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Abstract Mosquito-borne flaviviruses (MBFVs) are
important cause of emerging and re-emerging human dis-
eases nearly worldwide, transmitted by arthropod vectors
(mostly aedes and culex mosquitoes), with particular ref-
erence to yellow fever virus, Japanese encephalitis virus,
dengue fever virus, St. Louis encephalitis virus, Murray
Valley encephalitis virus, etc. In over 100 countries, more
than 2.5 billion people are at risk of infection, and
approximately 20 million infections are reported annually.
Through the analysis of gene sequence data of these virus
populations it is possible to infer phylogenetic relation-
ships, which in turn can yield important epidemiological
information, including their demographic history. Early
attempts to define the evolutionary relationships and ori-
gins of viruses in the genus flavivirus are hampered by the
lack of genetic information particularly amongst the
MBFVs. In this study, complete genome, translated poly-
protein, structural and non-structural proteins of MBFVs
have been targeted and revealed an extensive series of
clades defined by their epidemiology and disease associa-
tions. The branching patterns of at the deeper nodes of the
resultant trees were different from those reported in the
previous study. The significance of these observations is
discussed.
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Introduction

Mosquito-borne flaviviruses (MBFVs) are a group of
viruses belonging to the genus flavivirus and the family
Sflaviviridae causes an enormous health burden to people
living in tropical and subtropical regions of the world.
These diseases include dengue, yellow fever, West Nile
fever, Japanese encephalitis, St. Louis encephalitis, Murray
Valley encephalitis, etc. Flavivirus genus comprises
approximately 70 RNA viruses, among these viruses, 36
are mosquito-borne, 16 are tick-borne and 18 are with no
known vector (NKV); 22 of the 36 mosquito-borne and 13
of the 16 tick-borne flaviviruses are associated with human
disease. MBFV contain dengue viruses serotypes 1—4
(DENV 1-4), yellow fever virus (YFV), West Nile virus
(WNYV), Japanese encephalitis virus (JEV), Murray Valley
encephalitis virus (MVEV), St. Louis encephalitis (SLEV),
etc. (Han et al.1999; Heinz and Mandl 1993). They are
mainly transmitted by the bites of hematophagous arthro-
pods generally female aedes and culex mosquitoes.
MBFVs are widely distributed throughout Africa, the
Middle East, parts of Europe, Russia, India, Indonesia, and
North America (Calisher et al. 1989). The WHO estimated
more than 50 million, 200,000, and 50,000, for DENV,
YFV, and JEV, annual cases respectively. Severe mani-
festations of MBFV disease include, hemorrhaging fever
(for YFV and DENYV), encephalitis and neurological
sequelae (for JEV, WNV, SLEV and MVEV). Extensive
research has been carried out to understand these viruses
and to devise ways to effectively treat the diseases caused
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by these MBFVs (Sampath and Padmanabhan 2009).
However, no effective anti-viral treatment against flavivi-
ruses is currently available. With that phylogeny prediction
approach we are making an effort to encounter the clue for
the cure from the diseases caused by MBFV group.

MBFV share a common size (40-65 nm), symmetry
(icosahedral nucleocapsid) and lipid-envelop. These viru-
ses contain a single-stranded positive-sense RNA genome,
approximately 11 kb in length and appearance in the
electron microscope. The genome contains a single long
open reading frame (ORF) flanked by 5'- and 3’-untrans-
lated regions. Translation of the genome generates a
polyprotein that is co-translationally and post-translation-
ally processed by the virus-encoded serine protease, NS2B/
NS3, host-encoded proteases, signalase and furin, to pro-
duce the three structural proteins and seven non-structural
(NS) proteins in the order C-prM/M-E -NS1-NS2A-NS2B-
NS3-NS4A-NS4B-NS5 (Rice et al. 1985). The structural
proteins constitute the viral particle while the nonstructural
proteins are involved in viral RNA replication, virus
assembly, and modulation of the host cell responses (Lin-
denbach et al. 2007). The E protein is a major flavivirus
antigenic determinant and involved in attachment and entry
of the virion to the cell. The NS protein NS3 and NS5 are
the best characterized proteins, with multiple enzyme
activities that are required for viral replication. NS3 has
three distinct activities: serine protease together with the
cofactor NS2B, required for polyprotein processing; heli-
case/NTPase activity, required for unwinding the double-
stranded replicative form of RNA; RNA triphosphatase,
required for capping nascent viral RNA (Falgout et al.
1991; Zhang et al. 1992; Arias et al.1993; Li et al. 1999;
Benarroch et al. 2004). NSS is the largest and most highly
conserved flaviviral protein, with more than 75 % sequence
identity across all DENV serotypes. It contains two distinct
enzymatic activities, separated by an interdomain region:
an S-adenosyl methyltransferase (SAM) (Grun and Brinton
1986; Chu and Westaway 1987; Tan et al. 1996; Acker-
mann and Padmanabhan 2001; Guyatt et al. 2001). Early
attempts to define taxonomic relationships within the genus
were based on antigenic cross-reactivity in neutralization,
complement fixation and haemagglutination tests. Some
other studies were conducted using sequences of individual
genes and/or ORF to investigate the genetic relationship.
The major factors that limit the quality of phylogenetic
analysis with related, but widely divergent viruses are the
amount of genetic information obtained for each virus, the
suitability of the genomic region selected for analysis and
the availability of appropriate analytical methods. In recent
years, many novel MBFVs have been discovered, and this
indicates larger heterogeneity among flaviviruses than
previously thought and suggests that a large number of
distantly related flaviviruses exist.
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In the current study, to determine the phylogenetic rela-
tionships among the MBFVs with as much accuracy as
possible, we undertook a comprehensive phylogenetic
analysis involving complete genomes sequences, polypro-
tein sequences and multiple genes sequences (E protein,
NS3 and NS5) reported in public database till date. These
new data set provided an opportunity to extend current
phylogenetic analyses and to re-examine the taxonomy of
the MBFVs. At the deepest nodes of the evolutionary tree,
our analysis suggests a complex relationship between viru-
ses infecting mosquito vectors and the disease association.

Materials and methods
Sequence datasets information

The majority of the nucleotide and protein sequence data
set used in study were retrieved from National Center for
Biotechnology Information (NCBI) (Wheeler et al. 2007)
and some of them were retrieved from the RNA virus
database (http://tree.bio.ed.ac.uk/rnavirusdb/). The com-
plete genome sequences of MBFVs were collected from
viral genomes resource (NCBI) (www.ncbi.nlm.nih.gov/
genomes/VIRUSES/viruses.html; Bao et al. 2004) in
GenBank format (Benson et al. 2010) using RefSeq data
(Pruitt et al. 2007). Several MBFVs have more than one
genome isolates, so one conserved genome has been
identified and used in the study. The amino acid (AA)
sequences of translated polyprotein were compiled from
NCBI Protein database (http://www.ncbi.nlm.nih.gov/
protein) in GenPept format. The gene sequences of E,
NS3 protein and NS5 protein were downloaded from viral
genomes resource (NCBI) (Table 1).

Genetic characterization

Potential cleavage sites were identified according to the
proteolytic processing cascade pattern for the MBFV ORF
(Chambers et al. 1990). The highest cleavage potential
scores obtained by SignalP-NN computer program (Chang
et al. 2000) were used for determining the sites cleaved by
the host cell-encoded signallase. Predicted glycosylation
and cysteine residue sites were determined using the
NetNGlyc (v.1.0) (http://www.cbs.dtu.dk/services/) and
Protean (v. 5.03) of the LaserGene program (DNA Star),
respectively. The associations of protein sequences of
MBFV with other flavivirus protein were compared using
the NCBI-BLAST program. The BLAST (Basic Local
Alignment Search Tool), (Altschul et al. 1990) imple-
mented via the NCBI website (www.ncbi.nlm.nih.gov/
blast/) for relatedness of newly characterized sequences
was evaluated against the complete Genbank database. The
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BlastN (Nucleotide query—Nucleotide database compari-
son) and BlastP (protein query—protein database
comparison) in which conditional composition score
adjustment having no filters of BLOSUM 62 matrix with
threshold expect value 10 were used.

Sequence alignments and phylogenetic reconstruction

The alignments of nucleotide or AA sequences were gen-
erated with the help of Clustal X (1.81) program

Table 1 MBFVs included in the phylogenetic study; the columns in
table specified the names of viruses, abbreviations [taken from ICTV
and NCBI taxonomy database (Federhen 2012)], transmission vector,

(Thompson et al. 1997) and pairwise genetic distances
were estimated with the program MEGA v3.0 (Kumar et al.
2001). The phylogenetic analysis was performed using
PHYLIP (phylogenetic inference program) package (ver-
sion 3.57c), with the neighbour-joining (NJ) (Saitou and
Nei 1987) and maximum parsimony (MP) (Swofford 2002)
methods. For NJ, a distance matrix calculated from the
aligned sequences by Kimura Two Parameter Formula
(Kimura 1980) was used, and a weight of four for transi-
tions versus one for transversion was selected. In MP, in

disease caused by virus, Genbank accession number of genome,
polyprotein, E, NS3 protein and NS5 Protein

S.no.  Virus Acronym Vector Disease Genome Polyprotein E Protein NS3 NS5
1. Aroa virus AROAV C E YP_001040004 AF372413.1 AF013362.1
2. Bussuquara virus BSQV C E NC_009026.2 AAV34152.1 AF372410.1 AF013366.1
3. Iguape virus IGUV C E AY632538.4  AAV34154 AF013375.1
4. Naranjal virus NILV C E AF372411.1 AF013390.1
5. Dengue virus 1 DENVI A H NC_001477 ABG75766 AY422782.1 NC_001477.1 NC_001477.1
6. Dengue virus 2 DENV2 A H NC_001474 ACN42692 AY577437.1 NC_001474.2 NC_001474.2
7. Dengue virus 3 DENV3 A H NC_001475 ADI80662 DQ518679.1 NC_001475.2 NC_001475.2
8. Dengue virus 4 DENV4 A H NC_002640 ADA00410 DQ341212.1 NC_002640.1 NC_002640.1
9. Kedougou virus KEDV A H NC_012533 ABI54477 AF013382.1
10. Cacipacore virus CPCV C E AF372417.1 AF013367.1
11. Japanese encephalitis virus JEV C E NC_001437 AAQ73507 U70421.1 U09482.1
12. Koutango virus KOuv C E AF013384.1
13. Alfuy virus ALFV C E AY898809 AAX82481 AF372406.1 AF013360.1
14. Murray Valley encephalitis virus MVEV C E NC_000943 NP_051124.1 AF013389.1
15. St. Louis encephalitis virus SLEV C E NC_007580 YP_001008348 EF117303.1 AF013416.1
16. Usutu virus USuv C E NC_006551 AAS59402 JF826448.1 AF013412.1
17. Kunjin virus KUNV C E AAP78942.1 GU047874.1
18. West Nile virus WNV C E NC_009942 ACV44196 HMS538803.1  AF017254.2
19. Kokobera virus KOKV C E NC_009029 YP_001040007 AF013383.1
20. Bagaza virus BAGV C E NC_012534 YP_002790883 AF372407.1 AF013363.1
21. Ilheus virus ILHV C E NC_009028 YP_001040006 AF372414.1  U95993.1 AF013376.1
22. Rocio virus ROCV C E AY632542 AAV34158 AF372409.1 AF013397.1
23. Israel turkey ITV C E AF372415.1 AF013377.1
meningoencephalomyelitis virus
24. Ntaya virus NTAV C E AF372416.1 AF013392.1
25. Tembusu virus TMUV C E NC_015843 YP_004734464.1 AB110490.1 AF013408.1
26. Spondweni virus SPOV A H ABI54480.1 AF372412.1 AF013406.1
217. Zika virus ZIKV A H NC_012532 ACD75819 AF372422.1 AF013415.1
28. Banzi virus BANV A H ABI54472 L40951.1
29. Bouboui virus BOUV A H ABI54473 AF013364.1
30. Edge Hill virus EHV A H ABI54476 AF372419.1 AF013372.1
31. Jugra virus JUGV A H ABI54482 AF372418.1 AF013378.1
32. Potiskum virus POTV A H ABI54483 AF013395.1
33. Saboya virus SABV A H ABI54478 AF372421.1 AF295070.1  AF013400.2
34. Sepik virus SEPV A H NC_008719 ABI54479 AF013404.1
35. Uganda S virus UGSV A H ABI54481 AF013411.1
36. Wesselsbron virus WESSV A H NC_012735 ACH70606 AF295072.1
37. Yellow fever virus YFV A H NC_002031 AAA99712 AF312554.1 AF013417.1

C culex mosquito, A aedes mosquito, E encephalitic disease, H haemorrhagic disease
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order to obtain the most parsimonious tree, the heuristic
algorithm was performed; and for determining the reli-
ability of tree topology bootstrap analysis was carried out
on 1,000 replicas. Bootstrap resampling technique was then
used to further evaluate the reliability of the bootstrap
analysis with a confidence value of 0.95 (95 %).

Results
Sequence determination and analysis

Although 36 MBFVs have reported but 22 full-genome
sequence information (sequence length range 10,650—
11,066 nt) are available till date. These were retrieved from
NCBI and prepared for analysis. Eleven virus species out
of 22 have a number of genome isolate (Supplementary
Table S1). Thus total 12,298 complete genomes isolates
were identified and downloaded from NCBI virus genome
repository. The conserved genome for each virus species
has been identified through multiple sequence alignment
method using CLUSTAL-W program (Thompson et al.
1994). Full-genome of MBFVs has been produced single
OREF and after translation it generates polyprotein. Twenty-
two translated polyproteins were generated via ORFs,
further ten other polyprotein sequences available at NCBI
were also retrieved. Therefore total 32 polyprotein
sequences were identified and found appropriate for the
study. Antigenically important E protein is the major
structural protein, plays a role in virion assembly, receptor
binding and membrane fusion. Twenty-four gene sequen-
ces of E protein were generated and evaluated with the
database. The NS3 protein has limited sequence informa-
tion; only 12 gene sequences were available at public
database. The NS5 proteins have significant sequence
information. Thirty-six gene sequences of NS5 proteins
were preferred and retrieved from NCBI database and
comparative phylogenetic tree was generated.

Genetic characterization of polyprotein

All 12 cleavage sites for each MBFV polyprotein were
identified, and all showed nearly same genome organiza-
tion, with three structural and seven nonstructural proteins
encoded. The results are summarized in Table 2, and the
lengths of complete ORFs and deduced viral proteins are
reported in Table 3. No differences in protein residues
flanking the cleavage sites were found between the isolates
B3 and B31. Whereas the first or second protein residues
directly flanking the protein cleavage sites were mostly
conserved among all MBFV, differences were found in
AA residues not directly flanking the cleavage site. All
sites cleaved by the viral serine protease (VirC/AnchC,

@ Springer

NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/2K, and
NS4B/NS5) occurred after two C-terminal basic residues,
such as KR, RR, or QR. The residues flanking the sites that
are cleaved by the host protease (AnchC/Pr, Pr/M, M/E,
E/NS1, and 2K/NS4B) were more similar among MBFVs
(Tables 2, 3).

The putative cleavage site analysis of culex-borne fla-
vivirus and aedes-borne flavivirus were done on the basis
of their clades assumed in the study. The culex-borne fla-
vivirus group associated with 15 virus species that subdi-
vided in the four classes was highly genetically divergent.
AROAYV and BSQV belong to the aroa virus clade and
have same cleavage sites, where as IGUV is also the
member of same clade but have difference in VirC/AnchC,
AnchC/prM, AnchC/prM, M/E, E/NS1, NS3/NS4A and
NS4B/NSS5 cleavage sites. JEV clade comprised with seven
virus species, associated to culex-borne flavivirus group
were contain very much similar cleavage sites such as M/E,
E/NS1, NS2A/NS2B and NS3/NS4A. NS4A/2K site have
100 % sequence similarity among all JEV clades. KOKV
clade contain only one virus species i.e. KOKV, closely
related with the members of AROAV clade and cleavage
sites NS1/NS2A, NS3/NS4A, NS4A/2K, 2K/NS4B, NS4B/
NS5 were much similar to the AROAV clade. The last
clade of culex-borne flavivirus group was NTAV clade,
comprised with four virus species. It has similarity in
cleavage sites M/E, E/NS1, NS3/NS4A and NS4A/2K. The
cleavage position NS3/NS4A and NS4A/2K have highest
similarity among all culex-borne flavivirus group. The
aedes-borne flavivirus group is made up of 17 exceedingly
genetically similar virus species, can be separated in the
three clades. The DENV clade is composed with four virus
serotype 1—4 highly genetically contrary. But its potential
cleavage site NS2A/NS2B, NS3/NS4A and NS4A/2K have
much resemblance. KEDV, SPON and ZIKV belong to
spondweni virus clade and are member of aedes-borne
flavivirus group. Its M/E, NS2A/NS2B, NS3/NS4A and
NS4A/2K cleavage sites encompass a lot of connection.
The largest clade of MBFV is YFV clade, covers ten
genetically related virus species. Its potential cleavage sites
VirC/AnchC, NS2A/NS2B, NS2B/NS3, NS3/NS4A,
NS4A/2K and NS4B/NS5 have nearly similar. The poten-
tial cleavage sites of whole MBFV group are confirmed
that M/E, E/NS1, NS2B/NS3, NS4A/2K and 2K/NS4B
having much resemblance (Table 2).

The other investigation has been done through AA res-
idue length of proteins and found; the culex-borne flavi-
virus group with 3,410-3,434 AA comprises of 15 viruses
and has been separated into four subgroups. In Aroa virus
clade, AROAV and BSQV have similar polyprotein
sequence length i.e. 3,429 AA, but IGUV have shorter
sequence length (3,416 AA) in the clade. Variations have
been found in the length of VirC, AnchC, NS5, NS4B and
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TYSDDD/JYVYSHT HIMDTHEN/DVAYDIA NANIS¥/0LOVAdIT ILAAVYS /99DEAYA AMTIADS /IMESEM HOIAMY /MVNOL ASDN
TYSSOD/JdVvLAT HIMDOTHN/DVADDIA NANIS¥/0ILDSEAIT ISTdTS /d¥DAYA AMTADS /M HLEM HSTIdML/IDNML ANVYH
HDTOUN/YEMLSS HTTOVHEN/YYATOTT NaOAS¥/09ddadNT ADVYILYD/9dDvVVYA AMTYDS /IAINA HLAdMS /I IDL AdTA
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NS5 proteins. KOKV clade contain only KOKV with
3,410 AA and its size of structural and nonstructural pro-
teins were dissimilar with other virus member of culex-
borne flaviviruses group. In JEV clade ALFV, MVEV and
USUYV have similar polyprotein length (3,434 AA), KUNV
and WNYV also have the equal sequence length (3,433 AA)
and JEV and SLEV have unlike sequence length i.e. 3,432
and 3,429 AA respectively. They have almost similar
length of prM, M, E, NS1, NS2B, NS4A, 2K, NS4B and
NS5 proteins. NTAV clade was closely related with JEV
clade having four virus members. ROCV and TMUYV have
the same polyprotein sequence length (3,425 AA) while
BAGYV and ILHV encompass diverse length of polyprotein
sequence i.e. 3,426 and 3,424 AA respectively. The M, E,
NS2B, NS3 and NS4A proteins were identical in length.
The aedes-borne flaviviruses group restrains DENV clade
include all four serotypes of dengue specifically DENV1,
DENV2, DENV3 and DENV4 with polyprotein length
3392, 3391, 3390 and 3387 AA respectively, their cleaved
protein length were almost same except NS3 and NS4B.
The SPOV clade contain KEDV (3,408 AA), SPOV
(3,429 AA) and ZIKV (3,423 AA) virus members and
NS1, NS2A, NS2B, NS3 and 2K proteins were nearly
analogous. In YFV clade BOUV, JUGV, POTV and SABV
have same residue length (3,390 AA); BANV and UGSV
cover similar residue length (3,393 AA); SEPV and
WESSYV also have equal residue length (3,405 AA); YFV
and EHV have different polyprotein lengths i.e. 3,411 and
3,410 respectively. The cleaved proteins length of YFV
clade were clarify the similarity in prM, M, E, NS2B,
NS4A, 2K and NS5 proteins.

NS4B/NS5
(VSP)
*

2K/NS4B
(HS)
*x

* % o

NS4A/2K
(VSP)
*

NS3/NS4A
*k

(VSP)

Phylogenetic analysis

R

Construction of phylogeny using full genome
and polyprotein

NS2B/NS3
(VSP)
*

Currently, there are no comprehensive phylogenetic studies
reported for entire MBFV group in systematic way. This is
certainly due to the immense variability of both genomic
and protein sequences within this group. In order to eval-
uate relatedness-by-speciation relationships among MBFV
members, we constructed phylogenetic trees using the
entire genomic and proteomic sequences through NJ and
MP methods, evaluating node confidence values through
bootstrapping using 1,000 replicates. In order to above,
intact genomic sequences of MBFVs were retrieved from
public database and aligned. Each NJ and MP tree was
generated, and bootstrap resampling with 1,000 replicates
was employed to place approximate confidence limits on
individual branches (Thompson et al. 1994). The tree
topologies generated from the NJ and MP methods

NS2A/NS2B
*

(VSP)
VirC mature virion C protein, AnchC anchored C protein (mature virion C protein + CHTD), prM membrane precursor, E envelope, NS non-structural protein, VSP viral serine protease, HS

host signalase

“*” indicates a single fully conserved residue; “:” indicates that one of the strong AA groups is conserved; “.” indicates that one of the weaker AA groups is conserved

Table 2 continued

Cleavage site
(protease)
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Table 3 Amino acid length of the proteins, protein sizes are indicated in AA

Virus VirC ~ AnchC ptM M E NSI1 NS2A  NS2B NS3 NS4A 2K NS4B NS5  Total length
Culex-borne flavivirus

AROAV 103 18 92 75 501 352 227 131 617 126 23 258 906 3,429
BSQV 103 18 92 75 501 352 227 131 617 126 23 258 906 3,429
IGUV 101 17 92 75 501 352 227 131 612 126 23 255 904 3,416
JEV 107 20 92 75 500 352 227 131 619 126 23 255 905 3,432
ALFV 107 20 92 75 500 352 227 131 619 126 23 257 905 3,434
MVEV 105 20 92 75 501 352 227 131 619 126 23 258 905 3,434
SLEV 103 18 92 75 501 352 227 131 617 126 23 258 906 3,429
UusSuv 104 22 92 75 500 352 227 131 619 126 23 258 905 3,434
KUNV 105 18 92 75 501 352 231 131 619 126 23 255 905 3,433
WNV 104 19 92 75 501 352 231 131 619 126 23 255 905 3,433
KOKV 107 17 38 75 502 361 216 131 614 124 23 244 908 3,410
BAGV 106 21 88 75 503 362 219 131 617 124 23 246 911 3,426
ILHV 103 20 88 75 502 363 219 131 617 124 23 248 911 3,424
ROCV 101 17 92 75 501 353 227 131 619 126 23 256 904 3,425
TMUV 101 17 92 75 501 353 227 131 619 126 23 256 904 3,425
Aedes-borne flavivirus

DENV1 100 14 91 75 495 352 218 130 619 127 23 249 899 3,392
DENV2 100 14 91 75 495 352 218 131 615 127 23 248 902 3,391
DENV3 100 14 91 75 493 352 218 130 619 127 23 248 900 3,390
DENV4 99 14 91 75 495 352 218 130 618 127 23 245 900 3,387
KEDV 929 20 88 74 499 352 227 131 618 123 23 252 902 3,408
SPOV 103 18 92 75 501 352 227 131 617 126 23 258 906 3,429
ZIKV 105 21 38 74 504 352 227 131 618 126 23 252 902 3,423
BANV 94 17 89 74 492 352 225 131 617 121 23 251 905 3,393
BOUV 95 17 86 74 491 354 225 131 618 123 23 250 903 3,390
EHV 99 21 89 74 493 359 224 131 617 123 23 252 905 3,410
JUGV 94 17 86 75 492 359 218 131 615 123 23 253 904 3,390
POTV 95 16 86 75 492 359 219 131 615 123 23 252 904 3,390
SABV 95 16 86 75 492 360 219 131 617 124 23 248 904 3,390
SEPV 102 18 86 75 491 362 219 131 621 124 23 247 906 3,405
UGSV 95 17 86 75 492 360 219 131 615 124 23 251 905 3,393
WESSV 102 18 86 75 491 362 219 131 621 124 23 247 906 3,405
YFV 103 18 89 75 493 352 224 130 623 126 23 250 905 3411

(Fig. 1a) was correlated closely to those previously repor-
ted tree (Billoir et al. 2000; Cook and Holmes 2006; Kuno
and Chang 2006; Medeiros et al. 2007; Grard et al. 2007).
The unrooted phylogenetic tree was clustered into three
groups and to investigation of deepest nodes assumed that
the tree separated into six clades namely, AROAV, DNEV,
JEV, KOKV, NTAV and YFV. Other phylogenetic tree
analysis was also finished by 32 polyprotein sequences and
found that the tree has been divided into four groups and
deepest nodes were divided into seven clades. The evalu-
ation of both trees produced that the SPOV clade was
additional clade in the tree created by polyprotein
sequences. The SPOV clade narrowly related to DENV
clade and contains three virus species KEDV, SPOV and
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ZIKV. The full genome sequence of KEDV and ZIKV was
available and tree illustrates as member of DENV clade,
while the polyprotein sequence of all three virus members
was available at public database and tree split into clade.
An analysis and comparison of both the trees were
completed on the strength of the disease association and
vector responsible for transmission of MBFVs. The inves-
tigation estranged the tree into two lineages; first lineage
includes the viruses associated with hemorrhagic compli-
cations and transmission by aedes species mosquitoes. The
lineage has been separated to three clades; include viruses
belonging to the YFV clade, DENV clade and viruses of the
SPOV clade (illustrated with green color in Fig. 1). The
second lineage includes a large number of viruses connected
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Fig. 1 Phylogenetic tree of MBFV group computed from full
genome as well as complete AA sequence using NJ method. a The
phylogeny tree constructed on the bases of complete genome
sequence using NJ method and tree divided into six clades. The
brackets represent the virus clades and the group of virus species
exposed with red color stand for the virus transmitted by culex
mosquito vector with encephalitic disease; green color denotes that

with encephalitic disease and transmitted by culex mos-
quitoes (show with red color in Fig. 1). The culex-borne
flaviviruses have been divided into four clades namely JEV,
NTAV, KOKV and AROAYV clade. Thus seven clades of
MBFVs, specifically, AROAV, DENV, JEV, KOKV,
NTAYV, SPOV, and YFV clades were recognized.

Phylogenetic analysis using E, NS3 and NS5 genes

Comparative phylogenetic trees based on the gene sequen-
ces of E, NS3 and NS5 gene were produced and compared
using NJ and MP methods (Fig. 2). The tree produces dif-
ferent branching patterns at the deepest nodes. The phylo-
genetic tree of E gene were generated using 24 gene
sequences available at database and the tree clustered into
three groups. The analysis of deepest nodes assumed that the
tree has been separated into six clades (Fig. 2a). Other
Phylogenetic trees were also produced using conserved gene
sequence of NS3 and NS5 proteins. The NS3 gene has
limited sequence information at NCBI database, only 12
gene sequences were identified, retrieved and used in tree
construction (Fig. 2b). The tree has been divided in two

b

the virus transmitted through aedes mosquito and caused haemor-
rhagic disease. b The phylogenetic tree reconstructed using polypro-
tein protein sequences and tree segregated in seven clades. The
brackets denote the virus cluster and the red color stand for the virus
caused encephalitic disease and transmitted by culex mosquito vector;
green color denotes the virus causes haemorrhagic disease and
transmitted through aedes mosquito

parts and analysis of deepest node illustrated in three clades.
The NS5 gene contains significant sequence information at
database. Thirty six gene sequences of NS5 protein have
been identified suitable for the study. The tree illustrated
three main branches and the deepest node designated in
seven clades (Fig. 2c). Evaluation of all three trees was
completed and found almost similar tree topology but dif-
ferences in branching patterns at deeper nodes (Fig. 2). The
phylogenetic trees were also analyzed on the basis of vector
transmission and disease association. The tree formed two
distinct clusters; aedes-borne flavivirus (designated with
green color in Fig. 2) and culex-borne flavivirus (signified
by red color in Fig. 2). Aedes clusters of MBFVs are
normally associated with haemorrhagic diseases, while
culex clades are commonly associated with encephalitic
diseases.

Discussion

Early efforts to describe the flavivirus interrelationships
and their evolutionary characteristics were based on

@ Springer



40

Genes Genom (2014) 36:31-43

Dengue Virus Clade

Yellow Fever Virus Clade

}Japanese encephalitis Virus Clade-1
}J\ma Virus Clade

.

Dengue Virus Clade

Yellow Fever Virus Clade

Spondweni Virus Clade

Niaya Virus Clade

Japanese encephalitis Virus Clade-2

Aroa Virus Clade

Japanese encephalitis Virus Clade

Kokobera Virus Clade

Ntaya Virus Clade

} Spondweni Virus Clade

Japanese encephalitis Virus Clade

Dengue Virus Clade

b

Fig. 2 Phylogenetic analysis based on gene sequence of E protein,
NS3 and NS5 protein sequences specified with (a), (b) and
(c) respectively. Phylogenetic reconstruction was performed using

antigenic cross reactivity in neutralization, complement
fixation and haemagglutination inhibition tests (Madrid and
Porterfield 1974; Calisher et al. 1989). Several other
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Yellow Fever Virus Clade

C

the NJ method. The culex-borne flavivirus group is highlighted in red,
the aedes-borne flavivirus group in green

studies (Kuno et al. 1998; Gaunt et al. 2001; Cook and
Holmes 2006; Billoir et al. 2000) were conducted using
sequences of individual genes and/or ORF to investigate
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the flavivirus genetic relationship. These studies generated
basically two contrasting phylogenies, NS5 gene tree and
NS3/ORF tree. Classification schemes based on these cri-
teria have proved helpful in understanding the flaviviruses,
but many of the viruses have subsequently been shown to
be incorrectly assigned within the schemes. Molecular
sequencing and phylogenetic reconstructions have largely
overcome these problems and have provided important
insights into the taxonomy and dispersal of flaviviruses
(Gould et al. 1997). The association of specific flaviviruses
with particular arthropod vectors and vertebrate hosts has
been defined precisely and a list of these characteristics for
each virus is available in the International Catalogue of
Arboviruses. Despite these extensive data, there have been
few previous attempts to correlate molecular evolution
with epidemiological and ecological features of MBFVs.
The phylogenetic trees presented here have extended pre-
vious analyses of the flavivirus NS5 (Kuno et al. 1998;
Billoir et al. 2000), E gene (Marin et al. 1995), full genome
and NS3 phylogenetic trees (Cook and Holmes 2006). By
mapping these biological characteristics onto the trees, the
phylogenetic study presented in this paper demonstrates a
striking series of associations between molecular phylog-
eny and vector responsible for transmission of virus. It was
demonstrated previously (Kuno et al. 1998; Marin et al.
1995) that the flavivirus genus was monophyletic and three
separate groups of viruses, namely tick-borne, mosquito-
borne and NKV viruses diverge at the deepest nodes.

In present analysis we have demonstrated the most
comprehensive phylogenetic study of MBFV, using com-
plete genome, translated AA sequences, gene possessing
antigenically important traits (E gene) and conserved genes
(NS3 and NS5). The MBFVs are large and divergent group
of viruses currently include 36 recognized species; among
36, only 22 viruses have been fully sequenced thus far.
Therefore, for a better understanding of the genetic rela-
tionship among MBFVs 32 translated polyprotein were
employed and analyzed. Within the viral polyproteins,
proteolytic cleavage sites for the viral serine protease
appeared to be highly conserved among all MBFVs stud-
ied. The prM cleavage site sequence (Arg-X-Arg/Lys-Arg)
(Rice 1996) was also conserved in all genomes studied.
This cleavage may be mediated by the host enzyme furin or
an enzyme of similar specificity (Steiner et al. 1992; Sta-
dler et al. 1997). The putative sites of other proteolytic
cleavages, supposed to be mediated by host signalases,
were less conserved, except for the M/E and 2K/NS4B
cleavage site. They were only determined on the basis of
sequence alignment with previously determined cleavage
site sequences (Chambers et al. 1990).

Among culex-borne flavivirus cluster, AA length of
prM, M, NSI1, NS2B, NS4A and 2K protein sequences
were found similar in AROAV and JEV clade but some

variation occurred in KOKV and NTAV clade. The E
protein was found conserved between entire culex-borne
flavivirus and NS5 protein was most highly conserved
protein among JEV clade. The AA length of M, E, NS2B
and 2K were established same among aedes-borne flavi-
virus. The DENV and YFV clades were illustrated much
resemblance in AA length of E and NS5 protein. The four
serotype of DENV, belong to same clade have much sim-
ilarity in AA length of structural and non structural protein
except NS3 and NS4B. The AA sequence analysis of whole
MBFYV has indicated similarity in length of M, NS2B, and
2K proteins.

Considering the phylogenetic relationships, through the
modes of vector transmission and disease relationship of
MBFV, we propose that the mosquito-borne viruses could
be divided into two epidemiologically distinct vector
groups, those that were primarily isolated from aedes
species and those that were primarily isolated from culex
species. The MBFVs that were primarily isolated from
aedes species, causes haemorrhagic disease formed three
paraphyletic clade, containing YFV, SPOV and DENV,
hereafter denoted as the aedes-borne flavivirus group.
Other viruses in mosquito-borne group, i.e. JEV, NTAV,
AROAYV and KOKYV, have been primarily associated with
culex species causes encephalitic disease, hereafter denoted
as the culex-borne flavivirus group.

According to the taxonomic proposal through the com-
parison of phylogenetic tree generated by full genome,
polyprotein sequences and multi gene (E, NS3 and NS5)
sequences, the branching pattern suggested that viruses
transmitted by culex spp. mosquitoes evolved from an
ancestral lineage associated with aedes spp. mosquitoes, as
was previously suggested from the NS5 nucleotide
sequence data (Gould et al. 2001, 2003). The complete
genome phylogeny also suggests two possible taxonomic
reassessments. ZIKV, KEDV and SPOV are currently
recognized as a member of the SPOV clade. Both KEDV
and SPOV viruses circulate in Africa but ZIKV was iso-
lated in Asia and Oceania. They are transmitted by aedes
spp. mosquitoes and can induce human epidemics. The
prior studies collectively indicated that KEDV was close to
DENV and currently a member of the DENV lineages,
reported in phylogenies based on the NS5 gene (Kuno et al.
1998; Gaunt et al. 2001). On the other hand, our phylogeny
inferred from the complete AA and multi gene (E and NS5)
data suggested that KEDV is strictly associated with SPOV
clade, although this was not robustly supported in the tree
produced by full genome sequence (Fig. 1a), and indeed, in
the polyprotein, E and NS5 gene NJ phylogenetic tree
(Figs. 1b, 2a, c correspondingly) of KEDV appeared to be
separated from both the DENV and SPOV clade. The
phylogeny suggested that, SPOV clade is clearly related to
culex borne flaviviruses except the tree created by full
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genome, KEDV and ZIKV is similar to viruses of both the
culex group and the DENV group, again showing that its
phylogenetic position is ambiguous (Figs. 1, 2). The posi-
tion of dengue virus serotype in DENV clade is same in
tree produced by full genome, polyprotein and NS5
sequence data, however different with the tree produced via
E and NS3 gene. The phylogenetic relationships inferred
here for the other members of the aedes-borne flavivirus
group are same with the current taxonomic position.

The JEV clade contain predominantly neurotropic
viruses belong to culex-borne flavivirus having more than
50 % species in the cluster. Several other members of
culex-borne flavivirus are NTAV, AROAV and KOKV
clade. Although both KOKV and AROAV clade are neu-
rotropic and together share a sub-cluster in the phyloge-
netic tree, unlike the members of the neurotropic JEV clade
transmitted by culex mosquitoes, both virus clade have
closed association with DENV clade which belongs to
aedes group. NTAV clade is narrowly linked with JEV
clade but phylogeny through NS5 gene indicated that
SPOV and KOKYV clade are strictly associated with NTAV
clade. This may be because of the limited sequence
information is available in public database and therefore it
is possible that KEDV, SPOV and NTAV clade belongs to
a distinct group of viruses for which other members remain
to be discovered.

The subsequent major correlation was between the type
of disease produced and the mosquito clade in which each
virus appeared. In general, severe infections caused by
some aedes species viruses result in haemorrhagic disease,
whereas many culex species viruses cause encephalitic
disease. However, exceptions to this generalization have
been reported for several MBFVs. The KOUV and SABV
have been isolated more often from ticks and sandflies,
respectively, and which are not known to be neurotropic. In
contrast with the MBFVs, different viruses in the tick-
borne virus groups produce encephalitic disease, but OHF
and KFD viruses may also produce haemorrhagic disease
in humans. Until the precise basis of flavivirus pathoge-
nicity has been defined at the molecular level, it is not
possible to understand why these different disease associ-
ations can be seen in the phylogenetic tree.

During the past few years our knowledge of the spec-
trum of flaviviruses has widened as new species in the
genus flavivirus have been isolated and characterized.
These new findings may be helpful in genome character-
ization and determination of the exact phylogenetic and
taxonomic relationships of MBFVs. Such data will be
essential for achieving the ultimate goals of designing
better molecular probes and primers for improved sur-
veillance and diagnosis, determination of the neuroviru-
lence markers at a molecular level, and development of
attenuated vaccine and antiviral drugs.
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