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The aim of this study was to gain insights into the tempo and mode of the evolutionary processes that sustain genetic diversity in
coxsackievirus B5 (CVB5) and into the interplay with virus transmission. We estimated phylodynamic patterns with a large sam-
ple of virus strains collected in Europe by Bayesian statistical methods, reconstructed the ancestral states of genealogical nodes,
and tested for selection. The genealogies estimated with the structural one-dimensional gene encoding the VP1 protein and non-
structural 3CD locus allowed the precise description of lineages over time and cocirculating virus populations within the two
CVB5 clades, genogroups A and B. Strong negative selection shaped the evolution of both loci, but compelling phylogenetic data
suggested that immune selection pressure resulted in the emergence of the two genogroups with opposed evolutionary pathways.
The genogroups also differed in the temporal occurrence of the amino acid changes. The virus strains of genogroup A were char-
acterized by sequential acquisition of nonsynonymous changes in residues exposed at the virus 5-fold axis. The genogroup B
viruses were marked by selection of three changes in a different domain (VP1 C terminus) during its early emergence. These ex-
ternal changes resulted in a selective sweep, which was followed by an evolutionary stasis that is still ongoing after 50 years. The
inferred population history of CVB5 showed an alternation of the prevailing genogroup during meningitis epidemics across Eu-
rope and is interpreted to be a consequence of partial cross-immunity.

The enteroviruses (EVs; family Picornaviridae) are the leading
cause of acute meningitis (1), hand, foot, and mouth disease

(2), and upper respiratory infections (3). Although most EV in-
fections are self-limiting, they represent a burden to human health
(4). Thus, they warrant investigation because of their high world-
wide prevalence and because they give rise to severe clinical man-
ifestations, particularly in newborns and young children during
yearly epidemics of otherwise common illnesses.

Epidemics of human EV infections display a seasonal pattern,
occurring in the summer and early autumn in geographical re-
gions with a temperate climate. The basic determinants of the
molecular and evolutionary epidemiology of human EVs and
their long-term persistence in the general population are not well
defined. This is a particularly important issue for devising inter-
vention strategies and developing therapeutics and vaccines
against those EV infections that are associated with high morbid-
ity and occasional mortality during extensive outbreaks (5).

The EV particle is made up of 60 copies of four proteins (VP1
to VP4) and has an icosahedra-like three-dimensional (3D) struc-
ture (6). Only the VP1 to VP3 proteins have structures (amino
acid loops) exposed on the capsid surface. A number of these
protruding loops (e.g., those connecting � sheets B and C) usually
carry the antigenic properties of each type and are thought to be
involved in the neutralization of infectious particles during infec-
tions (7), which is consistent with the observation that the hu-
moral immune response is a major factor in the eradication of EV
infections (8). The viral genome (7.5 kb of single-stranded, posi-
tive-sense RNA) encodes the four structural proteins (gene se-

quences 1A to 1D, genomic region P1) and at least seven nonstruc-
tural proteins, 2A to 2C (region P2) and 3A to 3D (region P3).

On the basis of shared antigenic and genetic similarities, hu-
man EVs (HEVs) are grouped into distinct types (or serotypes),
which are themselves included within phylogenetically defined
viral species named enterovirus A to D (9). Circulating strains of
each type are highly heterogeneous and have been divided into
different genogroups and subgenogroups on the basis of phyloge-
netic patterns of structural genes, in particular, the one-dimen-
sional (1D) gene encoding the VP1 protein (10, 11), here desig-
nated 1DVP1. Different sentinel systems implemented in Asian
countries for the surveillance of hand, foot, and mouth disease
(12) and the continuous surveillance in some European countries
and the United States have greatly contributed to a better knowl-
edge of the genetic diversity of EVs involved in outbreaks and
larger epidemics (13, 14).

A number of picornaviruses have been the subject of compre-
hensive molecular evolutionary studies investigating the ques-
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tions of epidemic history and molecular adaptation (15, 16). Phy-
logenies estimated with the 1DVP1 sequences showed a pattern of
continuous lineage turnover for echovirus 30 (enterovirus B spe-
cies) (17) and enterovirus 71 (enterovirus A species) (18). This
indicates that virus variants are continuously emerging and are
replacing the earlier prevailing viruses, a pattern similar to that of
influenza A virus (19). Studies have suggested the involvement of
positive selection at defined sites in the VP1 capsid protein of the
virus of foot and mouth disease of cloven-hoofed livestock and of
two human EVs (17, 20, 21). However, investigations of human
rhinoviruses were unable to detect such patterns (22, 23).

In this study, we focused on the evolution of human coxsacki-
evirus B5 (CVB5) by analyzing molecular patterns in serially sam-
pled genes with the aim of clarifying the interplay of selection and
transmission. The earliest coxsackievirus B strains were isolated in
the 1940s and 1950s in children with symptoms of acute menin-
gitis or paralytic poliomyelitis (24) and were classified into six
types, CVB1 to CVB6, as members of the enterovirus B species (9).
Coxsackievirus B infections are associated with severe neurologi-
cal manifestations and are involved in acute myocarditis and fatal
neonatal infections (24, 25). CVB5 is frequent in virus isolation
records, as it consistently appears in the top five commonly iden-
tified EV types in the United States and France (13, 14) and has
exhibited the highest annual prevalence in a number of countries
(26, 27). Acute meningitis is the typical clinical presentation in
CVB5 outbreaks, but the virus was recently involved in an out-
break of neurological hand, foot, and mouth disease in China
(28). Previous studies have provided some insight into the genetic
diversity within CVB5 (29, 30), and a phylogenetic analysis of the
1DVP1 genes sampled in 41 clinical isolates showed that CVB5 had
an estimated origin in 1854 (31). We explored the evolutionary
process that shapes the genetic diversity of CVB5 with a larger
virus sample and identified variations in the genetic diversity and
phylodynamic patterns of two virus lineages, genogroups A and B,
involved in seasonal epidemics in Europe.

MATERIALS AND METHODS
Virus strains. CVB5 strains were collected from seven European coun-
tries between the years 1977 and 2011 (see Table S1 in the supplemental
material). Virus isolates and sequences are designated throughout the
report as follows: a city code including two to four letters plus the isolate
number, three letters of the international country code, and the last two
digits of the year of collection. All the clinical specimens— cerebrospinal
fluid (CSF), feces, throat or nasal swabs, bronchoalveolar lavage fluid, or
cell culture supernatants— came from a preexisting collection.

Gene amplification and sequencing. Viral RNA was extracted with a
NucliSENS easyMag automated system (bioMérieux, France). The com-
plete 1DVP1 gene and the 3CD gene fragment were amplified and se-
quenced using enterovirus B-specific primers described elsewhere (32).
The nucleotide sequences of both strands of the PCR products were de-
termined and analyzed with a 3500 Dx genetic analyzer (Applied Biosys-
tems). The CVB5 consensus 1DVP1 sequence (length, 843 nucleotides
[nt]; genome positions 2447 to 3295 in prototype strain Faulkner [acces-
sion no AF114383]) and the 3CD sequences (length, 1,035 nt; positions
5509 to 6544) were compiled with the BioEdit (v7.0.9.0) program.

Nucleotide sequence data sets. Two different data sets were generated
for comparative analyses. All the complete 1DVP1 CVB5 sequences pub-
lished with known geographic locations and sampling dates (n � 77) were
retrieved from GenBank (as of June 2012; see Table S2 in the supplemental
material) and compiled with the 218 sequences determined, generating a
data set of 295 taxa. The 1DVP1 sequence data set was split into two subsets
for separate investigation of the two identified CVB5 genogroups. Five

3CD sequences were obtained from published CVB5 complete genomes
and aligned with the 3CD sequences determined in this study.

Phylodynamic analyses. To reconstruct the CVB5 evolutionary his-
tory, we used a Bayesian statistical approach implemented in the BEAST
(v1.5.4) program (33, 34). The evolutionary rate, divergence time, and
demographic histories of viral populations were estimated from the whole
1DVP1 and 3CD sequence data sets and the individual 1DVP1 subsets cor-
responding to the two CVB5 genogroups, A and B.

A comprehensive comparison of molecular clock and demographic
models was performed for all sequence data sets, as described earlier (32).
The best molecular clock and demographic models were determined by
calculating the marginal likelihoods of the data (35) on the basis of all the
evolutionary and demographic model parameters. We analyzed all possi-
ble combinations between three molecular clock models (strict model and
relaxed models with either uncorrelated exponential or uncorrelated log-
normal prior distributions of substitution rates among lineages) and four
models of demographic history (constant population size, exponential or
expansion population growth, and Bayesian skyline reconstruction). In
these investigations, two nucleotide substitution models, GTR�I��4 and
SRD06 (36), were also compared. Markov chain Monte Carlo (MCMC)
analyses were run for 200 million generations, with a tree sampled every
5,000 steps, and the first 10% was discarded as burn-in. MCMC conver-
gence and effective sample sizes (ESS) were checked using the Tracer
(v1.5.0) program (34). A Bayes factor (BF) was calculated for each pair of
models with Tracer, and a log10 BF of �5 was considered substantial
evidence in support of model combination 1 over model combination 2
(37). The overall analyses indicated that the best-fit model combination
for both the 1DVP1 (log10 BF � 114) and 3CD (log10 BF � 9) sequence
data sets was a relaxed clock model with an uncorrelated exponential
distribution of evolution rates estimated with an SRD06 substitution
model and a Bayesian skyline population model as a population model
(see Table S3 in the supplemental material). Using the new version of
BEAST, v1.7.5, we also tested four demographic models, Bayesian skyline,
Gaussian Markov random fields Bayesian skyride, birth-death serially
sampled, and birth-death basic reproductive number (38, 39). Model se-
lection was performed with the path sampling (PS) and stepping-stone
sampling (SS) methods to calculate the marginal likelihoods (40).

Maximum clade credibility (MCC) trees were estimated with the Tree-
Annotator program (http://beast.bio.ed.ac.uk/TreeAnnotator) and pro-
duced with the FigTree program (http://tree.bio.ed.ac.uk/software
/figtree). Statistical support for the tree nodes was assessed by a posterior
probability (pp) value. The time to the most recent common ancestor
(tMRCA) at each node in the phylogenies was calculated from the height
value in the MCC tree. Statistical uncertainty in the tMRCA calculations
was estimated as 95% highest probability density (HPD) intervals. The
reproducibility of all phylogenetic trees was tested by multiple BEAST
runs.

The variations in the relative CVB5 genetic diversity, a measure of the
effective number of infections over time, were estimated with a Bayesian
skyline plot (BSP) model (41) implemented in BEAST. Investigations
were performed with the 1DVP1 data set and subsets. A piecewise-constant
population size model with 20 groups was used for BSP calculation.

Site-specific selection pressure. Site-specific selection pressure was
measured as the relative number of nonsynonymous (dN) and synony-
mous (dS) nucleotide substitutions per site for the CVB5 VP1 protein.
Estimates of the dN-to-dS ratio per site were calculated on phylogenetic
trees inferred with the neighbor-joining method incorporating the gen-
eral time reversible nucleotide substitution model. The dN/dS ratio was
estimated on entire phylogenetic trees with methods implemented in the
HyPhy package available at the Datamonkey web facility (http://www
.hyphy.org/), the single-likelihood ancestor counting (SLAC) and the
two-rate fixed-effects likelihood (FEL) methods (42). The FEL and the
fast, unconstrained Bayesian approximation (FUBAR) (43) methods were
also applied on internal branches of phylogenetic trees (internal FEL
[IFEL] method). P values less than 0.1 were used as thresholds for strong
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evidence of selection. A Shannon entropy score was calculated at each
position in the VP1 protein alignment to estimate the amino acid variabil-
ity of the capsid protein in CVB5 genogroups A and B (http://www.hiv
.lanl.gov/). The CVB5 ancestral nucleotide and amino acid sequences of
all internal nodes were reconstructed using the probabilistic ancestral
state reconstruction (ASR) method (42) implemented in the HyPhy soft-
ware package. The ancestral reconstruction analyses included joint (44),
marginal (45), and sampled (46) methods. Amino acid changes between
lineages were determined and mapped along phylogenetic trees inferred
for the 1DVP1 gene.

Nucleotide sequence accession numbers. All the CVB5 sequences
determined in the present study were deposited in the GenBank sequence
database under accession numbers HF948028 to HF948444.

RESULTS
Phylogenetic clustering of CVB5 taxa in the 1DVP1 gene tree. We
analyzed 295 1DVP1 sequences (218 determined in the present

study and 77 recovered from GenBank) of CVB5 strains sampled
between 1952 and 2011 in 23 countries (see Tables S1 and S2 in the
supplemental material). The CVB5 1DVP1 gene trees shown in Fig.
1 and Fig. S1 in the supplemental material were obtained with a
Bayesian procedure that infers demographic history as a function
of time with the program BEAST (33, 34). On the basis of this
expansive phylogeny, the CVB5 strains separated into two consis-
tent and coevolving clades or genogroups (Fig. 1). The clade close
to the tree root was given the letter A (genogroup CVB5-A) and
corresponds to genogroup II in an earlier study (31). The two
clades had different phylogenetic patterns. Genogroup A con-
sisted of multiple lineages arising from the main backbone, a pat-
tern that indicates cocirculation of multiple virus lineages, and
included five main subgenogroups (named A0 to A4) with a con-
sistent posterior probability (pp) density of 1. The taxa within

FIG 1 Evolutionary patterns reconstructed for the VP1 capsid protein gene of 295 CVB5 strains sampled between 1952 and 2011. Each tip branch represents a
sampled virus sequence, and the colors show the locations where it was sampled. The topology shown is the MCC tree reconstructed with the 1DVP1 gene
sequences (849 nt) and generated by the MCMC procedure implemented in the software program BEAST (34). Samples are explicitly dated on the x axis. The
genealogy is represented so that lineages that leave more descendants are placed upward. This sorting places the backbone along a raw diagonal. The lineages
determined from the phylogeny inferred with the 3CD locus (Fig. 2) are indicated to show the distribution of subgenogroups over time. Full circles along the
numbered backbone branches indicate the location of amino acid changes significant for the evolutionary pathway of CVB5 genogroups A and B (see the caption
table [upper left]). For nodes 1 and 2, see Fig. 4. AA, amino acid.
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genogroup A had 14 geographic origins in the Americas, Europe,
and Asia over 6 decades (see Fig. S1A in the supplemental mate-
rial). In contrast, the phylogenetic pattern of genogroup B had a
long backbone with short side branches, due to the combined
effects of temporal sampling and rapid coalescence, a shape char-
acteristic of influenza A viruses (47). The topology of genogroup B
was consistent with a turnover of virus lineages over time and
reflected virus sampling (n � 169/295 taxa) more consistent than
that in genogroup A (n � 125/295 taxa, excluding the prototype
strain isolated in 1952) over the same time period, 1970 to 2010/
2011. The phylogenetic pattern of genogroup B also reflected dif-
ferences in geographic sampling, as most taxa were collected in
Western Europe and only 12 were collected in the Americas and
Australia (see Fig. S1B in the supplemental material). The sam-
pling period of taxa within subgenogroups varied from 7 years
(subgenogroup B2) to 26 years (subgenogroups A0, B0, and B1),
and the various geographical origins indicated the wide dissemi-
nation of virus lineages in Europe and throughout the world (i.e.,
subgenogroup A1). Multiple occurrences of cocirculation of dif-
ferent subgenogroups were observed in individual countries, for
instance, in France, Denmark, Cyprus, and Germany (Table 1).
The monophyletic clusters in the 1DVP1 tree included isolates
from at least three of the four most frequently collected samples,
feces, CSF, throat swabs, and nasopharyngeal aspirates (see Fig. S2
in the supplemental material). This pattern suggests that the sam-
ple diversity was not a major bias in the phylogenetic reconstruc-
tion.

Phylogenetic clustering of CVB5 taxa in the 3CD gene tree.
The completely different phylogenetic topology estimated for the
nonstructural 3CD locus (Fig. 2) allowed us to differentiate a
number of virus lineages (with consistent node support; pp � 1)
within all CVB5 subgenogroups except A1. Each lineage was des-
ignated by its subgenogroup (allowing connection with the 1DVP1

gene phylogenetic pattern; Fig. 1), followed by a letter specifying
the 3CD lineage. The lineages were named consecutively accord-
ing to the sampling period of the taxa; e.g., two taxa included in the
A0 subgenogroup split into the distantly related lineages A0a and
A0b. The A2 subgenogroup included viruses for which the 3CD
sequences were not available in GenBank. The A3 and A4 sub-
genogroups split into five and four 3CD lineages, respectively. The
B1 subgenogroup split into three 3CD lineages, one of which
(B1c) was related to the A3d and A4d lineages in a consistent tree
partition (pp � 1). The B2 subgenogroup split into six lineages in
the 3CD tree. Three genogroup A strains, the prototype strain
Faulkner (A0a), one strain isolated in France in 2005 (A3d), and
one strain isolated in China in 2010 (A4d), grouped within the

genogroup B in the 3CD tree. B0 and three B2 lineages (B2b, nine
taxa; B2d, six taxa; B2f, three taxa) were interspersed among lin-
eages arising from the CVB5-A subgenogroups. The epidemiolog-
ical interest in identifying lineages in subgenogroups was that vi-
rus succession over time (Fig. 1) and the origin of epidemics were
defined precisely. For instance, the 2000 epidemic (Denmark,
France, and Germany) was caused by subgenogroup B1c, which
arose in 1995 (tMRCA 95% HPD interval, 1994 to 1996), and the
2003 upsurge (France) was associated with the A3c subgenogroup,
a variant population that arose 9 to 11 years earlier. The latest
epidemic occurred in 2006, 7 years after the time origin of sub-
genogroup B2c (tMRCA � 1999 [95% HPD interval, 1996 to
2001]). We found substantial differences in the mean circulation
time of the most recent lineages, in particular, the B2 lineages and
the A3 and A4 lineages (see Table S4 in the supplemental mate-
rial). Sampling bias may have contributed to the high circulation
times of the lineages in the most ancient subgenogroups, A1 and
B1.

Population dynamics of CVB5 strains. The tMRCA and mean
evolutionary rate values estimated with the Bayesian skyline were
different from those estimated with the other demographic mod-
els (Table 2), but the phylogenies reconstructed with the different
models exhibited overall similar topologies. The Bayesian credi-
bility intervals of the two parameters were estimated with narrow
95% HPD intervals with the skyride and both birth-death models.
The marginal likelihood calculated with the PS and SS methods
indicated that the Bayesian skyline model fit the data better than
the other demographic models. Accordingly, the phylodynamic
features of CVB5 described below were determined with this de-
mographic model. The mean rate of nucleotide substitution esti-
mated for both CVB5 subgenogroups was similar since their
Bayesian credibility intervals displayed significant overlap. Geno-
group A was older than genogroup B (1908 and 1941), but the
95% HPD intervals displayed some overlap (1849 to 1948 and
1912 to 1962, respectively).

The CVB5 population dynamics were reconstructed from the
1DVP1 sequence data set (Fig. 3). The plot indicated successive
upward and downward fluctuations in viral genetic diversity (i.e.,
rapid variation in coalescence rates) across Europe during the pe-
riod from 1995 to 2011 (Fig. 3A). The pattern was characterized by
three rapid expansions followed by declines. Separate analyses for
each genogroup were performed, and the superposition of the two
plots (Fig. 3B) depicted similar temporal patterns and provided
details of the temporal occurrence of the two genogroups. Geno-
group A showed two minor increases in genetic diversity in 2000
and 2006 and a sharp increase in 2003. Genogroup B showed a

TABLE 1 Temporal distribution of CVB5 lineages over the last 12 years showing instances of transient local lineage coexistencea

Countryb

Lineage(s) found in the following sampling yr:

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

CYP B1c A4a, B2a B2a A4a
DEU B1c B1a, B1c A1, B1a B1c B2b B2a, B2b B1c B2b B2a, B2c,

B2e
B1c, B2f

DNK B1c A1, B1c A1, B1c B1c B1c B1c, B2b A1, B2b A4b B2a, B2c A4a, B2e
FRA A3b, B1c A3b A1, A3b, A3c,

B1c
A1, A3c A1, A3c A3d, A4a A3e, B2a, B2b,

B2c
A3e B2a, B2c B2c, B2d B2c, B2d,

B2f
B2c, B2e,

B2f
CHN A4 A4 A4 A4 A4b, A4c
a The lineages are indicated with the 3CD clade designations, unless the 3CD sequence is unknown. Genogroups A and B are shown in bold and nonbold, respectively, for clarity.
b The countries are designated with the international 3-letter code: CYP, Cyprus; DEU, Germany; DNK, Denmark; FRA, France; CHN, China.
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different pattern, with two major increases in the early 2000s and
in 2006, both of which were followed by slow variations over 4
years. The estimated changes in genetic diversity were consistent
with epidemiological data recorded by the French network for
surveillance of enteroviruses (Fig. 3C). Over the period from 2000
to 2010, three epidemic peaks were observed: in 2000, 2003, and
2006. Moreover, the temporal distribution of the two genogroups,
estimated from the sampling of CVB5 French isolates, matched
the demographic inference calculated with the BSP model. The

isolates recovered during the epidemic in 2003 were exclusively
related to genogroup A, while in 2000 and 2006, the two geno-
groups cocirculated with predominant B isolates.

Selection analyses with the 1DVP1 gene-encoding sequences.
The finding of a global pattern of epidemics caused alternately by
viruses from two lineages lends weight to the hypothesis of im-
mune selection between two antigenic variants. To test the hy-
pothesis, we used independent maximum likelihood methods
(42) implemented in the HyPhy program available in the Data-

FIG 2 Phylogenetic tree topology inferred with the CVB5 3CD sequences. The MCC tree (phylogram) was reconstructed with a Bayesian MCMC procedure
implemented in the software program BEAST (34) for analyzing the sequences (1,035 nt) of 223 virus strains sampled between 1952 and 2011. The branches of
the phylogram were drawn to the indicated scale (number of nucleotide substitutions per site). Posterior probability values of �0.9 are indicated with asterisks
at key nodes.
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monkey facility (http://www.hyphy.org) to investigate the pat-
terns of selection of individual codon sites in the two genogroups.
We identified no statistical evidence of positive selection for either
VP1 codon either by the consensus of the methods or by the indi-
vidual tests. In fact, evidence of negative selection with all the
methods was found in nearly all codon sites in the 1D gene of
genogroups A and B. The results were also confirmed with the
FUBAR method (43) by the detection of 280/281 sites with evi-
dence of purifying selection at a posterior probability of �0.9.
Earlier data for EVs (17, 22) were in line with our results, indicat-
ing unambiguously that the VP1 protein evolved under highly
conservative selection pressure, a situation in which the historical
occurrences of adaptive evolution are not easily detected (48).

Estimation of nonsynonymous substitutions along the
CVB5 phylogenetic backbone. We quantified the sequence vari-
ability of the VP1 protein among the CVB5 isolates (i.e., the vari-
ability among the leaves in the 1D gene phylogeny) to compare the
diversity of the two genogroups. The entropy analysis (Fig. 4A)
showed a greater number of variable amino acid sites in geno-
group A (n � 14) than in genogroup B (n � 3). More than 50% of
the variable sites in genogroup A clustered between amino acid
positions 75 and 108. This portion of the VP1 protein includes two
� sheets (B and C) and two amino acid loops, those connecting �
sheets B and C and � sheets C and D (Fig. 4B). We found phylo-
genetic evidence of an evolutionary role in the 1DVP1 phylogeny
for 15/17 variable sites (see below and Table 3). The evolutionary
pathway of the VP1 protein was investigated by estimating the
ancestral amino acid states of nodes within the 1DVP1 phylogeny
using the ancestral state reconstruction method implemented in
HyPhy (42). The method allowed the reconstruction of nonsyn-
onymous substitutions across the lineages of the two CVB5 geno-
groups. Nineteen nonsynonymous changes were reconstructed
along the backbone of the 1DVP1 phylogeny (Table 3). Within this
set of 19 substitutions, 12 occurred at nodes specifying the tree
topology of genogroup A, including nodes on the secondary
branches specifying the individual subgenogroups (Fig. 1). The
other set of seven substitutions occurred only on basal branches
within the tree topology of genogroup B (Fig. 1). Excluding rever-
sions at VP1 sites 273 and 279, amino acid changes at 10 codon
sites (positions 13, 19, 75, 85, 95, 108, 248, 272, 273, and 275) were
reconstructed at 27 different nodes, indicating parallel substitu-
tions (Table 3). At seven sites, the substitutions eventually resulted
in similar amino acid changes in different lineages of genogroups
A and B: R13P, Y75F, D85N, S95N, M108L, G273S, and T275T.
Parallel nonsynonymous substitutions resulted in different amino

acid residues among lineages at codon sites G19E/S, M108L/I,
E272K/D, and G273S/H/A. Parallel substitutions at codon sites
19, 95, 108, 272, and 273 occurred in different lineages of the two
genogroups.

Relationships between evolutionary changes in the CVB5
phylogenetic backbone and antigenic features. The antigenic
sites and the virus 3D structure are unknown in CVB5, but the
antigenic sites of the surface proteins of swine vesicular disease
virus (SVDV), a close relative of human CVB5 (49), have been
investigated in great detail by analyses of monoclonal antibody-
resistant mutants (50, 51). Seven neutralization sites named 1, 2A,
2B, 3A, 3B, 3C, and IV have been located in structures exposed at
the SVDV surface, of which sites 1, 3A, and IV are located in VP1.
The 3D structure of SVDV and of the closely related EV type
coxsackievirus B3 (CVB3) has been determined (52–54). We
identified antigenically significant amino acid residues in the VP1
proteins of CVB5 lineages by sequence comparison with SVDV
and CVB3 (Fig. 4). A number of nonsynonymous changes that
had been selected during the transmission of CVB5 strains deter-
mined the evolutionary pathway of genogroups A and B, as they
were found in or near two antigenic sites described in other picor-
naviruses. The evolution of subgenogroups A2, A3, and A4 was
determined by selection of amino acid variations within or near
SVDV antigenic sites 1 (D85N) and 3A (E272K and G273S). The
evolution of genogroup B was shaped by changes selected at three
residues within or near antigenic site 3A (G273S, D276E, and
T279A). Antigenic site 1 is located within the B-C loop of VP1, a
structure exposed near the 5-fold axis of the EV particles (6, 52,
54). Antigenic site 3A is made up of residues within the VP1 C
terminus, which is located on the virus top surface. The VP1 C
terminus flanks the outer surface of protein VP2 and partly sup-
ports its main projection. The amino acid change V156I in CVB5
genogroup B also occurred in an exposed residue that does not
belong to a known antigenic site in SVDV. The lineages of geno-
group B exhibit four major antigenic variations compared with
the sequences of the A2 and A3 subgenogroups.

DISCUSSION

The data presented in this study are, to our knowledge, the first
detailed description of population dynamics of two genogroups of
EVs estimated in an investigation combining analyses of phylog-
enies and selection. The distinct phylodynamic patterns of the two
CVB5 genogroups are remarkably reminiscent of the phylogenetic
differences between influenza A and B viruses (55). The phylody-
namic pattern of CVB5, particularly that of genogroup B, is caused

TABLE 2 Selection of demographic models for the Bayesian phylogenetic analysis of the CVB5 1DVP1 genea

Parameter

Genogroup A (n � 126) Genogroup B (n � 169)

Marginal likelihood
tMRCA
(calendar yr)

Mean substitution
rate (10�3

substitutions/site/yr)

Marginal likelihood
tMRCA
(calendar yr)

Mean substitution
rate (10�3

substitution/site/yr)PSb SSc PS SS

BSP �8,627.8152 �8,628.3069 1908 (1849–1948) 5.449 (3.69–7.367) �11,049.2201 �11,050.0717 1941 (1912–1962) 5.613 (4.54–6.615)
GMRF/BS �8,682.8956 �8,683.7626 1949 (1944–1952) 7.307 (6.097–8.56) �11,087.8397 �11,088.8417 1963 (1959–1966) 6.159 (5.383–6.968)
BD/SS �8,690.9063 �8,691.4030 1951 (1950–1952) 9.054 (7.748–10.428) �11,087.1253 �11,087.8962 1964 (1962–1966) 7.106 (6.182–8.024)
BD/BRN �8,697.4840 �8,697.9942 1951 (1950–1952) 9.059 (7.784–10.438) �11,091.9033 �11,092.6482 1964.5 (1962–1966) 7.212 (6.313–8.213)

a The phylogenetic reconstructions were done with the SRD06 substitution model and an uncorrelated relaxed clock model including an underlying exponential distribution with
the BEAST (v1.7.5) program. Abbreviations: n, number of sequences; BSP, Bayesian skyline plot; GMRF/BS, Gaussian Markov random fields Bayesian skyride; BD/SS, birth-death
serial sampling; BD/BRN, birth-death basic reproduction number. Years in parentheses are 95% HPD intervals.
b The log marginal-likelihood estimate was calculated with the path sampling (PS) method.
c The log marginal-likelihood estimate was calculated with the stepping-stone (SS) method.
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by epochal evolution, as described earlier in influenza A virus (47),
but the CVB5 pattern arises as a consequence of sporadic positive
immune selection of circulating strains, which is different from
the pattern of influenza A virus (56). Here, the 1DVP1 gene gene-
alogy indicated that genogroup A (tMRCA � 1908) exhibited sub-
stantial conservation of ancestral states in molecular characteris-
tics. It was also marked by an increased diversification into
multiple lineages in a recent period: subgenogroups A1 (tMRCA �
1992), A3 (tMRCA � 1994), and A4 (tMRCA � 2001). The oc-
currence of a second genogroup B in 1941 represented a signifi-

cant population split in CVB5, which suggested that the occur-
rence of amino acid changes in the VP1 capsid protein allowed the
novel strain to evade the host immunity induced by its predeces-
sor. Afterwards, the two genogroups coexisted through distinct
evolutionary histories, as estimated by the trees inferred with the
1DVP1 gene and 3CD locus. Multiple consistent lineages were in-
ferred from the 3CD genealogy, allowing a fine division of CVB5
into subgenogroups.

Main epidemiological factors of CVB5 transmission in Eu-
rope. The population genetic history of CVB5 essentially depicts
the spread of infections in Europe from the early 1990s to 2011
and shows three main transmission features. First, the spread of
CVB5 strains resulted in a complex epidemic pattern across
European countries. Taking into account the uncertainties of
tMRCA estimates, the CVB5 epidemics occurred 4 to 11 years
after the estimated divergence dates. As the temporal occurrence
of epidemics is not directly related to the divergence date of the
virus involved, this indicates that the availability of a large number
of susceptible individuals is a major factor (57). The distinctive
temporal increases in genetic diversity inferred for the two geno-
groups were consistent with the infection rates reported by public
health agencies in France (this study) and the United States (13).
For instance, the EV report for the United States indicated a sin-
gular CVB5 epidemic pattern with sharp increases at 3- to 6-year
intervals. Our data also emphasize the ability of coalescence-based
models (41) to depict the complex epidemic patterns of EV infec-
tions from genetic data, as reported earlier for other widespread
RNA viruses (58).

A second feature of our investigation is the interepidemic cir-
culation of CVB5 in Europe, as reflected by the maintenance of
low levels of genetic diversity between the estimated expansion
stages and monophyletic clusters including European viruses
sampled over long periods. Multiple factors are associated with
the long-term circulation of virus strains (59). In CVB5, the main-
tenance of sustained interindividual transmission chains over
countries, shown by the extensive geographical mixing in phylo-
genetic trees, is a likely consequence of the social and economic
exchanges between European countries (60). We earlier reported
the circulation of EV strains in the winter season (61), a factor
which can also contribute to maintenance of virus diffusion. De-
spite substantial epidemic shifts and troughs, the overall genetic
diversity of genogroup B increased from 1991 to 2011. For the
earlier time period, we cannot exclude the possibility that the dy-
namics of genogroup B was affected by sampling bias. The phylo-
dynamic pattern may also indicate a low transmission rate of
genogroup B virus strains across European countries until the late
1990s as a consequence of herd immunity against genogroup A
viruses over decades of earlier circulation. Of note, the two geno-
groups exhibited similar interepidemic genetic diversity by the
end of the study period.

A third important feature of CVB5 transmission is the cocir-
culation in Europe of virus strains of multiple subpopulations,
which resulted in an alternation of the prevailing genogroup in-
volved in the epidemic waves. The temporal occurrence and the
alternation of genogroups suggest the involvement of a nonran-
dom determinant. The phylodynamic patterns of other RNA vi-
ruses characterized by strong temporal structure and rapid strain
turnover (59) indicate partial cross immunity between strains.
This hypothesis is also suggested by multistrain epidemiological
models for echoviruses (62).

FIG 3 Global population dynamics reconstructed for the CVB5 genogroups.
(A) Bayesian skyline plot estimated with the entire 1DVP1 gene data set of 295
sequences indicating the variation of the genetic diversity (Ne�, where Ne is the
effective population size and � is the generation time [41]), a measurement of
the number of effective infections over time, as estimated with the CVB5 se-
quence sample. Black line, median posterior value; gray lines, 95% HPD inter-
vals. The y axis depicts the value of Ne� on a logarithmic scale. (B) Superim-
posed Bayesian skyline plots estimated separately with the 1DVP1 gene
sequences of the two CVB5 genogroups. The pattern shows the differences and
the alternation between the two genogroups over time. (C) Surveillance data
for CVB5 infections (black line) and strains (histogram bars) detected in
France between 2000 and 2010 and the subgenogroups prevailing over the
period.
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Molecular bases of the CVB5 evolutionary pathways in the
VP1 protein. We found contrasting patterns of nonsynonymous
substitutions in the evolutionary dynamics of the two CVB5 geno-
groups. First, these substitutions operated on different codon sets,
with the consequence that amino acid changes were distributed in
distinct parts of the VP1 protein between the two genogroups. The
only common evolutionary event was the amino acid change
G273S (at the VP1 C terminus). This pattern suggested that amino
acid toggling at specific positions played a limited role in CVB5

evolution and transmission over time, in contrast to earlier data
reported for EV71 subgenogroup C1 (21). Second, the nonsyn-
onymous substitutions were not distributed uniformly across the
tree topologies of genogroups A and B, and these variations are
unlikely to result from substantial differences in their nucleotide
substitution rates. In population genetics, the nonsynonymous
substitutions that usually shape the main backbone lineages are
particularly important because they represent mutations fixed
during the evolutionary pathway (60). Accordingly, the strains

FIG 4 Amino acid changes in the VP1 capsid protein of CVB5. (A) VP1 protein variability of genogroups A and B. Variability was calculated as the entropy for
each amino acid position. The difference in entropies between the sequences of the two genogroups was calculated. Significant differences (P � 0.05) are shown
in red. (B) The alignment shows the VP1 amino acid sequences reconstructed at key ancestral nodes for the major CVB5 lineages and the homologous sequences
of SVDV and CVB3. The CVB5 sequences were obtained with the ASR method (48). The sequence reconstructed for the root of the CVB5 tree is used as the
reference, and dots indicate amino acid similarities with the reference. CVB5-B nodes 1 and 2 are indicated in Fig. 1. Helices and strands determined in the 3D
structures of SVDV (52, 53) and CVB3 (54), assigned manually, are labeled and represented by different symbols: � and #, respectively. Residues located on the
external surface of particles of both SVDV and CVB3 are shown by asterisks. The SVDV antigenic sites are surrounded by dashed lines and include residues 83
and 84 (site 1), residue 256 (site IV), and residue 273 (site 3A) (50–52).
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which have the genetic features of the backbone lineage compose
the successful virus population effectively propagating over time,
in contrast to populations at the terminal lineages of a phyloge-
netic tree (see below), and positive selection is more likely to be
detected among these strains. The surviving lineage of genogroup
A was shaped by amino acid changes at nine codon sites, which
concurred to produce changes in the VP1 capsid protein (V7I,
A45S, Y75F, N85D, F89I, A90G, V99A, E272K, and G273S). Each
of the individual subgenogroups A was characterized by at least
one of these changes. The backbone lineage of genogroup B is
determined by nonsynonymous substitutions at seven sites; five
are located in the second half of the protein (V156I, M180I,
G273S, D276E, and T279A), and three of these cluster in the C
terminus and are exposed on the virus surface. Notably, all the
corresponding nonsynonymous substitutions were reconstructed
in the oldest part of the backbone in this genogroup, i.e., 50 to 70
years ago, which indicates that the most recent part of the lineage
has evolved only through the accumulation of synonymous sub-
stitutions. However, nonsynonymous substitutions become rela-
tively more common among the terminal lineages—short-lived
virus populations— of the CVB5 phylogenetic tree. Our analysis
of the amino acid variability in the CVB5 VP1 protein is in agree-
ment with this known feature of RNA virus evolution, suggesting
that most nucleotide substitutions are deleterious in terminal lin-
eages (63). In addition, we provide consistent evidence that geno-
group A displays a higher diversity than genogroup B because of a
greater number of variable amino acid sites. Overall, our data
indicate that genogroup A is still evolving at neutralizing antigenic
epitopes, while genogroup B has been experiencing a long anti-
genic stasis over the last 50 years.

The outstanding effect of CVB5 in causing recurrent annual
and seasonal epidemics of aseptic meningitis in Europe is due to
the changing prevalence between sequential lineages of two geno-
groups. Immune selection on distinct neutralizing antigenic sites
may play an important role in the temporal variations in virus
spread. This hypothesis is lent support by the occurrence of geno-
group B as a significant epidemic EV (while genogroup A was
already established as a widespread pathogen) and the alternate
epidemic pattern observed in Europe over the last 20 years. Both
features suggest that genogroup B virus strains acquired increased
properties for epidemic spread against genogroup A through par-
tial cross immunity. The resulting antigenic differences generated
partial cross immunity against the genogroups, with the evolu-
tionary consequence that a nonoverlapping virus strain structure
arose over time.
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VP1 amino acid residueb

Ancestral
residuec

Amino acid change(s) within CVB5 lineages and subgenogroupsd

Position Location A1 A234 A2 A3 A4 B012 B0 B1 B2

7 N terminus V V7I I7V (4)
13 N terminus R R13P R13P
19 N terminus G G19E G19S
45 N terminus A A45S
75 �B strand (�) Y Y75F F75Y
85 B-C loop, Ag site D D85N
89 �C strand (�) F F89I
90 �C strand (�) A A90G
95 C-D loop S S95N (2) S95N S95N S95N
99 C-D loop V V99A
108 	A-�D junction M M108L M108L, M108I M108L
156 E-F loop (�) V V156I
180 �G1 strand M M180I
248 �I strand V V248I (2)
272 C terminus (�) E E272K E272D
273 C terminus (�), Ag site G G273S G273S G273H G273A, S273G
275 C terminus (�) T T275A T275A
276 C terminus (�) D D276E
279 C terminus (�) T T279A A279T A279T
a Nonsynonymous substitutions were determined at key nodes of the CVB5 phylogeny with the ancestral state reconstruction (ASR) method with the Datamonkey web facility (42).
b The 15 positions indicated in bold were subject to amino acid changes. These changes occurred along the backbone or the secondary branches of the CVB5 phylogeny, and they
determined the evolutionary pathway of lineages. The structural features indicated were reported for other enteroviruses, in particular, swine vesicular disease virus (SVDV) and
coxsackievirus B3 (CVB3), as described earlier (52, 53, 54). �, amino acid positions exposed at the virion surface (see also figure 4B); Ag, antigenic.
c The ancestral states of the amino acid residues reconstructed for the root of the CVB5 phylogeny. All the substitutions indicated are given relative to the ancestral state.
d The amino acid changes were reconstructed at different nodes within CVB5 subgenogroups A1 to A4 and B0 to B2. The changes are also given at two important nodes, of which
one (named A234) is common to subgenogroups A2, A3, and A4 and the other (B012) is common to all subgenogroups B. The majority of amino acid changes were estimated once
in the phylogeny, with three exceptions, as indicated by the numbers in parentheses.
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