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A B S T R A C T

Sporadic human Zika virus (ZIKV) infections have been recorded in Africa and Asia since the 1950s. Major epidemics occurred only after ZIKV emerged in the Pacific
islands and spread to the Americas. Specific biological determinants of the explosive epidemic nature of ZIKV have not been identified. Phylogenetic studies revealed
incongruence in ZIKV placement in relation to Aedes-borne dengue viruses (DENV) and Culex-borne flaviviruses. We hypothesized that this incongruence reflects
interspecies recombination resulting in ZIKV evasion of cross-protective T-cell immunity. We investigated ZIKV phylogenetic incongruence in relation to: DENV T-cell
epitope maps experimentally identified ex vivo, published B-cell epitope loci, and CD8+ T-cell epitopes predicted in silico for mosquito-borne flaviviruses. Our
findings demonstrate that the ZIKV proteome is a hybrid of Aedes-borne DENV proteins interspersed amongst Culex-borne flavivirus proteins derived through
independent interspecies recombination events. These analyses infer that DENV-associated proteins in the ZIKV hybrid proteome generated immunodominant human
B-cell responses, whereas ZIKV recombinant derived Culex-borne flavivirus-associated proteins generated immunodominant CD8+ and/or CD4+ T-cell responses. In
silico CD8+ T-cell epitope ZIKV cross-reactive prediction analyses verified this observation. We propose that by acquiring cytotoxic T-cell epitope-rich regions from
Culex-borne flaviviruses, ZIKV evaded DENV-generated T-cell immune cross-protection. Thus, Culex-borne flaviviruses, including West Nile virus and Japanese
encephalitis virus, might induce cross-protective T-cell responses against ZIKV. This would explain why explosive ZIKV epidemics occurred in DENV-endemic regions
of Micronesia, Polynesia and the Americas where Culex-borne flavivirus outbreaks are infrequent and why ZIKV did not cause major epidemics in Asia where Culex-
borne flaviviruses are widespread.

1. Introduction

Human infections with Zika virus (ZIKV) are known to have oc-
curred in Africa and Asia since at least the 1950s. However, epidemic
transmission was not recorded until the virus emerged in Micronesia in
2007 (Duffy et al., 2009), spreading to French Polynesia in 2013 and
the American tropics in 2014 (Musso, 2015; Pettersson et al., 2016;
Watts et al., 2018; Hamer and Chen, 2019). Although ZIKV dispersal
was facilitated by human global travel (Wilder-Smith et al., 2018) and
geographic expansion of the mosquito vector, Aedes aegypti via com-
mercial transportation (Gould et al., 2017), no specific determinants
have been identified to explain the dramatic emergence and dis-
semination of epidemic ZIKV in human populations where related

mosquito-borne flaviviruses (MBFV) were endemic.
Phylogenetic analyses of the genus Flavivirus based on the envelope

(E) and nonstructural 5 (NS5) genes (Kuno et al., 1998; Gaunt et al.,
2001) revealed robust evolutionary associations between viruses, vec-
tors, vertebrate hosts and disease characteristics. These phylogenetic
trees divided the MBFV into two clades (groups) according to their
primary transmission vector, viz. those transmitted by Aedes spp. and
those transmitted by Culex spp., mosquitoes. In the Aedes-associated
group, yellow fever virus (YFV), the dengue viruses (DENV), ZIKV and
Spondweni virus (SPOV), formed a (paraphyletic) clade, implying that
they are direct descendants of a common ancestor (Kuno et al., 2009;
Huhtamo et al., 2009; Kolodziejek et al., 2013). The Culex-borne fla-
viviruses formed a monophyletic clade which included West Nile virus
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(WNV) and Japanese encephalitis virus (JEV) (Gaunt et al., 2001; Gould
et al., 2003; Grard et al., 2010; Liu et al., 2012; Moureau et al., 2015).
Several subsequent whole genome MBFV phylogenies supported this

phylo-epidemiological dichotomy (Cook et al., 2012; Huhtamo et al.,
2014; Moureau et al., 2015), whilst others placed ZIKV and SPOV with
the Culex-associated flaviviruses (Huhtamo et al., 2009; Kolodziejek
et al., 2013), thus disrupting the phylo-epidemiological division and
raising questions concerning the evolutionary relationships of DENV,
SPOV and ZIKV (Kuno et al., 2009; Barba-Spaeth et al., 2016). These
incongruent phylogenies implied the possibility of genetic recombina-
tion which we have now investigated in detail.
The impact of pre-existing DENV B-cell and T-cell immunity against

ZIKV infection is complex despite the close homology between their
proteomes. Immunodominant cross-reactive humoral (B-cell) responses
are generated against the main E-protein of DENV and ZIKV resulting in
high (54%) IgG cross-reactivity in sera from infected patients (van Meer
et al., 2017; Felix et al., 2017). Cross-reactivity was also demonstrated
against the ZIKV nonstructural-1 (NS1) using IgG from populations
previously exposed only to DENV (Nurtop et al., 2018). Antibody cross-
reactivity between DENV and ZIKV has also been demonstrated by
antibody mapping studies (Barba-Spaeth et al., 2016; Priyamvada et al.,
2016). Between DENV serotypes, extensive cross-reactive antibody
mediated B-cell responses were generated against the prM, E and NS1
glycoproteins and to a limited extent against the NS3 protein (Falconar,
1999, 2007; Lai et al., 2008; da Silva et al., 2009; Costa et al., 2011;
Dejnirattisai et al., 2016; Masrinoul et al., 2013).
CD8+ T-cell cross-reactivity and cross-protection between ZIKV and

DENV was lower than between DENV serotypes (Weiskopf et al., 2013).
For example, distinct ZIKV T-cell responses experimentally identified ex
vivo were independent of DENV exposure (Grifoni et al., 2018). Part of
the explanation is that the majority (55–60%) of ZIKV-specific CD8+

and CD4+ T-cell epitopes were located in the structural C, prM and E
proteins (Grifoni et al., 2017), whilst CD8+ and C4+ T-cell cross-re-
activity between DENV serotypes was restricted to the C and NS2 to
NS5 proteins (Weiskopf et al., 2013). The disparity in cross-reactivity
was indicated in ZIKV specific T-cell responses ex vivo that lacked cross-
reactivity with DENV T-cell epitopes against the NS3 protease S7
(Herrera et al., 2018) and the C protein (Lim et al., 2018).
In this study, we looked for evidence of interspecific recombination

amongst the Aedes- and Culex-associated flaviviruses, where ZIKV pre-
sents a phylogenetic tree topology which is either Aedes-DENV-asso-
ciated in the E-protein or Culex-MBFV-associated in the NS5-protein.
We also addressed the correlation with anomalies in B-cell and/or T-cell
cross-reactivity. This analysis extended previous studies which de-
monstrated disagreement between E− and NS5-protein trees (Kuno
et al., 2009; Barba-Spaeth et al., 2016) and hereafter referred to as
‘phylogenetic incongruence’. We then assessed whether or not the
phylogenetic incongruence of ZIKV correlated with cross-protection
from other MBFV and addressed the following questions:

• Is ZIKV phylogenetic incongruence statistically robust and where are
the exact amino acid encoded breakpoint positions located within
the genome that were responsible for this incongruence?
• Do the regions of the genome causing ZIKV phylogenetic incon-
gruence correlate with:
o DENV T-cell epitope maps experimentally identified ex vivo (be-
cause DENV co-circulate with ZIKV)?

o DENV/ZIKV B-cell ex vivo and in vivo epitope maps?
o cross-reactive CD8+ T-cell epitopes predicted in silico between
ZIKV and other MBFV?

• Accuracy assessment: do ex vivo CD8+ T-cell epitopes of MBFV va-
lidate the in silico epitopes referred to in the final sub-point above
concerning in silico cross-reactivity?

2. Materials and methods

2.1. Methods overview

For clarity we have summarized the analytical procedures in
Appendix A, Fig. S1. The primary approach of this study was to perform
viral protein phylogenetic analyses for all available MBFV species and
subtypes using amino acid alignments. The rationale for this approach
was to understand the differentiation between B-cell and T-cell im-
munological selection pressure applied to each specific protein in the
proteome. Accordingly, we evaluated two amino acid alignments: a 71
taxa alignment based on the recognized MBFV species diversity and a
second alignment that included the basal ‘insect specific flaviviruses’
(ISF) associated with cell fusing agent virus (CFAV) and the flaviviruses
associated with the Apoi virus (APOIV) clade (Cook et al., 2012). The
71 taxa MBFV alignment under this evaluation is described in Appendix
A, Supplementary data ‘Phylogenetic Alignments’.

2.2. Phylogenetic methods

The phylogenetic methodology used the following established ap-
proaches in identifying recombination which are described in detail in
Appendix A; ‘Breakpoint analysis strategy and ‘Amino Bootscan’, as well
as ‘All phylogenetic methods and rationale’, summarized in Supple-
mentary Information Appendix A, Fig. S1 comprising: 1) a phylogenetic
split network analysis (Neighbor-Net) (Bryant and Moulton, 2004)
which identifies areas of phylogenetic uncertainty possibly resulting
from recombination; 2) an amino acid ‘sliding window’ approach
(VisRD) (Lemey et al., 2009), which identifies recombination break-
points; 3) parametric bootstrap analysis; 4) amino acid bootscanning
(“Amino Bootscan” – see below) and finally, 5) non-parametric boot-
strap analysis using 1000 maximum likelihood bootstraps. VisRD is a
“sliding window analysis” which produces a noisy phylogenetic signal
and therefore all breakpoints were subjected to further confirmatory
analysis using amino acid bootscanning.

2.2.1. Custom data pipeline, ‘Amino Bootscan’
To achieve this, we constructed a data pipeline called “Amino

Bootscan” because of the absence of bootscanning software for amino
acid data, essentially a Python (3.7) wrapper for RAxML utilizing iter-
tools (for permuting), Biopython, ETE (Extended Tree Environment),
pandas and Matplotlib (available via ‘git clone https://github.com/
ZikaLab/IEDB_pipeline’ and https://genome.guru, password
“Recombination9@”, under the GNU General Public License v3.0).
“Amino Bootscan” is a sliding window phylogenetic data pipeline that
assesses the robustness of two incongruent phylogenies and whether
they could putatively form a mosaic distribution across a genome. Thus,
it minimizes putative mosaics through locus rearrangements. The ra-
tionale for the strategy and full description of the method is given in
Appendix A, “Breakpoint analysis strategy" and “Amino Bootscan”.
Here we used a “step size” of 100 amino acids and window size of 600
amino acid residues, which assesses robustness for 500 maximum
likelihood bootstraps for every “step” comprising a “quintet tree” (5
taxa tree). The analysis was in two stages, permuting the order of pu-
tative incongruent loci within the genome for a given 5 taxa (MBFV)
tree and then assessing combinatorial samples of taxa within given
MBFV groups. Genome permutations were conducted for TBEV (Neu-
doerfl strain), YFV (Asibi 17D strain), ZIKV (BeH819015 strain), DENV-
1 (75861 strain), and JEV (057434 strain) resulting in 120 different
sliding window analyses permutations of 5 loci (Appendix A). The locus
genome order was then fixed from the permutations analysis and dif-
ferent MBFV combinations of 5 taxa were assessed that comprised: 1)
TBEV (Neudoerfl); 2) YFV (Asibi 17D) and thereafter all combinations
of; 3) ZIKV (BeH819015) or SPOV (SM-6-V-1); against 4) DENV-1
(75861), or DENV-2 (16681), or DENV-3 (424); against 5) Culex clade I
viruses, WNV (unstated strain) or JEV (057434), or SLEV (CbaAr-4005),
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or Culex clade II virus BSQV (BeAn 4073). All MBFV are described in
Supplementary Table 1 Appendix D. The disadvantage of this method is
that the computational overhead is very significant for a phylogenetics
calculation and requires processor parallelization.

2.2.2. Phylogenetic boostrap analysis
Parametric bootstrap analysis is a maximum likelihood test which

identifies potential topological differences between MBFV phylogenies
with respect to the placement of ZIKV-SPOV and DENV using a null
distribution obtained by amino acid simulation for 100 replications
with a JTT amino acid matrix (Swofford-Olsen-Waddell-Hillis test,
SOWHat test (Church et al., 2015)) (Appendix A, ‘Phylogenetics’,
‘Parametric bootstrapping’).
Non-parametric bootstrap analysis was performed for all amino acid

phylogenetic trees using a maximum likelihood approach using RAxML
(Stamatakis, 2014). Robustness was determined by bootstrapping using
a 4 category gamma (γ) distribution to estimate mutation rate hetero-
geneity and the analysis included an invariant rate category. Amino
acid phylogenies were generated by comparing the likelihood for ‘JTT’,
‘WAG’ (Whelan and Goldman, 2001) and ‘LG’ matrices (Le and Gascuel,
2008) using RAxML. The highest likelihood for the non-parametric
bootstrap analysis was the LG matrix. A phylogenetic robustness for a
branching order was considered when a non-parametric bootstrap
value, denoting the Aedes or Culex clade, exceeded 80%. Our analysis
differed from many others by using amino acid instead of nucleotide
analysis, because the third codon position saturates (Zanotto et al.,
1996). Modern amino acid matrices, notably LG matrices, provide
higher phylogenetic signal than removing the third codon in nucleotide
analyses. An identical phylogenetic model was recently used to describe
the phylogeny of the global RNA virome (Wolf et al., 2018).

2.3. Mosquito-borne flavivirus NS3 protein domains

The NS3 protein comprises two domains encoding the 1 to 185
amino-terminal serine S7 (S7) protease, and the 186 to 618 amino acid
NTPase-helicase protein. The flavivirus NS3 helicase region is a
member of two helicase superfamilies with the DEAH/DEAD (Asp [D]-
Glu [E]-Ala [A]-His/Asp [H/D]) motif for divalent cation binding and
NTPase activity as well as an adjacent C-terminal helicase domain de-
noted HELICc (Wu et al., 2005).

2.4. Immunological bioinformatic methods

In this analysis, high and low density B-cell epitope loci are defined
from the experimentally observed dominant B-cell responses generated
against quaternary-, trimer-, dimer-, monomer-specific, conformational
or linear, neutralizing or non-neutralizing loci which are cited in the
Introduction. Furthermore, in this analysis we define CD4+/CD8+ T-
cell epitope maps experimentally identified ex vivo as referring to
binding affinities of 8-, 9- and 10-mer oligopeptide to CD8+ T-cells
from purified peripheral mononuclear blood cells (PMBCs) from con-
valescent patients.

2.4.1. Custom IEDB data pipeline
To infer putative changes in cross-reactive T-cell epitopes following

recombination between ZIKV and Culex Clade I viruses (notably WNV
and JEV), we constructed in silico predicted CD8+ T-cell epitope maps
for each given phylogeny using the stand-alone version of MHC class I
peptide binding prediction tools (version 2.19.1) from the Immune
Epitope Database (IEDB) (Vita et al., 2019). This was automated and
parsed using a data pipeline (available via ‘git clone https://github.
com/ZikaLab/IEDB_pipeline’ and https://genome.guru password “Re-
combination9@”, under the GNU General Public License v3.0;
Appendix B, T-cell bioinformatics, ‘Algorithm’) and which is called, the
‘IEDB data pipeline’. The pipeline was verified by manually checking
20% of all epitopes, together with internal checks (Appendix B,

‘Materials and methods’) and verified against MBFV CD8+ T-cell epi-
topes experimentally identified ex vivo for their binding affinities for
one recombinant locus (NS2A to NS3 DEAD) (Appendix B, ‘Results’;
Supplementary Table 2, Appendix D).
All 12 human leucocyte antigen (HLA) alleles used in the analysis

were identified using both published (Supplementary Table 2,
Appendix D) and selected HLA haplotypes prevalent in the populations
in South East (SE) Asia (Appendix B ‘SE Asian strains’).

2.4.2. IEDB data pipeline criteria
We used in silico CD8+ T-cell epitope predictive algorithms based

around the artificial neural network (ANN), stabilized matrix method
(SMM) and the ‘consensus method’ (CM) (Moutaftsi et al., 2006;
González-Galarza et al., 2015); Supplementary Table 2, Appendix D).
Putative cross-protective in silico CD8+ T-cell epitopes were predicted
based on 5 criteria (Supplementary data); an important criterion is the
CM index which assesses the robustness of a predicted epitope, because
previous studies demonstrated the accuracy and reliability of the CD8+

T-cell in silico prediction index (Moutaftsi et al., 2006). A CM value <
2.5 was used based on the CM values of CD8+ T-cell epitopes experi-
mentally verified ex vivo and described in Supplementary Table 2
(Appendix D). Thus a CM value < 2.5 for ZIKV, as key criteria of
epitope prediction, represented a good estimate of its biological va-
lidity. All statistical tests were performed using the non-parametric
Wilcoxan rank test.

2.4.3. Geographic distribution of HLA haplotypes
To identify appropriate haplotypes in SE Asia, we assessed all

available HLA-A and HLA-B haplotype frequency distributions, which
included HLA-B*35:01, and correlated them with DENV epitopes, using
the Allele Frequency database. Based on country and racial group, we
identified HLA haplotypes uniquely dominant in SE Asia and the Pacific
Islands, viz. HLA-A*11:01 (each hyperlinked to global distribution
map), HLA-A*24:02 (each hyperlinked to global distribution map),
and HLA-B*40:01 (hyperlink to global distribution map) (Appendix B,
‘SE Asian strains’). HLA-B*35:01 is an example of a haplotype with a
moderately increased frequency in Amerindian populations in the
Americas.

2.5. Geographic nomenclature

Regarding the geographic division of the Pacific Islands referred to
herein, we assigned Papua New Guinea as a member of Melanesia and
separate from Australasia, Micronesia as an archipelago within Oceania
and French Polynesia as an archipelago within Polynesia.

3. Results

3.1. Phylogenetic analysis

3.1.1. Phylogenetic analysis of the MBFV
An amino acid phylogenetic analysis of the MBFV genomes and the

unrooted tree is presented in Fig. 1. All virus abbreviations and source
information are listed in Supplementary Table 1 (Appendix D). This
network tree depicts a central node of reticulation separating the ZIKV
and SPOV sister lineages from the DENV Aedes clade and the Culex
clade viruses. The Culex clade then diverges to form clades I and II, the
latter separating into Australasian/Melanesian and South American
virus groups. In all phylogenies (Fig 1, Figs. 3 and 4), SPOV formed a
sister group with ZIKV. Culex clade I viruses comprise the medically
important MBFV that include WNV and JEV.

3.1.2. ZIKV interspecific recombination breakpoint analysis
A phylogenetic network was observed in the unrooted tree, tech-

nically called a ‘reticulation node’, associated with ZIKV and SPOV
(Fig. 1). Reticulation nodes indicate conflicting phylogenetic signals
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which could be due to phylogenetic incongruence, and would infer
recombination involving ZIKV and SPOV. The node was further ana-
lyzed using an amino acid sliding window called VisRD. This method
lacks statistical robustness but provides an indication of recombination
associated breakpoints (Fig. S2, Appendix C). Putative breakpoints due
to phylogenetic incongruence were identified by dramatic shifts in
phylogenetic signal on the y-axis of VisRD associated with ZIKV (Fig.
S2, Appendix C). The major output of our VisRD analysis, which was
distinct from previously published analyses (Kuno et al., 2009; Barba-
Spaeth et al., 2016) was a breakpoint within the NS3 HELICc domain,
starting 15 amino acids into the NS3 HELICc domain and ending within
the C-terminal HELICc domain. Parametric bootstrapping (below) was
used to assess the statistical robustness of combining protein sequences
between different aligned loci hereafter called “combined loci” (de-
scribed below and Appendix A), for example assessing the phylogenetic
validity of combining two different protein gene alignments into a
single alignment (data set).
The robustness of the ZIKV pivotal breakpoints required further

confirmation and this was undertaken using a maximum likelihood
phylogenetic sliding window analysis written specifically for this in-
vestigation, called “Amino Bootscan” (Fig. 2) using a subset of the
MBFV and subsequently, maximum likelihood trees for all MBFV
(Figs. 3 and 4). Thus all loci designated by breakpoints and where ap-
plicable, the combined loci, were examined using “Amino Bootscan”
analysis (Fig. 2). Following locus rearrangement analysis, the bootscan
distinguished between the B-cell epitope rich loci, where ZIKV-SPOV
were monophyletic with the DENV and the T-cell epitope rich loci,
where ZIKV-SPOV were monophyletic with the Culex-associated MBFV.
Moreover all permutations of loci within the genome and all combi-
nations of taxa were assessed. B-cell/T-cell epitope rich loci are iden-
tified in Fig. 2. This provided robust confirmation of the breakpoints of
VisRD analysis (Fig. S2, Appendix C), and was supported by previous
analyses (Kuno et al., 2009; Barba-Spaeth et al., 2016). A complete

description of “Amino Bootscan” is given in Appendix A.
The conclusion from the bootscan analysis was also confirmed using

all the MBFV in mirror tree analysis (Fig. 3i and 3ii). This depicts the
results of non-parametric bootstrap analysis showing: a robust mono-
phyly between ZIKV-SPOV and DENV for the individual protein trees of
prM, E, NS4B; and a combined locus comprising the NS1 and partial
NS3 protein encompassing most of the HELICc domain, but excluding
the C-terminal ‘tip’ (Fig. 3i, Supplementary Table 2, Appendix D).
The trees also depict a robust paraphyly between ZIKV-SPOV and

DENV, i.e. a ZIKV-SPOV and Culex-associated MBFV monophyly, for a
combined locus of the C and NS5 proteins, a locus from the C-terminus
of the NS3 HELICc to the NS4A protein inclusively, a locus from the
NS2A protein to NS3 DEAD, 15 amino acids of NS3 HELICc (NS2A,
NS2B, NS3 comprising S7, DEAD domain, and the N-terminal tip of the
HELICc domain) (Fig. 3). This latter region is hereafter referred to as
the NS2A to NS3 DEAD locus.
In contrast to the ZIKV-SPOV lineage and Kedougou virus (KEDV)

which showed phylogenetic incongruence between DENV B-cell and T-
cell rich loci (bootstrap>75%), we observed robust congruence for all
other MBFV groups regardless of locus, viz. between the Aedes-YFV
group, Aedes-DENV group, Culex I clade and Culex II clade for all MBFV
(Figs. 3 and 4).
Parametric bootstrap analysis was used in the initial delineation of

phylogenetic loci following the criteria described in Appendix A,
“Breakpoint analysis strategy” and demonstrated identical fundamental
tree structures between the C and NS5 proteins, both of which com-
prised a basal DENV clade and a ZIKV-SPOV-Culex clade monophyly
(Materials and Methods 2.2.2; Appendix A, ‘Phylogenetics’, ‘Parametric
bootstrapping’). Parametric bootstrap analysis also demonstrated that
the NS1 and NS3 N-terminal HELICc regions were monophyletic for
DENV and ZIKV-SPOV (Appendix A, ‘Parametric bootstrapping’).
Therefore the C and NS5 proteins and separately, the NS1-NS3 N-
terminal HELICc proteins, were analyzed as two distinct alignments for

Fig. 1. Network phylogeny (Neighbor-Net) of the MBFV genomes demonstrating the node of reticulation at the centre of the phylogenetic relationship between the
ZIKV - SPOV sister group, DENV, and the Culex clade MBFV. The tree is unrooted, however in rooted phylogenies (Figs. 3 and 4) tick-borne encephalitis virus (TBEV)
and Kadam virus (KADV) were used as outgroup viruses. Virus designations follow the recommendations of the ICTV. Note, that phylogenetic networks represent
nodes of phylogenetic uncertainty which may be attributed to recombination (Material and methods).
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non-parametric bootstrap analysis without disrupting the primary
phylogenetic signal of interest. However, the parametric bootstrapping
also identified KEDV as being incongruent between both the C and NS5
trees and the NS1 and NS3 N-terminal HELICc trees. KEDV was there-
fore excluded from these data sets (Appendix A, ‘Phylogenetics’,
‘Parametric bootstrapping’).

3.1.3. ZIKV and Culex clade virus interspecific recombination
The three loci identified with high-density DENV CD4+ and C8+ T-

cell responses, observed ex vivo, all placed ZIKV and SPOV within the
Culex-associated MBFV rather than with the DENV lineages (> 80%
maximum likelihood bootstrap support). However, these “T-cell epitope
rich trees” were robustly incongruent from each other (with> 80%
bootstrap support) as to precisely where ZIKV-SPOV is placed within
the Culex-associated MBFV clade. Fig. 4 illustrates the individual
maximum likelihood phylogenies of the three ZIKV protein loci iden-
tified as the C and NS5 (‘Tree 1’), the C-terminal HELICc domain and
NS4A protein (‘Tree 2’), and the NS2A to NS3 DEAD locus (‘Tree 3’).
Thus, the ZIKV-SPOV lineage for these loci was phylogenetically robust
in its association with the Culex clade, but 'Trees 1, 2 and 3′ were ro-
bustly incongruent when examined against each other with respect to
the placement of the ZIKV-SPOV lineage. In ‘Tree 1,’ the ZIKV-SPOV
lineage was monophyletic and basal to the Culex clade for the combined
C and NS5 protein locus, while in ‘Tree 2,’ ZIKV-SPOV formed a sister
group exclusively with the Australasian/Melanesian Culex clade II
MBFV for the protein locus of the C-terminal NS3 HELICc to NS4A in-
clusively. In 'Tree 3,’ ZIKV-SPOV formed a sister group with the Culex
clade I viruses and was thus incongruent with Trees 1 and 2. The
bootstrap for the combined C and NS5 locus was highly robust whereas
each independent C and NS5 locus had a low bootstrap value. In

contrast, the ‘ZIKV-SPOV-DENV monophyly’ comprising three physi-
cally separated loci in the ZIKV-SPOV genome, viz., the prM, E and NS1
proteins, the NS3 HELICc domain and NS4B protein, independently
produced identical robust monophyletic phylogenetic trees with respect
to ZIKV-SPOV-DENV.

3.2. Immunological properties

3.2.1. MBFV trees and B-cell association
There was a strong correlation between the proteins associated with

a ZIKV-SPOV-DENV monophyly, viz. the prM, E and NS1 glycoproteins
and the NS3 HELICc helicase excluding the C-terminal domain (Figs. 3
and 4), and their relative B-cell epitope densities. These glycoproteins
are released concurrently from infected cells and induce im-
munodominant antibody (B-cell) responses against both linear and
conformational epitopes during human DENV infections. The NS4B
gene tree (Figs. 3 and 4), also produced a ZIKV-SPOV-DENV mono-
phyly. However, NS4B protein is not known to generate a strong high
level antibody response during DENV infections.

3.2.2. MBFV tree and ex vivo T-cell association
There was a strong correlation between the protein loci which re-

sulted in a ZIKV-SPOV-Culex clade monophyly, (i.e. where ZIKV-SPOV
is paraphyletic with DENV) with a low density of B-cell epitopes and
high density of DENV T-cell epitopes experimentally identified ex vivo
(i.e. for the C, NS5, NS2A, NS2B and NS3 protein S7 and DEAD do-
mains, the HELICc domain and NS4A protein) (Weiskopf et al., 2013,
2015a, 2016) (Fig. 4). Specifically, proteins with high densities of
DENV CD4+ and CD8+ epitopes (C, NS2A, NS3 S7 domain, C-terminal
HELICc, NS4A and NS5) were associated with the ZIKV-SPOV-Culex
clade monophyly for all but one protein, viz. NS4B (Fig. S3, Appendix
C). Furthermore, they were not associated with generating im-
munodominant human B-cell (antibody) responses as was shown with
DENV and by finding immunodominant B-cell responses against the E
and NS1 glycoproteins through the characterization of anti-ZIKV
human monoclonal antibodies (Stettler et al., 2016). Moreover, the
MBFV C protein is protected from antibody exposure by a lipid en-
velope containing the prM and E proteins, whilst the remaining 4 non-
structural MBFV proteins (NS2A, NS2B, the NS3 S7 domain, NS4A and
NS5 proteins) are involved in viral replication. The NS4B protein was
the exception because it contained CD8+ T-cell epitopes but the ZIKV-
SPOV-DENV tree is monophyletic for this protein inferring it was not
involved in recombination.
Considering the ZIKV-SPOV-Culex clade phylogenies (Fig. 4), Tree 1

was strongly associated with CD4+ and CD8+ (C and NS5) T-cell epi-
topes experimentally identified ex vivo, Tree 2 was strongly associated
with CD8+ T-cell epitopes (C-terminal NS3 HELICc domain) (Costa
et al., 2011; Weiskopf et al., 2013) and Tree 3 was associated with
CD4+ and CD8+ T-cell epitopes (NS2A, NS3 S7 & DEAD domains, i.e.
the NS2A to NS3 DEAD locus) (Fig. S3). The high numbers of CD4+ and
CD8+ T-cell epitopes in DENV were located in the C and NS5 proteins
as described in 'Tree 1′, where the ZIKV-SPOV lineage was basal to the
Culex clade. The dominant CD8+ T-cell epitopes were in the C-terminal
region of NS3 HELICc, as described in 'Tree 2’, where ZIKV and SPOV
were phylogenetically basal to the Australasian/Melanesian MBFV. The
remaining CD4+ and CD8+ T-cell epitopes occur within NS2A, NS2B
and the NS3 S7, DEAD and N-terminal HELICc domains described in
'Tree 3′, where ZIKV-SPOV was monophyletic to the Culex clade I
viruses.

3.2.3. Putative T-cell associated protection
HLA haplotypes associated with cytotoxic T-cell mediated protec-

tion against DENV infection showed strong variation in human popu-
lation frequency. The monophyly in 'Tree 2’ between ZIKV and
Australasian/Melanesian MBFV was striking, because: 1) it involved the
most important region of CD8+ T-cell epitopes in DENV-infected

Fig. 2. Maximum likelihood amino acid bootscan, i.e. a bootstrapped sliding
window analysis for 500 replications based on “quintet trees' comprising all
combinations of 5 taxa from the following 1) TBEV, 2) YFV and thereafter all
combinations of 3) ZIKV or SPOV, against 4) DENV; 5) the Culex clade I viruses
or Culex clade II viruses as described in Materials and methods. The step size is
100 and window size of 600 amino acids. The graphic is the automated output
of “Amino Bootscan”.
Key,
Blue/red lines, bootstrap of all quintet trees for a given “step”, i.e. genome
position,
ZIKV-DENV (blue line), demonstrates that ZIKV is monophyletic with the
DENV,
ZIKV-Culex (red line), each quintet tree shows ZIKV is monophyletic with the
Culex-associated MBFV (Culex clade I and Culex clade II). For the interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.
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Fig. 3. Amino acid maximum likelihood phylogenies of the predominant B-cell epitope containing proteins (left) and predominant DENV T-cell epitope loci, ex-
perimentally observed ex vivo, containing proteins (right). The numbers above each node are percentage bootstrap values above 75%. For Fig. 3i the order of the
bootstraps along each internal branch represents 4 separate bootstrap protein trees for predominantly B-cell epitope proteins, i.e. a) a prM protein tree, b) an E
protein tree, c) a combined locus of NS1 and NS3 HELICc domain protein tree and d) an NS4B protein tree. For Fig. 3ii the order of the bootstraps along each internal
branch represents three separate bootstrap protein trees for proteins with high densities of T-cell epitopes experimentally identified ex vivo, i.e. a) a combined locus of
the C and NS5 protein tree, b) an NS2A to the NS3 DEAD locus protein tree, c) an NS3 C-terminal HELICc region to the NS4A protein tree. Key, * indicates a partial
protein domain and ** indicates 15 amino acids of the N-terminal tip of the NS3 HELICc domain. ‘B-cell/T-cell rich’, refers to B-cell/T-cell epitope rich loci.
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humans that cluster within 50 amino acids of the N-terminal region of
the HELICc domain; 2) 50% of all HLA-B*40:01 CD8+ T-cell epitopes
on the DENV genome were located within this small locus, making it a
very dense region of CD8+ T-cell epitopes within the DENV translated
genome, and 3) HLA-B*40:01 was significantly associated with native
Polynesians, New Zealand Maoris (originally from the Cook Islands)

and indigenous Taiwanese populations (Edinur et al., 2013). These
results are also compatible with CD8+ T-cell responses generated
against ZIKV infections in mouse models (Wen et al., 2017). Whether or
not the monophyletic relationship between ZIKV and the Melanesian/
Australasian viruses infers the influence of T-cell selection pressure will
be considered in future investigations.

Fig. 4. Amino acid maximum likelihood phylogenies describing the robust incongruence between individual CD4+ and CD8+ T-cell epitope-rich loci experimentally
observed ex vivo depicted here as 'Tree 1′, 'Tree 2′ and 'Tree 3’. The single numbers above each branch represent bootstrap values above 75%, where * denotes 15
amino acids of N-terminus HELICc.
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3.2.4. Predictive in silico ZIKV-MBFV CD8+ cross-protection
An estimate of the shared MBFV CD8+ epitopes that could induce

cross-reactivity in humans with CD8+ T-cell epitopes of ZIKV was
performed using the MHC class I peptide binding prediction tools from
the Immune Epitope Database (IEDB) (Vita et al., 2019). The accuracy
of this epitope prediction method has been experimentally verified
(Moutaftsi et al., 2006). We focused on 9 biologically proven MBFV
CD8+ T-cell epitopes experimentally identified for the NS2A-NS3 DEAD
locus of DENV, JEV and WNV, viz. human leucocyte antigen (HLA)
A*01:01, A*02:01, A*26:01, A*30:01, B*07:02, B*08:01, B*15:01,
B*35:01, B*38:01 (Supplementary Table 2, Appendix D) and three HLA
alleles specifically associated with SE Asia and Australasian/Melanesian
populations (Appendix B, ‘SE Asian strains’), viz. HLA-A*11:01,
A*24:02, and B*40:01. The criteria for cross-reactivity are described in
Materials and methods, 2.4.3 and Supplementary Information
(Appendix B, ‘SE Asian strains’). IEDB analysis was performed with all
the MBFV taxa in this analysis (Supplementary Table 1, Appendix D)
using all loci. The calculation was automated, parsed, and analyzed in
the ‘IEDB data pipeline’ (Materials and methods 2.2).
Fig. 5 describes the relationship between the average percentage

amino acid identity per predicted shared CD8+ epitope and the number
of predicted shared epitopes between ZIKV and every other MBFV in
the analysis. When compared with the non-recombinant loci (Fig. 5d to
f), all three ZIKV - Culex clade recombinant protein loci (Fig. 5a to c)
had a clearly defined excess of in silico predicted, CD8+ T-cell epitopes
shared between ZIKV and the Culex clade viruses, as opposed to pre-
dicted CD8+ T-cell epitopes shared between ZIKV and DENV. This as-
sociation is statistically significant (Table 1). Thus the C-NS5 (Tree 1),
C-terminal NS3 HELICc-NS4A (Tree 2) and NS2A-NS3 DEAD (Tree 3)
loci had 7%, 30.2% and 28.2% respectively more shared ZIKV-Culex
clade CD8+ T-cell epitopes per virus than shared ZIKV-DENV CD8+

epitopes per virus. In contrast, all non-recombinant protein loci showed
either a significant decrease in this percentage, notably for NS1-HELICc
(−17.2%), or no significant increase or decrease for the prM, E and
NS4B protein loci.
Overall, for the Culex clade viruses there were 42.8% more putative

shared ZIKV CD8+ T-cell epitopes predicted in silico in the recombinant
loci against their non-recombinant loci ( 213 . 7

149 . 6
Culex recombinant

Culex non recombinant

[ ]

[ ]
).

However, for the DENV there were 13.5% less putative shared ZIKV T-
cell CD8+ epitopes predicted in silico in the recombinant loci against
non-recombinant loci 192 . 8

222 . 8
DENV recombinant

DENV non recombinant

[ ]

[ ]
).

The epitope prediction algorithms provided support for the ZIKV
recombination events described in Trees 1, 2 and 3 (Fig. 4) correlating
with their T-cell epitopes experimentally identified ex vivo (see Dis-
cussion).

3.2.5. Accuracy analysis of in silico CD8+ prediction
To compare the accuracy of the in silico whole genome CD8+ T-cell

epitope predictions for each MBFV (section 3.2.4) using the 'IEDB data
pipeline' we identified 21 published CD8+ T-cell epitopes derived from
ex vivo epitope mapping studies within the largest locus in the analysis,
viz. the NS2a to NS3 DEAD locus. These published epitopes were
identified in patients with prior DENV, JEV or WNV convalescent in-
fections (McMurtrey et al., 2008; Larsen et al., 2010; Weiskopf et al.,
2013, 2014, 2015a, 2015b, 2016; Turtle et al., 2016, 2017). The IEDB
in silico CD8+ T-cell predictions identified all of the 21 experimentally
observed epitopes, which is consistent with its strong track-record
(Moustaftsi et al., 2006). For example, in a comparison of 18 in silico
prediction methods, the ANN-based (used in IEDB) “mhcflurry” and
“nn_align” outperformed other methods for MHC class I 9-mer and 10-
mer binding/non-binding classifications (Zhao and Sher, 2018).
Eleven of these 21 epitopes were defined as putatively capable of

inducing cross-reactivity with ZIKV CD8+ T-cell epitopes when ana-
lyzed using the IEDB data pipeline (Materials and methods, 2.4.1 and
2.4.2) because these potentially shared epitopes were exclusively
within the top 2.5% of predicted epitopes using the comparative
method index (CM), i.e. resulting in a CM value < 2.5 for ZIKV
(Material and methods), whilst for the remaining 10 epitopes a CM
value ≥ 2.5 was estimated for ZIKV (Appendix B, ‘Results’). This fur-
ther verifies the robustness of the IEDB data pipeline and the biological
basis of the cross-reactive CD8+ T-cell epitope predictions. IEDB is
routinely used to determine the HLA molecules of human subjects
whose T-cells were used in ex vivo functional epitope mapping studies
using long peptides (for example Weiskopf et al., 2013; Turtle et al.,
2016).

4. Discussion

Our study provides two novel insights which support and build on
previous reports of intraspecific homologous recombination in the
MBFV (Holmes et al., 1999; Twiddy and Holmes, 2003; Aaskov et al.,
2007; reviewed by Weaver and Vasilakis, 2009; Twiddy and Holmes,
2003; Carney et al., 2012; Faye et al., 2014) and interspecific

Fig. 5. a to f. Comparison of the in silico predicted CD8+ T-cell epitopes in the ‘recombinant’ against ‘non-recombinant’ loci between ZIKV and the given MBFV to
examine the relationship between total amino acid differences per locus versus the number of shared epitopes for all alignments and MBFV analyzed in Fig. 3. The in
silico CD8+ T-cell epitope predictions described here were verified using the major published biologically identified epitopes for DENV-1 to 4, JEV and WNV
described in Section 3.2.5. The presence of insect specific flaviviruses (ISF) within 5c (NS2A-NS3 DEAD locus) could be due to phylogenetic incongruence within the
ISF for this locus (not shown).

Table 1
The number of in silico predicted shared CD8+ T-cell epitopes per virus between ZIKV and the Culex clade MBFV and predicted shared CD8+ T-cell epitopes per virus
between the DENV and ZIKV for each protein locus in the analysis. Here ‘percentage increase’ is when the number of ZIKV – Culex shared CD8+ T-cell epitopes
exceeds the number of ZIKV – DENV shared epitopes. Epitope predictions were obtained from the 'IEDB data pipeline'.

Protein loci Shared CD8+ T-cell epitopes predicted in silico per virus with ZIKV Wilcoxan test

Culex DENV % increase
Culex/DENV

Recombinant loci C – NS5 205 191.5 +7% <0.002*
NS2A – NS3 DEAD 108.3 84.6 +28% <0.004*
NS3 HELICc-NS4A 30.4 23.3 +30.2% <0.0043*

None recombinant loci prM 19 16 - <0.56
E 61.5 61 – < 0.03**
NS1-HELICc 78.4 94.9 −17.2% <0.002**
NS4B 45.7 41.8 – < 0.055

Key*, significant increase.
**, significant decrease.
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heterologous recombination in the MBFV (Cook et al., 2012; Barba-
Spaeth et al., 2016). First, we discovered evidence of interspecies re-
combination in ZIKV and SPOV resulting in hybrid viruses derived from
DENV- and Culex-associated flaviviruses. Second, we demonstrated that
these hybrid genomes contained DENV-related B-cell epitope rich loci
interspersed with Culex virus-related T-cell epitope rich loci. Thus, we
hypothesized that DENV-specific T-cell background immunity would be
unlikely to protect populations exposed to the hybrid viruses. Under
this hypothesis interspecific recombination provides a rational im-
munological basis for the explosive emergence of ZIKV in appropriate
non-immune populations.
Our first discovery primarily resulted from phylogenetic analysis of

translated flavivirus genomes, as opposed to nucleotide sequences
which are susceptible to saturation of the third codon position (Zanotto
et al., 1996). This produced robust evidence of interspecific re-
combination within the ZIKV genome which we now realise, is a hybrid
of Aedes-borne DENV proteins interspersed amongst Culex-borne flavi-
virus proteins. We reached this conclusion by identifying disparities in
the placement of ZIKV-SPOV between independent MBFV phylogenetic
trees that were attributable to incongruence in specific loci within their
genomes. For example, ZIKV and SPOV formed a monophyly with
DENV, in trees based on (i) prM, E, NS1 proteins, (ii) the central locus of
the NS3 HELICc domain and (iii) the NS4B protein which together span
three non-contiguous loci across the genomes. Based on these loci, ZIKV
and SPOV are included within the Aedes-associated clade of viruses.
However, they were placed within the Culex-associated clade of viruses
in the trees based on (i) the C, NS2A, and NS2B proteins, (ii) the NS3 S7
protease and helicase DEAD domains, and (iii) the C-terminal HELICc
domain, the NS4A and NS5 proteins, which together also spanned three
non-contiguous loci across their genomes. Moreover, within the
genome, these three Culex-associated MBFV clade loci alternated with
the three Aedes clade loci. The corresponding C and NS5 protein loci of
ZIKV and SPOV are at opposite ends of the open reading frame of the
genome but individual gene trees were uniquely congruent and a
combined locus resulted in a large increase in non-parametric bootstrap
support across all nodes. Lower, non-parametric bootstrap support for
the placement of ZIKV and SPOV within the Culex clade using an NS5
tree was previously reported (Kuno et al., 2009; Barba-Spaeth et al.,
2016) and bootstrap results for placement of the E-protein were com-
parable. The flavivirus genome circularizes by intraspecific RNA-RNA
pairing between 5′ and 3’ UTRs, connecting C and NS5 loci, as a re-
quirement of replication (Hahn et al., 1987), which is a species-specific
RNA-RNA pairing that is maintained during viral RNA polymerase de-
tachment. We therefore confirmed the incongruence first reported by
Kuno et al. (2009) and obtained robust bootstrap support for phylo-
genetic incongruence which violates the epidemiological boundary
between the Aedes and Culex-associated viruses within the MBFV phy-
logeny identified in our previous work (Gaunt et al., 2001). We re-
cognize that phylogenetic incongruence at deeper levels in the phylo-
geny is a new concept within MBFV and, as with any evolutionary
molecular reconstruction, remains a hypothesis. However, the outcome
of our analysis is the identification of a systematic series of in silico
methods that identify broad shifts in the CD8+ T-cell epitope dis-
tribution between viruses, in this case, within the MBFV. Independent
indirect evidence in support of this hypothesis derives from the recent
discovery that ZIKV was vertically transmissible in Culex spp., under
laboratory conditions (Phumee et al., 2019) and could possibly be
transmitted to Culex spp. via viraemic urine, i.e., in an aquatic en-
vironment, because similar transmission has been demonstrated for
Aedes spp. (Du et al., 2019).
We propose that the Aedes clade-associated regions of the ZIKV and

SPOV genomes are ancestral because these three physically separated
loci resulted in identical ZIKV-SPOV-DENV monophyletic trees (Fig. 3i),
viz.: 1) the prM, E, and NS1 proteins comprise at least one locus; 2) the
NS3 HELICc region is a second locus, excluding its C-terminal domain
and; 3) the NS4B protein is a third locus. In common with YFV and

other arboviruses, they circulate in Aedes and primate transmission
cycles in African forest canopies (Gould et al., 2003). In the Culex-as-
sociated MBFV clade, loci of the ZIKV and SPOV genomes produced
three incongruent phylogenies as shown by ‘Trees 1, 2, and 3’ (Fig. 4).
These loci therefore represent at least three separate recombination
events. The demonstration that ZIKV, SPOV and DENV (and KEDV) fall
in the Aedes clade (i.e. ancestral Aedes and primate transmission) and
that ZIKV and SPOV are monophyletic, demonstrating identical re-
combination patterns throughout the phylogenetically incongruent loci
across the genome, implies that a single ZIKV-SPOV ancestor (Aedes
clade) recombined with three ancestral Culex clade viruses. This can be
inferred because the ZIKV-SPOV lineages in the three Culex clade-as-
sociated trees (Fig. 4) are robustly incongruent with respect to the
placement of ZIKV-SPOV.
It was previously proposed that the ancestral viruses of DENV, ZIKV

and Culex-transmitted MBFV were transmitted by mosquitoes (Gould
et al., 2003; Huhtamo et al., 2009; Gubler, 2014) and probably had a
range of transmission vectors (Gould and Solomon, 2008; Kuno, 2016).
Thus, in this or other scenarios ancestral ZIKV versus Culex-associated
virus recombination events probably occurred during co-infections in
primates (Aedes spp. vectors) and/or mosquitoes in the sylvatic en-
vironment of the African rainforests because extant ZIKV in sylvatic
primates predominates in densely forested African bioregions including
The Gambia and Uganda (Dick, 1952; Buechler et al., 2017). A detailed
series of transmission scenarios is presented in Appendix D, and
Supplementary Table 3 (Appendix D). We propose that the resulting
recombinant virus reported here would enable ancestral ZIKV and
DENV to co-circulate in the same primate hosts and vectors. These re-
sults and interpretations infer that the immune selection, described
below most likely took place in non-human primates.
The second discovery from this study was that recombination be-

tween Aedes and Culex-borne MBFV protein loci across the ZIKV-SPOV
genomes correlated with DENV B-cell and Culex-borne MBFV T-cell
immunology. Immunodominant B-cell (antibody) reactive proteins
were exclusively encoded in Aedes-clade-associated protein loci, namely
the prM, E, and NS1 proteins and the central region of the NS3 HELICc
domain, with the exception of the NS4B protein (Figs. 2 and 3i). DENV
T-cell epitopes experimentally observed ex vivo were predominantly
located in the C, NS2A to the NS3 DEAD domain, C-terminus HELICc to
NS4A protein loci inclusively and the NS5 protein (Fig. 2, 3ii and 4),
this precisely coincides with the ZIKV loci that had recombined with
Culex-associated MBFV. The NS4B protein phylogeny was therefore the
only exception in the genome (1/10 proteins), and interestingly this
protein inhibits antiviral type I α/β interferon (Muñoz-Jordán et al.,
2005). Evidence that the NS5 protein also contains B-cell epitopes is
equivocal, but may be coincident with the low bootstrap support for the
ZIKV-SPOV lineage associating with the Culex clade.
Interspecific or trans-species genetic recombination provides a

phylogenetic explanation for the observation of T-cell specificity ex-
perimentally identified ex vivo and B-cell cross-reactivity between
DENV and ZIKV. For example, there was a lack of cross-reactivity be-
tween CD4+/CD8+ T-cells from DENV and ZIKV infections, for the C
protein (Lim et al., 2018), whilst the NS3 protein was cross-reactive.
Furthermore, the CD8+ T-cell response of ZIKV NS3 HELICc, excluding
its C-terminal domain, showed significant cross-reactivity against
DENV-infected cells (Herrera et al., 2018), but in contrast the NS3
protease was highly specific and all these results were highly compa-
tible with our findings. Our discovery of ZIKV recombination is sup-
ported by and also partly explains the extensive cross-reactivity of
CD4+ T-cells between ZIKV and WNV but low cross-reactivity between
ZIKV and YFV (Reynolds et al., 2018). It is also partly supported by the
distinct genome specificity of CD8+ T-cells, involving cytotoxicity
against ZIKV infected cells, which is independent of DENV exposure in
holoendemic geographic regions (Grifoni et al., 2018). However, pre-
vious DENV infection does alter the T-cell memory against ZIKV pep-
tides which could result in more efficient control or clearance of the
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infection (Grifoni et al., 2017).
We propose that immune-selection to escape cross-protection due to

CD8+ and CD4+ cytotoxic T-cells, generated during previous DENV
infections, could give the recombinant ZIKV an epidemiological ad-
vantage in DENV-endemic areas. This is compatible with current epi-
demiological observations. The rationale for this hypothesis is that
conserved inter-serotypic DENV CD8+ T-cell epitopes contribute to
cross-protection against sequential DENV infections with a different
serotype (Weiskopf et al., 2013). However, further comparative studies
will be required to assess T-cell and antibody responses against ZIKV
and DENV for autochthonous infections in SE Asia, the Pacific Islands
and the Americas.
The initial support for recombination as a mechanism of ZIKV T-cell

immune escape was the correlation between the ZIKV protein loci
showing phylogenetic incongruence and separately the established
DENV T-cell epitope map experimentally identified, ex vivo. The sub-
sequent support for this mechanism was the in silico analysis using in
silico cross-reactive HLA class I CD8+ T-cell epitope prediction algo-
rithms for all of the ZIKV-SPOV recombinant and non-recombinant
protein loci using the 'IEDB data pipeline'. All protein loci identified in
the ZIKV-SPOV-Culex clade recombination events showed an increase of
7.0% (C-NS5 loci), 28.0% (NS2A-NS3 DEAD locus) and 30.3% (C-
terminal NS3 HELICc to NS4A loci) of putative shared CD8+ T-cell
epitopes when compared with ZIKV-like CD8+ T-cell epitopes in the
DENV. The C-terminal NS3 HELICc region to the NS4A protein locus
was the most specific recombination event occurring between ZIKV-
SPOV and Australasian/Melanesian Culex clade II viruses (Tree 2). This
represented 50% of all DENV CD8+ HLA B40:01 T-cell epitopes con-
firmed by ex vivo experimental analysis (Weiskopf et al., 2013, 2015b).
In summary, ZIKV-SPOV recombinant loci correlated with the DENV-
skewed distribution of T-cell epitopes experimentally identified ex vivo
across the DENV genome. Furthermore, when the recombinant loci
were subjected to whole genome in silico CD8+ T-cell predictions for
putative cross-reactive epitopes between ZIKV and all other MBFV,
these recombinant loci showed a significant decrease in the putative
cross-reactive CD8+ T-cell responses between DENV and ZIKV than
between Culex-associated MBFV and ZIKV. We postulate that these re-
sults are not a “coincidence” but are the result of recombination that is
driven by selection to facilitate the co-circulation of both ZIKV and
DENV within the same hosts (primates) and thus reducing the cross-
protective memory T-cell responses from prior DENV infections. Ad-
mittedly, little is currently known about the T-cell responses of Old
World primates. It is noteworthy that all published CD8+ T-cell epi-
topes within the NS2A-NS3 DEAD locus were identified by the IEDB
data pipeline and>50% (11/21) of these epitopes would be classed as
putative shared CD8+ T-cell epitopes between ZIKV and other MBFV.
Thus, ‘Old World’ MBFV including WNV, JEV (Culex clade I), Culex

clade II Stratford virus (STRV) and Kokobera virus (KOKV) could pro-
vide cross-protective T-cell responses against ZIKV-infected cells, for
example, via CD8+ cytotoxic T-cells generated against the NS2A-NS3
DEAD protein locus. On the other hand, DENV would be far less sus-
ceptible to cross-protective CD8+ T-cell responses from WNV, JEV,
STRV and KOKV because DENV is not a recombinant with the Culex
clade MBFV loci. Cross-reactive short-term CD8+ T-cell responses from
healthy JEV exposed donors were extensive against DENV and
WNVnonstrucutral proteins (Turtle et al., 2016), although in our ana-
lysis they appeared to be relatively limited and they were also notably
restricted using T-cells from convalescent recipients of the live atte-
nuated SA-14-14-2 JEV vaccine (Turtle et al., 2017).
Early (1950s–1960s) seroprevalence studies performed on human

populations in Asia, showed high incidence of protective antibodies
against DENV, JEV and WNV, as judged in mouse protection tests
(Smithburn et al., 1954; Hammon et al., 1958a,b; Pond, 1963; Rao,
1971). WNV was serologically identified or isolated in most countries
from India to Indonesia, the Philippines and China (Chancey et al.,
2015) with 16%–58% preponderance in the most specific serological

assay through the challenge of human sera treated mice with high
(> 50 LD50) doses of ZIKV (Smithburn, 1954; Smithburn et al., 1954;
Pond, 1963; Hammon et al. 1958a, 1958b, 1958). More recently WNV
was reported to have an apparent 27% seroprevalence in Xinjiang,
China (Cao et al., 2017). This contrasts with the very low ser-
oprevalence to WNV and JEV in French Polynesia (1.5% and 1.3% re-
spectively) in 2011–2013, whilst seroprevalence to DENV was 80.3%,
supporting the belief that WNV and JEV do not circulate in French
Polynesia (Aubry et al., 2015).
Our observation that in silico-predicted ZIKV-specific CD8+ T-cell

epitopes are predominantly represented by related Culex clade flavi-
viruses, most likely through interspecific recombination, provides a
rational explanation for the different epidemiological patterns of ZIKV
persistence, characterized by small, localized outbreaks in SE Asia/
Australasia/Melanesia, such as 30 cases in Klaten, Central Java,
Indonesia (Olson et al. 1981), where WNV, JEV, Murray Valley en-
cephalitis and other related flaviviruses have been endemic for many
years. This dramatically contrasts with the explosive outbreaks in Mi-
cronesia, French Polynesia and the Americas, despite the presence of
endemic DENV (Aubry et al., 2015; Duffy et al., 2009; Musso, 2015;
Pettersson et al., 2016, 2018; Gould et al., 2017). Thus, the Culex-as-
sociated JEV-complex flaviviruses distributed throughout SE Asia and
Australasia/Melanesia would provide a background of cross-protective
T-cell immunity to ZIKV. However, these viruses are either absent or
present at very low prevalence on the Pacific Islands (Aubry et al.,
2015). A different scenario pertains in Central/Southern America where
Culex-associated MBFV, including, BSQV, AROAV, NJLV, IGUV, ROCV,
SLEV and WNV circulate primarily via peridomestic and/or sylvan
Culex spp., rather than domestic urban species. In support of these ar-
guments, DENV, which did not recombine with the Asian Culex clade
viruses, circulates as an endemic and epidemic virus in the geographic
regions where ZIKV also circulates relatively silently.
A parsimonious hypothesis infers that the geographic site for the

interspecific recombination of the ZIKV-SPOV ancestor is Africa be-
cause ZIKV, SPOV, and KEDV, were originally isolated in sub-Saharan
Africa and only ZIKV and very recently SPOV, have emerged out of
Africa (White et al., 2018), inferring an African origin for these three
viruses. Therefore, because recombination occurred immediately prior
to the divergence of two extant African viruses, ZIKV and SPOV, it is the
most likely geographic region for the recombination.
There are at least four alternative possibilities for the apparent lack

of ZIKV epidemics in Asia. One possibility is explained by the accounts
of background immunity of 2–19% neutralizing antibodies against ZIKV
in Bangkok (Thailand), Borneo, Laos, Malay Peninsula and western
India in seroprevalence surveys (Smithburn, 1954; Smithburn et al.,
1954; Pond, 1963; Pastorino et al., 2019), isolated in Malaysia
(Marchette et al., 1969) and Indonesia (Olson et al., 1981) (Appendix
E). However, there were no detectable ZIKV neutralizing antibodies in
northern Viet Nam, or Chiang Mai, Thailand (Pond, 1963). Three fur-
ther possible scenarios that could explain ZIKV epidemiology in SE Asia
are presented in Appendix E and involve ZIKV immunology in relation
to other MBFV infections (e.g., Gordon et al., 2019; Masel et al., 2019).
In summary, interspecific recombination could account for why

ZIKV did not become epidemic in SE Asia and Australasia/Melanesia,
but caused explosive epidemics when it was introduced to the islands of
the South Pacific and the Americas, despite widespread prior exposure
to DENV but low exposure to Culex-borne MBFV. Our findings raise
many implications for future studies of MBFV.
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