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ABSTRACT Coxsackievirus A16 (CV-A16; Picornaviridae) is an enterovirus (EV) type
associated with hand, foot, and mouth disease (HFMD) in children. To investigate
the spatial spread of CV-A16, we used viral sequence data sampled during a pro-
spective sentinel surveillance of HFMD in France (2010 to 2014) and phylogenetic re-
construction. A data set of 168 VP1 sequences was assembled with 416 publicly
available sequences of various geographic origins. The CV-A16 sequences reported
were assigned to two clades, genogroup B and a previously uncharacterized clade
D. The time origins of clades B and D were assessed in 1978 (1973 to 1981) and
2004 (20071 to 2007), respectively. The shape of the global CV-A16 phylogeny indi-
cated worldwide cocirculation of genetically distinct virus lineages over time and
across geographic regions. Phylogenetic tree topologies and Bayes factor analysis in-
dicated virus migration. Virus transportation events in clade B within Europe and
Asia and between countries of the two geographic regions were assessed. The sus-
tained transmission of clade D viruses over 4 years was analyzed at the township
level in France and traced back to Peru in South America. Comparative genomics
provided evidence of recombination between CV-A16 clades B and D and suggested
an intertype recombinant origin for clade D. Time-resolved phylogenies and HFMD
surveillance data indicated that CV-A16 persistence is sustained by continuing virus
migration at different geographic scales, from community transmission to virus
transportation between distant countries. The results showed a significant impact of
virus movements on the epidemiological dynamics of HFMD that could have impli-
cations for disease prevention.

IMPORTANCE Coxsackievirus A16 is one of the most prevalent enterovirus types in
hand, foot, and mouth disease outbreaks reported in Southeast Asia. This study is
based on epidemiological and viral data on HFMD caused by CV-A16 in a European
country. The phylogeographic data complemented the syndromic surveillance with
virus migration patterns between geographic regions in France. The results show
how viral evolutionary dynamics and global virus spread interact to shape the
worldwide pattern of an EV disease. CV-A16 transmission is driven by movements of
infected individuals at different geographic levels: within a country (local dynamics),
between neighboring countries (regional dynamics), and between distant countries
(transcontinental dynamics). The results are consistent with our earlier data on EV-
A71 and confirm the epidemiological interconnection of Asia and Europe with re-
gard to EV infections.
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and, foot, and mouth disease (HFMD), a common childhood illness, is caused by a

large array of enteroviruses (EVs) found worldwide, notably those derived from a
taxonomic species designated EV-A (1). It is a mucocutaneous disease characterized by
a self-limiting course in most children under 5 years of age (2). HFMD outbreaks have
been reported frequently throughout East and Southeast Asia since 1997, the year of
the first large outbreak during which fatal infections caused by EV-A71 were reported
in Malaysia (3). Several issues arising from the transmission of EV-A71 have been
explored in both clinical and observational studies (4) and in epidemiological investi-
gations (5). The virus is neurotropic and responsible for severe neurological and
cardiopulmonary outcomes, which develop as complications of HFMD (2).

Coxsackievirus A16 (CV-A16) is another type within the EV-A species and is charac-
terized by a high prevalence in HFMD outbreaks in Asia (6). Unlike EV-A71, CV-A16 has
occasionally been associated with severe health issues (7-10). It was first isolated in
South Africa in 1951, and the first outbreak of CV-A16 infections was reported in
Canada in 1957 (11). It was jointly reported with EV-A71 during the large-scale out-
breaks documented throughout the Asia-Pacific region (12). Sporadic CV-A16 cases
have been documented in Spain (2010 to 2012), and two CV-A16 outbreaks have been
reported elsewhere in Europe over the last 20 years (13, 14).

Current hypotheses to explain the burden of HFMD in East and Southeast Asia include
the involvement of a large diversity of antigenic EV types and genogroups within EV types
(15, 16), differing immunological patterns of different age groups within the human
population (including waning of maternal immunity [17]), and crowding of susceptible
children, which promotes interpersonal transmission (http://www.wpro.who.int/emerging
_diseases/documents/HFMDGuidance/en/). Other factors are involved in the dynamics of
HFMD and EV spread, either environmental, such as mean temperature and relative
humidity (18), or epidemiological, such as the incubation period (19), the rate of
symptomatic infections (19), and the interindividual transmission rate (20). Despite
attempts to marshal evidence that would explain the epidemiological features of HFMD
in East and Southeast Asia, our understanding of the mechanisms involved remains
fairly rudimentary. The occurrence of HFMD and persistence of the EV lineages involved
in this disease have not generally been considered a result of spatial processes. In
earlier studies, we suggested that virus migration had a major impact on the occur-
rence of acute meningitis caused by EV-A71 and other EV types (21, 22). In the present
study, we addressed this question to investigate specifically the role of CV-A16 infec-
tions in the occurrence of HFMD.

HFMD is not under active epidemiological surveillance in Europe, and therefore,
data are lacking. The yearly circulation patterns of EV types involved in HFMD are
unknown, because surveillance is based on passive case reporting or the review of
severe cases associated with neurologic complications (23, 24). Since 2010, we have
taken steps to help improve HFMD surveillance in France via prospective investigation
of clinical and virological data (25, 26). Local surveillance was performed until 2013 and
extended to the whole country in 2014, an initiative that has provided new epidemi-
ological data on infections caused notably by species A EV types, including CV-A16. We
used viral sequences from this 5-year period (2010 to 2014) of surveillance and
assembled molecular sequence data sets of CV-A16 isolates sampled worldwide since
the 1980s. The molecular analyses provided insights into the evolutionary features and
circulation of this virus at local and global geographic scales.

RESULTS

Epidemiological surveillance of HFMD in France. A total of 218 children (median
age, 2.4 years; range, 2 months to 10 years) were recorded with HFMD manifestations
associated with CV-A16 infections during two longitudinal, prospective, community-
based surveillance studies in France, including 96 children (43.6%) living in the
Clermont-Ferrand urban area, central France, between 1 April 2010 and 31 December
2014 and 122 children (56.4%) recruited in other French cities between 1 April and 31
December 2014. The monthly distribution of infections showed an increase in June and
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FIG 1 Coxsackievirus A16 infections reported among HFMD cases in France with two sentinel networks. (A)
Data (monthly distribution of CV-A16 infections) from a sentinel surveillance reporting network of pedia-
tricians implemented in the city of Clermont-Ferrand (France). Coxsackievirus A16 infections were reported
prospectively in the pediatric community between 1 April 2010 and 31 December 2014 (31). A total of 218
EV infections were associated with a clinical diagnosis of HFMD in children, and 95 cases were caused by
CV-A16 over the study period. (B) Data (weekly distribution of enterovirus infections) from a sentinel
surveillance reporting network of pediatricians implemented throughout France, including Clermont-
Ferrand. The clinical cases of HFMD were reported prospectively between 1 April and 31 December 2014,
The CV-A16 infections reported over the same period and shown in panel A are included in the national
data in panel B. A total of 529 children reported with a clinical diagnosis of HFMD tested positive for an EV
infection. Of these children, 129 (24.4%) had a CV-A16 infection. The three main EV types identified in
children reported with HFMD were, in decreasing order, CV-A6, CV-A16, and CV-A10.

July 2012, a period during which CV-A16 represented 38.5% of all laboratory-confirmed
EV infections reported in association with HFMD manifestations (Fig. 1A). CV-A16
infections accounted for 24.4% of all HFMD cases caused by EVs during the national
investigation in 2014. The HFMD cases caused by CV-A16 were documented through-
out the period, with an increase in CV-A16 infections observed during weeks 25 to 27
in 2014 (Fig. 1B).

Genetic diversity of CV-A16 estimated with the VP1 and 3CD sequence data.
The diversity of the CV-A16 population was investigated by analysis of complete gene
sequences (891 nucleotides [nt]) of the VP1 capsid protein, which harbors the main
antigenic sites in EVs. The nucleotide sequences were determined in isolates from
128/218 (59%) patients reported during the two epidemiological studies. Only one
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sequence was analyzed from duplicate data. Sequences determined in isolates from 40
patients during routine clinical workup of EV infections between 2003 and 2014 in
Austria (n = 3), France (n = 23), Germany (n = 8), and Hungary (n = 6) were also
included. The overall 168 sequences were compared with 416 publicly available
sequences reported in 20 countries (see below). The phylogenetic relationships deter-
mined with the VP1 sequences (Fig. 2A) showed that the two CV-A16 clades (large
phylogenetic groups) previously reported as genogroups A and B (27, 28) had more
than 23% nucleotide differences. Genogroup A was represented by a single sequence
(G-101South Africal1951), while genogroup B included multiple phylogenetic sub-
groups below the 10% p-distance threshold. A number of CV-A16 VP1 sequences were
assigned to a genogroup C in another study (29) but in fact clustered within distinct
subgroups in the actual genogroup B (Fig. 2B) (30). A CV-A16 genogroup C was also
reported on the basis of analyses of VP4 gene sequences but was not confirmed by
investigation of the VP1 sequences (31, 32). A number of discordances in the assign-
ments of CV-A16 phylogenetic groups/subgroups were described earlier by Mizuta et
al. (33). In the present study, the tree provided phylogenetic evidence of a distinct clade
at the 14.4% p-distance threshold. This clade comprised 36 sequences sampled in
France between 2011 and 2014 and 1 in Peru in 2009 (accession number KF956720)
(34). An exhaustive analysis of the CV-A16 VP1 sequences publicly available between
2015 and January 2017 revealed no report of additional sequence data that could be
assigned to this previously unreported clade, which was designated by the letter D.

A scatterplot of pairwise nucleotide p-distances was drawn for a subset of 181 virus
strains (this study, n = 111; GenBank, n = 70) to compare the VP1 structural gene (P1
genomic region) and a nonstructural locus (3CD, in the P3 region). Genetic distances
among molecular sequences were distributed within three clusters, indicating ex-
tended genetic diversity in CV-A16 sequence populations (Fig. 2C). The pattern showed
that the previously unreported clade was genetically divergent in the genomic region
P3 and equally distant from genogroups A and B.

Evolutionary history of CV-A16 estimated with the VP1 sequence data set. The
global history of CV-A16 was reconstructed through a phylogenetic analysis of VP1
sequences sampled worldwide to investigate the temporal transmission of virus strains
and the evolutionary origin of clade D. The CV-A16 genealogy depicted eight main
clusters supported by posterior probability (PP) values of >0.9, of which seven be-
longed to genogroup B (Fig. 3A). The remaining one was clade D (Fig. 4A). The time
span of sequence sampling covered the three most recent decades, and the time of
origin of CV-A16 was dated 1907 (95% highest posterior probability density [HPD]
interval, 1860 to 1945). The predominant B1 cluster arose in 1992 (95% HPD, 1990 to
1994), and the minor B2 cluster in 1978 (95% HPD, 1973 to 1981). The shape of the
whole tree was typical of cocirculation of multiple virus lineages over time and across
geographic regions. This pattern was also seen for individual lineages (notably, B1b and
B1d to B1f). The phylogenetic structure of lineages B1a, B1d, and Ble also indicated
replacement of virus lineages over time. The overall topology suggested different
transmission histories for the individual B1 lineages at a worldwide scale.

The genealogy of the previously unreported clade D was distinct from that of
genogroup B, but its precise evolutionary origin remained elusive because of insuffi-
ciently dense virus sampling in the 1990s and early 2000s. The time to the most recent
common ancestor (TMRCA) of clade D was 2006 (95% HPD, 2004 to 2008), and the
phylogeny of this clade showed five virus lineages, which depicted virus transmission
between French cities after 2009 (see below).

Spatial processes of CV-A16 transportation at different geographic scales. A model
that explicitly incorporated the countries where the CV-A16 sequences were sampled
was used to investigate virus spread between 18 different geographic locations for
clade B (Fig. 3A). The analysis provided phylogenetic evidence of 25 virus transportation
events with statistical significance assessed by Bayes factor values of >3 (Fig. 3B). The
geographic patterns of virus spread assessed do not imply direct transmission between
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FIG 2 CV-A16 genetic diversity assessed with the VP1 gene sequences. (A) Phylogenetic tree based on complete VP1 coding sequences of 573 CV-A16
sequences. The tree was inferred with the neighbor-joining method from genetic distances calculated with the p-distance algorithm. The tree topology was
assessed with 1,000 bootstrap pseudoreplicates. The bootstrap values are shown only for the main phylogenetic clusters. The branches of consistent
phylogenetic clusters were compressed for more clarity. The clade(s) (genogroupl(s]), geographic origin(s), and isolation date(s) of virus strains are indicated for
each cluster. The CV-A16 strain G10 (South Africa, 1951) is the only sample assigned to clade A (CV-A161A). The EV-A71 BrCr sequence was used as an outgroup.
Distance thresholds used for demarcation of phylogenetic clusters are indicated with dashed lines. (B) Variations in the designations of CV-A16 phylogenetic
groups (genogroups and subgenogroups) in the literature. (Studies | to IV) The table shows the correspondence between phylogenetic data reported in the
present study () and the CV-A16 groups described in the following other studies: Zhang et al. (27) and Sun et al. (28) (ll), Li et al. (31) and Iwai et al. (29) (lll),
and Zong et al. (30) (IV). A number of discrepancies in the designations of the main CV-A16 phylogenetic groups are indicated./,not applicable; AUS, Australia;
CHN, China; DEU, Germany; FRA, France; HUN, Hungary; JPN, Japan; KOR, South Korea; MYS, Malaysia; PER, Peru; ZAF, South Africa; RUS, Russia; THA, Thailand;
VNM, Vietnam. (C) Scatterplot comparing the pairwise nucleotide distances calculated with the VP1 and 3CD gene sequences of a sample of 181 CV-A16. The
sample comprised 111 strains of the present study and 70 strains for which sequence data are publicly available. The main genetic clusters are delimited by
dashed lines.

sampled countries. Japan was the country most frequently involved in virus transpor-
tation, with 12 distinct geographic locations (Australia, Austria, China, France, Hungary,
South Korea, Malaysia, Saudi Arabia, Thailand, Taiwan, Ukraine, and Vietnam). France
was assessed in three long-distance virus transportation events (with China, Russia, and
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Japan) and one with Germany, which was also involved in short-distance virus trans-
portation events (with Austria and Hungary) and a long-distance virus transportation
event, with Russia. In the analysis, Peru was assessed as being connected with Malaysia.

The transportation of CV-A16 clade D viruses between 11 cities sampled in France
was analyzed. The 23 viral sequences of lineages 1 and 5 had 10 different sampling
origins (Fig. 4A). The diversity of lineages indicated active virus spread in 2013 and 2014
all over the country and provided evidence of 11 virus transportation events (Fig. 4B).
The p-distances within lineages ranged between 1% nucleotide differences (lineage 1)
and 1.6% nucleotide differences (lineage 5), and the sequences within each of the two
lineages had a recent common ancestor (TMRCA of <1.5 year before 2014), which
suggested distinct transmission chains. In contrast, the viral sequences of lineages 2, 3,
and 4 were sampled in a single geographic location (Clermont-Ferrand) in 2011 and
2012. The phylogenetic pattern was consistent with the hypothesis of long-term virus
circulation in the general population living in this area between 2009 and 2012.

Genetic origins of different CV-A16 clades and lineages. The genetic origin of
CV-A16 clade D was investigated by analysis of the complete genomes of 23 CV-A16
(genogroup B, n = 13; clade D, n = 10) and 3 coxsackievirus A10 (CV-A10) isolates
recovered in patients with HFMD (France, 2010). CV-A10 isolates were identified in
an exploratory analysis as close genetic relatives of CV-A16 among a sample of EV-A
genomes (data not shown). The 28 genomes were compared with publicly available
genomes of 101 CV-A16 and 28 CV-A10 isolates (see Table S1 in the supplemental
material). The plots shown in Fig. 5 indicated substantial variations in nucleotide
similarity along the genomes between clades A, B, and D. The CV-A16 clade B
genomes sampled in Asia between 1997 and 2014 and in Europe between 2003 and
2012 had substantial similarities. An exception was a recombinant genome (CV-
A16IBRECICF310002_FRA12) whose 3’ half was more similar to CV-A10 genomes
sampled in Asia than to CV-A16 clade B genomes sampled in France (Fig. 5A). The
recombination analysis of the CV-A16IBREC genome with the RDP program (35)
provided statistical evidence of a recombination breakpoint at position 3550 (2A
gene) with six out of seven methods (P value range, 7.7 X 107" to 2.1 X 10797).
The limited nucleotide similarity over genes 2B to 3C indicated that the relatedness
with the CV-A10 lineages was ancient or was inherited via a complex pathway of
recombination events.

All the CV-A16 clade D genomes but one were strictly colinear with one another
from the 5’ noncoding region to the 3’ end (Fig. 5B). The region located between the
3B gene and the 3’ end of these genomes displayed high nucleotide similarity with a
set of 2 CV-A10 genomes collected in France in 2010, but the relatedness was only
distant. The mean nucleotide similarity between CV-A16 clade B and D genomes was
83%. An incongruent clade D genome (CV-A16/DRECICF193053_FRA12) had >95%
nucleotide similarity with clade B genomes sampled in France and Germany (Fig. 5C).
The precise boundaries of the recombinant segment (genes 2C, 3A, 3B, and 3C) were
assessed with six out of seven RDP methods as being at nucleotide positions 4890 and
5593 (P value range, 3.0 X 10727 to 1.2 X 1092), which confirmed the occurrence of
intratype recombination.

The comparative analysis of the open reading frame (ORF) sequences showed 25
amino acid changes between CV-A16 clades B and D, most of which (n = 21) were
scattered in the nonstructural proteins (Fig. 6A). Notably, the 2Apro and 3Dpol viral

FIG 3 Legend (Continued)

Journal of Virology

location that had the highest probability. The size of each circle represents the location’s probability. Line width indicates the posterior probability of the
corresponding lineage (thick lines indicate high posterior probability values). The time origins (TMRCA) of the main clusters are indicated in the inset table.
The tree topology was used to assess the most probable virus migration events between countries shown in panel B. R2, probable intertypic recombinant
strain (see Fig. 5A); R3, probable intratypic recombinant strain (see Fig. 5C); AUS, Australia; AUT, Austria; CHN, China; DEU, Germany; FRA, France; HKG, Hong
Kong; HUN, Hungary; JPN, Japan; KAZ, Kazakhstan; KOR, South Korea; MYS, Malaysia; PER, Peru; RUS, Russia; SAU, Saudi Arabia; THA, Thailand; TWN, Taiwan;
UKR, Ukraine; VNM, Vietnam. (B) Patterns of spatial spread assessed among sampling countries. The sampling countries are indicated with filled white circles.
The lines connecting countries are colored according to the heat map (inset) showing Bayes factor (BF) values estimated between two geographic locations.

Map source: Google, 2016.
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FIG 4 Phylogeography of coxsackievirus A16 clade D. Temporal distribution of lineages (A) and pattern of spatial spread
assessed among French cities (B). Map source: Google, 2016. See the legend to Fig. 3 for details. R1 indicates a probable
intertypic recombination event associated with the emergence of genogroup D and R3 an intratypic recombinant (see Fig.
5C). ALB, Aix les Bains; BSC, Bagnols sur Ceze; CF, Clermont-Ferrand; LYO, Lyon; MET, Metz; PAR, Paris; PER, Peru; ROU,
Rouen; SBR, Saint-Brieuc; STR, Strasbourg; TLS, Toulouse; VES, Vesoul.
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FIG 5 Nucleotide similarities between CV-A16 and CV-A10 full-length genomes. The similarity plots were obtained with
a data set of 118 CV-A16 genomes (including 24 determined in this study) and 31 CV-A10 genomes (including 3
determined in this study). A sliding window of 200 nucleotides moving in steps of 20 nucleotides was used in the
analyses. The sequences chosen as queries are as follows: CV-A16IBICF310002IFRA12 (accession number LT617110,
example of intertypic recombination) (A); CV-A16IDICF350028/FRA11 (accession number LT617105, earliest represen-
tative of clade D) (B); and CV-A16IDICF193053IFRA12 (accession number LT617109, example of intratypic recombina-
tion) (C). A schematic diagram of the CV-A16 genome (x axis) indicates the approximate boundaries of untranslated
regions and gene sequences. The color coding for CV-A16 genogroups is gray for genogroup A, pink for genogroup
B, and blue for genogroup D, except that the CV-A16ICF193053IFRA12 sequence is in green; CV-A10 sequences are

shown in orange and brown. NCR, noncoding region.

proteins had changes at 4 and 11 amino acid positions, respectively. Molecular mod-
eling with the coordinates of a crystal structure of CV-A16 (PDB identifier [ID] 5C9A) (36)
showed that two amino acid changes were located within the VP3 capsid protein. One
was exposed at the virion’s top surface between B-sheets G and H, and the other
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FIG 6 Genomic and amino acid variations among CV-A16 clade D viruses. (A) Locations of codons bearing amino acid changes between CV-A16 clade B and
D viruses. The precise locations and the amino acid changes (genogroup B—clade D) are indicated in the tables. (B) Three-dimensional model of the VP3 protein
reconstructed for a clade D virus (CF350028/FRA11; accession number LT617105) showing two amino acid changes in the GH loop (top) and the base of the
GH loop (bottom). (C) Phylogenetic tree based on the complete sequences of the 5’ untranslated region of CV-A16, showing the monophyletic topologies of
CV-A16 clades B and D and the intraclade diversity. The sequences of CV-A10 were used as an outgroup; the tree was inferred with the neighbor-joining method.

embedded within the capsid at the base of B-sheet G (Fig. 6B). The two amino acid
differences between clades B and D in the VP4 and VP1 proteins were located inside the
virus particle and were not involved in the antigenic features of the virus. The
nucleotide sequences of the 5’ noncoding region were heterogeneous within clades B
and D (Fig. 6C). Clade A was equally distant from clades B (13.6% nucleotide differ-
ences) and D (13.3%), and clades B and D differed by 11.6% nucleotide variations.

DISCUSSION

Combining data from longitudinal HFMD surveillance and global phylogenetic
analyses of viral sequences, we show that the spatial migration dynamics of CV-A16 was
a major determinant in the epidemiological pattern seen in France. European countries
were epidemiologically connected with distant geographic locations in Asia and South
America.

The study expands the diversity of CV-A16 to a clade whose epidemiological origin
was traced back to Peru. Earlier comparative analyses of the VP4 and VP1 protein genes
suggested that CV-A16 strains circulating worldwide belonged to three genogroups,
designated A, B, and C (27-33). Our study revealed the recent emergence and effective
spread of a previously undescribed genogroup that we suggest be designated by the
letter D. The strains of genogroup D cocirculated with those of genogroup B in France
over the period studied. Both genogroups had a mean evolutionary rate of 4.5 X 10~3
substitutions/site/year, close to the rates determined for other EV types (37). Molecular
comparisons of nearly complete genomes showed that amino acid residues in the
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antigenic sites reported for genogroup B (36) were similar to those in genogroup D. The
amino acid variation at position 183 in the VP3 capsid protein (Ala in genogroup B
versus Thr in genogroup D) was the only exception. This position is located within the
GH loop, a structure reported to form an antigenic site with the VPT GH loop in an
adjacent protomer of the viral capsid (38). The other two amino acid changes found in
the VP4 and VP1 proteins were unlikely to be involved in antigenic features because of
their internal location within the capsid. In addition, the genomic comparisons showed
the recombinant origin of genogroup D. The emergence of genogroup D may have
resulted from genetic features acquired through recombination, as suggested for
EV-A71 (39, 40). Further studies are needed to determine whether the concurrent
circulation dynamics of CV-A16 genogroups B and D in the general population are
determined by antigenic properties and/or factors in the 5’ untranslated region (UTR)
and nonstructural proteins.

The earliest strain of CV-A16 genogroup D was reported in 2009 in Iquitos, Loreto
region, northeastern Peru, a city located in the Amazon rainforest (34). A closely related
strain was reported in France 2 years later, which suggests long-range virus transpor-
tation. The intercity virus transmission events inferred from the phylogeny of this
genogroup and the detection of an intratype recombinant strain provided evidence of
an active spread of the virus throughout France between 2009 and 2014. The five
lineages of genogroup D had more than 3% nucleotide variations. This could indicate
that different transmission chains persisted over the years if we assume a maximum
threshold of 1 to 2% nucleotide differences to establish an epidemiological link among
EV strains (41). Consistent with this hypothesis, the continuing HFMD surveillance
provided epidemiological evidence that a number of cases reported in France in 2016
were caused by genogroup D viruses (data not shown).

Although different CV-A16 lineages were identified in France, they were not asso-
ciated with HFMD outbreaks and the HFMD manifestations caused by viruses of
genogroups B and D were clinically indistinguishable. Accounting for less than 25% of
all HFMD cases over the surveillance period, CV-A16 was not a predominant cause of
the disease among children, other than a temporary increase in the infection frequency
during the summer of 2012. The CV-A16 transmission was in sharp contrast with the
epidemic pattern of CV-A6 over the same period (25, 26). In countries of East and
Southeast Asia, CV-A16 has been associated with large HFMD outbreaks in the pediatric
population (6, 42). Children documented with HFMD in our study had a median age of
2.4 years. This epidemiological pattern was consistent with the data of a seroepidemi-
ology study performed in Germany in 2006, in which a rate of neutralizing antibodies
against CV-A16 of only 27% was reported in children aged 1 to 4 years (43). The CV-A16
strains sampled over the sole year 2014 in France were unlikely to have been epide-
miologically related because they were assigned to five phylogenetically distinct lin-
eages, three in genogroup B and two in genogroup D. This finding is consistent with
the distinct evolutionary pathways of genogroup B lineages as assessed by their time
origins (large TMRCA range, 1995 to 2002) and the diversity of geographic sampling
locations. Overall, the data indicating that HFMD cases could arise through multiple
introductions of distinct genetic lineages during a same year may be relevant for
disease outbreak modeling from surveillance data (20). Modeling HFMD outbreaks on
the assumption of only one index case may not reflect epidemiological reality.

The occurrence of HFMD cases in France was associated with extensive CV-A16
migration at three geographic scales: (i) within the country, (ii) between France and
neighboring countries, and (iii) between France and distant countries. The first pattern
was exemplified by the intercity spread of CV-A16 genogroup D over 3 years after the
initial report in Peru (34). The second pattern was assessed by cross-border virus
exchanges between Germany and France but also within Europe between Germany
and Austria and Hungary. The spread of CV-A16 was also accelerated by migration to
distant countries between Europe and Asia or South America, as shown by transcon-
tinental transportation events inferred between France and China, Japan, Russia, and
Peru. CV-A16 migration was also assessed between Japan and continental China and
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Taiwan, Kazakhstan, and Russia, as well as Australia and Japan and the Kingdom of
Saudi Arabia. Although the CV-A16 sequences sampled in Japan represented only 13%
of the VP1 data set analyzed in the present study, this country was involved in 48% of
the transportation events assessed for genogroup B viruses. This is consistent with
epidemiological data reporting a high seasonal incidence of CV-A16 infections in Japan
in 2007, 2008, and 2011 (32, 33; http://www.nih.go.jp/niid/en/iasr-e.html). The spread of
virus strains between distant geographic areas deserves special attention as a cause of
outbreaks, as reported for poliomyelitis upsurges in population communities with low
levels of vaccine-induced immunity (44).

Challenges with data collection impose certain limitations on the conclusions that
can be drawn from our study. Notably, the global virus transportation events are
underestimated because there are scarce CV-A16 sequence data available for Africa, the
Americas, and Europe. Despite this inherent bias, the phylogenetic patterns provided
key underlying determinants for HFMD dynamics at a worldwide scale and for how EVs
can persist during seasonal troughs. The role of recombination in the evolutionary
dynamics of CV-A16 might have been underestimated because complete genomes
were investigated in limited numbers.

CV-A16 transmission is driven by movements of infected individuals at different
geographic levels, and the epidemiological patterns of HFMD are shaped by viral
evolutionary dynamics and global virus spread. This finding and the evidence of
widespread circulation of a recombinant CV-A16 variant could have implications for
disease prevention, because Asia is epidemiologically interconnected with distant
geographic areas. Accordingly, HFMD and other EV-associated diseases need global
surveillance. Developing effective control strategies against HFMD will require a com-
prehensive understanding of transmission dynamics within the susceptible host pop-
ulation in countries where the disease burden is widespread but also in those where it
is not recognized as a significant public health concern.

MATERIALS AND METHODS

Longitudinal community-based studies in France. The CV-A16 strains were sampled during a
prospective HFMD surveillance in French children whose attending pediatricians practiced in the urban
area of Clermont-Ferrand (April 2010 to December 2014) and in other French cities (April to December
2014). The criteria for including children in the studies encompassed acute fever (body temperature of
>37.5°C) with mucocutaneous symptoms such as oral ulcers on the tongue and buccal mucosa with
vesicular rash on the hands, feet, knees, or buttocks. Demographic and clinical information for each
patient enrolled, which included the children’s age, sex, and medical status relating to mouth ulcers,
vesicles on hands and feet, and fever, were recorded in an anonymized standard form and reviewed
retrospectively. Throat swabs were obtained by the examining pediatricians, batched, and sent to our
laboratory in viral transport medium. The EV strains were identified with molecular typing methods
described earlier (25). Briefly, partial sequences of the 1D gene encoding the VP1 capsid protein were
amplified from throat swabs and compared with reference sequences by BLAST analysis.

Written informed consent was obtained from all participants or guardians on behalf of the child
participants.

Gene amplification and nucleotide sequencing of PCR products. The complete 1D/VP1 gene
sequence was amplified with either a single round (amplicon length of 1,200 bp) or seminested (2,240
bp) PCR assay. The 3CD locus sequence was amplified with a single round (amplicon length of 1,176 bp)
using two primers, HEVAS3CD and HEVAR3CD, as previously described (45). The complete viral genomes
were determined through two gene amplification stages performed with the Phusion Flash polymerase
(Thermo Scientific) and oligonucleotide primers (Table 1). The 5’ part of the viral genomes (from the 5’
noncoding region to the 2C gene, 4,450 nt) was amplified with the IFT7R5NC and HEVAR2C primers and
the 3’ part (2C gene to 3’ noncoding region, 3,000 nt) with the HEVAR2C and HEVA3NC primers. The
following amplification conditions were used: one cycle of 10 s at 98°C, 41 cycles consisting of 5 s at 98°C
and 70 s at 72°C, and a final cycle of 2 min at 72°C. The sequencing reactions were performed by primer
walking with the ABI Prism BigDye terminator version 1.1 cycle sequencing kit (Applied Biosystems). After
a purification step with the NucleoSEQ kit (Macherey-Nagel), the sequencing products were analyzed
with an ABI 3500 genetic analyzer (Applied Biosystems).

Data collection and compilation of nucleotide sequence data sets. The CV-A16 nucleotide
sequences determined were compared with publicly available sequence data (as of July 2016). For the
VP1 data set, sequences <891 nt long were discarded and only those with fully specified dates (year) and
countries of origin were used. The complete genome data set was constructed by collating all CV-A16
genomes available. The 3CD sequence data set was derived from the complete genome data set. The
sequence data sets were constructed with the BioEdit version 7.2.5 software (http://www.mbio.ncsu.edu/
bioedit/bioedit.html). All the sequence data sets are available upon request.
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TABLE 1 Oligonucleotide primers used in gene amplification reactions

Primer Genomic region Nucleotide sequence (5'—3')?

IFT7R5NC 5’ noncoding region TTAAAACAGCCTGTGGGTTG

5NCS663 5’ noncoding region GCGGAACCGACTACTTTGGGTGTCCGTGTTTC
HEVAS1495 VP3 protein coding sequence GGTNATNCCNTGGATAAGYAACAC
CA16-1D-S1 VP1 protein coding sequence TGYCCGAAYAAYATGATGGGCAC

1D-6-S1 VP1 protein coding sequence RCACGTCAGGGCGTGGRTAC

HEVAR2807 2A protease coding sequence CYACNGCNCARGGNTGYGACACGA
HEVAR2C 2C protein coding sequence CATGCAGTTCAAGAGCAARCACCG
HEVAS2C 2C protein coding sequence CATGCAGTTCAAGAGCAARCACCG
3CD-9-R1 3C protease coding sequence GAGCACATGCCMTCAATG

HEVAS3CD 3C protease coding sequence GACCARGGNCAYTTYACNATGYTRGG
HEVAR3CD 3D polymerase coding sequence ~ GGAGYAARYTACCRATYCTA

HEVA3NC 3’ noncoding region GTGGGGGTAAATTTGTTATAACCAGAATAGC

aNucleotides are designated according to the standard IUPAC code.

Genetic diversity analysis. The diversity of CV-A16 lineages was analyzed with the neighbor-joining
phylogenetic method available in MEGA5.01 (46). The proportions of nucleotide differences were
estimated in pairwise comparisons (p-distance model), and the phylogenetic relatedness was repre-
sented with a tree. Statistical consistency of tree nodes was estimated by the bootstrap method (1,000
random samplings).

Phylogenetic reconstruction of CV-A16 phylogeny and geographic spread of virus strains. The
CV-A16 genealogical tree was reconstructed with the BEAST version 1.8.4 program (47). An uncor-
related lognormal prior distribution of nucleotide substitution rates among lineages was used for
the molecular clock model. The evolutionary history was modeled with the general time reversible
(GTR) model as the nucleotide substitution model. The phylogenetic parameters were coestimated
in different runs of a Markov chain Monte Carlo (MCMC) process involving 200 X 10° generations.
The Tracer version 1.5 program (http://tree.bio.ed.ac.uk/software/tracer/) was used to check for
convergence of parameter estimates (operator effective sample size of >200). The trees estimated with
the MCMC procedure were sampled to obtain a final 20,000 trees. The mean estimates and 95% highest
posterior probability density (HPD) intervals calculated for each operator were compiled by analyzing the
BEAST output files with the Tracer version 1.5 program. Maximum clade credibility (MCC) trees were
calculated with the TreeAnnotator version 1.8.4 program (http://beast.bio.ed.ac.uk/treeannotator), and
topological support was assessed by estimating the values of the posterior probability (PP) density of
each node.

The countries where the virus strains were collected were used as discrete character states to
estimate changes of geographic locations in the phylogenetic trees (48). The geographic locations of the
ancestral nodes were coestimated with the phylogeny by a discrete phylogeographic diffusion model
(symmetrical substitution model). Bayesian stochastic search variable selection was also used for iden-
tifying the statistically significant transition rates between locations. Information was summarized in MCC
trees, with the branches colored according to geographic locations. Significant virus transportation
events (migration) were identified with the Bayes factor test implemented in the Bayesian stochastic
search variable selection (BSSVS) procedure (48).

Recombination analysis. Patterns of nucleotide similarity between a large sample of complete
genomes, including different EV-A types, were explored with the SimPlot version 3.5.1 program (49),
using a sliding window of 200 nt moving in steps of 20 nt. The molecular and phylogenetic signals
indicative of possible recombination events within and between CV-A16 and CV-A10 genomes were
further analyzed with the RDP version 4.56 computer program (35). The nucleotide sequences were
analyzed by default methods (RDP, Geneconv, Bootscan, MaxChi, Chimera, SiScan, and Phylpro), and to
exclude the possibility of false-positive detection, only putative recombinant signals assessed with five
methods were considered.

Molecular modeling of the CV-A16 VP3 protein. Structure-based in silico prediction of the VP3
capsid protein was carried out with the SWISS-MODEL, an automated protein structure homology-
modeling server (50). An automatic search for a template was performed with the VP3 sequences of
CV-A16 strains RP80IAUTI2003 (clade B) and CF350028/FRAI2011 (clade D). The PDB entry with ID 5C9A
(36) was used in subsequent modeling.

Accession number(s). The nucleotide sequences of CV-A16 were deposited in GenBank under
accession numbers LT577699 to LT577844 (VP1 gene) and LT577845 to LT577930 (partial 3CD gene). The
complete viral genomes were deposited under accession numbers LT617091 to LT617115 (CV-A16) and
LT617116 to LT617118 (CV-A10).
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