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Varicella zoster virus (VZV) is the causative agent of chickenpox and shingles. The geographic distribution of VZV clades was taken
as evidence that VZV migrated out of Africa with human populations. We show that extant VZV strains most likely originated
in Europe and not in Africa. Europe was also identified as the ancestral location for most internal nodes of the VZV phylogeny,
including the ancestor of clade 5 strains. We also show that strains from clades 1, 2, 3, and 5 derived a major proportion of their
ancestry from each of 4 ancestral populations. Conversely, viruses from other clades displayed variable levels of admixture. Some
low-level admixture was also observed for clade 5 genomes, but only for non-African viruses. This pattern indicates that the clade 5
VZV strains do not represent recent introductions from Africa due to migratory fluxes. These data have also relevance for the defi-

nition and classification of VZV clades.
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Varicella zoster virus (VZV) is a human herpesvirus belonging
to the genus Varicellovirus of the Alphaherpesvirinae subfamily
(family Herpesviridae). Also known as human alphaherpesvirus
3, VZV has a double-strand DNA genome about 125 kb in length.
On first infection, VZV causes varicella (chickenpox) and
establishes lifelong latency in sensory and autonomic ganglia.
VZV reactivation, usually during adulthood, causes herpes
zoster (shingles). Both chickenpox and herpes zoster can lead to
severe complications, including encephalitis, vasculopathy, and
pneumonia [1-3]. The introduction of a VZV vaccine based on
a live attenuated strain (vOka) has reduced the health burden
imposed by VZV in several countries [4]. However, the virus
causes a considerable disease-associated morbidity and mor-
tality in regions where vaccination coverage is limited [4].
VZV is the only human herpesvirus to be transmitted prima-
rily by aerosolization. Thus, horizontal transmission is common
and typically associated with chickenpox outbreaks [4]. In tem-
perate regions, varicella is highly contagious and virtually all
susceptible (nonvaccinated) individuals acquire VZV early in
life [4]. In tropical areas, VZV infectivity is lower, and chick-
enpox usually occurs at a later age [5]. Herpes zoster is also con-
tagious, and the ability of VZV to reactivate after decades and
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to originate new transmission chains was suggested to represent
an evolutionary strategy of survival in small human populations
(eg, hunter-gatherer early human groups) [6].

In fact, several lines of evidence indicate that VZV originated in
Africaand spread worldwide with its human hosts. First, virus-host
cospeciation has probably driven the evolution of varicelloviruses
[7]. Second, the closest relative of VZV (with approximately
70% sequence identity) is Cercopithecine alphaherpesvirus 9
(also known as simian varicella virus), which infects Old World
monkeys [8-10]. Third, molecular dating approaches using the
split time of the Cercopithecidae and Hominoidea lineages as a
calibration point dated the origin of VZV about 110 000 years
ago [7]—that is, before the onset of major human out-of-Africa
migrations, which started about 60 000 years ago [11]. However,
an approach based on tip dating estimated that the most recent
common ancestor (MRCA) of VZV existed 309 years ago [12].
Although this result might have been influenced by the lack of
temporal signal in the VZV data set, a more recent estimate, based
on the calculation of within-patient evolutionary rates of vaccine
strains, dated the MRCA of VZV about 5000 years ago [13]. In
line with this observation, VZV substitution rates calculated
from interhost data were estimated to be similar to those of other
herpesviruses and thus inconsistent with the out-of-Africa migra-
tion hypothesis [12, 14, 15].

On the basis of genome sequence similarity, VZV strains have
been divided into 9 clades: 7 established (designated 1-6 and
9) and 2 provisional (VII and VIII) [16, 17]. The major VZV
clades tend to be associated with specific geographic regions. In
particular, clades 1, 3, and 6 are mainly transmitted in Europe,
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North America, and Australia, whereas clade 2 is primarily
Asian. Clades 4 and 5 tend to be more widespread, and clade 5
is the only one to be reported in Africa [18]. Such spatial distri-
bution was also taken as evidence that VZV originated in Africa
and dispersed with human populations [6, 19, 20]. However, no
formal testing of the African origin of VZV strains has ever been
provided. In the current study, we used different approaches to
reconstruct the phylogeography of extant VZV clades and to an-
alyze VZV population structure. Multiple lines of evidence sug-
gest a European origin for circulating VZV strains.

METHODS

Sequences, Alignments, Linkage, and Recombination Analyses

We retrieved the sequences for 110 human VZV strains from the
Virus Pathogen Resource (ViPR; https://www.viprbrc.org/) and
National Center for Biotechnology Information (NCBI; http://
www.ncbi.nlm.nih.gov/) databases. We only used complete
genome sequences, and we removed laboratory, vaccine, and
highly passaged strains. A list of accession number is reported
in Supplementary Table 1. We used MAFFT software (version
7.392) [21] to generate multiple sequence alignments.

A subset of partial sequences of open reading frames (ORFs) 31
(2729 base pairs [bp]) through ORF38 (462 bp)-ORF54 (436 bp) for
16 Indian VZV strains were also obtained from the ViPR and NCBI
databases. These ORFs were selected to maximize the number of
available Asian sequences and the length of the sequenced regions.

From the complete genome alignment, 799 parsimony-
informative sites (sites that contain >2 types of nucleotides, each
with a minimum frequency of 2) were obtained. These sites were
used as the input for linkage disequilibrium (LD) and population
structure analyses. LD was evaluated using LIAN software (version
3.7) [22] to test the null hypothesis of linkage equilibrium for all
loci. The Monte Carlo test option was chosen, with 10 000 iterations.

We screened alignments for the presence of recombination using
Recco software (version 0.93) [23], a method based on cost mini-
mization, as well as with 4 methods implemented in the RDP4 pro-
gram. The Recco software’s output includes a P value for the whole
data set that, controlling for false-positives, provides an indication
as to whether a significant amount of recombination is detectable
in the whole alignment. In this case, the P value was equal to .0099.
Sequences were considered to be recombinants if the number of
savings was >20, and the sequence P value was <.01, as suggested
elsewhere [24]. Break points were retrieved from the Recco soft-
ware output for individual recombination events.

For the RDP4 program, 4 methods (RDP, GENECONY,
MaxChi, and Chimera) [25-28] were used because they showed
good power in previous simulation analyses [27]. The cutoff P
value was set to .05.

Phylogeography
To reconstruct the geographic origin of extant VZV strains,
we assigned sequences to 8 macro areas based on the United

Nation geographic subregions [29]: Europe, Eastern Asia,
South-Eastern Asia, Southern Asia, Northern Africa, Western
Africa, Northern America, and Central America. To obtain in-
ference of evolutionary rates and geographic origin, we used the
discrete model [30] implemented in the Bayesian Evolutionary
Analysis by Sampling Trees (BEAST; version 2.5) software [31].
We selected a General Time Reversible (GTR) substitution
model with gamma distribution plus invariant sites (GTR+G+1)
using JmodelTest 2 [32, 33]. We ran the path sampling tool
implemented in BEAST to choose between a constant, an ex-
ponential, or a coalescent Bayesian skyline tree prior (50 steps,
with 1 000 000 iterations each).

A Bayes factor test was applied to compare the different
likelihoods. Factors of 3-20 suggest positive support; 20-150,
strong support; and >150, overwhelming support. The coales-
cent Bayesian skyline tree prior was favored (see Supplementary
Table 2). Analyses were performed using a Bayesian Markov
chain Monte Carlo (MCMC) method with a relaxed log
normal clock. We performed 2 different runs, with 100 mil-
lion iterations each, and we sampled every 10 000 steps after
a 10% burn-in. Runs were combined after checking for con-
vergence. We generated a maximum clade credibility tree
using TreeAnnotator software (version 2.5.0) [31], which
was visualized using FigTree software (version 1.4.2.) (http://
tree.bio.ed.ac.uk/). We also inferred geographic origin using
the Bayesian binary MCMC (BBM) and S-DIVA (Statistical
Dispersal-Vicariance Analysis (S-DIVA) methods implemented
in the RASP (Reconstruct Ancestral State in Phylogenies) pro-
gram [34-36].

For both BBM and S-DIVA, 10 000 BEAST-generated trees and
a consensus tree were used as an input. Two BBM chains were
run for 100 000 generations with estimated state frequencies,
[37] a gamma-distributed among-site rate variation, sampling
every 100 generations, and a maximum of 2 areas for each node.
S-DIVA was run with default parameters and a maximum of
2 areas for each node. BBM allows null character status in-
formation for a portion of input sequences. This property was
exploited to run 100 analyses to check for consistency against
the skewed geographic origin of available sequences. In partic-
ular, 100 distributions were generated for BBM analysis so as to
include the same number of sequences from Africa and Europe
(n = 25). For each of these distribution, location probabilities
were recorded for the MRCA and selected internal nodes.
Probabilities were averaged across the 100 runs.

Network and Population Structure

The neighbor-net split network was constructed with SplitsTree
software (version 4.13.1) [38] using uncorrected p distances (the
proportion of nucleotide sites at which two sequences being
compared are different) and all polymorphic sites. We analyzed
the structure of extant VZV populations using the STRUCTURE
program (version 2.3) [39]. The allele frequency spectrum
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parameter (A) was estimated by using the “estimate \” model
for K = 1, as suggested elsewhere [40]. A value of A = 0.493 was
obtained and used in all analyses.

The linkage model with correlated allele frequencies was
applied [40]. Map distances were set equal to parsimony-
informative site physical distances. The optimal number of
populations was determined by running the model for K = 1
to K = 10. For each K, 10 runs were performed with MCMC
run lengths of 50 000 and 20 000 burn-in steps. The Evanno
method was used to select the optimal K [41]. Results of inde-
pendent runs were analyzed by permutating clusters using the
CLUMPAK program [42] to generate the Q-value matrix.

RESULTS

LD and Recombination

We obtained a list of complete or almost complete VZV
genomes from public databases. After we excluded vaccine-
derived strains and highly passaged/attenuated viruses, a set
of 110 sequences with known geographic origin remained (see
Supplementary Table 1).

Recombination has been documented for VZV (7, 17, 43].
Therefore, we investigated the level of LD using LIAN soft-
ware (version 3.7), which tests the null hypothesis of linkage
equilibrium across loci [22]. Statistically significant LD was
detected (Monte Carlo simulations, 10 000 repetitions; P < 10~
*). However, the resulting standardized index of association was
equal to 0.06, consistent with moderate LD (the index of associ-
ation is expected to be 0 under linkage equilibrium) and, there-
fore, with some level of recombination.

We thus screened the full genome alignment for the pres-
ence of recombination events. Four methods implemented in
RDP4 detected no recombination. Conversely, Recco software
identified 2 regions ( approximately 38 000-43 000 and approx-
imately 102 000-111 000; positions refer to the 03-500 strain,
GenBank accession no. DQ479957) where recombination break
points cluster (Figure 1A). The locations of these break points
are consistent with a previous analysis [13].

VZV Phylogeography

Phylogeographic analysis was carried out on the larger
nonrecombining region (about 58 000 bp long) (Figure 1A). We
used 3 phylogeographic methods to determine the most likely
origin of extant VZV strains. In all these analyses, sequences
were assigned to geographic areas (see Methods) (Figure
1B), which represent the character states for ancestral state
reconstruction.

Inference of geographic origin was initially obtained using
the discrete model [30] implemented with BEAST soft-
ware [31]. The path sampling tool was used to select among
tree priors and the Bayesian skyline model was favored (see
Supplementary Table 2). BEAST software assigned the highest
probability to Europe as the origin of extant VZV strains, with

a posterior probability of 0.5814 (Figure 1B). It also inferred
a likely European origin for most internal nodes of the phy-
logeny, including the MRCA of clade 5 strains, which include
all the African sequences (Figure 1B). Very similar results were
obtained with the BBM and S-DIVA methods [34-36], which
assigned a European origin to the ancestral node of the VZV
phylogeny with high probabilities (97.27% for BBM and 91.0%
for S-DIVA) (Figure 2A).

Because most VZV sequences were collected in Europe
(Figure 1B, see also Supplementary Table 1), we wished to as-
sess whether this skewed distribution affected phylogeographic
inference. We thus ran 100 BBM analyses by omitting the char-
acter state for 34 randomly selected European strains. This
number was selected to obtain a data set that included the same
number of sequences from Europe and Africa. We calculated the
mean probabilities at selected nodes by averaging over the 100
BBM runs (Figure 2B). Europe was identified as the most likely
origin of all extant VZV clades (the second-highest probability
was assigned to Northern America) as well as the ancestral loca-
tion of the MRCAs of clades 1, 3, and 5 (Figure 2B).

The data set of complete VZV genomes includes only few
samples from Asia. This underrepresentation can clearly affect
the accuracy of phylogeographic inference for this continent. To
partially obviate this lack of sequence data, we performed an ad-
ditional analysis on a shorter region deriving from the concate-
nation of partial ORF31-ORF38-ORF54 sequences. These ORFs
are located within the nonrecombining region (Figure 1A), and
they were partially sequenced in 16 Indian VZV samples. By
adding these samples to those deriving from complete genomes,
we obtained a data set with 23 Asian sequences. For this anal-
ysis, sequences were assigned to continents (instead of areas).
A drawback of this approach is that phylogenetic relationships
can be reconstructed with limited confidence when small re-
gions are analyzed. Thus, we limited inference to the MRCA
of the whole phylogeny, with no attempt to reconstruct the an-
cestral location of internal nodes. BEAST, BBM, and S-DIVA
analyses still assigned the highest probability to Europe as the
ancestral location of the VZV clade MRCA (Figure 2C).

Population Structure and Admixture
We next sought to investigate the ancestry and admixture of
VZV populations. To this aim, we used STRUCTURE, a pro-
gram that relies on a Bayesian statistical model for clustering
genotypes into populations without information on their ge-
ographic origin. STRUCTURE identifies distinct genetic
populations (or clusters) that compose the overall population
and assigns each individual to >1 of those populations. The K
parameter defines the number of subpopulations and the more
likely number of clusters is usually chosen by comparing models
with different value of K.

Complete genome sequences of the 110 strains was used for
STRUCTURE analysis with the linkage model [39, 40]. This
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Figure 1. Varicella zoster virus (VZV) recombination and phylogeography. A, Schematic representation of the VZV genome. Positions refer to the 03-500 strain (GenBank
accession no. DQ479957). The larger nonrecombinant region we used for phylogeographic analysis is shown, as well as the open reading frame (ORF) 31, ORF38, and ORF54
portions (blue) used for the analysis with the additional Indian strains. The location of the recombination break points obtained using Recco software is also reported. B,
Geographic distribution of the VZV strains and Bayesian Evolutionary Analysis by Sampling Trees (BEAST) maximum credibility tree for the larger nonrecombinant region.
Branches are colored according to inferred ancestral location; the posterior support for relevant nodes is shown in black, and the posterior support for location is colored
according to the location to which it refers. VZV clades are indicated to the right of the branches; not classified (NC) refers to the Cli/UK/CSF/2909/2011 strain (ID KP771889),
a possible interclade recombinant [17]. The number of available VZV sequences from each location is reported on the map. All refer to complete genomes with the exclusion

of the Indian strains.

model uses LD among loci and assumes that discrete genome
“chunks” are inherited from ancestral populations. The op-
timal number of populations (K) was estimated to be equal
to 4 using the AK method (Figure 3A) [41] and individual an-
cestry coeflicients were highly consistent across replicate runs.
The population clusters inferred with STRUCTURE showed

very good correspondence to VZV clades and, therefore, ap-
preciable congruence to geographic origin (Figure 3B and C).
VZV genomes from clades 1, 2, 3, and 5 had a major propor-
tion of their ancestry from each of the 4 ancestral populations.
Based on the known geographic distribution of VZV clades
[18], these ancestral populations are thus referred to as
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probability of the respective area obtained by the Bayesian binary Bayesian Markov chain Monte Carlo (BBM) analysis (/eft) and Statistical Dispersal-Vicariance Analysis
(S-DIVA) (right). B, Same phylogeny as in A, with pie charts representing probabilities averaged over 100 BBM runs with a similar number of sequences from Europe and
Africa. In BBM and S-DIVA analyses, combined regions appear because we allowed 2 areas per node. C, Posterior probability distributions for the location of the varicella
zoster virus most recent common ancestor (MRCA) obtained using Bayesian Evolutionary Analysis by Sampling Trees (BEAST), BBM, and S-DIVA. Results refer to the region
deriving from the concatenation of partial open reading frame (ORF) 31-0RF38-0RF54 sequences. Abbreviation: NC, not classified (Cli/UK/CSF/2909/2011 strain).

Europe-1, Asia-2, Europe-3, and Africa/Asia-5. Conversely,
viruses from clades 4, 6, 9, and VIII showed variable levels
of admixture from the 4 populations. Some low-level admix-
ture was also observed for clade 5 genomes, but only for non-
African viruses (Figure 3C).

The linkage model also estimates the level of drift, meas-
ured as the F parameter (analogous to fixation index [F,]), of
each population from a hypothetical ancestral population. F,
is a measure of genetic differentiation between populations
based on allele frequencies. The F parameter, in an analogous
way, estimates the drift of each population from the ances-
tral frequencies of a common population. The F value for the
Europe-3 population was substantially lower than those for the
3 other populations (Figure 3D), indicating that clade 3 viruses

diverged less than the other clades from the ancestral VZV pop-
ulation. This result is thus consistent with a European origin of
VZV.

DISCUSSION

Herpesviruses infect a wide range of animals and most likely
originated millions of years ago [6, 44]. Several studies have
shown that the phylogenetic relationships among herpesviruses
very often mirror those among their hosts, indicating that viral
lineages frequently arose through cospeciation [6, 45, 46]. It is
thus reasonable to assume that VZV is no exception and that, as
its human host, the virus originated in Africa and subsequently
dispersed worldwide. Based on this assumption, previous works
suggested a parallelism between the geographic distribution of
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Figure 3. Varicella zoster virus (VZV) population structure. A, Analysis of optimal K for STRUCTURE analysis. AK'is calculated as described in [41]. The peak of this distribu-
tion is the optimal K used in the subsequent STRUCTURE analysis. B, Neighbor-net split network of 110 complete VZV genome sequences. Viruses that derived >80% of their
genome from a single ancestral population are shaded in the corresponding population color. Not classified (NC) refers to the Cli/UK/CSF/2909/2011 strain (ID KP771889). C,
Bar plot representing the result from the STRUCTURE linkage model. Each vertical line represents a VZV strain. The y-axis shows the proportion of ancestry from each of the
4 ancestral populations. Strains are ordered on the basis of clade assignment and of geographic origin. D, Distributions of posterior Fvalues for the 4 ancestral populations.
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VZV clades and that of human mitochondrial DNA: in both
cases the out-of-Africa migration originated lineages that
reached Europe and others that populated Asia [6, 19, 20].

Herein we applied a phylogeographic approach to reconstruct
the origin of extant VZV clades. We applied 3 different methods,
and we found no evidence that extant VZV clades originated in
Africa; conversely, both phylogeography and population struc-
ture analysis indicated a likely European origin for circulating
VZV strains. Clearly, a major caveat of analyses herein relates to
the overrepresentation of European samples and to the skewed
distribution of the overall data set. In fact, few Asian sequences
were available, and most African strains derived from Guinea
Bissau, with a single strain from Nigeria. Notably, the Nigerian
strain, despite having been sampled 10 years later, was very sim-
ilar to the Guinea Bissau sequences, suggesting a limited diver-
sity of VZV in sub-Saharan Africa. This view is also supported
by single-nucleotide polymorphism typing studies indicating
that clade 5 viruses dominate transmissions in other African
countries [47]. Nonetheless, these observations are still based
on a limited number of strains and may not represent the real
situation in the continent.

We addressed the problem of skewed strain origin both by
resampling with omission of character states for European
sequences and by the analysis of a smaller genome region that
was sequenced in Asian VZV strains. Although results con-
firmed a likely European origin, these strategies cannot com-
pensate for the lack of sequence information from several
geographic areas. Thus, data herein should not be regarded as
a definite indication that VZV originated in Europe but as a re-
assessment of the hypothesis that the geographic segregation of
VZV clades is consequent to early human out-of-Africa migra-
tion patterns [6, 19, 20]. In particular, our analyses do not imply
that VZV did not exist in Africa at the time of human dispersal
but rather suggest that the representation and spatial distribu-
tion of circulating strains are due to much more recent events.
This conclusion is in agreement with the observation that data
from randomly collected viruses provide an accurate picture
of VZV strain prevalence across the world and, therefore, that
VZV clade diversity is most likely higher in Europe (excluding
recent introductions) than in Africa [47].

In the absence of viral sequences recovered from ancient
samples, as is the case for VZV, analysis of viral evolution is in-
evitably limited to extant sequences, meaning to lineages that
have survived. Sequencing of other DNA viruses from ancient
samples clearly indicated that present-day viral genetic diversity
does not necessarily correspond to the diversity present in the
past. In fact, viral lineage extinction was documented for hep-
atitis V virus [48, 49], parvovirus B19 [50], and variola virus
[51]. Thus, owing to either selective or stochastic processes,
VZV strains that infected early humans may have gone extinct
and been replaced by those we observe today. This may be a
common fate for viral lineages, especially for viruses capable

of horizontal transmission and rapid, epidemic spread [52].
Similar conclusions were reached by Weinert and coworkers
[13], who incorporated viral latency in an evolutionary model
to date the MRCA of extant VZV strains. They obtained a time
estimate that placed the MRCA at most 8000 years ago, clearly
inconsistent with the out-of-Africa origin. They noted, how-
ever, that this estimates refers to extant VZV strains, not ex-
cluding the possibility that VZV existed in much earlier times
in sub-Saharan Africa.

Data herein also have bearing on the debate concerning
the evolutionary origin of major VZV clades [17, 19, 43, 44].
STRUCTURE analysis indicated that the majority of clade 1, 2,
3, and 5 strains derived most of their genetic ancestry from 1
of the 4 ancestral populations. Of course, as noted elsewhere
in the case of recombination patterns [17], this conclusion may
change if additional VZV lineages are sequenced and found to
have contributed to the ancestry of these clades. Conversely, the
observation that clades 4, 6, 9, and VIII have mosaic genomes
deriving from different ancestral populations is not affected by
this caveat (at most, the number of contributing populations
may increase). Thus, STRUCTURE results suggest clades 4
and 6/9 originated from independent ancestral recombination
events, because viral genomes in the 2 clades have different
contributions from distinct ancestral populations. Clade 9 and
clade 6 viruses, as well as the single-clade VIII genome have
very similar ancestry components, which may derive from se-
quential recombination events. Because the 2008 VZV nomen-
clature meeting proposed to define clades as evolutionarily
distinct viral subspecies [53], reconsideration of current no-
menclature might be warranted.

Finally, we note that low-level admixture was also observed
for clade 5 genomes, but only for viruses sampled outside Africa.
Phylogeographic analysis placed the origin of clade 5 in Europe,
suggesting that VZV was introduced from this continent into
Africa, where most (if not all) transmitted viruses belong to
clade 5 [47]. Thus, geographic isolation might be responsible for
the limited opportunity of admixture of clade 5 in Africa. The
observed admixture pattern also suggests that the clade 5 VZV
strains included in this analysis do not represent very recent
introductions from Africa due to migratory fluxes.

SUPPLEMENTARY DATA

Supplementary materials are available at The Journal of
Infectious Diseases online. Consisting of data provided by
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