAmp) and a highly conserved guanine at the 5’ end (Wengler et al. 1978), which 
is unique to the genus (Cleaves and Dubin 1979). The RNA lacks a poly-A tail at the 
3’ end, although this element has been found in tick-borne encephalitis viruses (Asghar 
et al. 2014). The RNA strand ends with a conserved cytosine-uracil dinucleotide instead. 
The coding sequences of flavivirus RNA translates into a polyprotein, from which struc-
tural and non-structural proteins are then later cleaved by viral NS2B-NS3 serine prote-
ases. The functions of non-structural viral proteins include controlling the translation and 
replication of the viral RNA and might be involved in its final packaging into a virion. The 
differences among flavivirus genomes stem from the varying lengths, nucleotide compo-
sitions and the arrangement of the RNA elements. Different RNA element organizations 
can be particularly observed between mosquito-borne and tick-borne flaviviruses. For 
example, each has a nonhomologous sequence for RNA cyclization (essential for viral 
replication) at different genomic positions (Kofler et al. 2006). 
 

 
Figure 1. An illustration of a typical flavivirus genome and gene arrangement.  The coding sequence for the polyprotein is located between terminal non-coding regions (NCRs). The five-prime cap is marked at 
the 5’ terminal end. The total length of a typical RNA is 9.2–11.0 kilobases. The names of the encoded structural proteins are marked inside boxes and the names of proteases are marked below their respective boxes. Black arrows indicate parts which are processed by signal peptidases, grey triangles by unknown proteases, black triangles by NS2B-3 proteases and grey arrows by Golgi proteases. The image was edited from an original image from ICTV (ICTV 2017; Simmonds et al. 2017) and is free to use under the Creative Commons Attribution 4.0 International License.  
A flavivirus genome along with structural proteins encodes seven nonstructural proteins 
in infected host cells. These are NS1 (46 kDa), NS2A (22 kDa), NS2B (14 kDa), NS3 
(70 kDa), NS4A (16 kDa), NS4B (27 kDa) and NS5 (103 kDa). NS1 has an important 
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role in RNA replication and participates in regulating the activation of the host comple-
ment system. It also forms serine protease complexes with NS2B to process the viral 
polyprotein. NS3 is involved in RNA replication in three aspects: 1) as an RNA helicase, 
2) has RNA triphosphatase activity and 3) forms the 5’ cap at the end of the strand. NS5 

functions as an RNA-dependent RNA polymerase and has methyltransferase activity 
which modifies the 5’ cap. The protein is also the largest and most conserved. Some of 

the nonstructural proteins induce programmed -1 ribosomal frameshifts, which cause 
some ribosomes to shift their reading frame during translation by one nucleotide. This 
introduces transframe fusion proteins (Firth and Atkins 2009), e.g. the protein NS1’ that 
may be involved in the neuroinvasiveness of the virus (Melian et al. 2010). 
During an infection, flaviviruses rearrange the perinuclear endoplasmic reticulum (ER) 
membrane structures to form vesicles where viruses are replicated. The replication pro-
cess is semi-conservative and includes intermediate RNA molecules in different confor-
mations. The viral RNA first acts as a template for the synthesis of negative-sense com-
plementary RNAs, i.e. replicative intermediates, which in turn are templates for amplify-
ing the number of positive-sense RNAs. These intermediates may be in either single- or 
double-stranded forms. The translation of open reading frames (ORFs) begins from the 
start codon AUG. 
The first viral particles can be found in ribosome-covered rough ER, in which the virus 
components are assembled into immature virions. The topology and movement of viral 
proteins in ER and cytoplasm is controlled by signal and stop-transfer sequences. The 
virions are then transported by the host cell’s secretory system to the cell membrane, 
from which they are released via exocytosis. The virions mature when the prM protein is 
removed by furins or a furin-like cellular proteases during the release (Stadler et al. 
1997). The host cell releases simultaneously a small noninfectious subviral particle. The 
host cell might, however, occasionally release viruses with premature virions.  

 The importance and challenges of virus surveillance 
The most widespread and known flaviviruses (DENV, JEV, WNV and ZKV) are respon-
sible of millions of new infections every year: DENVs cause between 50 to 390 million 
cases of dengue fever annually (Rigau-Pérez et al. 1998; Bhatt et al. 2013); JEVs are 
responsible of approximately 65,000 annual cases of encephalitis (Campbell et al. 2011); 
in 2017 there were around 2,000 and 200 cases of WNVs in the United States (CDC 
2017) Europe and Israel (ECDC 2017) respectively; and ZKVs have over 220,000 con-
firmed cases in the Americas since 2015 (PAHO). Each major flavivirus was capable of 
spreading nearly worldwide within a couple of decades (WHO 2018; Sejvar 2003; Wang 
and Liang 2015; Kindhauser et al. 2016). For example, ZKV, which was originally se-
quenced from Rhesus macaques (Macaca mulatta) in Uganda in 1947 (Dick et al. 1952), 
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became well-known due to its relatively fast pandemic outbreak in South America. The 
World Health Organization (WHO) received the first reports of South American ZKV 
cases and of their connection to microcephaly in newborn babies from the Brazilian Min-
istry of Health in 2015 (Kindhauser et al. 2016). Moreover, the spread of flaviviruses is 
also responsible of significant economic damage, because they are pathogenic to sev-
eral animals, both domestic (turkeys, pigs, horses, sheep and dogs) and wild (grouse 
and muskrats).  
In general, flaviviruses cause silent infections, i.e. cause no diseases in their primary 
hosts or vectors (not to be confused with latent infections), which is why determining the 
transmission pathways of viruses can be difficult. Thus, it is a challenge to assess in 
advance the risk of a flavivirus outbreak. This causes problems especially when the vi-
ruses enter into urban transmission cycles and begin to spread within human populations 
after being transmitted by bridge vectors, also known as secondary vectors. An example 
of a bridge vector is Culex pipiens (Hamer et al. 2008), which although mainly orni-
thophilic, also opportunistically feeds on humans when available and simultaneously 
spreads WNV (Hamer et al. 2009). Usually flavivirus infections are insignificant for the 
health of reservoir hosts. However, the infections can manifest severe and even lethal 
diseases on secondary dead-end hosts, which is why many flaviviruses can remain silent 
until the habitats of the viruses and new potential hosts overlap. In addition to external 
factors, viral prediction methods tend to be uncertain due to the many factors relating to 
the high variability within viruses. This stems from their high mutation rates (Sanjuán et 
al. 2010), common to all single-stranded RNA viruses, such as flaviviruses, because of 
low-fidelity polymerases, lack of proofreading mechanisms and rapid amplification of vi-
ral genomes within host cells (Sanjuán and Domingo-Calap 2016). Another problem for 
host prediction is the uncertainty when determining the host organisms. For example, 
flaviviruses have been repeatedly isolated from animals that are not their primary hosts, 
which is most likely due to transmission through blood meals between hematophagous 
vectors and hosts (Kuno 2007). As a result of this, there are organisms incorrectly la-
beled as hosts leading to erroneous classification of new pathogenic viruses, reproduc-
tion cycles and transmission routes. Moreover, these inaccurate findings may lead to 
imprecise surveillance, and thus, affect the means of efficiently containing viral out-
breaks. 

 Aims 
The aim of this master’s thesis is to characterize the genome of flaviviruses and to as-
sess the potential use of computational biology methods, based on the relative use of 
synonymous codons, to identify their optimal and putative hosts. Due to the prevalence 
of several flaviviruses and the recent rise of awareness for ZKV, it is relevant to develop 
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bioinformatics tools to be used as an early-alarm surveillance system. By understanding 
the evolution and the genomic properties of flaviviruses, genomic markers could be iden-
tified to manage and prevent future viral outbreaks. This master’s thesis is divided in 
three phases: 
1) A pilot study to test, whether a quantitative characterization based on the relative syn-
onymous codon usage (RSCU) is a valid and specific genomic marker. This methodology 
is tested with genomes from all currently available ZKV (appendix 2 table 2). The results 
are then compared with those obtained from the literature. 
2) The second phase consists in applying the methodology developed in the first phase 
to characterize the genomic variability of all fully sequenced flaviviruses. The genomes 
of flaviviruses are analyzed based on several well-stablished metrics, such as the RSCU, 
the percentage of guanine and cytosine at the third position of the codon (GC3) and the 
Codon Adaptation Index (CAI). 
3) The third phase implements a novel algorithm, based on a normalized version of the 
classical CAI (nCAI), to estimate optimal and potential hosts. The results of putative vi-
rus-hosts associations are then interpreted based on a multifactorial analysis.  
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2. MATERIALS AND METHODS 
 Data collection 

Viral sequences were obtained from public databases via FTP (see below) and stored in 
servers from the IT Center for Science (CSC 2017). 

ftp.ncbi.nlm.nih.gov/genomes/Viruses 
ftp.ncbi.nlm.nih.gov/genomes/refseq/viral 
ftp.ncbi.nlm.nih.gov/refseq/release/viral  

Genomic and protein sequences of flaviviruses were updated regularly when new data 
was available. 
2.1.1. Genome sequences 
The classification of flaviviruses and sequences, including amino acids (AAs) and coding 
sequences (CDSs), were obtained from the databases of the National Center for Bio-
technology Information (NCBI 2017; NCBI Resource Coordinators 2018), which is an 
internationally recognized resource for gathering, storing and analyzing information re-
lating to molecular biology, biochemistry and genetics. Protein sequences and CDSs for 
DENVs, WNVs and ZKVs were obtained from the NCBI’s Virus Variation Resource (Virus 
Variation Resource 2017; Hatcher et al. 2017) and sequences for JEVs were obtained 
from the NCBI’s Nucleotide database (Nucleotide 2017) via E-utilities (Sayers 2008) (ta-
ble 1).  
 
Table 1. The number of complete coding sequences (CDSs) and amino acid sequences (AA) for each major mosquito-borne flavivirus used for phylogenomic analyses and the obtention. Sequence data of Dengue viruses, West Nile viruses and Zika viruses were obtained from the Virus Variation Resource (Virus Variation Resource 2017; Hatcher et al. 2017) and data of Japanese encephalitis viruses were ob-tained from the NCBI’s Nucleotide database (Nucleotide 2017). The complete list of sequences used for the ZKV pilot study can be found in appendix 2 table 2. 

 Virus Abbreviation CDS/AA Date 
 Dengue DENV 4,865 25.4.2018 
 Japanese encephalitis JEV 297 25.4.2018 
 West Nile WNV 1,619 25.4.2018 
 Zika ZKV 494 25.4.2018 
 Zika (pilot study) ZKV 362 13.6.2016 

 
2.1.2. Classification of flaviviruses 
Data about subgroups within DENVs, JEVs, WNVs and ZKVs (table 2) was acquired 
from Virus Variation Resource (Virus Variation Resource 2017; Hatcher et al. 2017), Vi-
rus Pathogen Database and Analysis Resource (ViPR 2017; Pickett et al. 2012), and in 
few cases directly from the scientific literature. DENVs were divided into four distinct 
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groups according to their serotypes (WHO 2018), i.e. based on their distinct composi-
tions or patterns of surface antigens. A fifth genotype has been reported by (Normile 
2013), but it was not included due to the lack of sequences at NCBI and ViPR databases. 
WNVs were divided into ten lineages (Pauli et al. 2013), of which the lineages 1A, 1B 
(also known as Kunjin virus) and 2 are well characterized. The other lineages included 
were lineage 4 (Lvov et al. 2004), lineage 5 (Bondre et al. 2007), lineage 7 (Vazquez et 
al. 2010; Pauli et al. 2013), lineage 8 (Fall et al. 2014) and lineage 9/4c (Pachler et al. 
2014). Lineage 6 (Bowen et al. 1970; Poidinger et al. 1996) was excluded from this thesis 
due to no available CDSs. JEVs were categorized into five genotypes (Chen et al. 1990, 
1992; Li et al. 2011; Mohammed et al. 2011) and ZKVs were classified into three distinct 
genotypes based on phylogenetic studies, which were East African, West African and 
Asian genotype (Ramaiah et al. 2017). 
 
Table 2. Classification of Dengue viruse (DENV), Japanese encephalitis virus (JEV), West Nile virus (WNV) and Zika virus (ZKV). The table also includes the number and the distribution of complete coding sequences (CDSs) among groups. 

DENV JEV WNV ZKV Serotype CDS Genotype CDS Lineage CDS Genotype CDS 1 2,043 I 109 1A 1,467 East African 79 2 1,445 II 1 1B 48 West African 7 3 1,031 III 183 2 91 Asian 408 4 346 IV 1 3 1     V 3 4 4       5 5       7 1       8 1       9/4c 1   
 
Flaviviruses are generally categorized into four monophyletic subgroups depending on 
arthropod vectors. These are mosquito-borne flaviviruses (MBFVs), tick-borne fla-
viviruses (TBFVs), insect-only flaviviruses (IOFVs) and flaviviruses with an unknown vec-
tor (UVFVs) (Simmonds et al. 2017). These groups were used as a guidance to identify 
putative hosts. Moreover, flaviviruses were also analyzed based in a much broader (par-
tially overlapping) classification: vertebrates, mosquitoes and ticks. MBFVs, TBFVs and 
UVFVs have replicative cycles, in which they infect their primary vertebrate host through 
an arthropod vector. A paraphyletic subgroup of MBFVs (includes Chaoyang virus, Ilo-
mantsi virus, Lammi virus, Nounané virus and Donggang virus) spreads exclusively 
within mosquitoes (Blitvich and Firth 2015). In this master’s thesis, this last group was 
called dual-host insect-only flaviviruses (dhIOFVs), however, alternative names have 
been suggested in the literature, e.g. dual-host affiliated insect-specific flaviviruses 
(Blitvich and Firth 2015) and MBFV-related viruses (Huhtamo et al. 2014). 
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2.1.3. Codon usage reference tables 
Codon usage tables (CUTs) from the potential hosts were obtained from the Codon Us-
age Database (last release is from June 15th 2007) (Codon Usage Database 2017; Naka-
mura et al. 2000) when available or calculated using a computer script, which utilizes the 
same procedure. The Codon Usage Database constructed CUTs based on genetic se-
quences from GenBank (GenBank 2017), a comprehensive database that contains nu-
cleotide sequences from approximately 260,000 organisms (Benson et al. 2013).  
A list of 16 potential hosts were analyzed in this master’s thesis, including vertebrates 
(mammals, birds, reptiles and amphibians) and arthropods (mosquitoes and a tick) (ap-
pendix 2 table 1). To ensure that the CUTs were as reliable as possible, only animals 
with at least 10,000 CDSs were included in the analysis, with the exceptions of the wild 
boar (Sus scrofa) with 2,953 CDSs and the red junglefowl (Gallus gallus) with 
6,017 CDSs, due to major interest.  

 Characterization of genomic composition 
An analysis of the codon usage and the GC3 was used to characterize the genomic 
composition of the four most common flaviviruses (DENV, JEV, WNV and ZKV). Com-
position of nucleotides in the third codon position (%N3) vary because of a bias towards 
certain codons during translation. The Relative Synonymous Codon Usage (RSCU) and 
the Codon Adaptation Index (CAI) were calculated using the local version of the software 
program CAIcal (version 1.4) (Puigbò et al. 2008a, 2008b). Because viruses use the 
translational machinery of the host cell, codon usages of viruses tend to have codon 
frequencies that mirror those from their hosts (Bahir et al. 2009). However, in certain 
cases, viruses may use the opposite strategy to hide from the host’s defense mecha-

nisms (Mossadegh et al. 2004; Zhou et al. 1999; Cid-Arregui et al. 2003; Karlin et al. 
1990; Zhou et al. 2012; Puigbò et al. 2010). 
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RSCU describes the preferential use for a synonymous codon over another and it is 
calculated by dividing the observed number of the codon by its expected frequency 
(Sharp and Li 1986). The expected frequency is based on the assumption that codons 
for AAs are used equally (Sharp et al. 1986). However, in certain genes, e.g. highly ex-
pressed ones, there is a strong bias towards certain codons (Post et al. 1979; Sharp et 
al. 1986; Puigbò et al. 2008c). These usage patterns in genes are generally the same 
within an organism, although the amount of bias varies in different genes (Sharp and Li 
1986). The RSCU was calculated with equation 1:  
 𝑅𝑆𝐶𝑈𝑖𝑗 =  

𝑥𝑖𝑗

1
𝑛𝑖

∑ 𝑥𝑖𝑗
𝑛𝑖
𝑗=1

 (1) 

In this, xij is the number of a codon (j) for an observed AA (i) occurring in a gene, and ni 
is the number of synonymous codons (1–6) encoding the i. The total number of codons 
is 64. 
The CAI is a numerical value that quantifies the amount of bias towards the use of certain 
codons in a gene. The CAI can be used to estimate expression levels of a gene, to 
compare the codon usage among organisms and to assess the success of heterologous 
expression of a gene in a host organism. Moreover, codon usage biases can be used to 
study a group of highly expressed genes (Puigbò et al. 2008c), the effect of translational 
selection (Puigbò et al. 2007), and potential open reading frames of a gene (Sharp and 
Li 1987, 1986; Puigbò et al. 2008a). In this master’s thesis, a variant of the CAI was used 
to determine the degree of adaptation of viral genomes to putative hosts. 
To determine the CAI in a gene, a reference table of RSCU values of the sequence 
needed to be calculated. The table was constructed by calculating the relative adaptive-
ness of a codon (wij): 
 

𝑤𝑖𝑗 =  
𝑅𝑆𝐶𝑈𝑖𝑗

𝑅𝑆𝐶𝑈𝑖𝑚𝑎𝑥
 (2) 

In equation 2, the value for relative usage for a codon encoding an AA (RSCUij) is divided 
by the same value for the optimal codon (RSCUimax). 
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The CAI can then be calculated using equation 3 based on the geometric mean of w ij 
values for each codon in the gene: 
 

𝐶𝐴𝐼 =  (∏ 𝑤𝑘

𝐿

𝑘=1

)

1
𝐿 (3) 

L is the number of codons, and wk is the w value for the codon (k). CAI is calculated from 
59 synonymous codons in the standard genetic code, i.e. excluding the stop codons 
(UAA, UAG and UGA), the start codon (AUG) and the codon that encodes for the AA 
tryptophan (UGG). CAI can alternatively be calculated more accurately with equation 4: 
 

𝐶𝐴𝐼 = 𝑒𝑥𝑝
1

𝐿
∑ ln 𝑤𝑘

𝐿

𝑘=1

 (4) 

CAI can also be calculated from a CUT, in which case equation 5 should be used: 
 

𝐶𝐴𝐼 = 𝑒𝑥𝑝
1

𝐿
∑ ∑ 𝑥𝑖𝑗 ln 𝑤𝑖𝑗

𝑛𝑖

𝑗=1

18

𝑖=1

 (5) 

While the effects of the length of a gene (L) are minimal, short sequences may introduce 
variability and therefore give inaccurate results. 

 General statistical methods 
Statistical methods used in this thesis included root-mean-square deviation (RMSD) and 
determination coefficient R squared (R2). 
RMSD is a general method in statistics to measure the distance between multiple da-
tasets to identify the outliers. This is usually done by comparing observed data to ex-
pected values by calculating the square root of the mean of the deviations squared (Barn-
ston 1992). In this master’s thesis, the RMSD was used to calculate the distance be-
tween viral RSCU matrices from different geographic locations (xi and yi) with equation 6: 
 

𝑅𝑀𝑆𝐷 =  √
∑(𝑥𝑖 − 𝑦𝑖)2

𝑤
 (6) 

In this equation, w is the sample size, i.e. the 59 synonymous codons. Low RMSD scores 
indicate that there is less variation between codons in different data sets. The RMSD can 
be used to identify outliers, however there are limitations if the deviations are too small. 
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The determination coefficient R squared (R2) is used to determine the linear relationship 
between different datasets. It tells how much the x variables explain the variance in y, 
i.e. how much a model explains the observed variability of the data in relation to its mean 
values. The coefficient value ranges from 0 (no correlation between datasets) to 1 (per-
fect correlation between datasets). However, while R2 is an indication of statistical sig-
nificance, it does not give information about the quality of the dataset or the model. 

 Host identification 
A modified version of the CAI was used to identify putative and optimal hosts. This nor-
malized CAI (nCAI) value was the result of dividing the standard CAI values by CAI val-
ues obtained from own reference genome as in equation 7: 
 

𝑛𝐶𝐴𝐼 =  
𝐶𝐴𝐼ℎ

𝐶𝐴𝐼𝑠
 (7) 

Host CAI values (CAIh) were calculated using the program CAIcal (Puigbò et al. 2008a) 
from virus CDSs and CUTs from known and putative host organisms (appendix 2 ta-
ble 1). Self CAI value (CAIs) for each virus was calculated similarly but using the codon 
usage of the analyzed virus as a reference instead. The CAI value is 1, if the CDS of a 
virus is compared to its own CUT, because the frequency of codons is identical to the 
CDS if both are from the same organism. An advantage of the nCAI was that it allowed 
the comparison among different viruses. The nCAI equaled 1 when the codon usage 
between a virus and a host organism mirrored each other perfectly. Thus, the closer the 
nCAI was to 1, the more optimized the virus was to a host and the higher the putative 
risk of infection. A low level of virus-host codon usage adaptation (underoptimization) 
was when the nCAI was below 1, and alternatively, a high level of adaptation (overopti-
mization) was when the value was above 1. Because the range of optimal nCAI values 
had not been previously established, for this thesis, optimal hosts were considered to be 
within the conservative range between 0.95 and 1.05. 
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Figure 2. Algorithm to identify optimal hosts based on codon adaptation index (CAI) values. To com-pute normalized CAI (nCAI) values, it requires CAI values for the host (CAIh) and the control CAI values for the virus itself (CAIs). CAIh is calculated with the coding sequences of viruses and the codon usage tables of hosts (dashed box on the right), while CAIs is calculated similarly, but with the reference tables of viruses themselves instead (dashed box on the right). The codon usage tables are calculated with computer scripts, and the CAI values are computed with CAIcal (Puigbò et al. 2008a). CAIh is then divided by CAIs, and optimal and likely hosts are then determined based on the resulting nCAI values. 
 
The optimal host identification algorithm (figure 2) was run with available CDSs of cur-
rently identified flaviviruses (N = 94). The putative hosts (appendix 1 table 1) were cho-
sen based on the current information provided by Virus-Host Database (Virus-Host DB 
2017; Mihara et al. 2016), a comprehensive resource for the relationships between vi-
ruses and their hosts, and reported cases from the scientific literature. While the data-
base compiles information from several well-known sources, such as Genbank, NCBI 
and UniProt, the organisms listed may not be always the actual hosts for a virus. This is 
due to the possibility of viruses being sequenced and subsequently “found” in organisms 

that may not be hosts at all. 
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 Cluster analysis 
2.5.1. UPGMA 
The Unweighted Pair Group Method with Arithmetic Mean (UPGMA) is a method in nu-
merical taxonomy to infer phylogeny between organisms (Sokal and Michener 1958). It 
is based on agglomerative hierarchical clustering, which builds a dendrogram starting 
from the bottom, i.e. from smaller clusters, which consist of single observations, and then 
pairing the most identical clusters to form ever larger clusters. The process starts with a 
distance matrix, which is a matrix of pair-wise distance values between two elements. 
By combining elements with similar distances, these form larger composite clusters, 
which are then treated as one element in the next clustering. The distance values be-
tween the new composites are then calculated using the arithmetic averages of the dis-
tances between a composite and the data points in another composite cluster. Because 
all distance values contribute equally when computing new values, UPGMA is called 
“unweighted”. The more important factor affecting the averages is the number of taxa in 
a cluster. This differs from Weighted Pair Group Method with Arithmetic Mean (WPGMA), 
in which the distances are the averages between individual clusters. 
In the ZKV pilot study (appendix 2 figure 1), a dendrogram of ZKVs was done with Den-
droUPGMA (Garcia-Vallvé and Puigbò 2002) using RSCU values of all three genotypes 
(East African, West African and Asian). The tree construction process begun with obtain-
ing all available CDSs of ZKVs from the Virus Variation Resource (Virus Variation Re-
source 2017; Hatcher et al. 2017), after which the RSCU was computed with CAIcal 
(Puigbò et al. 2008a) for each sequence. The results were compiled into a table, which 
was then analyzed with DendroUPGMA. The workflow is summarized in figure 3. It is 
important to note, that because the clustering of viruses was determined based on the 
similarity of RSCU values, the dendrogram computed with UPGMA did not necessarily 
reflect actual phylogenetic relationships.  
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Figure 3. Pipeline showing the steps to reconstruct a dendrogram from relative synonymous codon usage (RSCU) values. Complete coding sequences of Zika viruses were first obtained from Virus Variation Resource database Resource (Virus Variation Resource 2017; Hatcher et al. 2017). The codon usage was then calculated using CAIcal (Puigbò et al. 2008a) and the results put in a table. Finally, a dendrogram was computed from the RSCU values using DendroUPGMA (Garcia-Vallvé and Puigbò 2002). Original figure can be found in appendix 2 figure 1.  
2.5.2. K-means 
K-means clustering was used in this thesis to evaluate the representativeness of refer-
ence sequences of DENVs, JEVs, WNVs and ZKVs. It is an unsupervised method to 
identify groups within data that does not have defined categories. It was first proposed 
in the 1950s (Steinhaus 1956), although its present form was later published in the 1980s 
(Lloyd 1982). The name of the method was popularized in the 1960s (MacQueen 1967). 
The k-means algorithm iteratively cycles through two phases: In the first phase, the al-
gorithm first assigns each data point to a predetermined or a random number of groups 
represented by the variable K. The data points are then clustered based on the similarity 
of a value, pattern or any other factor. In the second phase, the algorithm calculates a 
new centroid based on the average of all data points in a formed cluster. The cycle re-
peats until the location of the centroid and the assigned data points in a cluster do not 
change. 
The clusters are computed based on the shortest Euclidean distances between data 
points and their respective centroids. These clusters are then labeled based on their 
computed centroids and the names can be applied to the original data. The centroid 
weights can finally be examined to qualitatively identify the clustering factor. 
There are many benefits to k-means clustering method. It produces results that are easy 
to interpret, it can be adjusted if there are problems during the analysis, and it can divide 
data sets efficiently. It also requires less computational resources compared to other 
clustering methods, e.g. dendrograms. However, the results may vary depending on the 
initial K. Therefore, to produce accurate results, the inputted K must be appropriate to 
the size and distribution of the dataset. Additionally, if the analyzed data is too homoge-
neous (anisotropic), the produced k-means clusters may not reflect actual groups. 
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 Multifactorial analyses 
Multifactorial analysis (MFA) is a method to study data tables with observations or vari-
ables that may be either numerical (quantitative) or categorical (qualitative). Based on 
these, the data can be grouped and the amount of correlation between groups can be 
determined by analyzing their relationships. Elements on a table can belong into several 
groups. MFA consists of two steps: the data is first analyzed with a principal component 
analysis (PCA) (Pearson 1901; Hotelling 1933), which is an extension of MFA. After this, 
the results are normalized by dividing each with the first value of the PCA. The normal-
ized values are then collected into a new table in the second step and run through an-
other PCA without normalization of values. The final PCA gives factor scores to the ob-
servations and loadings for the variables. 
Correspondence analysis (CA) (Hirschfeld and Wishart 1935) is a multifactorial method 
to measure the correlation or relationship between multiple variables in a contingency 
table, which is commonly a two-way table with two variables. The method plots the rows 
and columns of the table as dots. Additionally, it can show which of the column variables 
contribute the most to the similarity or difference between the variables.  
In this thesis, to determine the evolutionary relationship between different subgroups of 
DENVs, JEVs, WNVs and ZKVs (table 2), a simple CA was performed using the R pack-
age “ca” (version 0.70). In a simple CA, the previously calculated CAI and RSCU values 
were analyzed as separate variables. The results were then plotted with the R package 
“ggplot2” (version 2.2.1). 

 Phylogenetic analyses 
Phylogenetic tree of flaviviruses (appendix 3 figure 1) was built using available reference 
sequences of all flaviviruses and if not available, the sequences were substituted with 
other representative sequences. The sequence data was obtained from NCBI Reference 
Sequence Database (RefSeq 2017; O’Leary et al. 2016). The aim of RefSeq is to create 
a comprehensive database of essential DNA, RNA and protein sequences of eukaryotes, 
prokaryotes and viruses. The database currently has sequences ranging from single 
genes to complete genomes from over 55,000 organisms (O’Leary et al. 2016). The 
mosquito-borne flaviviruses were selected based on known classification (Kuno et al. 
1998; Simmonds et al. 2017). Tree of representative hosts was constructed based on 
NCBI Taxonomy database (NCBI Taxonomy browser 2018; Sayers et al. 2009; Feder-
hen 2012; Benson et al. 2013), which aims to incorporate phylogenetic and taxonomic 
information from published literature, web-based databases, and the advice of sequence 
submitters and taxonomy experts. However, the database notes that it is not an authority 
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in phylogeny or taxonomy. The hosts were chosen based on recorded cases in literature 
(appendix 1 table 1). 
Separate phylogenetic trees for DENVs, JEVs, WNVs, ZKVs and for all flaviviruses (ap-
pendix 1 table 1) were made by performing a multiple sequence alignment (MSA) with 
the AA sequences using MUSCLE (Edgar 2004). MUSCLE is one of the most used and 
cited MSA software, able to create alignments for hundreds of nucleotide or AA se-
quences in seconds. Usually, the main aim of MSA is to determine the level of homology 
between analyzed sequences, which can then be used to infer phylogeny. In this thesis, 
protein sequences were used to build phylogenetic trees (instead of nucleotides) primar-
ily because AAs provided twenty variables to analyze compared to four nucleotides, and 
thus they represented evolutionary relationships more accurately (Hall 2005).  
The alignment data was then analyzed with FastTree (version 2.1.10) (Price et al. 2009) 
and RAxML (version 8.1.3) (Stamatakis 2014) to obtain maximum-likelihood phyloge-
netic trees. FastTree is a quick open-source tool to infer phylogenetic relationships from 
distance-matrix values using the “minimum-evolution” principle, which attempts to build 

phylogenetic trees based on a topology with the least amount of evolution, or in which 
the sum of the branch lengths is the lowest. It searches a starting tree using heuristic 
neighbor joining method. The neighbor joining begins from an initial distance dataset 
from which the neighbors, i.e. operational taxonomic units (OTUs), are paired and this 
results in a certain amount of total branch length in a star-shaped tree. At each pairing 
or clustering phase, the total amount of branch length is minimized, and at the end gives 
a parsimonious tree (Saitou and Nei 1987; Studier and Keppler 1988). Then there is a 
minimum-evolution phase, during which the software attempts to reduce the length of 
the tree by using both nearest-neighbor interchange (NNI) and subtree-prune-regraft 
(SPR) rearrangement methods. NNI switches around branches (subtrees) of a main tree, 
while SPR removes each branch individually from the main tree and inserts it to a differ-
ent place (Felsenstein 2004). Both rearrangement strategies produce multiple hypothet-
ical trees, from which the most optimal is then chosen. The topology and branch lengths 
of the tree is then further optimized by additional NNIs. RAxML (Randomized Axelerated 
Maximum Likelihood), an open-source program, utilizes the maximum-likelihood princi-
ple, which is more accurate but time-consuming and computationally demanding method 
than FastTree.  
The robustness of the phylogenetic trees was estimated based on a method called Boot-
strap (Efron 1979). Bootstrapping is a resampling method to measure the accuracy of 
statistical analyses by estimating the variance, i.e. uncertainty of used data. In phyloge-
netics, bootstrap values are used to indicate the probability of a tree being accurate. This 
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is accomplished by computing how many times a clade appears when reanalyzing sam-
ples from the initial dataset (Felsenstein 1985). Both applied tree building software are 
capable of calculating bootstrap values, but due to the high number of sequences, and 
therefore the high amount of computational power required, only FastTree was used to 
calculate bootstraps. 
The phylogenetic trees were visualized using iTOL, the Interactive Tree Of Life (iTOL 
2017; Letunic and Bork 2016). The iTOL (Version 4.0.3) is a web-based tool to edit and 
display large phylogenetic trees with up to 100,000 leaves. The tool was used to reroot 
the trees to an outgroup, annotate all virus genomes and display bootstrap values for 
every branch. 

 Programming skills 
The manipulation and analyses of large genomic datasets was primarily done using the 
scripting language Perl (version 5.26.1) and the R package (version 3.4.4). Both are 
viable option for bioinformatics, because of their multitude of publicly available modules 
and packages, which can be utilized in many fields of biology. As an undergraduate stu-
dent, I did not have prior experience in Perl, R or any other programming language, thus 
required additional training for the completion of this thesis. 
The data manipulation with Perl included data collection from NCBI database servers, 
parsing of the data, and creation of datasets with relevant genomic information to use in 
further analyses. These were mainly accomplished with self-coded scripts, which were 
compiled into bioinformatics pipelines. Most of the bioinformatics analyses, e.g. se-
quence analyses and phylogenetic tree constructions, were done with publicly available 
software, while applied statistics, multifactorial analyses and data visualizations were 
done with R packages. 
All programming and bioinformatics work were done in a local Linux operating system 
(Ubuntu 16.04). Data storage and computationally demanding analyses, e.g. protein 
alignments and phylogenetic tree constructions, were done in CSC servers (CSC 2017). 
Working in these environments required also additional training. 
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3. RESULTS 
 Pilot study 

The validity of the quantitative characterization method based on the RSCUs of ZKVs 
was assessed by constructing a dendrogram from RSCU values and comparing it to 
established literature. The aim was to test, whether each genotype had specific codon 
usages and whether these could have been used to infer phylogeny. The calculated av-
erages of RSCUs displayed patterns in codon usage that may have been unique to the 
virus (appendix 2 table 3). In addition, these values showed genotype specific codon 
frequencies (appendix 2 table 3) and variations of GC at third codon position (table 3). 
The dendrograms constructed from RSCU values (figure 5) showed similarities between 
viruses from different geographic locations and from different genotypes. The dendro-
grams and CA plots distinguished three genotypes (East African, West African and 
Asian), which matched the phylogenetic classification and revealed the origin of ZKV 
sequences from the Americas and Europe. Quantitative analyses with R2 (figure 7) and 
RMSD (table 4) showed similar results to the phylogenic tree. Furthermore, the dendro-
grams (figure 5) and RMSD values (table 4) supported the hypothesis that the Asian 
genotypes differentiated early in its evolutionary history from an ancestral African geno-
type. 
3.1.1. Codon usage patterns 
The RSCU averages showed that there were specific regional preferences for codon 
usages with ZKVs from East Africa (average SD = 0.033), West Africa (aver-
age SD = 0.019) and Asia (average SD = 0.032) (appendix 2 table 3). Certain codons 
were more frequent in African genotypes, while others were more common in the Asian 
genotype. However, these differences were minor. The codon usage bias was on aver-
age more pronounced in AAs that are encoded with more than two codons. Overall, the 
most abundant codon was on average AGA (encodes arginine), and the least abundant 
was CGA (encodes arginine). 
Multiple synonymous codons (two or more) encoding the same AA showed high variation 
in usage biases (appendix 2 table 3). The difference between the higher and lower av-
erage RSCU value for these codons was 2.351. The most frequent codon among all 
ZKVs was on average AGA (encodes arginine) and the least was CGA (encodes argi-
nine). While AGA was most common in all genotypes, the most uncommon codons dif-
fered between the genotypes. CCG (encodes proline) was the least frequently used in 
East African genotype, TTA (encodes leucine) was the least frequent in West African 
genotype, and CGA (encodes arginine) was the most uncommon codon in Asian geno-
type. 
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Among the AAs encoded by two alternatives codons, there was on average less variance 
than in those that are encoded by a higher number of alternative codons (appendix 2 
table 3). The range between higher and lower average RSCUs was 0.67 for these co-
dons. The most frequently used codon for those AAs encoded by only two codons in 
ZKVs was on average AAC, which (encodes asparagine), whereas the least frequently 
used codon was AAT (encodes asparagine). East African and Asian genotypes had the 
same most and least used codons as ZKVs overall. However, while the least common 
codon in West African genotype was the same as with other genotypes, the most com-
mon codon was AAG (encodes lysine). 
The comparison between recently isolated American ZKV sequences and the Asian gen-
otype revealed that ZKVs in the Americas were most similar to viruses of the Asian gen-
otype (appendix 2 table 3). There was no significant difference in RSCU or %N3 between 
them, although there were minor variations in codon usage. Certain codons were more 
frequent in American ZKVs, e.g. CAA (encodes glutamine), TTG (encodes leucine) and 
TGC (encodes cysteine). Certain codons were also used less frequently in American 
ZKVs, e.g. CTT (encodes leucine), CAG (encodes glutamine) and TGT (encodes cyste-
ine). These results indicated that there might be certain selection pressure that leads to 
changes in the codon frequencies in ZKVs from the Americas, although in CA Asian and 
American ZKVs cluster together and are practically indistinguishable. 
The CA based on RSCU values and nucleotides at the third codon position showed the 
same results (figure 4). The results based on RSCU values clearly split apart the African 
and Asian genotypes (figure 4A), explained mostly by the CGA and TCG. These codons 
encode for the AAs arginine and serine, which are both encoded with six codons. These 
codons had a very low RSCU value, which indicated that the low frequency of CGA and 
TCG were specific to the African genotypes. The loads of the CA showed that most of 
the codons, that clustered the Asian genotype apart from the African genotypes, had 
either C or G in the third codon position (ca. 61% of all codons). Similarly, the African 
genotypes clustered due to having mostly codons that ended with either A or T (ca. 61% 
of all codons).  
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Figure 4. Correspondence analysis plot of Zika virus genotypes (N = 494). The clustering analysis was done using relative synonymous codon usage (RSCU) values (A) and third nucleotides of codons (B). While most RSCU values show little difference between the genotypes, CGA and TCG separate the African gen-otypes from the Asian genotype. Codons that end with adenine (%A3) and thymine (%T3) are also more prevalent in these genotypes, while codons that end with cytosine (%C3) and guanine (%G3) are more frequent in Asian genotypes. In figure A, dimension 1 explains 76.2 percent and dimension 2 6.4 percent of the variability. In figure B, dimension 1 contributes to 88.9 percent and dimension 2 to 8.7 percent of the variance. 
 
The CA based on nucleotides at the third codon position (%N3) showed similar results 
(figure 4B) as with RSCUs. Each genotype formed clear and separate clusters. The di-
vision between the Asian and African genotype clusters was mostly due to the %G3 and 
%C3 content in the Asian genotype. The separation of the African genotypes was caused 
similarly by the %A3 content in the East African genotype and by the %T3 content in the 
West African genotype. The %N3 in table 3 showed that each genotype had different 
nucleotide compositions and that each genotype in figure 4B clustered based on their 
relative %N3. 
 
Table 3. The average third nucleotide composition of codons for each genotype of Zika virus.  The percentage values show that there is a bias to use codons that end with guanine (%G3). Because of this and the relatively high cytosine frequency (%C3), the GC3 content of Zika viruses is high compared to the total content of adenine (%A3) and thymine (%T3). The values also show that the variation between the genotypes is minor. 

Genotype %A3 %T3 %C3 %G3 GC3 content 
Asian 0.252 0.196 0.256 0.293 0.549 
East African 0.263 0.198 0.250 0.288 0.539 
West African 0.258 0.198 0.250 0.294 0.544 

 
3.1.2. Dendrograms 
In the dendrogram (figure 5A), the three ZKV genotypes formed separate monophyletic 
clades with the East and West African genotypes being more similar to each other than 
to the Asian genotype. While viruses from North and South America, and Europe appar-
ently belonged to the Asian genotype, these did not form monophyletic clades. This may 
indicate that multiple lineages or strains of ZKVs had arrived in America separately. The 
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dendrogram also revealed that some North American viruses differentiated from South 
American viruses and vice versa, which might suggest that ZKVs had been spreading 
between both Americas. Cases of ZKV in Europe could be traced back to American vi-
ruses. Most of Oceanic ZKVs formed a clade in the dendrogram, indicating that most 
viruses in this region originated from a single strain or lineage belonging to the Asian 
genotype. The dendrogram also shows that ZKVs belonging to the Asian genotype were 
isolated only from humans and mosquitoes, whereas the African genotypes were mostly 
isolated from monkeys and mosquitoes. 
The unrooted dendrogram (figure 5B) showed similarities between different regional var-
iants of ZKVs with branch lengths. Viruses from Oceania, the Americas and Europe had 
shorter branch lengths, i.e. their codon usage was most similar to viruses belonging to 
the Asian genotype. West African, East African and Asian viruses had branch lengths 
long enough to be clearly distinguishable from each other. The closest relative of ZKVs, 
Spondweni virus (SPOV), was used in both trees as the outgroup (Haddow and Woodall 
2016; Haddow et al. 2016). 
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Figure 5. UPGMA dendrograms of Zika viruses based on codon usage values (RSCU) (N = 138). The dendrogram is in two forms: circular (A) and unrooted with proportioned branch lengths (B). Each genotype forms a monophyletic clade and the dendrogram in figure A shows that viruses from Oceania, the Americas and Europe are paraphyletic. Figure A also shows that ZKVs belonging to the Asian genotype were mostly isolated from humans and mosquitoes, whereas the viruses of the African genotypes were mainly from mon-keys and mosquitoes. The three genotypes are colored and annotated similarly in both figures. The color of the fonts in figure A shows the host from which the virus was sequenced. In both figures, the color of the branches shows the continent where the virus was found. The dendrogram was calculated with Pearson correlations in DendroUPGMA and rooted with Spondweni virus as the outgroup. The figures are from the poster of the Zika virus pilot study (appendix 2 figure 1).   
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Another dendrogram was constructed using 44 viral genomes to investigate alternative 
patterns of ZKV genotypes (figure 6). With the leaves collapsed, the Asian and African 
genotypes formed two separate monophyletic clades (bootstrap value of 100). The West 
African genotype also formed a clade (bootstrap value of 99). The least supported clade 
was the East African genotype (bootstrap values of 26). This result may suggest, that 
the ZKV started spreading towards Asia and differentiated before the two African geno-
types were formed. 
 

 
Figure 6. Dendrogram of relative codon usage (RSCU) values of Asian, East and West African geno-types (N = 44). The tree shows (with leaves collapsed) that the African and Asian genotypes form separate clades with bootstrap values of 100 and 99 respectively. This suggests that the Asian genotype differentiated before the two African genotypes were formed. Viruses that were not from the Asian continent were excluded from the Asian genotype. The tree was calculated with Pearson correlations in DendroUPGMA with 100 bootstraps. The branch lengths are proportioned to tree scale. Original figure in the poster of the Zika virus pilot study (appendix 2 figure 1).   
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3.1.3. Pair-wise distances 
The results of the RMSD (table 4) based on average RSCU (appendix 2 table 3) showed 
the amount of similarity between the ZKVs from different continents. These values re-
vealed, that viruses from Oceania, the Americas and Europe were more similar with 
Asian viruses than those in Africa. American ZKVs were also slightly more similar to 
Oceanic viruses (RMSD = 0.012) than to viruses in continental Asia (RMSD = 0.018), 
which suggests that the virus may have spread through Oceania to Americas. European 
cases of ZKVs most likely originated from North America (RMSD = 0.008). African ZKVs 
had low similarity to Asian ones (RMSD > 0.111), thus indicating that they differentiated 
earlier than the viruses from other locations. East African and West African ZKVs were 
more similar with each other (RMSD = 0.076), which was in agreement with their com-
mon origin. Overall, these results showed that ZKVs in the Western Hemisphere were 
unlikely to have originated directly from the African continent. 
 
Table 4. Pairwise distance of relative synonymous codon usage (RSCU) values calculated with root-mean-square deviations (RMSD) of Zika viruses from different geographic locations.  The values show high similarity in codon usages between Zika viruses sequenced from Americas, Europe and Asia, indicating that these share a common origin. The values also show low similarity between the African genotypes and the Asian genotype, which suggests that the latter genotype evolved from a common African ancestor before the East and West African genotypes differentiated from each other. 

 Asia Oceania Americas N-Amer-ica S-Amer-ica Europe E-Africa W-Africa 
Asia  0.018 0.018 0.018 0.018 0.017 0.111 0.131 

Oceania   0.012 0.013 0.011 0.015 0.113 0.135 
Americas    0.003 0.005 0.008 0.114 0.136 
N-Amer-ica     0.008 0.008 0.114 0.135 
S-Amer-ica      0.011 0.115 0.137 
Europe       0.115 0.136 
E-Africa        0.076 
W-Africa         
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The RSCU data was also analyzed with a correlation coefficient (figure 7). The results 
showed very strong correlation (R2 > 0.998) between viruses from continental Asia and 
Oceania (figure 7A), Americas and Oceania (figure 7B), Americas and Asia (figure 7C), 
and America and Europe (figure 7D). These findings further indicate that ZKVs from 
Oceania, the Americas and Europe most likely originated from Asia. 
 

 Figure 7. Different determination coefficients between relative synonymous codon usages (RSCU) of Zika viruses from Asia, America, Oceania and Europe. The figures show that the codon usages of American, Oceanic and European viruses are nearly identical to Asian viruses (R2 > 0.998), indicating to a shared and recent evolutionary origin. 
 

 Genomic composition 
The methodology described and tested with ZKVs in the previous chapter was applied 
to DENVs, JEVs and WNVs separately and then with all four major MBFVs together. The 
RSCU based clustering method proved to be capable of differentiating the subgroups of 
viruses (genotypes, lineages or serotypes). Based on the provided results, it could be 
extrapolated that the proposed RSCU based methodology could be used to identify 
known and possibly novel subgroups of MBFVs. Overall, RSCU was more reliable than 
%N3 to distinguish intraspecific groups. However, at a species level, the differences were 
negligible between these two parameters. 
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3.2.1. Dengue virus 
The results of the CA showed that both codon usage (figure 8A) and nucleotides at the 
third codon positions (figure 8B) were able to differentiate serotypes of DENV. The re-
sults were in agreement with the pilot study, as the distances of individual clusters were 
wider with codon usage than with %N3. The distances between the RSCU clusters did 
not reflect evolutionary relationships, i.e. were not in agreement with phylogenetic tree 
constructed with FastTree from AA sequences (figure 9) or literature (Twiddy et al. 2003; 
Grard et al. 2010). However, %N3 values did match the phylogeny. The clustering pat-
terns of each serotype also differed between the RSCU and %N3 analyses. 
The clustering of DENV serotypes based on RSCU values (figure 8A) did not mirror the 
actual evolutionary relationships (figure 9). Additionally, in figure 8A, within serotypes 1 
and 2 were smaller clusters, which indicated that there may have been more subgroups 
within identified serotypes, which could not be seen in with %N3 values (figure 8B). 
 

 
Figure 8. Correspondence analysis plots of Dengue virus genomes (N = 4,865). Plots were computed with relative synonymous codon usages (A) and third nucleotide contents (B). Both figures show that differ-ent Dengue virus serotypes cluster together based on either codon usage or nucleotide composition, alt-hough the distances between the serotype clusters are higher when using codon usage values. In figure A, dimension 1 explains 34.7 percent and dimension 2 contributes to 24.7 percent of the variation, while in figure B, dimension 1 affects 78.9 percent and dimension 2 explains 16.8 percent of the variation. 
 

 
Figure 9. Phylogenetic tree of Dengue viruses (N = 4,865). Each serotype forms a clear and distinct monophyletic clade. The tree was built from protein sequences with 100 bootstraps. Zika virus was used as the outgroup, and the branch lengths are proportioned based on the Tree scale. Clades with multiple se-quences are marked as circles.   
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3.2.2. Japanese encephalitis virus 
The CAs based on RSCU (figure 10A) and %N3 (figure 10B) separated JEV geno-
types (I–V). Distances between the genotype clusters showed the level of similarity in 
codon usage and nucleotide composition between these genotypes. The results of gen-
otypes II, IV and V were less conclusive because of the low number of sequences avail-
able at NCBI. Although the number of the CDSs for these recently established genotypes 
was limited, they clustered far enough from the larger genotype I and III, that it could be 
inferred that genotypes IV and V may have been separate genotypes. Genotype II clus-
tered together with genotype III instead of genotype I, which contradicted the phyloge-
netic tree (based on a multiple sequence alignment of proteins and FastTree) of JEVs 
(figure 11). Nonetheless, the results based on the CA were mostly in agreement with the 
phylogeny.  
 

 
Figure 10. Correspondence analysis of Japanese encephalitis virus genomes (N = 297). The plots were computed with relative codon usage (RSCU) values (A) and with third nucleotides of each codon (B). Each genotype forms distinct clusters, which are farther from each other with RSCUs than with third nucle-otide content. In plot A, dimension 1 explains 69.4 percent and dimension 2 6.5 percent of the observed variation. In plot B, dimension 1 explains 86.8 percent and dimension 2 10.4 percent of the variation. 
 

 
Figure 11. Phylogenetic tree of Japanese encephalitis viruses (N = 297). The tree is built from amino acid sequences with 100 bootstraps. Murray valley encephalitis virus (MVEV) was used as an outgroup and the lengths of the branches match the Tree scale. Branches with circles at the end have multiple sequences collapsed.   
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3.2.3. West Nile virus 
The WNV sequences formed three larger clusters based on their RSCU and %N3 values 
(figure 12). The main clusters were formed by lineages 1A, 1B and 2. There were, how-
ever, differences in clustering depending whether RSCU or %N3 was used. Based on 
the codon usage, lineages 4 and 5 clustered close to lineage 2, and lineages 7, 8 and 
9/4c were spread out without forming a clear cluster. The second analysis based on 
%N3s showed more similarity between lineages 1A and 1B. Lineage 5 also shared more 
similarities with 1A than 2. Lineage 4 clustered farther from the other lineages with %N3 
values. Lineage 7 consistently clustered near lineage 2. The recently proposed lineage 
9/4c also had different clustering patterns depending on the analysis. This lineage was 
equidistant to any genotype based on the RSCU but was closer to lineage 1A based on 
%N3. The results based on the CAs were in agreement with those from the phylogenetic 
tree of WNV AA sequence alignments and FastTree (figure 13). 
 

 
Figure 12. Correspondence analysis plot of West Nile viruses (N = 1,619). The figures were computed with codon usage values (A) and compositions of nucleotides in third codon position (B). The distances between the lineage clusters are on average longer with codon usages than with nucleotide content. In figure A, dimension 1 explains 34.1 percent of the variation and dimension 2 23.9 percent. In figure B, dimension 1 attributes to 61.2 percent of variance and dimension 2 to 31.4 percent. 
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Figure 13. Phylogenetic tree of West Nile virus genomes (N = 1,619). Protein sequences of these viruses were used to construct the tree. The tree was computed with 100 bootstraps and the reference sequence of Japanese encephalitis virus was used as an outgroup to root the tree. The branch lengths are proportioned to the Tree scale. Branches that have circles at the end contain multiple virus sequences and lines with none have only one. 
 
3.2.4. Zika virus 
The results showed that RSCU values distinguished the East African, West African and 
Asian genotypes from each other. Based on the RSCU analysis, East and West African 
genotypes clustered together and apart from the Asian genotype (figure 14A), which was 
in agreement with the “Africa/Asia” hypothesis (de Bernardi Schneider et al. 2016) of the 
evolutionary history of ZKV genotypes. Additionally, RSCU values split the Asian geno-
type to two very distinct subgroups and formed on average tighter clusters compared to 
third nucleotide compositions. While %N3 differentiated the three genotypes, it was not 
to the same degree as RSCU (figure 14B). It also did not match the phylogenetic tree 
constructed from AA sequence alignments with FastTree (figure 15), as the West African 
genotype cluster was located in the middle of the Asian and East African genotypes, 
which made it hard to infer evolutionary relationships between them. 
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Figure 14. Correspondence analysis of RSCU and %N3 of Zika viruses (N = 494). Analyses conducted with relative synonymous codon usages (RSCUs) (A) and compositions based on the third nucleotide of each codon (%N3) (B) show, that each Zika virus genotype form separate clusters. The values separate the African genotypes from the Asian one. RSCU distinguishes the genotypes more compared to %N3 values and forms tighter clusters. RSCU additionally splits the Asian genotype into two smaller clusters. In figure A, dimension 1 explains 76.2 percent of the variation, while dimension 2 explains 6.4 percent. In figure B, di-mension 1 contributes to 88.9 percent of the variation and dimension 2 to 8.7 percent. 
 

 
Figure 15. Phylogenetic tree of Zika virus genomes (N = 494). The tree was computed using amino acid sequences based on complete coding sequences and 100 bootstraps. Spondweni virus (SPOV) was used as an outgroup to root the tree. The length of branches is proportioned according to the Tree scale. 
 
3.2.5. Major mosquito-borne flaviviruses 
The CA of RSCU and %N3 of four major MBFVs showed that interspecies clustering 
patterns did not change much between RSCU and %N3 values (figure 16), although 
there were differences in clustering patterns. The CA based on the RSCU showed that 
JEVs and WNVs clustered together, whereas in the CA based on the %N3 ZKVs were 
closer to WNVs than to JEVs. The major flaviviruses tended to separate based on RSCU 
and %N3 into two groups: one with DENVs and another with JEVs, WNVs and ZKVs. 
This was in accordance to the phylogenetic tree computed from protein sequences and 
constructed with FastTree (figure 17). 
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Figure 16. Correspondence analysis plots of the four major mosquito-borne flavivirus genomes (N = 7,274). The viruses analyzed were Dengue virus (DENV), Japanese encephalitis virus (JEV), West Nile virus (WNV) and Zika virus (ZKV). Figure A was done using relative synonymous codon usage (RSCU) values and figure B with third nucleotide contents of each codon (%N3). In both plots, the distances between DENVs and the other viruses is almost equal, which means that on a species level, RSCU and %N3 contents are similar as differentiating factors. In figure A, 68.3 percent of variation is explained by dimension 1, and 8.1 percent with dimension 2. In figure B, dimension 1 contributes to 97.1 percent of variance and dimen-sion 2 to 2.4 percent. 
 

 
Figure 17. Phylogenetic tree of four major mosquito-borne flaviviruses (N = 7,274). The tree was built from the coding sequences of Dengue virus (DENV), Japanese encephalitis virus (JEV), West Nile virus (WNV) and Zika virus (ZKV) and computed with 100 bootstraps. The branch lengths are scaled to match the Tree scale. The tree was then rooted to the outgroup virus, Cell fusing agent virus (CFAV). If a virus had multiple sequences, they were collapsed and marked with circles. 
 

 Optimal host identification 
The optimal hosts of flaviviruses were identified by comparing the codon usages between 
viruses and putative hosts. The comparison was done by analyzing nCAI values (CAIh 
divided by CAIs) with heatmaps and CAs. The CA results in figure 18 revealed inter- and 
intraspecific patterns. On average, most mammalian hosts and Aedes mosquitoes were 
optimal for flaviviruses (nCAI 0.95–1.05), while birds and other arthropods (Culex and 
Anopheles mosquitoes, and ticks) were suboptimal (nCAI <0.95 or >1.05) (figure 19). 
This stemmed from overadaptation to avian hosts and from underadaptation to the other 
arthropods. While these codon usage patterns seemed uniform across flaviviruses, the 
correlations between nCAI values showed that each subgroup had a specific optimal 
host organisms. 
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3.3.1. Optimal hosts 
Figure 18 shows that different subgroups of flaviviruses formed separate clusters based 
on nCAI values, i.e. the value of adaptation to putative hosts. The further a virus was 
from the center of the CA plot (origin), the more similar, and therefore more optimized, 
codon usage it had towards an organism. MBFVs (use mosquito-vectors) and UVFVs 
(have an unidentified vector) clustered towards vertebrates, IOFVs (infect only insects) 
towards Aedes mosquitoes and TBFVs (use tick-vectors) towards deer tick (Ixodes scap-
ularis). The dhIOFVs (infect both insects and vertebrates) formed a cluster between Ae-
des mosquitoes and vertebrates. The clusters formed roughly two groups based on their 
optimization for a host type: vertebrates and mosquitoes, which are further illustrated in 
supplementary material (appendix 3 figures 2 and 3). The vertebrate cluster included 
MBFVs, TBFVs, UVFVs and dhIOFVs, while the mosquito cluster included only IOFVs. 
None of the subgroups clustered towards Anopheles or Culex mosquitos, suggesting 
that none of them were optimal hosts. The subgroup classification of each flavivirus (in 
addition to their recorded hosts and vectors) was based on literature (appendix 1 table 1). 
 

 
Figure 18. Correspondence analysis of normalized Codon Adaptation Index (nCAI) values of fla-viviruses (N = 94). The plot shows that nCAI can differentiate multiple subgroups of flaviviruses based on the degree of codon usage optimization for host organisms. Mosquito-borne flaviviruses are generally opti-mized to vertebrate hosts, while tick-borne flaviviruses are towards ticks and insect-only flaviviruses are optimized for mosquitoes. Dual-host insect-only flaviviruses show optimization for both Aedes mosquitoes and vertebrates, and unknown vector flaviviruses are optimized for vertebrates. Dimension 1 explains 89.4 percent of the variation and dimension 2 explains 8.5 percent.   
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3.3.2. Trends in codon usage optimization 
In the heatmap, with flavivirus subgroups arranged according to phylogenetic trees (ap-
pendix 3 figure 1) and with hosts sorted based on taxonomical classification, the nCAI 
values showed adaptation patterns that were common across all viruses (figure 19). The 
results for arthropod and vertebrate hosts were as follows: 
Arthropod hosts: The analysis suggested that Aedes mosquitoes were the optimal host 
for all flaviviruses, whereas Culex mosquitoes, Anopheles gambieae and deer tick 
showed low adaptation to all viruses, indicating that they were unlikely hosts. The deer 
tick was, however, optimal for TBFVs, which use ticks as carrying vectors. 
Vertebrate hosts: Most of the mammals were within the range of likely hosts, which 
included bats (Myotis brandtii and My. davidii), house mouse (Mus musculus), cattle (Bos 
taurus) and humans (Homo sapiens). The wild boar (Sus scrofa) seemed to be on aver-
age the least optimal host for all flaviviruses but notice that the CUT available was in-
complete (see methods section). Birds (Columba livia, Gallus gallus and Anas platyrhyn-
chos), amphibians (Xenopus laevis) and reptiles (Alligator mississippiensis) showed on 
average overadaptation, except in the case of IOFVs. This may suggest that they are 
suboptimal hosts.  
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Figure 19. Normalized Codon Adaptation Index (nCAI) heatmap of flavivirus (genus Flavivirus) sub-groups (N = 94). The nCAI values show overall overoptimization (nCAI > 1.05) for avians, reptiles and amphibians, and underoptimization for Culex and Anopheles mosquitoes (nCAI < 0.95). Optimal hosts tend to be mammals and Aedes mosquitoes (nCAI 0.95–1.05). The columns are sorted according to taxonomic classification of hosts, and the rows are in accordance to the phylogeny of flaviviruses. 
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4. DISCUSSION 
 Examination of the Zika virus pilot study 

The tested methodology clustered each of the ZKV genotypes accurately into monophy-
letic clades within the dendrogram. This tree cannot be strictly interpreted as phyloge-
netic but produced clades that reflect actual phylogenetic trees based on proteins (ap-
pendix 2 figure 2). These results suggest, that all ZKVs outside the African continent 
belong to the Asian genotype, which aligns with contemporary knowledge (Yokoyama 
and Starmer 2017; May and Relich 2016; Gong et al. 2017; Faria et al. 2016). Addition-
ally, the computed dendrograms support the proposed “Africa/Asia” hypothesis (de Ber-
nardi Schneider et al. 2016) as the correct alternative to explain the differentiation of ZKV 
genotypes.  
The analysis based on RSCU values revealed codon usage patterns within ZKVs. While 
the variations in RSCU values between genotypes were minor, the values were distinct 
enough to differentiate the genotypes in CA. Additionally, the results showed that Amer-
ican and European ZKVs belong to the Asian genotype. These findings are in agreement 
with other studies from the scientific literature (Cristina et al. 2016; Singh and Tyagi 2017; 
Butt et al. 2016; Wang et al. 2016; van Hemert and Berkhout 2016), although each study 
had minor variations between individual values probably due to the significantly lower 
number of viral sequences used. Overall, the results suggest that methods based on 
codon usage patterns are able to reveal variations between ZKV genotypes. Thus, it can 
be assumed that they can be utilized to analyze other flaviviruses. This methodology 
might represent a step forward to a reliable and faster characterization of flaviviruses. 
4.1.1. Validity of proposed methodology 
The implemented methods in the pilot study were able to create dendrograms that re-
flected the actual phylogenetic relationships among ZKVs on a genotypic level (appen-
dix 2 figure 2). Sequences clustered into three monophyletic clades with high bootstrap 
values (figure 6). Each of these clades had sequences of the same genotype as reported 
in NCBI and Virus Pathogen Resource (appendix 2 table 2), thus proving that the viruses 
could form clusters based on their codon usages. The methods used in the pilot study 
were able to accurately discern all three ZKV genotypes despite the minute differences 
in codon usages (appendix 2 table 3) and third nucleotide contents. Based on these 
results, it is within reason to infer, that this method could be applied to identify other 
viruses that may have similarly small genomic variations. The applicability of the pro-
posed methodology was further tested in this thesis, and its results will be discussed 
later. 
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4.1.2. Differences found among Zika viruses 
Each of the ZKV genotype had slight deviations in codon usage that differed from the 
species average, but none of these was significantly different (appendix 2 table 3). Var-
iations of the codon usage were however distinct enough to differentiate the three major 
genotypes into separate monophyletic clades of the UPGMA dendrogram (figure 5).  
One of the aims of the pilot study was to investigate, whether the American ZKVs were 
able to be identified based on their codon usage, in other words, whether they would 
cluster into a monophyletic group. According to the results, while there were very subtle 
differences in RSCUs, the viruses from America did not have any identifiable usage pat-
tern (appendix 2 table 3). This conclusion can be also inferred from the bootstrap values 
computed for the Asian genotype (figure 20). Most of the clades that were produced from 
the clustering of American viruses did not have enough bootstrap support to justify a new 
genotype.  
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Figure 20. Dendrogram of Asian genotype of Zika viruses. Tree was computed from relative codon us-ages (RSCU) with Pearson correlations and 100 bootstraps using DendroUPGMA. Only bootstrap values above 75 are shown, and the length of branches is proportioned to Tree scale. The tree shows no significant clustering of sequences belonging to the Asian genotype with the exceptions of two North American sub-clades and one Asian subgroup. Tree was rooted with the reference sequence of Spondweni virus. Se-quence information can be found in appendix 2 table 2. 
 
The analysis based on %N3 also provided a way to differentiate the genotypes. Quanti-
tative nucleotide compositions showed small variations between genotypes (table 3), 
which is in agreement with the results seen based on RSCU values, but with lower res-
olution. Nonetheless, the analysis of %N3 showed enough genotype specificity to be 
implemented in a genotype determination process along with RSCU values. 
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4.1.3. Origin of Zika virus 
The origin of ZKVs is well documented (Kindhauser et al. 2016; Posen et al. 2016), but 
how the three genotypes differentiated from each other is still under debate (Gong et al. 
2016). Two alternative hypotheses have been proposed (figure 21): the “Africa/Asia” hy-

pothesis assumes that the Asian genotype and the ancestral African genotype separated 
before the African genotype split into the current East and West African genotypes, 
whereas the “Out of Africa” hypothesis suggests that the African genotypes are lineages 

that were formed when the virus was spreading towards Asia (de Bernardi Schneider et 
al. 2016). Different phylogenetic methods give results that support either of these hy-
potheses, probably due to the low amount of genetic differences between the genotypes. 
Usually methods based on maximum parsimony support the first hypothesis and maxi-
mum-likelihood in turn supports the latter hypothesis (de Bernardi Schneider et al. 2016). 
 

 
Figure 21. Proposed hypotheses for the differentiation of Zika virus genotypes. According to “Af-rica/Asia” hypothesis, the Asian genotype differentiated from African genotypes early, while according to 
“Out of Africa” hypothesis, the Asian genotype split off the African genotypes later when it started to spread towards Asia (de Bernardi Schneider et al. 2016). In the study, Spondweni virus was used as an outgroup. Original figure can be found in appendix 2 figure 1. 
 
The results produced in this pilot study supported the aforementioned “Africa/Asian” hy-

pothesis, which was also supported by a control tree constructed from AA sequences 
(appendix 2 figure 2). The calculated bootstrap values lock the African clades together, 
which consequently means that the Asian genotype separated from the African geno-
types before East and West African genotypes were formed. Similar evolutionary pat-
terns were also found in other studies (van Hemert and Berkhout 2016). 
Additional examination of the dendrogram revealed, that the Asian genotype forms four 
subclades based on their codon usage; two North American (bootstrap values of 81 and 
100) and two Asians (bootstrap values of 99 and 75) (figure 20). When the countries and 
collection dates of the sequences in North American subclades are compared, both pro-
vide evidence that one route of spreading from South America was through the Carib-
bean Islands (mainly Puerto Rico and Martinique) to Central America. This is also re-
vealed in the North American subclade (bootstrap values of 100) that shows that a ZKV 
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from the island of Martinique infected a human host in Chiapas, Mexico, although the 
infection could have been produced in Mexico or carried from Martinique. Also, the anal-
ysis of the Asian subclade suggests that a group of Malaysian ZKVs did not continue its 
spread, unlike the other strains that spread globally.  

 Genomic composition of major mosquito-borne flaviviruses 
The results of the RSCU and %N3 analyses of DENVs, JEVs and WNVs are consistent 
with the results established with ZKV pilot study. In each case, both values could differ-
entiate the subgroups within a species. However, the results of certain subgroups of JEV 
and WNV (with a limited number of available complete genomes) are inconclusive. In 
general, the RSCU analysis was more accurate to separate subgroups of flaviviruses, 
and the clustering patterns were usually in agreement with the actual phylogeny. For 
example, RSCUs were able to identify country specific subpopulations within the Asian 
genotype of ZKVs, which were Malaysia and Singapore. It is likely however, that these 
cases originated from a single strain in their respective countries (Haddow et al. 2012; 
Singapore Zika Study Group 2017). The RSCU analysis is able to distinguish interspe-
cies subgroups, but the amount intraspecies variability does not change significantly. 
Similar studies, based on a few number of representative sequences, have been done 
on DENVs (Ma et al. 2013; Lara-Ramírez et al. 2014), JEVs (Singh et al. 2016), WNVs 
(Moratorio et al. 2013) and ZKVs (Butt et al. 2016; Cristina et al. 2016). Each study sup-
port the results presented here. 
The different subgroups of flaviviruses clustered according their specific codon usage 
preferences. These preferences are known to be affected by the codon usage biases of 
their respective host organisms (Bahir et al. 2009). RSCUs are more informative than 
%N3 values due to the larger number of variables in consideration, i.e. RSCU values are 
based on 59 codon, while %N3 has only 4 nucleotide variables. Surprisingly, even 
though the number of variables in %N3 was low, it was still able to separate flavivirus 
subgroups. This suggests that through high mutation rates affecting viral genomes, there 
was a high amount of genomic diversity found even within a species of virus. These 
findings indicate that RSCUs may be used as a factor to identify optimal hosts. 

 Optimal host identification of flaviviruses 
4.3.1. Aspects of codon usage optimization and nCAI 
An important quality of the CAI is the capability to measure the adaptation between the 
codon usages of a virus to its host organism. This assumption is based on the idea that 
the more similar the codon usage of a virus and the host are, the more adapted or spe-
cialized the virus is to an organism. The changes in codon usage in viruses to match the 
host are akin to the process of gene amelioration (Lawrence and Ochman 1997), in which 
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the nucleotide composition of a foreign genetic material will over time change to match 
the composition of its recipient. 
There are several reasons to explain why viruses optimize their codon usage to imitate 
their hosts. It may occur to increase translation rate (Tuller et al. 2010) and thus replica-
tion in host cells (Karlin et al. 1990), to match the specific transfer RNA (tRNA) compo-
sition of the host to maximize protein synthesis rates (Ikemura 1981; Zhou et al. 1999; 
Michely et al. 2013), or to avoid translational errors due to an abundance of rare codons 
(Kane 1995). All of these factors increase the survivability and infectiveness of viruses. 
This pattern has been observed several times between viruses and their hosts (Ku-
nisawa et al. 1998; Bahir et al. 2009; Lobo et al. 2009). 
However, this trend is not followed by certain viruses that use an opposite strategy. It 
has been observed that certain viruses maintain a degree of deoptimization in codon 
usage to maximize their range of hosts (Butt et al. 2016), to avoid triggering and prolong 
the activation of the immune system of the host (Mossadegh et al. 2004; Zhou et al. 
1999; Cid-Arregui et al. 2003; Karlin et al. 1990; Zhou et al. 2012), and to ensure proper 
protein folding (Zhou et al. 2012). This, however, lowers the viral replication due to in-
creased attenuation (Gao et al. 2003; Zhou et al. 2012). 
While the reasons for underoptimization based on nCAI can be explained by low similar-
ity in codon usages, the reasons for overoptimization are not as clearly defined. One 
explanation for this could be the over expression of certain genes in the host, which 
inadvertently affects the codon composition of the infecting virus by highly increasing its 
bias toward certain synonymous codons. The advantages with reproducing via highly 
expressed host genes may impose a translational selection pressure (Sharp et al. 1993) 
towards extremely optimized codon usages, thus promoting specialization towards cer-
tain hosts and, furthermore, narrow the range of possible host organisms. The link be-
tween optimal codon composition, and high gene expression and reproduction rates 
have been observed in rapidly multiplying bacteria (Rocha 2004). However, a high opti-
mization in codon usage has a detrimental effect, for it increases probability of inducing 
a stronger immune response from the host (Zhao and Chen 2011; Ramakrishna et al. 
2004) and raises the likelihood of improper protein folding (Aragonès et al. 2010). Larger 
DNA viruses may have a lesser need for perfect codon usage optimization compared to 
smaller DNA viruses, because they usually have genes to encode proteins that inhibit 
immune responses of the host (Shackelton et al. 2006).  
The optimal range of hosts can be better inferred from the CA plot (figure 18). The results 
suggest that MBFVs generally have a life cycle, in which a virus uses vertebrates as 
hosts. TBFVs have a similar host preference, i.e. vertebrates, but additionally have cer-
tain adaptation to spread through ticks. The nCAI-CA analysis is able to classify that ticks 



 

42 

are involved in the life cycle of TBFVs without the addition of any prior knowledge. As 
expected, the analysis suggests that IOFVs primarily infect insects. The dhIOFVs can 
infect both insect and vertebrate hosts and this is reflected in their location between the 
centroid clouds of the mosquito and vertebrate clusters (appendix 3 figure 2). The CA 
plots show that codon usage values are discriminative on both intraspecies and inter-
species level.  
To investigate, whether the proposed host identification methodology could distinguish 
different subgroups within a viral species, the results of nCAI were analyzed and plotted 
via CA (appendix 3 figure 5). The viruses chosen for this were DENV, JEV, WNV and 
ZKV mostly due to their current and historic prevalence as highly virulent pathogens ca-
pable of causing lethal diseases in humans and because of the high number of available 
CDSs. The nCAI could be used to differentiate subgroups of flaviviruses similarly to 
RSCU and %N3. The applicability and accuracy of the proposed algorithm was addition-
ally tested by analyzing the genomic variability within a species. The intraspecies varia-
bility was analyzed with all available CDSs of DENVs, JEVs, WNVs and ZKVs. The anal-
ysis of the nCAI values with k-means clustering confirmed that reference sequences 
used for DENVs, JEVs, WNVs and ZKVs were representative of the entire pool of se-
quences (appendix 3 figure 4).  
4.3.2. Estimated hosts and their accuracy 
The analysis of the CA from nCAI values suggest that MBFVs should have a reproductive 
cycle which included a mosquito vectors from genus Aedes, and a primary mammalian 
host. The low adaptation of MBFVs according to nCAI to Culex and Anopheles mosqui-
toes indicate they are unlikely used as host, but this does not mean, that Culex and 
Anopheles mosquitoes are completely incapable of occasionally carrying Aedes specific 
MBFVs (Dodson and Rasgon 2017; Amraoui et al. 2016; Althouse et al. 2015). Culex 
and Anopheles mosquitoes were suboptimal hosts across all flaviviruses, but the range 
of optimal hosts varied depending on the viral species.  
Several of the estimated hosts were in agreement with previous studies and observations 
(appendix 1 table 1). For example, according to the CA-nCAI analysis, WNV lineages 1 
and 2 could potentially infect ticks, because they are located near the TBFV cluster. This 
is supported by the results obtained by Lawrie et al. (2004). It has been also observed 
that the primary host of Aedes flavivirus (an IOFV) is the (Asian) tiger mosquito (Aedes 
albopictus) (Hoshino et al. 2009), but the virus has also been found in Culex mosquitoes 
(Grisenti et al. 2015). The CA-nCAI results indicate that Aedes flavivirus is clearly more 
optimized to Aedes mosquitoes, thus the presence of sequences from this virus in Culex 
should be accidental. Finally, the analysis was also able to identify a potential host type 
for Usutu virus (an MBFV). The virus favors bird hosts (Meister et al. 2008), yet according 
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to nCAI, Usutu virus also has optimized codon usage towards mammals. This finding is 
supported by two cases of Usutu virus causing infections in humans (Pecorari et al. 2009; 
Cavrini et al. 2009). 
The algorithm also provided interesting results for the paraphyletic subgroup of dhIOFVs. 
The optimization of most dhIOFVs for both vertebrate and mosquito hosts could be ob-
served with nCAI and this was in agreement with the description of the subgroup. The 
reason for this dual optimization in dhIOFVs may be due to either having unknown ver-
tebrate hosts or having lost the ability to infect them (Blitvich and Firth 2015). 
There were, however, some inconsistencies with the results despite the relatively high 
level of accuracy. The algorithm grouped all vertebrates close together, causing difficul-
ties to distinguish the exact optimal host. For example, Yokose virus (an MBFV) is opti-
mized for birds based on nCAI, although it mainly infects bats. The CA-nCAI analysis 
also suggests that JEVs are optimized for ticks, although observations in nature prove 
otherwise (appendix 1 table 1). Lastly, Alfuy virus (an MBFV) has been found mostly in 
Culex mosquitoes (Colmant et al. 2017) and yet the results show more optimization to-
wards Aedes mosquitoes. Overall, the identified optimal hosts mostly matched the ones 
mentioned in literature.  
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5. CONCLUSIONS 
The aim of this thesis was to provide a computationally quantitative method to estimate 
the likelihood of a flavivirus to infect a host organism. This method was based on the 
analysis of the codon usage and a normalized version of the Codon Adaptation Index 
(nCAI) to quantify the adaptation of a virus to the host. The accuracy of this methodology 
was first tested on a smaller pool of Zika viruses (ZKVs). This pilot study supported the 
assumptions that different subgroups within a virus could be differentiated by their dis-
tinct relative use of synonymous codons (RSCU) and nucleotide composition at the third 
codon position (%N3). Remarkably both factors reflected the phylogeny of the ZKV.  
This genomic characterization methodology based on the codon usage was further 
tested with ZKVs and three additional major flaviviruses, Dengue viruses (DENVs), Jap-
anese encephalitis viruses (JEVs) and West Nile viruses (WNVs). The results of these 
analyses were similar to the pilot study, thus differences among flaviviruses can be 
traced through RSCU and %N3 patterns. 
A normalized version of the classical Codon Adaptation Index (nCAI) was next used to 
identify codon optimization levels between flaviviruses and the range of potential host 
organisms. The results of this analysis indicate that flaviviruses are optimized to two 
major groups: vertebrate and mosquito hosts. Moreover, tick-borne flaviviruses (TBFVs) 
formed a minor subcluster within vertebrates. These findings were supported by current 
literature. 
The proposed nCAI based optimal host identification algorithm presented in this thesis 
provides a simple tool to identify putative hosts, and thus, establish a plausible range of 
risk hosts to be monitored. This methodology could be used efficiently as part of a sur-
veillance system, because it does not need prior knowledge other than coding se-
quences from query viruses and potential hosts. A scientific article describing the host 
identification algorithm is under preparation (appendix 4).  
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6. FUTURE IMPROVEMENTS 
The results of this master’s thesis show that the nCAI and codon usage based method-
ologies are reliable to estimate the host of flaviviruses. In future research, this method-
ology could be improved by combining additional, and independent, parameters based 
on interactions between (1) membrane proteins and receptors of viruses and hosts, 
(2) cellular translation machinery and viral RNA, and (3) host immune responses and 
virus control.  
The current work assessed as many potential hosts as possible to be representative, but 
CUTs are not currently available for multiple hard and soft tick species, most notably 
castor bean tick (Ixodes Ricinus) and taiga tick (Ix. persulcatus), and sand fly genera 
(Psathyromyia, Phlebotomus and Sergentomyia) from which Paraiso Escondido virus 
and Saboya virus have been sequenced (Alkan et al. 2015; Fontenille et al. 1994; Ba et 
al. 1999). 
With additional minor improvements, the proposed methodology could be used to predict 
putative hosts in other types of viruses, or to identify the hosts of novel viruses during 
future outbreaks.   
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9. APPENDICES 
Appendix 1. Summary of data related to optimal host identification 
Table 1. List of viruses of the genus Flavivirus (13 pages). The table includes the NCBI accession codes of complete coding sequences (CDSs) and amino acid sequences (AAs), guanosine-cytosine composition based on the third nucleotide of each codon (GC3), hosts and classification according to literature, and a summary of results from the correspondence analyses of normalized Codon Adaptation Index (nCAI) values for all 94 flaviviruses used in this thesis (figure 18). These include values of dimension 1 (Dim. 1) and dimension 2 (Dim. 2), host determination based on multivariate normal distribution centroids (confidence level of 0.95) and the nearest host based on Euclidian distances to the centroids of flavivirus subgroups. The hosts (H) and vectors (V) from the literature are conservative, i.e. they are included only by being sequenced from an organism or they were successfully infected in a laboratory setting. 

 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Aedes flavivirus NC_012932.1 YP_003029843.1 0.531 Aedes albopictus (H) 1 Aedes flavopictus (H) (Hoshino et al. 2009) IOFV 0.395 -1.636 IOFV / Mos-quito Aedes albopictus 
Alfuy virus AY898809.1 AAX82481.1 0.525 Mus musculus (H) 1 Centropus phasianinus (H) 1 

Mammalia (H) (Doherty et al. 1971) Culex pullus (V) (Doherty et al. 1979) Culex sitiens (V) (Johansen et al. 2003) 

MBFV -0.025 -0.498 MBFV / Ver-tebrate, mos-quito 
Columba livia 

Alkhurma hemorrhagic fever virus NC_004355.1 NP_722551.1 0.579 Ixodes petauristae (V) (Charrel et al. 2005) Ixodes ceylonensis (V) (Charrel et al. 2005) Homo sapiens (H) (Charrel et al. 2005; Zaki 1997) 
TBFV 0.792 0.745 TBFV / Tick, vertebrate Sus scrofa 

Anopheles flavivirus variant 1 NC_031327.1 YP_009305197.1 0.525 Anopheles gambiae (H) 1 IOFV 0.208 -1.993 IOFV / Mos-quito Aedes albopictus 

Anopheles flavivirus variant 2 KX148547.1 AOR51360.1 0.519 Anopheles gambiae (H) 2 IOFV -0.037 -1.419 IOFV / Mos-quito, verte-brate 
Aedes albopictus 

Apoi virus NC_003676.1 NP_620045.1 0.501 Apodemus argenteus (H) 1 UVFV -0.966 0.752 MBFV / Ver-tebrate Homo sapiens 
Bagaza virus NC_012534.1 YP_002790883.1 0.529 Culex tritaeniorhynchus (V) (Bondre et al. 2009) Homo sapiens (H) (Bondre et al. 2009) Alectoris rufa (H) (Agüero et al. 2011) Phasianus colchicus (H) (Agüero et al. 2011) 

MBFV -0.081 0.126 MBFV / Ver-tebrate, mos-quito 
Gallus gallus 



 

 
 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Bainyik virus KM225264.1 AIJ19433.1 0.528 Culicidae (V) 1 Aedes albopictus (V) 1 Mus musculus (H) 1 Aedes sp. (V) 1 

Vertebrates (H) (Colmant et al. 2016) 

MBFV -0.093 0.111 MBFV / Ver-tebrate, mos-quito 
Gallus gallus 

Bamaga virus NC_033725.1 YP_009345036.1 0.500 Culex sitiens (V) 1 
Marsupialia (H) (Colmant et al. 2016) MBFV -1.003 0.537 UVFV / Ver-tebrate Alligator missis-sipiensis 

Banzi virus DQ859056.1 ABI54472.1 0.548 Culex rubinotus (V) (Grard et al. 2010) Mansonia africana (V) (Grard et al. 2010) Mesocricetus auratus (H) (Grard et al. 2010) Mastomys natalensis (H) (Grard et al. 2010) 
MBFV -0.191 1.293 MBFV / Ver-tebrate Myotis brandtii 

Bouboui virus NC_033693.1 YP_009344961.1 0.493 Antilocapra (H) 1 Rodentia (H) 1 Cercopithecus nictitans (H) 1 Papio papio (H) 1 
Anopheles paludis (V) (Grard et al. 2010) Eretmapodites inornatus (V) (Grard et al. 2010) Aedes spp. (V) (Grard et al. 2010) 
Culex spp. (V) (Grard et al. 2010) 

MBFV -1.111 0.669 MBFV / Ver-tebrate Alligator missis-sipiensis 

Bussuquara virus NC_009026.2 YP_001040004.1 0.521 Chlorocebus aethiops (H) 1 Homo sapiens (H) 1 
Proechimys spp. (H) (Shope 1963) Alouatta belzebul (H) (Gomes and Causey 1959) 

MBFV -0.200 0.071 MBFV / Ver-tebrate, mos-quito 
Gallus gallus 

Cacipacore virus NC_026623.1 YP_009126874.1 0.519 Formicarius analis (H) 1 Homo sapiens (H) (Batista et al. 2011) MBFV -0.224 -0.236 MBFV / Ver-tebrate, mos-quito 
Columba livia 

Calbertado virus KX669689.1 ASA45776.1 0.567 Culex tarsalis (H) 2 Culex pipiens (H) (Bolling et al. 2011) IOFV 1.330 -2.695 IOFV / Mos-quito Aedes albopictus 
Cell fusing agent virus NC_001564.2 YP_009259257.1 0.566 Aedes aegypti (H) 1 Culicidae (H) (Cook et al. 2006) IOFV 0.678 0.253 MBFV / Mos-quito, verte-brate, tick 

Bos taurus 

Chaoyang virus NC_017086.1 YP_005454257.1 0.492 Culicidae (H) 1 dhIOFV -0.536 -1.048 dhIOFV / Vertebrate, mosquito 
Anas platyrhynchos 



 

 
 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Culex flavivirus NC_008604.2 YP_899469.2 0.603 Culex pipiens (H) 1 IOFV 1.874 -1.680 IOFV / Mos-quito Culex quinquefasci-atus 
Culiseta flavivirus NC_030290.1 YP_009256193.1 0.492 Culiseta melanura (H) 1 IOFV -0.293 -2.071 IOFV / Mos-quito Aedes aegypti 
Deer tick virus AF311056.1 AAL32169.1 0.561 Ixodes scapularis (H) 1 TBFV 0.392 0.525 TBFV / Tick, vertebrate Bos taurus 
Dengue virus 1 NC_001477.1 NP_059433.1 0.462 Aedes aegypti (V) 1 Aedes albopictus (V) 1 Homo sapiens (H) 1 

MBFV -1.244 -0.627 dhIOFV / Vertebrate Anas platyrhynchos 

Dengue virus 2 NC_001474.2 NP_056776.2 0.459 Aedes aegypti (V) 1 Erythrocebus patas (H) 1 Homo sapiens (H) 1 Aedes furcifer (V) 1 Aedes taylori (V) 1 

MBFV -1.475 -0.059 dhIOFV / Vertebrate Anas platyrhynchos 

Dengue virus 3 NC_001475.2 YP_001621843.1 0.468 Erythrocebus patas (H) 1 Homo sapiens (H) 1 
Diceromyia (V) 1 Aedimorphus (V) 1 Stegomyia (V) 1 

MBFV -1.437 0.706 MBFV / Ver-tebrate Alligator missis-sipiensis 

Dengue virus 4 NC_002640.1 NP_073286.1 0.481 Aedes aegypti (V) 1 Aedes albopictus (V) 1 Homo sapiens (H) 1 Aedes polynesiensis (V) 1 
MBFV -1.176 1.138 MBFV / Ver-tebrate Homo sapiens 

Donggang virus NC_016997.1 YP_005352889.1 0.484 Culicidae (V) 1 Aedes sp. (V) 1 dhIOFV -1.092 -0.490 dhIOFV / Vertebrate Anas platyrhynchos 
Edge Hill virus NC_030289.1 YP_009256192.1 0.488 Macropodidae (H) 1 Culex annulirostris (V) (Grard et al. 2010) Anopheles meraukensis (V) (Grard et al. 2010) Aedes vigilax (V) (Grard et al. 2010) 

MBFV -1.091 0.123 UVFV / Ver-tebrate Alligator missis-sipiensis 

Entebbe bat virus NC_008718.1 YP_950477.1 0.567 Chiroptera (H) 1 MBFV 0.426 0.881 MBFV / Ver-tebrate, tick Myotis davidii 
Far Eastern tick-borne encephalitis virus JX498940.1  AFV41132.1 0.589 Ixodes persulcatus (V) (Hayasaka et al. 2001) Mus musculus (H) (Hayasaka et al. 2001) TBFV 0.958 0.646 TBFV / Tick, vertebrate Sus scrofa 



 

 

 
  

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Fitzroy River Virus KM361634.1 AKH03452.1 0.483 Aedes normanensis (V) 2 Anopheles amictus (V) (Johansen et al. 2017) Culex annulirostris (V) (Johansen et al. 2017) 

Mammalia (H) (Johansen et al. 2017) 
Aves (H) (Johansen et al. 2017) 

MBFV -1.367 1.286 MBFV / Ver-tebrate Homo sapiens 

Gadgets Gully virus NC_033723.1 YP_009345034.1 0.553 Aves (H) 1 Homo sapiens (H) 1 Ixodes uriae (V) (St George et al. 1985) 
TBFV 0.515 0.116 TBFV / Tick, vertebrate, mosquito 

Gallus gallus 

Hanko virus NC_030401.1 YP_009259489.1 0.488 Culicidae (H) 1 Ochlerotatus punctor (H) (Huhtamo et al. 2012) Ochlerotatus caspius (H) (Huhtamo et al. 2012) 
IOFV -0.211 -2.423 IOFV / Mos-quito Aedes aegypti 

Iguape virus AY632538.4 AAV34154.1 0.557 Rodents (H) (Coimbra et al. 1993) Sentinel mouse (H) (Coimbra et al. 1993) Marsupials (H) (Coimbra et al. 1993) Birds (H) (Coimbra et al. 1993) 
MBFV 0.449 0.341 MBFV / Ver-tebrate, mos-quito, tick 

Bos taurus 

Ilheus virus NC_009028.2 YP_001040006.1 0.581 Culex (V) 1 Haemagogus (V) 1 Psorophora (V) 1 Aves (H) 1 Homo sapiens (H) 1 Sabethes (V) 1 Ochlerotatus (V) 1 Trichoprosopon (V) 1 

MBFV 0.643 1.266 MBFV / Ver-tebrate, tick Sus scrofa 

Ilomantsi virus NC_024805.1 YP_009056847.1 0.476 Culicidae (H) 1 dhIOFV -0.963 -1.410 dhIOFV / Vertebrate, mosquito 
Xenopus laevis 

Israel turkey meningoencephalomyelitis virus KC734549.1 AGV15505.1 0.522 Meleagris gallopavo (H) 2 Ochlerotatus caspius (V) (Braverman et al. 2003) Culicoides imicola (V) (Braverman et al. 2003) Culex pipiens (V) (Braverman et al. 2003) Phlebotomus papatasi (V) (Braverman et al. 2003) Culicoides distinctipennis (V) (Braverman et al. 1977) 

MBFV -0.218 -0.028 MBFV / Ver-tebrate, mos-quito 
Gallus gallus 



 

 

 
  

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Japanese encephalitis virus NC_001437.1 NP_059434.1 0.557 Culex tritaeniorhynchus (V) 1 Ardeidae (H) 1 Homo sapiens (H) 1 Equus caballus (H) 1 Sus scrofa (H) 1 Bos Taurus (H) 1 Culex gelidus (V) 1 

MBFV 0.544 0.060 MBFV / Ver-tebrate, mos-quito, tick 
Gallus gallus 
 

Jugra virus NC_033699.1 YP_009344969.1 0.491 Cynopterus brachyotis (H) 1 Aedes sp. (V) (Grard et al. 2010) Uranotaenia sp. (V) (Grard et al. 2010) 
MBFV -1.201 0.991 MBFV / Ver-tebrate Homo sapiens 

Jutiapa virus NC_026620.1 YP_009126871.1 0.447 Sigmodon hispidus (H) 1 UVFV -1.797 -0.035 UVFV / Ver-tebrate Xenopus laevis 
Kadam virus NC_033724.1 YP_009345035.1 0.560 Homo sapiens (H) 1 Rhipicephalus pravus (V) (Henderson et al. 1970) Rhipicephalus pulchellus (V) (Davies 1978) Amblyomma variegatum (V) (Davies 1978) Hyalomma dromedariiI (V) (Wood et al. 1982) Dermacentor variabilis (V) (Mugo and Shope 1972) Mus musculus (H) (Mugo and Shope 1972) 

TBFV 0.298 0.923 TBFV / Tick, vertebrate Myotis davidii 

Kamiti River virus NC_005064.1 NP_891560.1 0.541 Aedes (H) 1 IOFV 0.248 -0.732 dhIOFV / Mosquito, vertebrate 
Aedes albopictus 

Karshi virus NC_006947.1 YP_224133.1 0.608 Homo sapiens (H) 1 Rodentia (H) 1 Ornithodoros papillipes (V) (Lvov et al. 1976) Mus musculus (H) (Lvov et al. 1976) 

TBFV 1.376 1.387 TBFV / Tick, vertebrate Sus scrofa 

Kedougou virus NC_012533.1 YP_002790882.1 0.595 Culicidae (V) 1 Aedes dalzieli (V) (Fontenille et al. 1998) Homo sapiens (H) (Robin et al. 1978) 
MBFV 0.816 1.715 TBFV / Ver-tebrate Sus scrofa 



 

 
 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Kokobera virus NC_009029.2 YP_001040007.1 0.527 Aedes albopictus (V) 1 Macropus (H) 1 Wallabia (H) 1 Homo sapiens (H) 1 Culex annulirostris (V) 1 Ochlerotatus vigilax (V) 1 Ochlerotatus camptorhynchus (V) 1 Culex sitiens (V) (Johansen et al. 2004) 

MBFV 0.036 0.089 MBFV / Ver-tebrate, mos-quito 
Gallus gallus 

Koutango virus EU082200.2 ABW76844.2 0.549 Gerbilliscus kempi (H) (Fields et al. 2001) Rhipicephalus (V) (Fields et al. 2001) Hyalomma (V) (Fields et al. 2001) Ornithodoros (V) (Fields et al. 2001) 
Aedes aegypti (V) (Coz et al. 1976) Homo sapiens (H) (Traoré-Lamizana et al. 2001) Mastomys (H) (Traoré-Lamizana et al. 2001) Lemniscomys striatus (H) (Traoré-Lamizana et al. 2001) 

MBFV 0.196 0.581 MBFV / Ver-tebrate, tick Bos taurus 

Kunjin virus JX276662.1 AFR66759.1 0.545 Culex annulirostis (V) (Marshall et al. 1982) Aedes tremulus (V) (Liehne et al. 1976) Culex australicus (V) (Russell 1998) Culex squamosus (V) (Doherty et al. 1968) Aedes vigilax (V) (Kay et al. 1975) Culex quinquefasciatus (V) (Russell 1998) Homo sapiens (H) (Mackenzie et al. 1993) Equus (H) (Frost et al. 2012) Sentinel chicken (H) (NAMAC) Nycticorax caledonicus (H) (Boyle et al. 1983) Culex pseudovishnui (V) (Bowen et al. 1970) Anatidae sp. (H) (Bowen et al. 1970) 

MBFV 0.197 0.337 MBFV / Ver-tebrate, mos-quito, tick 
 Gallus gallus 

Kyasanur forest disease virus AY323490.1 AAQ91607.1 0.603 Homo sapiens (H) 1 Semnopithecus entellus (H) 1 Haemaphysalis spinigera (V) (Trapido et al. 1959) Gallus gallus (H) (Varma et al. 1960) 

TBFV 1.324 0.825 TBFV / Tick, vertebrate Ixodes scapularis 

Lammi virus NC_024806.1 YP_009056848.1 0.518 Culicidae (H) 1 dhIOFV -0.173 -0.879 dhIOFV / Vertebrate, mosquito 
Columba livia 



 

 
 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Langat virus NC_003690.1 NP_620108.1 0.592 Homo sapiens (H) 1 Mus (H) 1 Ixodes granulatus (V) (Gordon Smith 1956) Haemaphysalis papuana (V) (Bancroft et al. 1976) 

TBFV 0.930 1.103 TBFV / Tick, vertebrate Sus scrofa 

Louping ill virus NC_001809.1 NP_044677.1 0.606 Homo sapiens (H) 1 Canis lupus familiaris (H) 1 Equus caballus (H) 1 Sus scrofa (H) 1 Bos taurus (H) 1 Ovis aries (H) 1 Ixodes ricinus (V) 1 Cervinae (H) 1 

TBFV 1.348 0.758 TBFV / Tick, vertebrate Ixodes scapularis 

Meaban virus NC_033721.1 YP_009345031.1 0.600 Aves (H) 1 Homo sapiens (H) 1 Ornithodoros maritimus (V) (Arnal et al. 2014) 
TBFV 1.280 1.020 TBFV / Tick, vertebrate Sus scrofa 

Mercadeo virus NC_027819.1 YP_009164031.1 0.573 Culex (H) 1 IOFV 1.315 -2.140 IOFV / Mos-quito Aedes albopictus 
Modoc virus NC_003635.1 NP_619758.1 0.447 Homo sapiens (H) 1 

Peromyscus maniculatus (H) 1 UVFV -1.783 -0.187 UVFV / Ver-tebrate Xenopus laevis 
Montana myotis leukoencephalitis virus NC_004119.1 NP_689391.1 0.415 Myotis lucifugus (H) 1 UVFV -2.379 -0.290 UVFV / Ver-tebrate Xenopus laevis 
Mosquito flavivirus NC_021069.1 YP_007877501.1 0.588 Culex tritaeniorhynchus (H) 1 IOFV 1.447 -1.340 IOFV / Mos-quito Culex quinquefasci-atus 
Murray Valley encephalitis virus NC_000943.1 NP_051124.1 0.493 Homo sapiens (H) 1 Culex annulirostris (V) 1 MBFV -0.637 -0.495 UVFV / Ver-tebrate, mos-quito 

Columba livia 

Naranjal virus KF917538.1 AIU94742.1 0.516 Sentinel hamster (H) 2 MBFV -0.482 0.580 MBFV / Ver-tebrate Homo sapiens 
Negishi virus KT224355.1 ALP82435.1 0.607 Homo sapiens (H) (Ando et al. 1952) TBFV 1.388 0.664 TBFV / Tick, vertebrate Ixodes scapularis 



 

 
 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
New Mapoon virus NC_032088.1 YP_009328360.1 0.553 Culicidae (H) 1 Culex annulirostris (H) 1 MBFV 0.366 0.767 MBFV / Ver-tebrate, tick Bos taurus 

  Nounane virus NC_033715.1 YP_009345019.1 0.531 Uranotaenia mashonaensis (H) 2 dhIOFV 0.048 -1.026 dhIOFV / Vertebrate, mosquito 
Aedes albopictus 

Ntaya virus NC_018705.3 YP_006846328.2 0.489 Homo sapiens (H) 1 Mus musculus (H) 1 Coquillettidia pseudoconopas (V) (Smithburn and Haddow 1951) Uranotaenia alboabdominalis (V) (Smithburn and Haddow 1951) Culiseta fraseri (V) (Smithburn and Haddow 1951) Coquillettidia aurites (V) (Smithburn and Haddow 1951) Aedes simpsoni (V) (Smithburn and Haddow 1951) Aedes apicoargenteus (V) (Smithburn and Haddow 1951) Aedes africanus (V) (Smithburn and Haddow 1951) Aedes albomarginatus (V) (Smithburn and Haddow 1951) Lutzia tigripes (V) (Smithburn and Haddow 1951) Culex poicilipes (V) (Smithburn and Haddow 1951) Culex pruina (V) (Smithburn and Haddow 1951) Culex moucheti (V) (Smithburn and Haddow 1951) Culex spp. (V) (Smithburn and Haddow 1951) 

MBFV -0.667 -1.116 UVFV / Ver-tebrate, mos-quito 
Anas platyrhynchos 

Ochlerotatus caspius flavivirus NC_034242.1 YP_009352228.1 0.499 Ochlerotatus caspius (H) 1 Aedes albopictus (H) (Ferreira et al. 2013) IOFV -0.136 -1.812 IOFV / Mos-quito Aedes aegypti 
Omsk hemorrhagic fever virus NC_005062.1 NP_878909.1 0.577 Ixodes (V) 1 Homo sapiens (H) 1 Ondatra zibethicus (H) 1 Dermacentor reticulatus (V) 1 Arvicola amphibius (H) 1 

TBFV 0.716 0.523 TBFV / Tick, vertebrate Bos taurus 

Palm Creek virus NC_033694.1 YP_009344962.1 0.527 Coquillettidia xanthogaster (H) 1 IOFV 0.530 -2.403 IOFV / Mos-quito Aedes aegypti 
Paraiso Escondido virus NC_027999.1 YP_009169331.1 0.473 Psathyromyia abonnenci (H) 1 MBFV -0.896 -2.060 UVFV / Mos-quito Aedes aegypti 



 

 

 
  

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Phnom Penh bat virus NC_034007.1 YP_009350101.1 0.444 Cynopterus brachyotis (H) 1 UVFV -1.762 -0.143 UVFV / Ver-tebrate Xenopus laevis 
Potiskum virus NC_029054.2 YP_009433741.1 0.477 Culicidae (V) 1 Homo sapiens (H) 1 Rodentia (H) 1 Gallus gallus domesticus (H) (Omilabu et al. 1989) 

MBFV -1.425 0.827 MBFV / Ver-tebrate Alligator missis-sipiensis 

Powassan virus NC_003687.1 NP_620099.1 0.574 Ixodes scapularis (V) 1 Homo sapiens (H) 1 Marmota monax (H) 1 Ixodes spinipalpis (V) 1 Dermacentor andersoni (V) 1 Ixodes cookei (V) 1 Lepus americanus (H) 1 

TBFV 0.693 0.270 TBFV / Tick, vertebrate, mosquito 
Bos taurus 

Quang Binh virus NC_012671.1 YP_002884239.1 0.586 Culicidae (H) 1 Culex tritaeniorhynchus (H) 1 IOFV 1.608 -2.015 IOFV / Mos-quito Aedes albopictus 
Rio Bravo virus NC_003675.1 NP_620044.1 0.407 Homo sapiens (H) 1 

Eptesicus fuscus (H) 1 Tadarida brasiliensis mexicana (H) 1 Molossus ater (H) 1 

UVFV -2.468 -0.908 UVFV / Ver-tebrate Xenopus laevis 

Rocio virus AY632542.4 AAV34158.1 0.584 Homo sapiens (H) (de Souza Lopes et al. 1978a, 1978b) Mus musculus (H) (de Souza Lopes et al. 1978a) Zonotrichia capensis (H) (de Souza Lopes et al. 1978a) Psorophora ferox (V) (Mitchell et al. 1986; de Souza Lopes et al. 1981) Aedes scapularis (V) (Mitchell et al. 1986) 

MBFV 0.779 0.963 MBFV / Ver-tebrate, tick Sus scrofa  

Royal Farm virus DQ235149.1 ABB90673.1 0.585 Argas hermanni (V) (Williams et al. 1972) Cricetidae (H) (Williams et al. 1972) TBFV 1.186 -0.021 TBFV / Tick, vertebrate, mosquito 
Anopheles gambiae 



 

 

 
  

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Saboya virus NC_033697.1 YP_009344967.1 0.477 Mus musculus (H) 1 Jaculus jaculus (H) 1 Arvicanthis niloticus (H) 1 Mastomys sp. (H) 1 Gerbilliscus kempi (H) 1 Phlebotomus duboscqi (V) (Ba et al. 1999; Fontenille et al. 1994) Sergentomyia inermis (V) (Fontenille et al. 1994) Sergentomyia squamipleuris (V) (Fontenille et al. 1994) Sergentomyia adleri (V) (Fontenille et al. 1994) Sergentomyia clydei (V) (Fontenille et al. 1994) Sergentomyia antennata (V) (Fontenille et al. 1994) Sergentomyia buxtoni (V) (Fontenille et al. 1994) Sergentomyia dubia (V) (Fontenille et al. 1994) Sergentomyia schwetzi (V) (Fontenille et al. 1994) Sergentomyia magna (V) (Fontenille et al. 1994) 

MBFV -1.389 0.636 MBFV / Ver-tebrate Alligator missis-sipiensis 

Saumarez Reef virus NC_033726.1 YP_009345037.1 0.576 Aves (H) 1 Homo sapiens (H) 1 Ornithodoros capensis (V) (St George et al. 1977) Ixodes eudyptidis (V) (St George et al. 1977) 

TBFV 1.063 -0.027 TBFV / Tick, vertebrate, mosquito 
Anopheles gambiae 

Sepik virus NC_008719.1 YP_950478.1 0.483 Culicidae (V) 1 Ovis aries (H) (Grard et al. 2010) Homo sapiens (H) (Grard et al. 2010) 
MBFV -1.280 0.765 MBFV / Ver-tebrate Alligator missis-sipiensis 

Siberian tick-borne encephalitis virus L40361.3 AAF82240.2 0.607 Ixodes persulcatus (V) (Liu et al. 2016) TBFV 1.414 0.244 TBFV / Tick, vertebrate Ixodes scapularis 
Sokoluk virus NC_026624.1 YP_009126875.1 0.588 Pipistrellus pipistrellus (H) 1 MBFV 0.932 0.597 TBFV / Ver-tebrate, tick Ixodes scapularis 
Spanish goat encephalitis virus NC_027709.1 YP_009162613.1 0.610 Capra hircus (H) 1 TBFV 1.449 0.635 TBFV / Tick, vertebrate Sus scrofa  
Spondweni virus NC_029055.1 YP_009222008.1 0.580 Aedes circumluteolus (V) 1 Mansonia uniformis (V) (Kokernot et al. 1957) Homo sapiens (H) (Wolfe et al. 1982; Haddow et al. 1964) 

MBFV 0.794 1.072 MBFV / Ver-tebrate, tick Sus scrofa  



 

 
 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
St. Louis encephalitis virus NC_007580.2 YP_001008348.1 0.524 Culex quinquefasciatus (V) 1 Dromaius novaehollandiae (H) 1 Dasypodidae (H) 1 Homo sapiens (H) 1 Culex nigripalpus (V) 1 Passer domesticus (H) 1 

MBFV -0.052 -0.494 MBFV / Ver-tebrate, mos-quito 
Columba livia 

Stratford virus KM225263.1 AIJ19432.1 0.529 Aedes albopictus (V) 1 Macropodidae (H) 1 Homo sapiens (H) 1 Equus caballus (H) 1 

MBFV 0.048 -0.146 TBFV / Ver-tebrate, mos-quito 
Gallus gallus 

Tembusu virus NC_015843.2 YP_004734464.1 0.509 Anser sp. (H) 1 Culex tritaeniorhynchus (V) (Leake et al. 1986) Culex vishnui (V) (Leake et al. 1986) Culex gelidus (V) (Leake et al. 1986) Culex pipiens (V) (Tang et al. 2015) 

MBFV -0.518 0.030 UVFV / Ver-tebrate, mos-quito 
Columba livia 

T’Ho virus NC_034151.1 YP_009351820.1 0.527 Culex quinquefasciatus (V) 1 Vertebrates (H) (Farfan-Ale et al. 2009) MBFV -0.356 0.559 MBFV / Ver-tebrate Homo sapiens 
Torres virus KM225265.1 AIJ19434.1 0.526 Culicidae (V) 1 Aedes albopictus (V) 1 Culex gelidus (V) (Johansen et al. 2004) Sus (H) (Johansen et al. 2004) 

MBFV -0.141 0.306 TBFV / Ver-tebrate Gallus gallus 

Turkish sheep encephalitis virus DQ235151.1 ABB90675.1 0.613 Ovis (H) (Hartley et al. 1969) TBFV 1.465 0.582 TBFV / Tick, vertebrate Ixodes scapularis 
Tyuleniy virus NC_023424.1 YP_009001464.1 0.579 Ixodes uriae (V) 1 TBFV 1.058 -0.047 TBFV / Tick, vertebrate, mosquito 

Anopheles gambiae 

Uganda S virus NC_033698.1 YP_009344968.1 0.464 Mus musculus (H) 1 Saxicola rubetra (H) 1 Aedes longipalpis (V) (Dick and Haddow 1952) Aedes ingrami (V) (Dick and Haddow 1952) Aedes natronius (V) (Dick and Haddow 1952) Macaca mulatta (H) (Dick and Haddow 1952) 

MBFV -1.442 -0.122 UVFV / Ver-tebrate Anas platyrhynchos 



 

 
  

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Usutu virus NC_006551.1 YP_164264.1 0.551 Aedes albopictus (V) 1 Culex pipiens (V) 1 Turdus merula (H) 1 Homo sapiens (H) 1 Anopheles maculipennis (V) 1 Ochlerotatus caspius (V) 1 Coquillettidia aurites (V) 1 Mansonia Africana (V) 1 Culex neavei (V) 1 Culex perexiguus (V) 1 

MBFV 0.325 0.497 MBFV / Ver-tebrate, tick Bos taurus  

Wesselsbron virus NC_012735.1 YP_002922020.1 0.477 Aedes (V) 1 Homo sapiens (H) 1 Capra hircus (H) 1 Ovis aries (H) 1 

MBFV -1.324 0.237 MBFV / Ver-tebrate Alligator missis-sipiensis 

West Nile virus lineage 1 NC_009942.1 YP_001527877.1 0.560 Aedes (V) 1 Aves (H) 1 Homo sapiens (H) 1 Amblyomma variegatum (V) 1 Hyalomma marginatum (V) 1 Rhipicephalus (V) 1 Culex (V) 1 Mansonia uniformis (V) 1 Mimomyia (V) 1 Chlorocebus aethiops (H) 1 Mesocricetus auratus (H) 1 Bubo scandiacus (H) 1 Mus (H) 1 
Corvidae (H) (Lanciotti et al. 1999) 

MBFV 0.463 0.248 MBFV / Ver-tebrate, mos-quito, tick 
Bos taurus 

West Nile virus lineage 2 NC_001563.2 NP_041724.2 0.551 Homo sapiens (H) 1 MBFV 0.341 0.112 MBFV / Ver-tebrate, mos-quito, tick 
Gallus gallus 

Western tick-borne encephalitis virus NC_001672.1 NP_043135.1 0.595 Homo sapiens (H) 1 Mus musculus (H) 1 Ixodes ricinus (V) 1 Ixodes persulcatus (V) 1 

TBFV 1.245 0.276 TBFV / Tick, vertebrate Ixodes scapularis 



 

 

 
1 Information obtained from Virus-Host Database (Mihara et al. 2016). 2 Information obtained from GenBank (Benson et al. 2013). MBFV = Mosquito-borne flavivirus TBFV = Tick-borne flavivirus IOFV = Insect-only flavivirus UVFV = Unknown vector flavivirus dhIOFV = Dual-host IOFV GC3: Proportion of Guanine+Cytosine at the third position of the codon (%) 

Virus name 
Accession codes 

GC3 
Based on the literature Correspondence Analysis (CA) 

CDS AA Putative hosts (H) and vectors (V) Classifi-cation Dim. 1 Dim. 2 Centroid classifica-tion Nearest host 
Yaounde virus NC_034018.1 YP_009350103.1 0.545 Culex nebulosus(V) 1 Culex telesilla (V) (CDC 1985) Culex quiarti (V) (CDC 1985) Eretmapodites oedipodeios (V) (CDC 1985) Aedes aegypti (V) (CDC 1985) Culex perfuscus (V) (CDC 1985) Culex pruina (V) (CDC 1985) Culex duttoni (V) (CDC 1985) Bycanistes sharpie (H) (CDC 1985) Aves (H) (Williams, Richard A. J 2012) Praomys (H) (CDC 1985) 

MBFV 0.338 -0.622 dhIOFV / Vertebrate, mosquito 
Gallus gallus 

Yellow fever virus NC_002031.1 NP_041726.1 0.537 Aedes aegypti (V) 1 Aedes simpsoni (V) 1 Homo sapiens (H) 1 Aedes luteocephalus (V) 1 Simiiformes (H) 1 

MBFV -0.409 1.879 MBFV / Ver-tebrate Mus musculus 

Yokose virus NC_005039.1 NP_872627.1 0.485 Miniopterus fuliginosus (H) 1 Culicidae (V) (Tajima et al. 2005) MBFV -1.119 0.002 MBFV / Ver-tebrate Alligator mississip-piensis 
Zika virus NC_012532.1 YP_002790881.1 0.541 Aedes aegypti (V) 1 Aedes albopictus (V) 1 Macaca mulatta (H) 1 Homo sapiens (H) 1 Mus musculus (H) 1 

MBFV -0.131 1.189 MBFV / Ver-tebrate Myotis brandtii 



 

 

Appendix 2. Supplementary material related to Zika virus pilot study 
Table 1. Codon reference tables for optimal host identification (4 pages). Tables were either self-calculated with Perl scripts or obtained from Codon Usage Database (marked with an asterisk) (Codon Usage Database 2017; Nakamura et al. 2000). The tables were calculated for animals that had at least 10,000 complete coding sequences to ensure representa-tiveness. There were two animals that had less sequences, wild boar (Sus scrofa) with 2,953 CDSs and the red junglefowl (Gallus gallus) with 6,017 CDSs. 
 UUU UCU UAU UGU UUC UCC UAC UGC UUA UCA UAA UGA UUG UCG UAG UGG 
Aedes aegypti 105,803 67,316 90,691 70,139 205,867 122,844 160,830 89,653 48,482 75,347 8,409 7,820 162,093 148,951 5,239 82,534 
Aedes albopictus 97,145 56,914 79,108 63,514 200,599 123,298 163,078 87,769 38,157 65,567 6,720 5,873 153,673 154,171 4,553 80,333 
Alligator mississippiensis 285,736 266,501 210,156 170,626 299,463 254,351 242,753 208,569 143,195 222,283 9,468 15,055 237,164 70,524 7,528 204,449 
Anas platyrhynchos 153,243 135,585 95,599 88,295 149,230 126,705 126,168 110,527 73,660 112,384 1,521 2,599 115,508 37,472 1,122 100,505 
Anopheles gambiae 94,614 32,112 52,725 50,824 165,698 108,606 173,108 91,618 26,775 43,545 7,161 6,391 75,745 182,093 4,436 75,670 
Bos taurus 176,217 159,245 118,803 110,703 230,161 202,850 170,291 140,579 79,353 126,638 8,272 17,113 136,301 59,386 6,476 137,993 
Columba livia 112,853 92,944 74,363 65,581 113,012 93,945 97,512 76,376 50,686 75,022 3,715 4,794 84,780 28,616 2,286 73,187 
Culex quinquefasciatus 123,786 42,919 50,760 60,923 198,511 134,088 195,233 107,214 25,108 52,078 7,306 6,787 134,792 188,984 4,659 86,930 
Gallus gallus* 45,768 38,296 32,211 23,851 54,936 42,683 48,342 36,075 19,129 31,442 2,046 2,986 34,146 14,079 1,281 32,616 
Homo sapiens 189,379 171,196 132,715 117,458 216,388 196,012 161,579 135,489 86,682 139,095 5,404 9,518 143,507 50,249 4,328 134,648 
Ixodes scapularis 74,374 55,722 31,434 33,921 155,979 105,861 129,415 100,447 19,307 37,110 4,241 8,274 66,146 96,803 4,231 72,965 
Mus musculus* 422,153 398,250 298,518 279,729 535,439 444,041 394,074 301,384 165,150 289,799 23,403 40,148 329,668 103,815 19,126 306,619 
Myotis brandtii 149,256 134,443 103,108 91,596 189,819 173,931 143,371 113,452 69,465 105,333 5,078 9,823 118,397 45,721 4,583 113,559 
Myotis davidii 113,232 103,442 76,640 70,839 155,462 144,783 117,529 95,128 51,237 81,258 3,784 8,156 90,795 39,444 3,674 92,755 
Sus scrofa* 18,160 14,246 12,717 10,902 27,973 21,586 22,023 16,776 6,442 10,448 883 1,739 13,518 5,607 628 17,440 
Xenopus laevis 475,411 435,671 348,838 278,073 343,215 321,198 290,496 239,628 259,966 343,805 19,075 17,534 332,659 77,483 9,401 245,817 



 

 

 
 CUU CCU CAU CGU CUC CCC CAC CGC CUA CCA CAA CGA CUG CCG CAG CGG 
Aedes aegypti 81,073 70,190 92,779 70,386 92,845 78,473 111,503 74,523 69,643 116,049 154,187 94,417 248,006 143,421 198,592 92,034 
Aedes albopictus 73,743 63,435 85,963 66,043 91,059 79,507 115,067 74,949 67,101 105,136 142,086 89,873 262,230 158,240 205,119 103,979 
Alligator mississippiensis 234,983 286,349 199,397 80,956 261,744 253,141 224,817 142,817 134,363 313,100 247,331 88,040 592,915 94,622 565,858 148,393 
Anas platyrhynchos 122,813 143,338 94,079 42,336 135,241 121,613 119,654 60,556 60,117 145,719 122,456 45,366 278,261 46,915 271,533 61,272 
Anopheles gambiae 51,540 33,672 71,298 60,653 110,524 79,021 127,400 144,786 51,475 75,633 91,709 56,430 341,455 213,374 255,693 126,863 
Bos taurus 137,259 183,974 106,989 47,991 226,797 238,009 174,809 122,283 69,555 174,268 124,199 67,416 452,888 98,259 381,244 137,128 
Columba livia 83,984 95,097 66,456 29,591 101,401 92,973 87,675 45,990 38,718 99,227 82,943 32,668 206,622 37,795 189,692 48,921 
Culex quinquefasciatus 64,004 42,642 58,083 58,474 126,302 97,230 150,387 115,735 44,253 87,713 119,463 75,642 342,737 212,800 255,462 143,812 
Gallus gallus* 33,708 41,672 25,885 14,682 45,753 46,097 39,081 28,305 16,211 42,767 33,018 14,339 104,699 21,091 88,743 26,453 
Homo sapiens 147,569 198,345 123,609 49,921 212,802 225,420 168,062 115,976 79,488 192,119 140,427 68,859 437,308 81,354 387,120 129,331 
Ixodes scapularis 66,042 55,208 36,505 40,240 159,231 120,308 116,979 101,295 31,749 59,161 59,065 44,503 233,226 106,684 169,406 86,673 
Mus musculus* 329,757 450,637 260,637 114,854 495,018 446,868 375,626 229,758 198,032 423,707 293,318 161,412 969,515 151,521 836,320 250,836 
Myotis brandtii 114,062 157,094 94,505 38,894 185,980 195,453 149,357 88,661 60,061 148,475 111,991 56,543 375,305 64,984 332,354 107,579 
Myotis davidii 86,828 124,280 72,079 30,930 154,989 167,094 125,963 77,771 45,385 116,015 84,072 44,250 317,889 60,214 271,506 94,037 
Sus scrofa* 13,109 18,561 9,900 4,792 27,053 25,796 18,267 14,145 6,653 16,692 11,567 6,519 53,901 9,860 40,912 13,943 
Xenopus laevis 378,042 377,145 298,817 119,961 274,223 244,929 267,467 120,706 213,125 432,029 395,345 122,409 540,897 91,856 585,594 119,667 

 
  



 

 

 AUU ACU AAU AGU AUC ACC AAC AGC AUA ACA AAA AGA AUG ACG AAG AGG 
Aedes aegypti 152,166 86,616 166,027 105,612 207,964 148,111 221,033 123,334 76,072 84,025 220,087 53,146 189,682 133,677 268,281 43,987 
Aedes albopictus 137,495 76,150 147,062 100,974 208,043 153,503 225,036 125,677 67,644 75,402 206,848 47,629 186,399 137,826 273,900 44,683 
Alligator mississippiensis 289,540 245,848 311,827 221,332 318,302 263,582 322,932 326,064 160,920 294,026 477,989 230,179 377,994 97,321 532,404 200,385 
Anas platyrhynchos 141,066 117,055 148,135 106,071 153,436 121,061 168,842 167,445 80,265 148,079 247,562 118,152 173,849 57,102 251,100 107,972 
Anopheles gambiae 92,725 39,481 100,091 64,028 202,044 140,594 219,692 156,991 61,791 59,333 126,145 23,006 166,014 201,293 262,509 21,939 
Bos taurus 159,826 133,607 163,964 129,267 234,653 210,799 212,732 224,422 76,928 150,192 251,908 130,360 233,655 79,271 350,736 134,871 
Columba livia 104,393 80,840 107,072 73,499 121,220 92,966 128,058 113,525 58,143 104,091 182,096 84,864 131,436 42,191 189,730 74,351 
Culex quinquefasciatus 128,311 53,265 99,723 87,381 246,469 173,860 278,300 147,234 39,912 52,962 149,090 36,161 187,954 191,512 336,380 40,696 
Gallus gallus* 45,653 36,078 46,039 30,390 59,906 44,951 61,099 54,867 23,805 43,884 74,256 33,289 62,972 20,943 93,393 31,945 
Homo sapiens 175,259 147,134 190,114 139,465 220,634 203,602 206,688 220,505 82,922 167,136 278,169 133,268 236,510 66,200 353,825 131,616 
Ixodes scapularis 57,705 45,993 45,690 42,553 134,295 111,797 147,940 121,031 31,509 54,105 78,016 39,079 127,674 107,148 208,833 78,311 
Mus musculus* 377,698 335,039 382,284 311,331 552,184 465,115 499,149 483,013 180,467 391,437 537,723 297,135 559,953 138,180 825,270 299,472 
Myotis brandtii 139,814 114,452 148,430 113,992 199,193 180,990 185,755 185,631 66,531 131,463 226,768 109,231 204,831 65,277 313,098 118,086 
Myotis davidii 105,319 86,591 110,660 87,677 163,717 149,818 150,586 156,457 49,298 100,435 169,437 82,710 162,715 57,159 249,402 96,344 
Sus scrofa* 15,660 13,038 16,598 11,082 28,754 26,456 25,606 23,327 7,191 14,403 23,681 12,052 25,610 9,022 38,617 13,258 
Xenopus laevis 470,669 372,157 520,334 336,460 352,434 296,177 419,539 337,006 300,000 463,817 720,130 342,826 502,530 95,128 601,326 252,104 

 
  



 

 

 GUU GCU GAU GGU GUC GCC GAC GGC GUA GCA GAA GGA GUG GCG GAG GGG 
Aedes aegypti 128,092 123,462 238,605 116,851 115,996 177,203 192,964 115,501 75,096 112,842 295,762 166,203 173,024 103,277 220,013 58,749 
Aedes albopictus 120,907 114,500 230,285 116,327 117,235 184,026 202,864 117,142 71,956 106,383 283,652 156,762 180,844 114,481 230,877 62,953 
Alligator mississippiensis 220,062 336,797 425,108 182,259 214,803 357,261 392,225 290,968 146,333 328,225 560,811 297,308 410,333 94,451 643,968 250,922 
Anas platyrhynchos 117,470 181,596 201,191 94,731 105,498 153,253 180,425 133,781 74,738 173,629 275,108 151,883 198,074 45,370 284,768 115,330 
Anopheles gambiae 64,418 75,543 173,980 125,515 109,118 190,816 212,737 204,626 60,279 106,001 179,852 87,574 229,677 195,713 283,970 78,940 
Bos taurus 113,850 193,365 220,484 111,861 168,797 326,809 288,879 256,275 70,781 160,241 302,609 174,863 312,161 100,065 441,648 185,928 
Columba livia 84,579 119,203 148,911 69,163 84,576 113,404 141,019 95,801 50,144 110,554 201,781 109,153 151,071 39,420 213,638 86,177 
Culex quinquefasciatus 113,170 86,702 170,362 108,252 153,568 225,445 270,497 167,341 47,010 81,107 221,992 143,559 218,927 184,999 313,182 89,461 
Gallus gallus* 35,593 56,528 68,683 30,898 36,917 62,202 67,783 53,631 21,277 51,713 84,178 47,765 76,624 24,768 111,123 43,513 
Homo sapiens 121,302 204,091 246,943 117,456 155,761 311,996 278,549 247,607 78,882 178,106 336,665 183,190 305,878 84,501 451,726 182,999 
Ixodes scapularis 56,833 73,718 66,403 60,167 135,465 195,993 232,841 161,342 31,338 81,570 121,651 88,146 190,498 115,433 225,468 82,020 
Mus musculus* 262,535 491,093 515,049 280,522 377,902 637,878 638,504 520,069 182,733 388,723 661,498 411,344 696,158 157,124 965,963 372,099 
Myotis brandtii 97,606 165,822 196,915 92,699 140,631 262,234 251,134 199,899 60,268 140,268 275,392 144,558 268,064 65,575 386,908 155,884 
Myotis davidii 74,166 130,534 149,620 72,558 116,940 225,972 209,517 171,189 45,056 110,134 205,844 112,003 222,467 60,004 317,761 132,602 
Sus scrofa* 10,755 19,642 22,309 11,651 20,245 36,983 33,278 29,987 6,447 15,141 27,310 18,686 38,572 10,339 48,046 21,555 
Xenopus laevis 351,271 411,579 613,288 253,098 244,083 319,491 432,347 265,240 240,447 424,584 772,321 441,213 434,149 85,444 662,177 270,557 

 



 

 

Table 2. Accession codes for complete coding sequences of Zika viruses used for pilot study. Viruses were grouped based on genotype and annotated based on the geographic location they were found. Spon-dweni virus (in bolded font) was used as an outgroup. 
Code Genotype Continent/Annotation Code Genotype Continent/Annotation KU820898 Asian Asia1 KX156774 Asian NorthAmerica42 KU740184 Asian Asia2 KX156775 Asian NorthAmerica43 KU820899 Asian Asia3 KX156776 Asian NorthAmerica44 KU761564 Asian Asia4 KX198135 Asian NorthAmerica45 KU681082 Asian Asia5 KX446950 Asian NorthAmerica46 KU681081 Asian Asia6 KX446951 Asian NorthAmerica47 KU744693 Asian Asia7 KX694534 Asian NorthAmerica48 KU955589 Asian Asia8 KY120348 Asian NorthAmerica49 KU955590 Asian Asia9 KX369547 Asian Oceania1 KU955593 Asian Asia10 KX447509 Asian Oceania2 KU963796 Asian Asia11 KX447510 Asian Oceania3 KX056898 Asian Asia12 KX447511 Asian Oceania4 KX117076 Asian Asia13 KX447512 Asian Oceania5 KX185891 Asian Asia14 KX447513 Asian Oceania6 KX253996 Asian Asia15 KX447514 Asian Oceania7 KU866423 Asian Asia16 KX447515 Asian Oceania8 KX377336 Asian Asia17 KX447516 Asian Oceania9 KX601167 Asian Asia18 KX447517 Asian Oceania10 KX813683 Asian Asia19 KJ776791 Asian Oceania11 KX827309 Asian Asia20 KX806557 Asian Oceania12 LC190723 Asian Asia21 KU321639 Asian SouthAmerica1 LC191864 Asian Asia22 KU729217 Asian SouthAmerica2 KX694532 Asian Asia23 KU729218 Asian SouthAmerica3 KX694533 Asian Asia24 KU497555 Asian SouthAmerica4 KU853013 Asian Europe1 KU707826 Asian SouthAmerica5 KU991811 Asian Europe2 KU527068 Asian SouthAmerica6 KX673530 Asian Europe3 KU365780 Asian SouthAmerica7 KY003153 Asian Europe4 KU365779 Asian SouthAmerica8 KY003154 Asian Europe5 KU365778 Asian SouthAmerica9 KU922960 Asian NorthAmerica1 KU365777 Asian SouthAmerica10 KU922923 Asian NorthAmerica2 KU312312 Asian SouthAmerica11 KU647676 Asian NorthAmerica3 KU940228 Asian SouthAmerica12 KU501217 Asian NorthAmerica4 KU937936 Asian SouthAmerica13 KU501216 Asian NorthAmerica5 KX197192 Asian SouthAmerica14 KU501215 Asian NorthAmerica6 KX247646 Asian SouthAmerica15 KU870645 Asian NorthAmerica7 KX280026 Asian SouthAmerica16 KU509998 Asian NorthAmerica8 KU758877 Asian SouthAmerica17 KX051563 Asian NorthAmerica9 KX520666 Asian SouthAmerica18 KX247632 Asian NorthAmerica10 KX548902 Asian SouthAmerica19 KX262887 Asian NorthAmerica11 KX702400 Asian SouthAmerica20 KX377337 Asian NorthAmerica12 KU820897 Asian SouthAmerica21 KX601168 Asian NorthAmerica13 KX197205 Asian SouthAmerica22 KX766029 Asian NorthAmerica14 KX811222 Asian SouthAmerica23 KX832731 Asian NorthAmerica15 KX879603 Asian SouthAmerica24 KX856011 Asian NorthAmerica16 KX879604 Asian SouthAmerica25 KX838905 Asian NorthAmerica17 KY014296 Asian SouthAmerica26 KX838906 Asian NorthAmerica18 KR872956 Asian SouthAmerica27 KX842449 Asian NorthAmerica19 KX087102 Asian SouthAmerica28 KX922703 Asian NorthAmerica20 HQ234498 East African EastAfrica1 KX922704 Asian NorthAmerica21 KU720415 East African EastAfrica2 KX922707 Asian NorthAmerica22 KF268949 East African EastAfrica3 KX922708 Asian NorthAmerica23 KF268948 East African EastAfrica4 KY014295 Asian NorthAmerica24 LC002520 East African EastAfrica5 KY014299 Asian NorthAmerica25 KF383119 East African EastAfrica6 KY014300 Asian NorthAmerica26 AY632535 East African EastAfrica7 KY014303 Asian NorthAmerica27 DQ859059 East African EastAfrica8 KY014304 Asian NorthAmerica28 KU955594 East African EastAfrica9 KY014314 Asian NorthAmerica29 KX377335 East African EastAfrica10 KY014321 Asian NorthAmerica30 KX601169 East African EastAfrica11 KY014322 Asian NorthAmerica31 KX830960 East African EastAfrica12 KY014323 Asian NorthAmerica32 KU963573 East African EastAfrica13 KY014324 Asian NorthAmerica33 HQ234500 West African WestAfrica1 KY075932 Asian NorthAmerica34 KU955591 West African WestAfrica2 KY075933 Asian NorthAmerica35 KU955592 West African WestAfrica3 KY075934 Asian NorthAmerica36 KU955595 West African WestAfrica4 KY075935 Asian NorthAmerica37 KX601166 West African WestAfrica5 KY075936 Asian NorthAmerica38 KU963574 West African WestAfrica6 KY075937 Asian NorthAmerica39 KX198134 West African WestAfrica7 KY075938 Asian NorthAmerica40 DQ859064 – Spondwenivirus KX087101 Asian NorthAmerica41      



 

 

Table 3. Average and standard deviation (SD) values of relative synonymous codon usage (RSCU) values in Zika viruses from different continents (2 pages). The codon usages are similar across different continents but show minor differences in usage biases. The amino acids (AAs) encoded by synonymous codons are marked in one-letter abbreviations. 
  East Africa West Africa Asia America 

Codon AA Average SD Average SD Average SD Average SD 
TTT F 0.996 0.032 0.940 0.008 0.998 0.031 1.011 0.017 
TTC F 1.004 0.032 1.060 0.008 1.002 0.031 0.989 0.017 
TTA L 0.390 0.021 0.275 0.009 0.312 0.019 0.309 0.010 
TTG L 1.319 0.023 1.391 0.029 1.289 0.038 1.325 0.019 
CTT L 0.867 0.029 0.844 0.036 0.800 0.058 0.754 0.025 
CTC L 1.030 0.010 0.979 0.030 0.977 0.037 1.007 0.020 
CTA L 0.595 0.025 0.721 0.010 0.678 0.018 0.688 0.024 
CTG L 1.799 0.028 1.790 0.043 1.945 0.042 1.917 0.022 
ATT I 0.811 0.027 0.733 0.027 0.888 0.055 0.897 0.016 
ATC I 1.286 0.048 1.310 0.028 1.126 0.039 1.120 0.019 
ATA I 0.903 0.027 0.957 0.005 0.986 0.020 0.983 0.012 
GTT V 0.817 0.023 0.821 0.009 0.853 0.035 0.852 0.012 
GTC V 1.025 0.009 0.974 0.013 1.133 0.054 1.135 0.016 
GTA V 0.433 0.049 0.411 0.013 0.371 0.021 0.376 0.011 
GTG V 1.726 0.040 1.794 0.009 1.643 0.035 1.637 0.010 
TCT S 0.873 0.055 0.660 0.011 0.856 0.028 0.886 0.017 
TCC S 0.898 0.066 1.126 0.005 0.995 0.025 0.974 0.015 
TCA S 1.486 0.019 1.401 0.008 1.530 0.020 1.544 0.009 
TCG S 0.526 0.028 0.584 0.017 0.385 0.019 0.368 0.010 
AGT S 1.079 0.055 1.100 0.016 0.961 0.021 0.944 0.021 
AGC S 1.139 0.053 1.130 0.013 1.273 0.022 1.284 0.021 
CCT P 0.765 0.052 0.665 0.028 0.669 0.041 0.651 0.020 
CCC P 1.060 0.048 1.155 0.014 1.131 0.045 1.136 0.019 
CCA P 1.860 0.013 1.864 0.014 1.756 0.054 1.785 0.013 
CCG P 0.315 0.017 0.316 0.055 0.445 0.038 0.428 0.013 
ACT T 0.932 0.023 0.888 0.010 0.995 0.029 0.997 0.013 
ACC T 1.107 0.030 1.107 0.018 1.147 0.026 1.150 0.011 
ACA T 1.608 0.016 1.679 0.002 1.406 0.018 1.411 0.012 
ACG T 0.353 0.008 0.326 0.011 0.452 0.026 0.441 0.012 
GCT A 1.102 0.042 1.219 0.043 1.112 0.038 1.115 0.015 
GCC A 1.332 0.043 1.263 0.033 1.296 0.036 1.295 0.014 
GCA A 1.173 0.062 1.219 0.004 1.093 0.016 1.091 0.010 
GCG A 0.394 0.056 0.300 0.014 0.500 0.010 0.499 0.012 

 



 

 

  East Africa West Africa Asia America 
Codon AA Average SD Average SD Average SD Average SD 

TAT Y 0.845 0.071 0.802 0.024 0.717 0.038 0.734 0.018 
TAC Y 1.155 0.071 1.198 0.024 1.283 0.038 1.266 0.018 
CAT H 0.933 0.053 1.066 0.011 0.818 0.037 0.809 0.015 
CAC H 1.067 0.053 0.934 0.011 1.182 0.037 1.191 0.015 
CAA Q 0.990 0.020 0.898 0.015 1.157 0.043 1.194 0.008 
CAG Q 1.010 0.020 1.102 0.015 0.843 0.043 0.806 0.008 
AAT N 0.741 0.061 0.795 0.022 0.644 0.018 0.652 0.020 
AAC N 1.259 0.061 1.205 0.022 1.356 0.018 1.348 0.020 
AAA K 0.813 0.014 0.776 0.005 0.870 0.023 0.873 0.007 
AAG K 1.187 0.014 1.224 0.005 1.130 0.023 1.127 0.007 
GAT D 0.809 0.021 0.817 0.019 0.951 0.034 0.935 0.014 
GAC D 1.191 0.021 1.183 0.019 1.049 0.034 1.065 0.014 
GAA E 0.956 0.014 0.880 0.009 0.930 0.014 0.928 0.006 
GAG E 1.044 0.014 1.120 0.009 1.070 0.014 1.072 0.006 
TGT C 1.075 0.026 1.020 0.085 0.923 0.067 0.888 0.026 
TGC C 0.925 0.026 0.980 0.085 1.077 0.067 1.112 0.026 
CGT R 0.387 0.012 0.409 0.022 0.447 0.058 0.472 0.013 
CGC R 0.671 0.014 0.664 0.014 0.601 0.069 0.572 0.016 
CGA R 0.319 0.031 0.338 0.031 0.230 0.020 0.218 0.010 
CGG R 0.530 0.047 0.523 0.026 0.554 0.039 0.576 0.015 
AGA R 2.581 0.030 2.448 0.013 2.393 0.020 2.398 0.013 
AGG R 1.513 0.031 1.619 0.014 1.775 0.037 1.764 0.014 
GGT G 0.524 0.028 0.550 0.008 0.513 0.016 0.520 0.012 
GGC G 0.658 0.019 0.636 0.024 0.692 0.012 0.691 0.011 
GGA G 1.958 0.031 1.915 0.014 1.732 0.024 1.735 0.011 
GGG G 0.860 0.037 0.898 0.003 1.063 0.028 1.054 0.012 

  



 

 

 
Figure 1. Poster of the Zika virus pilot study titled “Comparative analysis of the codon usage in Zika 
virus” by P. Truong and P. Puigbo. It was presented at OIKOS Conference for Ecologists and Evolutionary Biologists, which was hosted by the University of Helsinki and held in Helsinki (FIN) in January 2017. 



 

 

 
Figure 2. Phylogenetic tree of Zika viruses (N = 246). The tree was built by aligning protein sequences using MUSCLE and constructing it with FastTree with 100 bootstraps. The individual NCBI accession codes are shown at the tips of branches and the branch lengths are proportioned to Tree scale. Spondweni virus was used as an outgroup.  
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Figure 1. A comprehensive phylogenetic tree of flaviviruses (N = 94). The tree was computed from amino acid sequences with 100 bootstraps and rooted with the clade of insect-only flaviviruses. Branch lengths are proportioned to Tree scale.   



 

 

 
Figure 2. Interspecies correspondence analysis and subgroup centroids of normalized Codon Adap-tation Index (nCAI) values of flaviviruses, genus Flavivirus (N = 94). While there is a distinct separation between the clusters of insect-only and the other flavivirus subgroups, the clouds (shown as dashed circles with colors corresponding to a flavivirus subgroup) computed from them show major overlap, indicating that most of the subgroups share similar host preferences. The centroids were computed based on the multivar-iate normal distribution of each subgroup with a confidence level of 0.95. Dimension 1 explains 89.4 percent and dimension 2 contributes to 8.5 percent of the variation.   



 

 

 
Figure 3. Interspecies correspondence analysis with host type centroids of normalized Codon Ad-aptation Index (nCAI) values of flaviviruses, genus Flavivirus (N = 94). When the flaviviruses are cate-gorized based on their preferred host type, we can observe two major clouds (dashed circles) and clusters; viruses that have a vertebrate host and those that have a mosquito host. Tick-borne viruses largely overlap with the vertebrate host cluster, suggesting that while tick-borne flaviviruses cluster separately, they have the same type of host as mosquito-borne viruses. The centroids were computed based on the multivariate normal distribution of each host type with a confidence level of 0.95. Dimension 1 explains 89.4 percent and dimension 2 contributes to 8.5 percent of the variation. 
 
 
 
 
 
 
 



 

 

 
Figure 4. Intraspecies k-means (5) heat maps of normalized Codon Adaptation Index (nCAI) values of four major mosquito-borne flaviviruses (genus Flavivirus). When the nCAI values of (A) Dengue viruses, (B) Japanese encephalitis viruses, (C) West Nile viruses and (D) Zika viruses are plotted in heat maps, they display similar overall adaptation levels to different host organisms, although there are differ-ences between these viruses. On average, the viruses are optimized for mice (Mus musculus), humans (Homo sapiens) and Aedes mosquitoes, especially Ae. aegypti (nCAI 0.95–1.05). The suboptimal hosts are the other mammalian hosts, avians, reptiles and amphibians due to overoptimization (nCAI > 1.05), and Culex and Anopheles mosquitoes, and deer ticks (Ixodes scapularis) due to underoptimization (nCAI < 0.95). The number and size of k-means clusters do not match the current classification of these flaviviruses.  



 

 

 
 
 

 
 
 

Figure 5. Intraspecies correspondence analyses of normalized Codon Adapta-tion Index (nCAI) values of four major mosquito-brone flaviviruses (genus Flavivirus). The results show that nCAI is able to discriminate between the different categories of (A) Dengue viruses (N = 4,865), (B) Japanese encephalitis vi-ruses (N = 297), (C) West Nile viruses (N = 1,619) and (D) Zika viruses (N = 494). Additionally, the distances between sepa-rate clusters mirror actual phylogeny. In figure A, dimension 1 explains 73.1 per-cent and dimension 2 contributes to 22.1 percent of the variability. In figure B, di-mension 1 explains 79.8 percent and di-mension 2 contributes to 16.1 percent of the variability. In figure C, dimension 1 ex-plains 80.3 percent and dimension 2 con-tributes to 8.8 percent of the variability. In figure D, dimension 1 explains 91.1 per-cent and dimension 2 contributes to 2.7 percent of the variability. 
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ABSTRACT 
Surveillance and early characterization are essential to the control of emerging viruses. However, this remains challenging when new viruses emerge. A major challenge is the identification of the potential hosts of novel viruses. Here we introduce an unsupervised algorithm based on a normalization of the classical Codon Adaptation Index, which uses solely coding sequences, to identify the putative host-range in flaviviruses. The algorithm has been tested with genome sequences from 94 flaviviruses (including Dengue, West-Nile, Zika and several less common flaviviruses) and 16 potential hosts. 

 


