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Abstract

The Zika virus (ZIKV) disease caused a public health emergency of international concern that started in February 2016. The overall num-
ber of ZIKV-related cases increased until November 2016, after which it declined sharply. While the evaluation of the potential risk and
impact of future arbovirus epidemics remains challenging, intensified surveillance efforts along with a scale-up of ZIKV whole-genome
sequencing provide an opportunity to understand the patterns of genetic diversity, evolution, and spread of ZIKV. However, a classifica-
tion system that reflects the true extent of ZIKV genetic variation is lacking. Our objectivewas to characterize ZIKV genetic diversity and
phylodynamics, identify genomic footprints of differentiation patterns, and propose a dynamic classification system that reflects its
divergence levels. We analysed a curated dataset of 762 publicly available sequences spanning the full-length coding region of ZIKV from
across its geographical span and collected between 1947 and 2021. The definition of genetic groups was based on comprehensive evolu-
tionary dynamics analyses, which included recombination and phylogenetic analyses, within- and between-group pairwise genetic dis-
tances comparison, detection of selective pressure, and clustering analyses. Evidence for potential recombination events was detected
in a few sequences. However, we argue that these events are likely due to sequencing errors as proposed in previous studies. There was
evidence of strong purifying selection, widespread across the genome, as also detected for other arboviruses. A total of 50 sites showed
evidence of positive selection, and for a few of these sites, there was amino acid (AA) differentiation between genetic clusters. Twomain
genetic clusters were defined, ZA and ZB, which correspond to the already characterized ‘African’ and ‘Asian’ genotypes, respectively.
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Within ZB, two subgroups, ZB.1 and ZB.2, represent the Asiatic and the American (and Oceania) lineages, respectively. ZB.1 is further
subdivided into ZB.1.0 (a basal Malaysia sequence sampled in the 1960s and a recent Indian sequence), ZB.1.1 (South-Eastern Asia,
Southern Asia, and Micronesia sequences), and ZB.1.2 (very similar sequences from the outbreak in Singapore). ZB.2 is subdivided into
ZB.2.0 (basal American sequences and the sequences from French Polynesia, the putative origin of South America introduction), ZB.2.1
(Central America), and ZB.2.2 (Caribbean and North America). This classification system does not use geographical references and is
flexible to accommodate potential future lineages. It will be a helpful tool for studies that involve analyses of ZIKV genomic variation
and its association with pathogenicity and serve as a starting point for the public health surveillance and response to on-going and
future epidemics and to outbreaks that lead to the emergence of new variants.

1. Introduction
Determination of viral genetic variants/subtypes/groups is
paramount for epidemiological purposes and for the surveillance
of endemic and emerging infectious diseases associated with
human viruses, e.g. human immunodeficiency virus HIV-1 (Theys
et al. 2018), hepatitis C virus (HCV) (Paraschiv et al. 2017), Zika
virus (ZIKV) (Aubry et al. 2021), and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) (Rambaut et al. 2020). Identifi-
cation of emerging mutations linked to phenotypic traits related
to infectiousness, preferred routes of transmission or pathogenic-
ity of these virus variants is also crucial for surveillance purposes
that aid the implementation of public health measures in order to
mitigate the impact of outbreaks.

ZIKV form the species Zika virus of the genus Flavivirus in
the family Flaviviridae, which includes also other species of the
arthropod-borne flaviviruses like dengue, West Nile, and yellow
fever (Simmonds et al. 2017). It gathered international attention
when it was declared a public health emergency of international
concern by theWorldHealthOrganization (WHO) during the 2015–
2016 pandemic in the Americas, Caribbean, and Africa (Roos 2016;
Musso, Ko, and Baud 2019; Wilder-Smith and Osman 2020).

While the number of disease cases has declined sharply after
2016, ZIKV may still be circulating undetected. The majority
of the infections are asymptomatic and diagnosis is challenging
due to cross-reactivity in diagnostic testing of persons previously
exposed to other flaviviruses, which are endemic in South Amer-
ica (e.g. Dengue) (Felix et al. 2017). Additionally, there is limited
availability of viral samples in the short window period after the
onset of illness (Lanciotti et al. 2008). Furthermore, for the detec-
tion of congenital Zika virus syndrome, current diagnostic testing
remains suboptimal. Insufficient information on ZIKV seropreva-
lence, combined with uncertainty about waning immunity, hin-
ders the evaluation of the potential of future epidemics among
the more than 2 billion people who live in regions at risk for ZIKV
transmission. Furthermore, the characterization of mutations in
the ZIKV genome potentially associated with altered transmission
patterns, increased pathogenicity, and/or congenital complica-
tions is important for the surveillance of future outbreaks.

Whole-genome sequencing analyses of the virus allows the
characterization of the genetic variability of ZIKV to identify
mutations associated with particular phenotypes or with signs of
selection. This is important to understand the evolution of the
virus and its epidemics and may provide an indication of poten-
tial targets for therapeutic/vaccine development. The full-length
RNA genome sequence of ZIKV, composed of 10.8 kb, was first
published by Kuno and Chang (2007) (GenBank accession number
[GAN] AY632535). It is based on a strain isolated from a sentinel
rhesus monkey (Macaca mulatta) and lacks a N-glycosylation motif
(VNDT) in the envelope region that is present in all human ZIKV
genomes (Theys et al. 2017). In 2016, a candidate WHO refer-
ence strain (GAN KX369547), isolated from serum from a French
Polynesian patient in 2013, was proposed as being representa-
tive of clinically significant viruses with widespread distribution

(Trösemeier et al. 2016). However, this sequence does not cover
the full length of the genome and in 2017 another sequence
(GAN KJ776791) was proposed as the ZIKV reference (Theys et al.
2017), along with the correct positioning of the mature pro-
teins in the polyprotein (https://rega.kuleuven.be/cev/reference-
sequences/rega-zikv—last accessed: 10 January 2022). Reference-
guided and codon-corrected sequence alignments are essential to
avoid frameshift errors within the coding area (Gorbalenya et al.
2010; Libin et al. 2019).

Phylogenetic analyses have been essential to understand the
evolution and spread of ZIKV. Two major lineages have been iden-
tified, the ‘African’ and the ‘Asian’ lineages, named after the
geographical region of their first identification (Faye et al. 2014).
The ‘Asian’ lineage circulating in Southeast Asia and the Pacific
(termed ‘PreAm-ZIKV’) has differentiated into the American epi-
demic lineage (termed ‘Am-ZIKV’) (Faria et al. 2016; Faria et al.
2017). Several studies have reported the nucleotide (NT) muta-
tions and AA changes across the entire diversity of ZIKV (Petters-
son et al. 2016; Wang et al. 2016; Zhu et al. 2016; Metsky et al. 2017;
Rossi 2018; Smith et al. 2018; Collins et al. 2019). The occurrence
of particular mutations in all sequences of a certain clade of the
phylogeny may be important for disease control, especially when
that clade is associated with increased pathogenicity. However, a
verification of the causal relationship between a mutation and a
phenotype has always to be done using reverse genetics since the
mutation may become fixed due to chance effects rather than a
fitness advantage.

Two naturally occurring AA variations have been shown to
be associated with a distinct phenotype in an experimental set-
ting. One is the serine-to-asparagine S139N substitution in the
Pr peptide that occurred in the clade that diverged from Asian
strains and lead to the lineage that includes French Polynesia and
American sequences (Pettersson et al. 2016). This mutation has
been shown to increase neurovirulence in neonatal mouse mod-
els (Yuan et al. 2017). The other is the A982V (position 188 of the
NS1 protein), which confers enhanced mosquito infectivity (Liu
et al. 2017) and is absent in the early Asian sequences and present
in African and recent American strains (Delatorre, Mir, and Bello
2017; Liu, Shi, andQin 2019). Contrary to initial expectations, ZIKV
strains from the Asian lineage, and associated with microcephaly,
have been shown to be less transmissible and less virulent (ex vivo
and in vivo) than the African lineages (Simonin et al. 2017; Rossi
2018). Other hypotheses that could explain increased transmis-

sion and virulence in outbreak areas have been put forward, e.g.
the dispersal to amassive susceptible host population, presence of

more efficient vectors, and/or high mobility of people (Rossi 2018).

Analyses of the genetic variation within and between ZIKV lin-

eages and across the genome may inform about the genotype

of circulating virus and help to identify gene regions prone to
diversification. A few studies have done detailed analyses on the

genome-wide diversity of ZIKV. Faria et al. (2017) found higher
genetic diversity for the ‘PreAm-ZIKV’ strains compared to the

‘Am-ZIKV’. This study reported this pattern consistently across
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the genome, as would be expected given the longer duration of
ZIKV circulation in Asia, and suggests a founder effect at the ori-

gin of the American lineage. Metsky et al. (2017), analysed 174
ZIKV genomes from the Americas and found 1030 mutations, 202

of which were non-synonymous and evenly distributed across the
genome. Collins et al. (2019) analysed two strains from each of
the African, Asian, and American lineages and also found inter-
lineage single-NT variants dispersed throughout the genome. This
study reported the highest genomic diversity in the prM/M and
NS1 gene regions for the Asian/American lineage.

Intensified surveillance efforts following the American epi-
demics expanded ZIKV whole-genome sequencing for public
health purposes and diagnostics, providing a unique opportu-
nity to revisit the classification and reconstruction of ZIKV evo-
lution. The current classification of ZIKV into two genotypes,
‘African’ and ‘Asian’, is inadequate and needs updating. It does
not reflect the range of genetic diversity that the virus accumu-
lated after the pandemic. Classifications of other viruses have
typically been based on phylogenetic relationships and genetic
distances between clades using consensus criteria for the defi-
nition of the groups and adopting hierarchical levels of classifi-
cation, e.g. HIV (Robertson et al. 2000), influenza A (WHO ⁄OIE
⁄FAO 2012), HCV (Smith et al. 2014), and dengue (Cuypers et al.
2018). However, these systems have not been able to deal with
the complexity of the evolutionary changes occurring in dynamic
epidemics. The on-going pandemic of SARS-CoV-2 and the huge
number of sequences produced have boosted efforts to develop a
dynamic nomenclature that identifies lineages contributing most
to the global transmission and viral genetic diversity progres-
sion, capturing local and global patterns of diversity. Its most
important advantage when compared to other viruses’ classifi-
cations is its flexibility to incorporate new diversity, which, in
fast-evolving viruses, is being generated in real time (Rambaut
et al. 2020). This nomenclature proposal was implemented in
Pangolin software and allows rapid classification of new strains
after sequencing (O’Toole et al. 2021), available at https://cov-
lineages.org/resources/pangolin.html (last accessed: 20 January
2022).

In this study, we present an in-depth genome-wide diver-
sity analysis of ZIKV from over 800 complete coding sequences
available in GenBank (NCBI), including strains covering the
geographical distribution of ZIKV. We propose a classification
and a new naming system for ZIKV lineages, inspired by the
above-mentioned SARS-CoV-2 nomenclature system and based
on phylogenetic analyses, clustering techniques, within- and
between-group pairwise genetic distances, and evolutionary anal-
yses to define genetic groups and subgroups. This nomenclature
proposal avoids geographical terminology, using instead alpha-
numerical labels, and provides a dynamic system that can be
rapidly updated as new lineages are identified.

2. Materials and methods
2.1 Dataset compilation and sequence alignment
A total of 2179 sequences of ZIKV were downloaded from the Gen-
Bank database (Benson et al. 2013) in December 2021. The filtering
steps to select the sequences for analyses are detailed in Supple-
mentary Fig. S1, and the complete list of sequences and exclusion
criteria are found in Supplementary Table S1.

Step 1: Before alignment—Criteria: size and nature of the
sequence

Sequences shorter than 7000 bp were excluded, after which
1377 sequences remained. From these, the ones identified as
patent, recombinant, clone, synthetic construct, or mutant were

eliminated, leaving 966 sequences that had been isolated from
natural hosts.

Step 2: After NT alignment—Criteria: removal of identical
sequences and quality control (ACTG content, presence of stop
codons in coding region)

The 966 sequences were aligned against the curated ZIKV ref-
erence sequence with GenBank accession number (GAN) KJ776791
as described in Theys et al. (2017) using the codon-correct align-
ment tool VIRULIGN v1.0.1 (Libin et al. 2019). The codon-correct
NT alignment was then cleaned to:

1. Remove sequences with ACTG content lower or equal to
70per cent of the complete coding region,

2. Remove sequences harbouring a stop codon within the cod-
ing region, which resulted in 874 sequences,

3. Remove identical sequences (with 100per cent NT iden-
tity) using a custom script (available at https://github.
com/seabrasg/zika_diversity—last accessed: 23March 2022).
We kept only the most recent sequence (and the first in
alphabetical order, by accession id, when several sequences
were encountered from the same date) resulting in 770
sequences. With one exception, all sequences that were
excluded for being identical belonged to the same coun-
try (Supplementary Table S2). The exception concerns one
sequence fromMexico that was identical to a sequence from
the USA. For this case, we kept the most recent sequence, i.e.
the sequence originating from the USA.

Step 3: After AA alignment—Criteria: quality control of AA
alignment

The AA alignment of the 770 sequences from the previous step
was manually verified, guided by a quality assurance heuristic
that focuses on the most unexpectedly diverse sequence frag-
ments. By visual inspection of those mutations in the align-
ment, we identified the ones that were adjacent to regions
with missing data, i.e. flanking regions of fully ambiguous NTs
(N symbols) (Supplementary Fig. S2). If these mutations were
unique to the sequence with the missing data, i.e. indicating
sequencing errors in these flanking regions, we masked them
by extending the fully ambiguous NTs (Ns) to those positions
in the corresponding NT alignment. Sequences that had sev-
eral of these issues along the alignment and originated from the
same study were excluded, resulting in a final dataset of 762
sequences.

In this final alignment (762 sequences), all sequences had col-
lection date information and only four sequences did not have
information about the collection geographical location (i.e. three
imported cases in China and one in Japan). The classification of
ZIKV sequences as ‘African’ or ‘Asian’ genotypes was done using
the Genome Detective ZIKV typing tool (Alcantara et al. 2009;
Fonseca et al. 2019).

Recombination was assessed for this full curated dataset using
the Phi-test (Bruen, Philippe, and Bryant 2006) available in SPLIT-
STREE version 4.17.0 (Huson and Bryant 2006) and using themeth-
ods RDP (Martin and Rybicki 2000), GENECONV (Padidam, Sawyer,
and Fauquet 1999), BOOTSCAN (Salminen et al. 1995), Maxchi
(Smith 1992), CHIMAERA (Posada and Crandall 2001), SISscan
(Gibbs, Armstrong, and Gibbs 2000), PhylPro (Weiller 1998), LARD
(Holmes, Worobey, and Rambaut 1999), and 3SEQ (Boni, Posada,
and Feldman 2007), implemented in RDP4 (Martin et al. 2015).
Sequences with potential recombinant regions were identified in
RDP4 when at least four methods had a Bonferroni-corrected
P-value lower than 0.05.
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From the ‘Full curated dataset’ (762 sequences) we excluded
the sequences with potential recombinant regions (‘Afro-Asian’
dataset—759 sequences). This dataset included the ‘African’ and
‘Asian’ genotypes and was used in the phylogenetic, genetic diver-
sity, clustering, and selection analyses. We also did the cluster-
ing and selection analyses after excluding the African genotype
(‘Asian genotype’ dataset—752 sequences). For the phylogeo-
graphical reconstruction, we excluded the sequences that did
not have information about the geographical location of collec-
tion (Geo-referenced ‘Asian’ dataset—748 sequences). A subset
of sequences from the early American expansion and the 5years
before that (2010–2015) (‘Early Am’ dataset—68 sequences) was
also used in the selection analyses (Supplementary Fig. S1).

2.2 Phylogenetic reconstruction
The tree reconstruction for the full dataset of ZIKV was done
to confirm the separation of the ‘African genotype’ and ‘Asian
genotype’ clades. The maximum-likelihood (ML) method was
applied using the software package IQ-TREE version 2.0.3 (Nguyen
et al. 2015) with the GTR+F+G4 substitution model accord-
ing to the best fit models identified by IQ-TREE ModelFinder. We
evaluated the robustness of the tree with 1000 ultrafast boot-
straps (UFBoot) (Hoang et al. 2018) and 1000 SH-like approximate
likelihood ratio tests (aLRTs) (Guindon et al. 2010).

The obtained ML tree was annotated using the online tool iTOL
version 6.3 (Letunic and Bork 2021) according to the variables: host
(human, monkey, and mosquito) and geographical regions based
on the United Nations M49 coding classification of geographic
regions (https://unstats.un.org/unsd/methodology/m49/—last
accessed: 10 January 2022)—Africa (Eastern, Middle, and West-
ern), Asia (Eastern, South-Eastern, and Southern), North America
(Caribbean and Central and North America), South America, and
Oceania (Melanesia, Micronesia, and Polynesia).

2.3 Genetic diversity and distances
AA and NT mutation tables were obtained from VIRULIGN and
were used for the genetic diversity analyses using custom R
scripts (available at https://github.com/seabrasg/zika_diversity—
last accessed: 23 March 2022). The mutation tables were filtered
to set the ambiguities as missing values. The proportion of miss-
ing data was analysed per AA position and per NT position. The
most frequent AA and NT at each position for the entire dataset
of sequences (consensus sequence) were compared with two ref-
erence genomes, the curated reference genome GAN KJ776791
(Theys et al. 2017) and the NCBI reference Natal genome GAN
KU527068, sequenced from brain tissue of an autopsied micro-
cephalic foetus (Mlakar et al. 2016). For each position, AA and NT
variation were characterized by estimating the frequency of the
minor variants and the Shannon entropy diversity index, deter-
mined using the Chao–Shen estimator (Chao and Shen 2003), as
implemented in the R software package entropy version 1.3.0.

Considering that the present ZIKV nomenclature recognizing
the ‘African’ and ‘Asian’ genotypes does no longer reflect the
actual geography of the virus circulation for the vast Asian clade,
we revisited the classification of these clades that was used to
propose a new nomenclature. We used the Bayesian model-based
hierarchical clustering algorithm hierBAPS (Cheng et al. 2013) as
implemented in the software R package rhierbaps version 1.1.3
(Tonkin-Hill et al. 2018). This method combines model-based
techniques with an initial fast distance-based complete-linkage
agglomerative clustering (Tonkin-Hill et al. 2019). Given an a pri-
ori upper bound for the number of genetic clusters, K, hierBAPS
estimates K as part of the model fitting procedure and it finds

the partition of the data (allocation of each sequence to one
of K possible clusters) that maximizes the posterior probability
of that allocation (Tonkin-Hill et al. 2018). Two hierarchy levels of
clustering were set with a prior upper boundary of 20 clusters.
Ten independent runs were performed to assess the congruence
of cluster assignment. This analysis was separately applied to
genome-wide NT alignments of the ‘Afro-Asian’ and the ‘Asian
genotype’ datasets.

To visualize the relationships between haplotypes and co-
occurrence in the different geographical areas, we obtained a
TCS haplotype network (Clement, Posada, and Crandall 2000),
as implemented in the software PopART (Leigh and Bryant 2015).
The TCS method starts by calculating pairwise distances between
sequences and relies on statistical parsimony to find the connec-
tions between sequences (Clement, Posada, and Crandall 2000).
The method removes the sequences with more missing data than
others and thenmasks the siteswith gaps or characters other than
NTs from the original alignment.

We verified if the clustering obtained with these methods were
phylogenetically supported in the ML tree and if they were con-
sistent with the within- and between-group genetic distances.
Pairwise Kimura’s two-parameter distances were obtained with
the dist.dna function in R package ape version 5.5. The analysis
of molecular variance (AMOVA) was performed to test between-
group differentiation, using 1000 permutations, on R package
pegas version 0.14.

2.4 Phylogeographic reconstruction
The transmission routes of ZIKV ‘Asian genotype’ were explored
using the fast likelihood method of PastML version 1.9.34
(Ishikawa et al. 2019) to reconstruct ancestral scenarios. This
method uses a rooted tree and the states (geographical location, in
this case) of each terminal node to reconstruct the ancestral node
states. Once all ancestral node states have been reconstructed, a
two-step compression is performed for the visualization by clus-
tering the regions of the tree where no state change happens, as
well as bymerging identical subtree configurations (Ishikawa et al.
2019). In the ancestral character reconstruction (ACR) graph, each
node represents the ancestral state, and the size of the node is
proportional to the number of tips collapsed into that node. This
represents the likely transmissions happening in the same geo-
graphical location and with the same source within that location.
This analysis was performed on a rooted ML tree obtained in IQ-
TREE using an African outgroup (sequence KX601166_Senegal_17
November 1984) that was subsequently removed. PastML was run
with the marginal posterior probabilities approximation method.
This analysis was also done, for comparison, on a time-calibrated
tree inferred using the least-squares dating (LSD2) method
(To et al. 2016), based on sampling dates of the sequences, as
implemented in IQ-TREE.

2.5 Mutation tracking and selection analyses
We also investigated for evidence of selective pressure in the
full and in the ‘Asian genotype’ datasets. We used two meth-
ods that detect selection by examining patterns of synonymous
and non-synonymous substitutions on a per-site basis: (1) the
mixed-effects model of evolution (MEME) that detects sites under
pervasive or episodic positive/diversifying selection (Murrell et al.
2012) and (2) the Fast, Unconstrained Bayesian AppRoxima-
tion (FUBAR) method that detects sites under pervasive posi-
tive/diversifying selection and also those under negative/purifying
selection (Murrell et al. 2013). Both methods were used as imple-
mented in HyPhy version 2.2 (Kosakovsky Pond, Frost, and Muse
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2005) on the Datamonkey server (Weaver et al. 2018). The MEME
method uses phylogeneticmodels and anML approach to describe
the evolution of codons along tree branches by a continuous-time
stationary Markov process. It identifies sites only when some of
the lineages evolved under positive selection (Murrell et al. 2012).
A P-value threshold of 0.05 was used to consider a site to be
under positive selection with this method (Murrell et al. 2012).
The FUBAR method uses a Bayesian approach, providing more
power to detect selection compared to ML-based approaches. Yet,
it assumes that the selection pressure is constant across the phy-
logeny for each site (Murrell et al. 2013), which is a disadvantage.
FUBAR infers non-synonymous (dN) and synonymous (dS) substi-
tution rates. In this framework, an AA position was considered
to be under positive/diversifying selective pressure if the poste-
rior probability of dN/dS being larger than 1 at that position was
higher than 0.9 (Murrell et al. 2013). An AA position was con-
sidered to be under negative/purifying selection if the posterior
probability of dN/dS being lower than 1 was higher than 0.9. With
the aim of detecting the sites with evidence of selection during
or immediately after the selective process (Martin et al. 2021), we
also restricted the analysis to the period of the earlier Am-ZIKV
expansion and the years just before that expansion by analysing
sequences sampled from 2010 to 2015 (dataset ‘early Am’). To
understand the spread of the mutations on sites with evidence of
positive selection, we analysed the AA frequencies at those sites
for each genetic group obtained previously.

2.6 Lineage naming system for ZIKV
The nomenclature proposal for ZIKV presented here is based on
the phylogenetic lineages and genetic groups found, their genetic
diversity, genetic divergence, and evolutionary dynamics. It aimed
to avoid geographical terminology, using instead alpha-numerical
labels, and to provide a dynamic system that reflects the progres-
sion of the epidemics.

3. Results
3.1 ZIKV full-genomes dataset
The full curated dataset consisted of 762 ZIKV aligned genomes.
The alignment had 10,269 NTs, corresponding to 3423 AA posi-
tions. Only the two terminal noncoding regions (5′ and 3′-NCR)
were not included in the analyses. The ZIKV genome encodes for
three structural proteins: C (122 aa), Pr/M (168 aa, including 93 of
the peptide Pr), E (504 aa), and seven non-structural proteins: NS1
(352 aa), NS2A (226 aa), NS2B (130 aa), NS3 (617 aa), NS4A (150 aa,
including 23 of the peptide 2K), NS4B (251 aa), and NS5 (903 aa).

Viral strains analysed here originated from 46 different coun-
tries across the world and have been sampled between 1947
and 2021 (Supplementary Table S3). Genome Detective ZIKV typ-
ing tool indicated the ‘African genotype’ for 7 sequences, the
‘Asian genotype’ for 754 sequences, and signalled one sequence
as ‘Related to but not part of Asian’ (OK054351_India_28 July
2021). The distribution of the samples according to continent
of collection was: Africa (1.6 per cent), Asia (15per cent), North
America (57.3 per cent), Oceania (2.1 per cent), and South America
(24.0 per cent), and according to geographical region of collec-
tion: Eastern Africa (0.3 per cent), Western Africa (0.7 per cent),
Middle Africa (0.7 per cent), South-Eastern Asia (13.3 per cent),
Southern Asia (0.8 per cent), Eastern Asia (0.9 per cent), Melane-
sia (0.1 per cent), Micronesia (0.1 per cent), Polynesia (1.9 per cent),
South America (24.0 per cent), Central America (28.1 per cent),
Caribbean (23.0 per cent), and Northern America (6.2 per cent)
(Supplementary Table S3).

While a broad range of time, spanning 74 years of viral spread
was covered in the dataset, the detection and public health impact
of ZIKV outbreaks in the Americas, together with the availabil-
ity of advanced next-generation (real time) sequencing methods,
caused a dramatic sequencing scale-up effort in samples collected
in 2016 (83.1 per cent of the sequences). The human host was the
most frequently sampled to characterize ZIKV infections (94.9 per
cent), while there were 34 sequences from mosquito host (4.5 per
cent) and only 5 sequences (0.7 per cent) from a non-human
primate host.

3.2 Recombination analyses
No evidence of recombination was found with Phi-test in SPLIT-
STREE (P=0.1023806). Using the methods implemented in RDP4,
three sequences were identified as having small genomic regions
that presented evidence for potential recombinant history with
African sequences: KY241700_Singapore_27 August 2016 (region
3950–4358 bp), KY241712_Singapore_30 August 2016 (region 52–
269 bp) and EU545988_Micronesia_2007-06 (region 1–52 bp) (Sup-
plementary Table S4). We excluded these three sequences from
the alignment to produce the ‘Afro-Asian’ dataset with 759 full-
coding sequences that was further analysed for the phylogenetic
reconstruction and genetic diversity analyses.

3.3 Phylogenetic reconstruction
The ML tree of the ‘Afro-Asian’ dataset of 759 sequences obtained
in IQ-TREE confirmed the pattern of genetic differentiation of
the ‘African genotype’ clade (n=7) from the remaining samples
(Fig. 1; Supplementary Fig. S3), forming the ‘Asian genotype’
clade. The sequence from the recent 2021 outbreak in India (GAN
OK054351), previously identified by Genome Detective as ‘Related
to but not part of Asian’, grouped with the early Asian Malaysia
sequence. Sequences obtained from mosquito hosts formed clus-
ters in African and early Asian clades, while they were dispersed
in the rest of the tree.

3.4 Genetic diversity and genetic distances
In the ‘Afro-Asian’ dataset of 759 sequences, the proportion of
missing data per NT position was at most 15.2 per cent (minimum
coverage of 84.8 per cent) (Supplementary Fig. S4A).

A total of 2663 parsimony-informative NT sites out of 10,269
total sites were found in the ZIKV alignment of the full dataset.
The consensus NT genome sequence differed at 11 positions from
the reference genome KJ776791, of which 3 showed a consensus
NT with a prevalence above 95per cent (Supplementary Table S5).
The consensus NT genome differed at 21 positions from the NCBI
reference Natal genome KU527068, of which 17 positions had a
consensus NT with a prevalence above 95per cent.

Overall, 99 per cent of the NT positions had a prevalence of
the consensus NT above 95per cent (Supplementary Table S6).
The mean entropy at NT level considering the complete dataset
was 0.021 (95per cent confidence interval: 0.020–0.022; range:
0–0.69). The most variable positions were distributed across the
genome and were present in every gene region (Fig. 2A; Supple-
mentary Fig. S4B). From the 139 NT positions with frequency of
alternative NT higher than 5per cent, 18 were non-synonymous,
located in proteins C (I80T, D107E), PR (N139S/K), E (V503A/E), NS1
(G894A, V988A, M1143V/T, T1145S), NS2A (I1162M), NS3 (M2074L,
H2086Y/R), NS4B (I2367M/V), and NS5 (V2634M, I2842V, R3045C/S,
Q3282W, T3328I/N, D3398E) (Supplementary Table S6).

The consensus AA genome sequence (Supplementary Fig. S5)
differed at position 2634 (position 114 in the NS5 protein) from
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Figure 1. ML tree of the full dataset (759 sequences). Colour annotations are given in the circles around the terminal nodes. From inner to outer circle:
geographical regions (same colours as in the map); host; proposed classification. Red circles indicate support values SH-aLRT≥80per cent and
UFBoot≥95per cent. A version of this tree including the node labels is provided in Supplementary Fig. S3.

Figure 2. A) Entropy per nucleotide position. B) Entropy per AA position, with labelled AAs having entropy values higher than 0.2. Shaded region
between NS4A and NS4B is the peptide 2K.

the reference genome KJ776791, with AA V instead of M, show-
ing a prevalence of 81.3 per cent (Supplementary Table S5). When
considering the NCBI reference Natal genome KU527068, the con-
sensus differed at four positions: position 940 (NS1_146) with AA K
at 98.8 per cent, instead of E; position 1027 (NS1_233) with AA T at
98.9 per cent, instead of A; position 1143 (NS1_349) with AA M at
82.9 per cent, instead of V; position 2509 (NS4B_240) with AA T
at 99.6 per cent, instead of I.

Overall, 96.9 per cent of the AA genome positions were
highly conserved, showing a prevalence of the consensus AA
above>99per cent. The proteins with higher proportion of posi-
tions below 99per cent consensus AA prevalence were PR (7.6 per
cent of positions) and C (4.1 per cent of positions) (Supplementary
Table S6).

Themean entropy at AA level considering the complete dataset
was 0.0097 (95per cent confidence interval: 0.0085–0.011; range:
0–0.642). The positions with higher diversity (higher frequency of
AA changes and higher entropy levels) were located in proteins C,
Pr, NS1, NS3, NS4B, and NS5 (Fig. 2B; Supplementary Fig. S4C).

3.5 ZIKV nomenclature
The hierarchical clustering method implemented in hierBAPS
identified four clusters for the full dataset in the first level of
analysis, one composed of the African sequences and the others
subdividing the ‘Asian genotype’ clade into three groups (Supple-
mentary Table S3). The second level of analysis on this dataset
subdivided the African group into three groups: Western Africa



S. G. Seabra et al. 7

Figure 3. TCS haplotype network, with nodes coloured by geographical region. A total of 610 sequences and 714 segregating sites were used to
construct the TCS network. Sizes of the nodes are proportional to the number of sequences in that node. The perpendicular dashes on the branches
connecting two nodes represent the number of mutations between those nodes. The drawn polygons represent the proposed classification based on
the clusterings from HierBAPS. A version of this network including the node labels is provided in Supplementary Fig. S6.

(Guinea and Senegal), Eastern Africa (Uganda), and Middle Africa
(Central African Republic). However, when analysing the ML tree,
not all these groups had good phylogenetic support. Due to the
small number of samples in this analysis (n=7), we restricted the
naming proposal to one group (new name: ZA).

Conducting the hierBAPS analysis for the ‘Asian genotype’
dataset only (752 sequences), 6 clusters were obtained in the
first level of analysis, while 12 nested subclusters were found
in the second level of analysis. The TCS network obtained
in POPArt also allowed identifying several clustering patterns.
When visualizing the clusters from both methods and relating
them to geographical sampling location (Fig. 3; Supplementary
Fig. S6), we were able to propose a subdivision into groups
that were afterwards verified by analysing the phylogenetic tree

(Fig. 4) and the between- and within-group genetic distances
and AMOVA results (see below). This approach helped in the
following step of the nomenclature proposal of the lineages. A
basal group in the tree that was also identified in hierBAPS was
composed of the sequence from Malaysia (South-Eastern Asia)
sampled in 1966 from Aedes aegypti mosquito and the recent
Indian sample from an outbreak in 2021 (new name: ZB.1.0).
A second group obtained in hierBAPS contained 26 sequences
from South-Eastern Asia (Cambodia, Indonesia, Philippines, Thai-
land, and Vietnam), Southern Asia (India and Bangladesh), and
Eastern Asia (China and South Korea). This group is clearly
under-sampled and potentially harbours many different lineages
as indicated in the second level of analysis of hierBAPS that
divided this into four subgroups. Due to the small number of
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Figure 4. ML tree of the ‘Afro-Asian’ dataset (759 sequences). Colour
annotations represent the clusterings and proposed nomenclature.
Branch support values for the clusterings were obtained with SH-aLRT
test (first value) and ultrafast bootstrap (second value).

samples in this analysis, we restrict the naming proposal to
one group (new name: ZB.1.1). A third group was composed of
78 similar sequences from South-Eastern Asia, mostly from the
Singaporean outbreak in 2016 (59 sequences from Singapore), 18
from Thailand, and 1 from Cambodia (new name: ZB.1.2). A fourth
group included 327 sequences from Oceania (French Polynesian,
Samoa, Fiji), South America (Brazil, Colombia, Ecuador, Peru,
Suriname, French Guiana, and Venezuela), Caribbean (Barbados,
Cuba, Dominican Republic, Haiti, Martinique, Puerto Rico, Saint
Barthélemy, Trinidad and Tobago, and Virgin Islands), as well
as a small number of sequences from Middle Africa (two from
Angola), Western Africa (three from Cape Verde), South-Eastern
Asia (one from Singapore and one from Cambodia), Eastern Asia
(four from China), Central America (two from Mexico, three
from Nicaragua, and four from Panama), Melanesia (one from
Fiji), and Northern America (two from the USA). We called this
group ZB.2.0 and it includes the basal American sequences and
includes the sequences from Oceania. The other group is com-
posed of 231 sequences mostly from Central America (Belize,
El Salvador, Guatemala, Honduras, Mexico, and Nicaragua)

and 22 from the Caribbean (Cuba and Puerto Rico) and 4 from
Northern America (USA) and was named ZB.2.1. Finally, a fifth
group included 88 sequences from Caribbean (Cuba, Dominican
Republic, Haiti, Jamaica, and Puerto Rico) and Northern American
(USA) sequences and was named ZB.2.2.

Considering the seven groups defined above (ZA, ZB.1.0, ZB.1.1,
ZB.1.2, ZB.2.0, ZB.2.1, and ZB.2.2), AMOVA showed a signifi-
cant between-group genetic differentiation when considering all
groups, ZB groups only (ZB.1.0, ZB.1.1, ZB.1.2, ZB.2.0, ZB.2.1,
ZB.2.2), ZB.1 groups only (ZB.1.0, ZB.1.1, and ZB.1.2), and ZB.2
groups only (ZB.2.0, ZB.2.1, and ZB.2.2) (AMOVA, P-value<0.001
in all cases; Supplementary Table S7). Mean genetic distances
between subgroups from ZA and ZB ranged from 0.117 to 0.127
NT substitutions per site (Table 1). Between ZB subgroups (ZB.1.0,
ZB.1.1, ZB.1.2, ZB.2.0, ZB.2.1, and ZB.2.2), it ranged from 0.005
to 0.063, with higher values occurring between the basal Asian
sequences (ZB.1.0) and the other groups and with lower values
occurring between ZB.2 subgroups. The distribution of pairwise
genetic distances within each subgroup was unimodal and with
low dispersal for the ZB2 subgroups (ZB2.0, ZB.2.1, and ZB.2.2). For
the other subgroups (ZA and ZB1.0, ZB.1.1 and ZB.1.2), it was more
dispersed and showed several peaks, which may indicate that fur-
ther subdivision would be necessary if the sample size was larger
(Fig. 5).

3.6 Phylogeographic reconstruction
Phylogeographic reconstruction was done using the geo-
referenced ‘Asian genotype’ dataset (748 sequences). PastML
results on the ML rooted tree, as well as the LSD2 time tree,
showed generally high probability values for the ancestral state
(geographical region) assigned to each node (Fig. 6; Supplementary
Fig. S7). A large group of South-East Asian sequences was found
to be ancestral to the others, which spread towards Polynesia and
from there gave rise to the American lineage. From French Poly-
nesia, the virus likely spread to other islands located in the Pacific
and also reached the SouthAmerican continent, more particularly
Brazil. Another route going from Polynesia to Haiti (Caribbean)
and then to Brazil (South America) was also suggested but with a
smaller expression. From the South American (mainly Brazil) epi-
demics onwards, multiple exportation and diversification events
were inferred to neighbouring countries such as Colombia and
Venezuela but also to Nicaragua, Honduras (Central America),
and the Dominican Republic and Puerto Rico (Caribbean). ZIKV
lineages that caused an outbreak in the Caribbean were passed
on to North America. Some other routes were also suggested,
betweenCentral American countries, and fromDominican Repub-
lic to Haiti. The spread to Cuba was suggested to have been
imported from Central America but also from other Caribbean
islands. The sequences sampled in Angola (Middle Africa) and
Cape Verde (Western Africa) are likely derived from the South
American cluster.

3.7 Mutation tracking and selection analyses
In all three datasets analysed for selection (‘Afro-Asian’ dataset—
759 sequences, ‘Asian genotype’ dataset—752 sequences, and
‘early Am’ dataset—68 sequences), the FUBAR method detected
evidence of negative/purifying selection formany codon sites, uni-
formly distributed across the genome (Supplementary Fig. S8).
Positive selection was detected by MEME for a total of 50 sites
(Supplementary Table S8), two of which were also detected by
FUBAR. In 36 of these sites, the alternative AA(s) were caused by
mutations in at least two positions in the codon. Seven codon sites
with signals of positive selection showed high frequencies of the
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Table 1. Mean (and range) pairwise genetic distances (nucleotide substitutions per site) between and within groups.

ZA ZB.1.0 ZB.1.1 ZB.1.2 ZB.2.0 ZB.2.1 ZB.2.2

ZA 0.056
(0.000–0.080)

0.117
(0.107–0.127)

0.127
(0.123–0.135)

0.126
(0.121–0.134)

0.127
(0.120–0.137)

0.127
(0.122–0.135)

0.126
(0.119–0.133)

ZB.1.0 0.0469 0.062
(0.043–0.079)

0.061
(0.046–0.078)

0.062
(0.045–0.083)

0.062
(0.044–0.080)

0.063
(0.046–0.079)

ZB.1.1 0.017
(0–0.029)

0.015
(0.009–0.026)

0.0146
(0.006–0.028)

0.015
(0.008–0.027)

0.015
(0.008–0.016)

ZB.1.2 0.003
(0–0.014)

0.009
(0.006–0.017)

0.010
(0.007–0.016)

0.010
(0.008–0.016)

ZB.2.0 0.004
(0–0.011)

0.005
(0.001–0.010)

0.005
(0.002–0.010)

ZB.2.1 0.003
(0–0.006)

0.005
(0.003–0.009)

ZB.2.2 0.002
(0–0.004)

alternative AA in at least one of the genetic groups defined in the
previous section K101R (C_101), M2074L (NS3_572), I2445L/M/T
(NS4B_176), V2449I/A/F/T (NS4B_180), Y2594H (NS5_74), S3162P
(NS5_642), and D3223S/V (NS5_703) (Supplementary Fig. S9). The
remaining sites showed very low frequencies of the alternative AA,
most of thempresent in only one to six sequences (Supplementary
Table S8).

We explored the mutations that occurred at the major internal
nodes of the phylogeny: ‘African genotype’ (ZA) vs. ‘Asian geno-
type’ (ZB) (node 1); PreAm-ZIKV (Africa+Asia except French Poly-
nesia) vs. Am-ZIKV (French Polynesia+America) (node 2); node
leading to Central American group (node 3); and node leading to
Caribbean and North American group (node 4) (Fig. 6).

No mutually exclusive mutations (NTs present in all mem-
bers of one group and absent from the other group) distinguished
between sequences from human and sequences from mosquito
hosts. Between ‘African’ and ‘Asian’ genotypes, 170 mutually
exclusive NT mutations, of which 24 were non-synonymous
(Supplementary Table S8). One of these showed evidence of pos-
itive selection, K101R (C_101). There were no mutually exclusive
NTs between PreAm-ZIKV and Am-ZIKV. In 42 AA positions, the
alternative AA occurred in high frequency in at least one of
the groups, most of them exclusively in the African sequences
(Supplementary Table S8). In 17 of them, the alternative AA was
more prevalent in other groups (Supplementary Fig. S9). For exam-
ple, the alternative AA in position S139N (PR_17) occurs in all
Am-ZIKV sequences, while in all other sequences the consensus
AA is present (except in one sequence of ZB.1.1 that also has the
alternative) (Supplementary Fig. S9). V2634M/T (NS5_114) has AA
V in all ZB.2 (except in 22 sequences of ZB.2.0) and the alternative
AA M is present in all other groups. The alternative AA in G894A
(NS1_100) is present in all ZB.2.1 (except in one sequence) and is
absent in all the remaining sequences (except in one sequence
from ZB.1.0). The alternative AA in M2074L (NS3_572) occurs in
a large proportion of the sequences of ZB.2.1, while in the remain-
ing sequences only the consensus M AA occurs. The alternative
AA in R3045C/S (NS5_525) is present in all ZB.2.1 (except in 3
sequences) and in two sequences of ZB.2.0 and is absent in all
others (Supplementary Fig. S9).

We also analysed the variation in the proteins that have been
targets of vaccine development, E, prM, and NS1 (Pattnaik et al.
2020). The envelope (E) protein in this dataset presented 112 non-
synonymous mutations, but all below the 5per cent frequency
threshold. Five of these had mutually exclusive AAs between ZA
(‘African genotype’) and ZB (‘Asian genotype’) (Supplementary

Table S8). Other two sites in E showed evidence of positive selec-
tion with the MEME method, one of them having more than one
alternative AA in a few sequences, and another (V784L) showing
the alternative AA in five sequences from the Singapore outbreak.
The Pr peptide had 35 non-synonymous mutations, but only 1
(S139N—PR_17) had a frequency of the alternative AA higher than
5per cent as described above. Three of the others had mutually
exclusive AA between ZA and ZB. Another AA mutation of Pr had
evidence of positive selection (detected by MEME method). Pro-
tein M had 22 non-synonymousmutations, all with alternative AA
frequency lower than 5per cent and two of them with mutually
exclusive AAs between ZA and ZB. Protein NS1 had 101 non-
synonymous AAs, and 4 of them with alternative AA frequency
higher than 5per cent. Three had evidence of positive selection,
of which three were detected by the MEME method and one was
detected by the FUBAR method.

4. Discussion
Herein, we analyse a curated dataset of ZIKV near-complete
genomes, which is representative of the global ZIKV genetic diver-
sity. The detailed genome-wide diversity and differentiation anal-
yses of ZIKV carried out here with a larger number of sequences
than in previous studies have allowed identifying the genetic
groups and the most relevant mutations to classify and propose a
dynamic nomenclature system, as well as to reconstruct the most
likely dispersion routes and explore the putative evolutionary
processes involved.

4.1 Lineage naming system for ZIKV
Based on an in-depth evolutionary dynamics analysis, we pro-
pose here a new nomenclature system for ZIKV that avoids geo-
graphic references and can be adapted to future new emerging
lineages. The two phylogenetically distinct genotypes, formerly
named ‘African’ and ‘Asian’, are here called ZA and ZB genotypes.
As with the recent SARS-Cov2 nomenclature, we propose that,
within each genotype, lineages are dynamically subcategorized.
The African ZA genotype harbours high genetic diversity and thus
will likely deserve a detailed subcategorization in the future. The
Asian ZB genotype has a basal lineage, here called ZB.1.0, repre-
sented by the older and more differentiated Malaysian sequence.
Lineage ZB.1.1 is likely under-sampled and may be further sub-
divided when more sequences become available from Southern
and South-eastern Asia. Lineage ZB.1.2 is very localized in the
Singaporean outbreak. ZB.2.0 includes the Polynesian sequences
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Figure 5. Histograms of the pairwise genetic distances (nucleotide
substitutions per sites) for each clustering.

and the basal American lineage. ZB.2.1 is a lineage that occurred
mainly in Central America and ZB.2.2 in the Caribbean and North
America.

4.1.1 Genome-wide diversity and differentiation patterns
The consensus sequences obtained from this dataset have very
few differences from the reference genome KJ776791 proposed by
Theys et al. (2017) (only oneAA change, and 10NT changes), which
confirms this sequence as a good reference for ZIKV for future
studies.

Most of the AA positions were highly conserved. The sites with
the highest NT and AA diversity were in gene regions C, prM,
NS1, NS3, NS4B, and NS5. Previous studies have described non-
synonymousmutations that only occurred in certain populations.
However, with the larger number of sequences used in this study,
we have found some occurring in other previously unexplored

populations. For example, the A148P AA change was previously
reported to occur in human isolates from both ‘African’ and
‘Asian’ lineages but not in African mosquitoes, suggesting poten-
tial relevance in human infectivity (Wang et al. 2016). However,
we found it present in mosquito samples from the ‘Asian geno-
type’, potentially implying a different interpretation concerning
infectivity. Few ZIKV genomes from mosquito host and from non-
human primates are available, which prevents thorough analyses
of the differentiation between viral sequences coming from dif-
ferent host species. The older sequences available in our dataset,
from Africa and Malaysia, are from mosquito host species and
no viral sequences from humans are available from that time
for comparison. In our curated dataset, the recent sample from
Guinea (MN025403_Guinea_2018-08) was the only one from the
‘African genotype’ collected in human host and it groups with the
older mosquito African sequences. Also, the remaining sequences
obtained from mosquito hosts are scattered across the phyloge-
netic tree and haplotype network and are very similar to the ones
sampled in humans, which suggests small between-host viral
genetic differentiation. The recent sample from India, also from a
human host (OK054351_India_28 July 2021), clustered with an old
Malaysia sequence. but with an unexpected high divergence. This
finding warrants further investigation to understand the reason
for the accumulation of such high divergence.

The ‘African’ and ‘Asian’ genotype lineages, ZA and ZB, were
clearly divergent, showing∼12per cent pairwise genetic dis-
tance. Within ZA (‘African genotype’ lineage), there is likely
further differentiation, as already suggested (Faye et al. 2014).
However, due to the low number of African sequences, we
did not include that differentiation in the current nomencla-
ture proposal. As our nomenclature proposal is dynamic, dif-
ferentiation patterns coming from future genomes can easily be
included to update the classification. Within ZB (‘Asian geno-
type’ lineage), sequences diverged by up to 6per cent, on aver-
age, with the highest values found between the older Malaysian
sequence (ZB.1.0) and the remaining sequences from ZB. Within
Pre-Am-ZIKV (ZB.1.0, ZB.1.1, and ZB.1.2 subgroups) divergence
was∼6per cent when involving ZB.1.0, and∼1.5 per cent between
pairs of sequences ZB.1.1—ZB.1.2. Within Am-ZIKV, the mean
pairwise divergence between the defined subgroups was much
lower∼0.5 per cent, as expected froma very recent diversification.
Within each subgroup in the Americas, the divergence was even
lower (∼ 0.2–0.3 per cent). Faria et al. (2017) also reported pair-
wise genetic distance lower within Am-ZIKV strains than within
the Pre-Am-ZIKV strains, with values around 0.3 per cent for Am-
ZIKV and around 0.5 per cent for Pre-Am-ZIKV (obtained from
three sequences from Southeast Asia and one from Microne-
sia), which is coherent with the older and ancestral nature of
Pre-Am-ZIKV.

The genetic diversity values that we obtained (mean entropy
at NT level of 0.021) are high when compared to those reported by
Collins et al. (2019). However, in this case, the authors calculated
within-lineage entropy based on single-NT variants found within
the sequencing assemblies of each sequenced strain, producing
very low entropy values (<0.004). Contrastingly, here we used con-
sensus sequences available in GenBank and do not have informa-
tion about the within-host variability, which would also certainly
be interesting to look at and identify potential associations with
pathogenicity (Rossi 2018).

When establishing the classification and nomenclature pro-
posal here presented, we also took into consideration the diversi-
fication events and the most likely dispersion routes of ZIKV. For
example, the definition and naming of ZB.2.0 as being the basal
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Figure 6. ACR of ZIKV geographical locations, either countries (top) or regions (bottom). The compressed visualizations were obtained in PastML from
the rooted ML tree, where each node represents the ancestral state (geographical region), and the size of the node is proportional to the number of tips
collapsed into that node. This represents the transmissions happening in the same geographical regions and with the same source within that region.
The marginal probability of each node being in the state represented is shown on top of the node. The colours correspond to the geographical regions.
The results of ACR for the time tree are found in Supplementary Fig. S7.

American cluster, is supported by the ACR, since it includes the
Polynesia sequences that gave origin to this clade. This analysis
also supported the naming of the other subgroups within ZB.2
(ZB.2.1 and ZB.2.2) as both derived from the basal ZB.2.0. The
dispersion of the pandemic within the ‘Asian genotype’ (ZB) was
South-Eastern Asia > Polynesia >South America> the Caribbean
and Central America>Northern America. Although the method
used in PastML is considered robust to phylogenetic uncertainty
and sampling bias (Ishikawa et al. 2019), it still depends on sam-
pling availability and other countries that are not in this dataset
may have also contributed to the pandemic. The dispersion pat-
terns indicated by these reconstructions were consistent when
using the rooted tree and when using the time tree, but revealed
some uncertainties at particular nodes of the tree, in particular
involving sequences from Haiti and Cuba. In any of these cases,
our reconstruction is consistent with previous studies. Haiti has

been previously suggested as a possible ‘steppingstone’ for the
arrival in Brazil (Faria et al. 2017), and this ancestral reconstruc-
tion does not exclude this hypothesis, at least for some lineages
in Brazil. The introduction in Cuba has been previously suggested
to have two origins, from Central America and from other islands
in the Caribbean (Grubaugh et al. 2019), which was also suggested
in this reconstruction.

4.1.2 Selection and recombination
The large number of low-frequency mutations that were detected
across epidemic regions (star-like distribution in the haplotype
network) and that are distributed homogeneously across the
genome point to a demographic expansion scenario. This is con-
sistent with the introduction of a new virus in an immuno-
logically naive population causing an outbreak in the Americas
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(Metsky et al. 2017). The signal of strong purifying selection,
widespread across the genome, which we detected with the
FUBAR method, indicates the occurrence of a large number of
deleterious mutations being purged. This high degree of nega-
tive selection widespread across the genome had already been
found for ZIKV (Shrivastava et al. 2018). A high rate of deleterious
mutations being eliminated in the long term by strong purifying
selection has also been reported in dengue virus by Holmes (2003),
who hypothesized that this high rate may be a result of replica-
tion of arboviruses occurring in alternate host species. Evidence
of strong purifying selection has also been found in another fla-
viviruses, such as the West Nile virus (Jerzak et al. 2005). The
type of transmission cycle, together with the lack of an adaptive
immune system inmosquitoes, has been suggested to also explain
the small number of sites detected to be under positive selection
in ZIKV (Shrivastava et al. 2018), as found here and in other studies
on ZIKV (Liang et al. 2017).

The FUBAR method detected two sites under positive selec-
tion. This type of method, intended to detect pervasive selection
across lineages, may misleadingly attribute negative selection to
a site that experienced episodic selection in particular lineages,
followed by strong conservation (Murrell et al. 2012; Spielman
et al. 2019). The MEME method allowed detecting several more
sites under episodic selection. For several of these sites, there
were more than one alternative AAs, caused by mutations in at
least two positions in the codon. However, most of those sites had
very low frequencies of the alternative AAs (in many cases, only
one or two sequences harboured those mutations), which sug-
gested that they did not contribute to the viral adaptation during
the epidemics. Restricting the analysis to subsets of data, namely
the period of the earlier Am-ZIKV expansion and the years just
before that expansion, has also allowed detecting one additional
site under positive selection, V620L/G.

Three sequences were identified as harbouring potential
recombinant regions, two from Singapore and one from Microne-
sia. These short genomic regions had higher similarity with
African sequences. Gong, Xu, and Han (2017) have already
detected 19 potential recombination events in African and Sin-
gapore ZIKV sequences but did not exclude experimental error.
In fact, a clear support for a recombinant event is still lacking.
RDP4 signalled these regions as having the breakpoint positions
undetermined and indicated that it is possible that this apparent
recombination signal could have been caused by an evolution-
ary process other than recombination. An experimental study
has shown that recombination can occur in flaviviruses but at a
very low frequency (Taucher, Berger, and Mandl 2010). In dengue
virus, it has been occasionally reported (Holmes, Worobey, and
Rambaut 1999; Tolou et al. 2001; Craig et al. 2003). In ZIKV, other
studies have reported potential recombinant events. For example,
Faye et al. (2014) found evidence for 13 recombination events
between African strains when sequencing partial E and NS5
regions. Han et al. (2016) reported a recombinant sequence from
Brazil having two genomic regions more similar to a Suriname
strain, while the remaining genome was more similar to a French
Polynesia strain. Shrinet et al. (2016) found evidence of recombi-
nation in African isolates and not in the Asian lineage. Shrivastava
et al. (2018) found evidence of one recombination event but
noticed that both parents and daughter strains were very sim-
ilar to each other and thus concluded that this was not a real
recombination event. Simón et al. (2018) did not find any evi-
dence of recombination in the strains from Latin America. These
discrepancies between studies are likely related to the different
datasets and methods used. The power to detect recombination

is dependent on the recombination rate, level of divergence, age
of the event, and the method used (Posada and Crandall 2001). In
the case of ZIKV, no striking evidence of recombination has yet
been consistently found, but the occurrence of rare recombinant
events cannot be excluded. Our results give support to the hypoth-
esis that recombination does not play a significant role in ZIKV
evolution (Shrivastava et al. 2018).

4.1.3 Tracking mutations
We have identified the mutations that were segregated into
different groups. Seven sites with evidence of positive selec-
tion showed a high frequency of the alternative AA in par-
ticular lineages/genetic groups (R101K, M2074L, I2445L/M/T,
V2449I/F/T, Y2594H, S3162P, D3223S/V), which may point to
a role in the adaptive process. In the dataset that we anal-
ysed, the substitution S139N (prM) occurred in all members
of the Am-ZIKV clade and not in the other clades, except
for one sequence in the ZB1.1 clade. This mutation has
been reported as being exclusive to the Am-ZIKV clade (e.g.
Pettersson et al. 2016). Another interesting mutation is the A982V
(188V in Liu et al. 2017, referring to the position within the
NS1 gene). The V AA confers enhanced mosquito infectivity
(Liu et al. 2017) and is absent in the early Asian sequences and
present in African and recent American strains (Liu, Shi, and Qin
2019). In our study, the MEME method detected this position as
being under positive selection, likely due to the occurrence of
mutations in the first and second codon positions that lead to
three alternative alleles at low frequency (<5per cent) (Supple-
mentary Table S5). M/T2634V was found in all the sequences from
the American outbreak (and was not present in French Polynesia)
(as found in Pettersson et al. 2016; Liu, Shi, and Qin 2019), but
no evidence of altered pathogenesis in mice was found for this
mutation (Zhao et al. 2018).

The level of genetic variability in ZIKV constitutes important
information for the development of antibodies or specific vaccines
against the virus. The proteins E and prM have low genetic vari-
ability, as shown by the very low frequencies of alternative AAs,
reinforcing them as good targets for vaccine development (Heinz
and Stiasny 2017; Nambala and Su 2018).

Several questions about genome-wide diversity in ZIKV remain
to be explored. The untranslated terminal regions 5′- and 3‘-
UTR were not analysed here, and changes in these regions may
be biologically relevant (Zhu et al. 2016) and deserve attention.
Also, epistatic effects (contribution of more than one mutation to
the observed phenotype) should be considered (Rossi 2018). The
African and Asian continents are strikingly under-sampled, and
hidden ZIKV variation remains to be discovered. Also, in the Amer-
icas, newmutations continue to be identified in Aedesmosquitoes
collected during the 2015/2016 ZIKV epidemics, for example, in
the Caribbean island of Barbados (Thannesberger et al. 2021),
and the epidemiological and genomic situation of ZIKV should be
continuously monitored.

In conclusion, we used a large dataset of near full-genomeZIKV
sequences to analyse its genetic diversity, phylogenetics, and phy-
lodynamics and understand its differentiation patterns and guide
the development of a dynamic classification system. Our results
are consistent and extend the results of previous studies. Based on
those, we develop a classification system that avoids geograph-
ical references and is flexible to accommodate potential future
lineages. It will be a helpful tool for studies that involve ZIKV
genomic variation and its association with pathogenicity. Fur-
thermore, it will serve as a starting point to study on-going ZIKV
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epidemics and outbreaks that lead to the emergence of new vari-
ants. The proposed classification will provide guidance for ZIKV
surveillance and to implement public healthmeasures tomitigate
outbreaks.

Data availability
Sequence alignment files and Python and R scripts are available
at https://github.com/seabrasg/zika_diversity.

Supplementary data
Supplementary data is available at Virus Evolution online.

Acknowledgements
We thank Nuno Faria and Bram Vrancken for sharing data. We
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