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Human enterovirus 71 (EV-71) is one of the major etiologic causes of hand, foot, and mouth disease (HFMD)
among young children worldwide, with fatal instances of neurological complications becoming increasingly
common. Global VP1 capsid sequences (n = 628) sampled over 4 decades were collected and subjected to
comprehensive evolutionary analysis using a suite of phylogenetic and population genetic methods. We
estimated that the common ancestor of human EV-71 likely emerged around 1941 (95% confidence interval
[CI], 1929 to 1952), subsequently diverging into three genogroups: B, C, and the now extinct genogroup A.
Genealogical analysis revealed that diverse lineages of genogroup B and C (subgenogroups B1 to BS and C1
to C5) have each circulated cryptically in the human population for up to 5 years before causing large HFMD
outbreaks, indicating the quiescent persistence of EV-71 in human populations. Estimated phylogenies showed
a complex pattern of spatial structure within well-sampled subgenogroups, suggesting endemicity with occa-
sional lineage migration among locations, such that past HFMD epidemics are unlikely to be linked to
continuous transmission of a single strain of virus. In addition, rises in genetic diversity are correlated with
the onset of epidemics, driven in part by the emergence of novel EV-71 subgenogroups. Using subgenogroup C1
as a model, we observe temporal strain replacement through time, and we investigate the evidence for positive
selection at VP1 immunogenic sites. We discuss the consequences of the evolutionary dynamics of EV-71 for

vaccine design and compare its phylodynamic behavior with that of influenza virus.

Enterovirus 71 (EV-71) is a member of the genus Enterovirus
in the family Picornaviridae. Classified as human enterovirus
species A (HEV-A) along with some group A coxsackieviruses
(CV-A), EV-71 is a small, nonenveloped, positive-stranded
RNA virus with a genome approximately 7,400 bases long and
is genetically most related to CV-A16. EV-71 is divided into
three major genogroups (denoted A, B, and C), and various
subgenogroups within genogroups B and C.

Since its first isolation in the United States in 1969 (71),
EV-71 has been identified worldwide as a common cause of
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hand, foot, and mouth disease (HFMD) in young children and
infants. Large EV-71-associated HFMD outbreaks have been
reported in the United States, Europe, Australia, and Asia and
constitute a significant and emerging threat to global public
health (9, 50, 62, 63). Although EV-71 infection manifests most
frequently as a mild, self-limited febrile illness characterized by
papulovesicular lesions on the hands, feet, oropharyngeal mu-
cosa, and buttocks, a small proportion of acute infections are
associated with fatal neurological symptoms, including brain
stem encephalitis, aseptic meningitis, and poliomyelitis-like
paralysis (4, 28, 47). Such cases of neurological disease with a
high case fatality rate were first reported in Bulgaria in 1975
(21) and Hungary in 1978 (52). However, large HFMD epi-
demics with high mortality rates resurfaced 2 decades later, in
Malaysia in 1997 (2, 13, 16, 43) and Taiwan in 1998 (33, 42).
Following these outbreaks, the Asia-Pacific region has experi-
enced more frequent large-scale EV-71-associated HFMD
epidemics—most with a high incidence of neurotropic infec-
tions and significant case fatality rates—and the virus has at-
tracted global attention (3, 5, 14, 15, 18, 37, 46, 48, 55, 57, 74,
81, 82). Intriguingly, almost all outbreaks reported in the Asia-
Pacific region during the last decade were caused by previously
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undefined EV-71 subgenogroups, raising questions about their
origin, genetic complexity, and epidemiological behavior.

The icosahedral particles of EV-71, which are structurally
similar to those of other members of the Picornaviridae, consist
of structural proteins (capsid proteins VP1 to VP4) assembled
as pentameric subunits (66). The VP1 protein is highly exposed
and usually targeted by host neutralizing antibodies, predispos-
ing the VP1 gene to constant immune selective pressure. This
selection may drive the adaptive evolution of the capsid region
of many enteroviruses, possibly resulting in amino acid fixa-
tions in virus populations (19, 45, 79). Because the VP1 gene of
enteroviruses is thought to play an important role in viral
pathogenesis and virulence (10, 12, 30), understanding the
tempo and mode of evolution of the capsid protein can provide
new insights into the epidemiological dynamics of EV-71 that
may be useful in predicting the genetic basis and periodicity of
future EV-71 epidemics and in facilitating the development of
an effective EV-71 vaccine candidate.

In this study, we investigated the evolutionary dynamics and
genetic history of EV-71. We estimate the dates of emergence
of various subgenogroups identified in recent HFMD out-
breaks. Using recently developed Bayesian methods of evolu-
tionary analysis, we estimate the divergence time of EV-71
from its closely related ancestor CV-A16, thereby providing a
date of origin for EV-71. We also reconstruct the global pop-
ulation dynamics of EV-71 over the past 40 years, revealing
temporal trends in genetic diversity within and between major
epidemics. Finally, despite finding little evidence of positive
selection in the VP1 capsid protein, we observed a pattern of
continuous strain and lineage replacement through time, with
strong selective pressure detected at several potentially immu-
nogenic sites. The impact of EV-71 evolution on the develop-
ment of an EV-71 vaccine is also discussed.

MATERIALS AND METHODS

Enterovirus 71 sequence collection and phylogenetic analyses. A total of 628
complete VP1 gene sequences with known collection dates between 1970 and
2008 were retrieved from GenBank (www.ncbi.nlm.nih.gov), corresponding to
virtually all reported EV-71 VP1 genes (as of mid-2008). The nucleotide se-
quences were isolated mainly from large HFMD outbreaks that occurred in the
last 4 decades in Asia, Europe, and America. The data set includes recently
described full-length EV-71 genomes sampled from Malaysia (85) and data
derived from the first EV-71 surveillance study in the United Kingdom (8).
EV-71 strains known to be associated with severe or fatal neurological compli-
cations in Europe, Malaysia, Taiwan, Vietnam, and China were also included.
Genogroup A was represented by the BrCr-CA-70 isolate, an early prototype
strain collected in 1970. Phylogenetic estimates of EV-71 genogroups B and C
and their respective subgenogroups were consistent among different phyloge-
netic approaches, specifically, maximum-likelihood (ML), neighbor-joining (us-
ing PAUP#, version 4.0 beta [78]) and the Bayesian Markov chain Monte Carlo
(MCMC) method (using BEAST [24], described below). All accession numbers
for the VP1 sequences are provided in Table S1 in the supplemental material. To
test for the presence of recombination in the VP1 gene, sequences were screened
using the Recombination Detection Program (RDP) version 3.27, under both the
default and triplet settings. RDP implements a combination of methods includ-
ing RDP, CHIMAERA, GENECONV, MAXIMUM X%, and 3Seq for recombi-
nation detection (we also used BOOTSCAN and SISTER SCANNING for
secondary scanning) (44). Potential recombinant sequences were suggested when
more than three methods showed significant support for recombination with a
Bonferroni-corrected P value cutoff of 0.05.

Bayesian MCMC evolutionary analyses. Rates of evolution, molecular clock
phylogenies, divergence times, demographic histories, and other evolutionary
parameters were jointly estimated from heterochronous VP1 gene sequences of
genogroups B and C (with sampling date ranges of 32 and 26 years, respectively)
using the Bayesian MCMC method implemented in BEAST, version 1.4.8 (24).
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To reduce excessive computational load, closely related sequences collected at
the same location and time point (i.e., from a single outbreak/source) were
manually removed without compromising the genetic or geographical heteroge-
neity of each alignment, resulting in a down-sampling of the genogroup B and C
data sets to 229 and 251 sequences, respectively. Bayesian MCMC analyses (36)
were performed using a relaxed molecular clock model (the uncorrelated log-
normal-distributed model [UCLD]) (22). Analyses were independently per-
formed using the Hasegawa-Kishino-Yano (HKY) (32) and general time-revers-
ible (GTR) (68) nucleotide substitution models, with a gamma-distributed
among-site rate variation with four rate categories (vy,) (84). Bayesian MCMC
analyses were repeated using the constant size and exponential growth models in
order to investigate the degree to which dating estimates are affected by the
demographic model chosen (23). Each Bayesian MCMC analysis was run for 20
million states and sampled every 10,000 states. Posterior probabilities were
calculated with a burn-in of 2 million states and checked for convergence using
Tracer, version 1.4 (64). The posterior distribution of the substitution rate ob-
tained from the heterochronous sequences was subsequently incorporated as a
prior distribution for the evolutionary rate of EV-71 genogroups B and C,
thereby adding a timescale to the phylogenetic histories of these strains and
enabling the times of their most recent common ancestors (tMRCA) to be
calculated (60). Bayesian skyline plots (25), which depict the relative viral genetic
diversity (g) through time, were estimated for genogroups B and C. Finally, to
investigate the phylogenetic relationships of EV-71 and the closely related CV-
A16, the divergence time of EV-71 from reference CV-Al6 strains (56) was
estimated using a coalescent approach similar to that described above.

Natural selection and adaptation. Selection pressure on the EV-71 VP1 gene
was investigated by estimating the ratio of nonsynonymous substitutions to syn-
onymous substitutions (dN/dS) using the codon-based phylogenetic method im-
plemented in CODEML (distributed in the PAML, version 4, package). To
investigate the difference in dN/dS on the trunk and terminal branches (see
Results section for definitions), we employed a branch-specific codon model that
defines two independent dN/dS ratios, one for the trunk and one for the terminal
branches. This lineage-specific codon model was estimated using maximum like-
lihood and was compared, using a likelihood ratio test (LRT) with one degree of
freedom, to a null model that assumes a uniform dN/dS ratio across all branches.

To chronologically trace the evolution of nonsynonymous changes throughout
the evolutionary history of EV-71 subgenogroup C1 (i.e., 1986 to 2006), we
reconstructed nonsynonymous changes from the heterochronous virus sequences
using a joint maximum-likelihood method (59), as implemented in HyPhy, ver-
sion 0.99 (58). Since the phylogeny used in this approach was the maximum clade
credibility (MCC) tree from the Bayesian MCMC molecular clock analysis, we
were able to estimate the time when each VP1 nonsynonymous substitution
occurred.

RESULTS

Phylogenetic relationships of EV-71 subgenogroups. Maxi-
mum-likelihood phylogenetic reconstructions of 628 VP1 gene
sequences, sampled between 1970 and 2008, classified the iso-
lates into three major genogroups, denoted A, B, and C. Geno-
groups B and C were each composed of distinct subgeno-
groups—Bl1 to B5 and C1 to C5—consistent with previously
assigned nomenclatures (Fig. 1) (1, 11, 14, 33, 38, 46, 48, 81).
Genogroup A (71), which no longer plays a role in contempo-
rary epidemics, was represented by a single prototype isolate
(BrCr-CA-70) located outside genogroups B and C (data not
shown). Phylogeographic analysis revealed that subgenogroups
B1 to BS, C1, C2, and C4 exhibit a global, cosmopolitan dis-
tribution, whereas the C3 and CS5 lineages are restricted to
Korea and Vietnam, respectively (Fig. 1). Cocirculation of
multiple subgenogroups has been observed in some countries,
for example, Malaysia, the United States, Taiwan, and Japan.
Early subgenogroups (Bl and B2) that caused major HFMD
epidemics in the 1970s and 1980s (4, 21, 52, 69) appear to have
been replaced (11) by new subgenogroups (B3, B4, and BYS)
that have since become predominant and circulate endemically
in the Asia-Pacific region, generating major EV-71-associated
HFMD outbreaks (Fig. 1A), including those with fatal neuro-
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FIG. 1. Phylogenies of human enterovirus 71 (EV-71) VP1 genes. The maximum-likelihood phylogenetic trees of EV-71 VP1 genes from
genogroup B and C are shown. Complete VP1 genes of genogroup B (n = 283) and C (n = 344) with known sampling dates (1972 to 2008) were
used. Each genogroup is classified into five subgenogroups, denoted Bl to B5 and C1 to CS5, respectively. The trees are midpoint rooted, and
significant bootstrap support values (=80%; 1,000 bootstrap replicates) are indicated by asterisks at major nodes. Scale bars signify a genetic
distance of 0.02 nucleotide substitutions per site. For clarity, the year of isolation of each sequence is not shown in this figure but is listed in Fig.
S1 and S2 in the supplemental material. Several C3- and C4-like isolates are also shown at the base of the C3 and C4 clusters, respectively.
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TABLE 1. Evolutionary characteristics of EV-71 genogroups B and C and their respective subgenogroups based on the VP1 gene

Divergence according to the indicated evolutionary model”

genolzyoz; and Year( Cﬁorj;1 tiso)lated Exponential growth (GTR++,) Constant size (GTR+vy,)
subgenogroup & Substitution Time of emergence Substitution Time of emergence
rate (CR)” (yr [CR]) rate (CR)” (yr [CR])
Genogroup B 4.5 (4.3-4.7) 4.6 (4.4-4.8)
B1 1972 (United States) 1966.8 (1964.7-1968.8) 1967.0 (1964.9-1968.9)
B2 1981 (United States) 1978.8 (1977.9-1979.8) 1978.9 (1977.9-1979.8)
B3 1997 (Malaysia) 1994.8 (1993.9-1995.7) 1994.7 (1993.6-1995.5)
B4 1997 (Malaysia) 1993.2 (1991.8-1994.6) 1993.2 (1991.7-1994.6)
B5 2003 (Japan) 2001.2 (2000.6-2001.8) 2001.2 (2000.6-2001.8)
Genogroup C 42 (4.0-4.4) 4.2 (4.0-4.4)
C1 1986 (Australia) 1983.3 (1982.3-1984.2) 1983.3 (1982.2-1984.2)
C2 1995 (Australia) 1992.9 (1991.5-1994.0) 1992.7 (1991.3-1993.9)
C3 2000 (Korea) 1998.8 (1998.2-1999.4) 1998.8 (1998.1-1999.2)
C4 1998 (Taiwan) 1992.8 (1991.0-1994.5) 1992.8 (1991.0-1994.6)
C5 2005 (Vietnam) 2002.8 (2001.9-2003.6) 2002.7 (2001.8-2003.6)

“ Based on relaxed (uncorrelated lognormal) coalescent inference. The 95% highest posterior density CRs are given in parentheses. See Materials and Methods for

further details of the estimation procedure.
b Substitution rates are expressed as 10~ substitutions per site per year.

logical cases in Malaysia and Taiwan (1, 48, 82). In contrast,
subgenogroup C1, which was first described in Australia and
the United States in the mid-1980s (Fig. 1B) (4, 70), has con-
tinuously been identified in various countries since its initial
detection. Later in the 1990s, the diversity of genogroup C
expanded significantly due to the emergence of a number of
novel subgenogroups in the Asia-Pacific region, including sub-
genogroups C2, C4, and C5 that have been associated with
fatal HFMD cases in Taiwan (1998) (33), China (2008) (5, 18),
and Vietnam (2005) (81), respectively. Expanded phylogenies
showing the isolate name, country of origin, and sampling time
for each sequence are provided in Fig. S1 and S2 in the sup-
plemental material. Additionally, rigorous recombination anal-
ysis showed a lack of recombination in the capsid-encoding
VP1 region, consistent with previous analyses on human en-
terovirus species (73).

Of note, EV-71 isolates belonging to the same subgeno-
group but sampled from different locations showed a complex
pattern of relatedness (except for subgenogroups C3 and CS,
which were sampled from only a single country). Within a
subgenogroup, clusters of sequences sampled from the same
location were observed, but these clusters were interspersed
with those from other locations. This suggests an intermediate
level of geographic gene flow, such that a particular subgeno-
group may endemically persist in diverse parts of the world,
with occasional movement of viral lineages among locations.
This also suggests that contemporary HFMD outbreaks in dif-
ferent countries caused by the same EV-71 subgenogroup may
be the result of different lineages and are less likely to have
been caused by the sequential transmission of a single lineage
between countries (72). In addition, a ladder-like tree structure
was observed within subgenogroups that were sufficiently sam-
pled in both time and space (B1 to B4, C1, C2, and C4) (Fig.
1). This characterizes trees in which viral sequences isolated at
early time points are located toward the tree root, while se-
quences collected later are found further from the root, to-
gether with limited genetic diversity observed at any one time.

Such phylogenetic patterns may suggest a process of temporal
strain replacement occurring on a global scale.

Evolutionary rate, time of subgenogroup emergence, and
origin of EV-71. Since the 1990s, seven novel subgenogroups
have been discovered in the Asia-Pacific region. To understand
the evolutionary behavior of EV-71, we estimated the dates of
origin of each subgenogroup using a Bayesian relaxed molec-
ular clock method, a newly developed approach that assumes
no a priori correlation between a lineage’s rate of evolution and
that of its ancestor (22). The evolutionary rate of the VP1 gene
was estimated to be 4.5 X 1073 to 4.6 X 1072 and 4.2 X 107>
substitutions/site/year for genogroups B and C, respectively
(Table 1). The estimated substitution rates for genogroups B
and C are similar and higher than those estimated using the
less statistically appropriate linear regression method previ-
ously used (11). Our analyses also indicated substantial hetero-
geneity in evolutionary rates among viral lineages, with an
estimated coefficient of variation of 0.44 (95% credible region
[CR], 0.28 to 0.57) and 0.39 (95% CR, 0.25 to 0.53) for geno-
groups B and C, respectively. Using the estimated molecular
clock, the common ancestor of subgenogroup B1 (first identi-
fied in 1972 in the United States) was dated to around 1967
(Table 1), that is, before the recognition of EV-71 as a human
pathogen. Other novel subgenogroups have since emerged,
i.e., in the late 1970s (B2), early to mid-1990s (B3 and B4), and
early 2000s (BS). When our estimates of origin are compared
with the dates of first detection of each subgenogroup, we find
that the divergent B subgenogroups typically circulated for
approximately 2 to 5 years before causing large HFMD out-
breaks (Table 1).

Similar results were obtained for genogroup C lineages; the
various subgenogroups within genogroup C were identified
only 1 to 5 years after their dates of common ancestry (Table
1). The evolutionary models employed in the coalescent anal-
yses had no significant effect on estimated dates (Table 1; see
also Table S2 in the supplemental material, where divergence
times obtained under two further models are provided). The
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FIG. 2. Origin of human enterovirus 71 (EV-71). (A) Phylogenetic relationships of EV-71 genogroups with coxsackievirus A16. Coxsackievirus
A16 sequences shown in the cladogram were previously reported by Perera et al. (56). (B) The date of the MRCA of EV-71 was estimated to be
1941.0 (95% CR, 1928.8 to 1952.2) using a relaxed molecular clock and an exponential population growth model (22), as implemented in BEAST

(24).

cryptic circulation of each EV-71 subgenogroup for years prior
to its detection suggests that (i) the virus was circulating at low
prevalence, such that the number of HFMD cases was small
and occasional or no deaths were reported, and/or (ii) infec-
tion symptoms were not severe during the course of infection
(17), thus attracting little or no attention.

Using the VP1 sequences from all genogroups, the time of
origin of EV-71—a probable descendant of the closely related
CV-Al6—was estimated to be 1941.0 (95% CR, 1928.8 to
1952.2) (Fig. 2). Our analyses suggest that EV-71 is a relatively
recent human pathogen that emerged in the mid-20th century
(51). Marginal-likelihood analysis (77) showed that a demo-
graphic model of exponential growth fits the VP1 data set
better than a model of constant population size (log,, Bayes
factor, 7.6).

Dynamics of population growth. Bayesian skyline plot anal-
yses (25) were performed to reconstruct the past population
history of EV-71 by measuring the dynamics of VP1 genetic
diversity over time (Fig. 3). Sharp but transient increases in
relative genetic diversity (g) were observed for genogroup B in
the late 1990s. These correspond to the period when large-
scale HFMD outbreaks were reported in Malaysia, Taiwan,
and other countries in the Asia-Pacific region, during which
subgenogroups B3 and B4 were originally described (1, 82).
Prior to this, irregular cycles in genetic diversity can be ob-
served between early 1970s and mid-1980s, perhaps reflecting
the swift but sporadic occurrence of EV-71 outbreaks in vari-
ous parts of the world, which were mainly caused by subgeno-
groups B1 or B2 although these earlier trends are less statis-
tically significant. Crucially, the dynamics of the skyline plot
are largely in agreement with the global surveillance data of
laboratory-confirmed EV-71 cases (Fig. 3B) longitudinally re-
corded over the past 4 decades (9), suggesting that elevation in
genetic diversity is correlated with EV-71 epidemics, as has
been previously observed for the human influenza A virus (65).

Likewise, skyline plot estimation based on the VP1 gene of
genogroup C revealed a significant rise in genetic diversity
around 1985, coinciding with the emergence of C1 (Fig. 3).
Interepidemic viral diversity of genogroup C was maintained
until major HFMD outbreaks (driven primarily by subgeno-
group C2) occurred in Taiwan in 1998 (33).

Natural selection and adaptation in VP1. To investigate the
extent of selective pressure on the VP1 gene of EV-71, we
estimated the ratio of nonsynonymous to synonymous substi-
tution using a codon-based method. Maximum-likelihood anal-
yses showed that the evolution of EV-71 is driven by strong
purifying selection, with estimates of mean dN/dS values rang-
ing from 0.029 to 0.075 for all subgenogroups (except B3, for
which the mean dN/dS is significantly higher) (Table 2). This
strong signal of negative selection is perhaps surprising, given
that estimates of EV-71 VP1 substitution rates are similar to
those observed for the surface glycoproteins of the influenza
virus (26) and HIV-1 (67), which show evidence of repeated
positive selection. Nonetheless, some individual sites under
positive selection were detected in well-sampled subgeno-
groups, including B2, B3, B4, C1, and C2, and are located at
positions 145 (P < 0.05), 98 (P < 0.05), 237, and 241 (P < 0.05)
(Table 2).

As mentioned above, maximum-likelihood phylogenies of
EV-71 subgenogroups are characterized by a ladder-like struc-
ture resulting from the continual turnover of viral lineages
through time (Fig. 1). Branches in such phylogenies can be
distinguished as either trunk or terminal branches. Mutations
that occur on trunk branches may contribute to the persistence
and survival of viral lineages through time, whereas those on
the terminal branches are transient and not observed at later
time points. We therefore studied whether the pattern of adap-
tive evolution for subgenogroup C1 differed between these sets
of branches. We define “core trunk” branches as those con-
necting the tree root to the MRCA of the most recently sam-
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TABLE 2. Selection analysis of the VP1 gene for various
EV-71 subgenogroups

Positive selection site data”

Subgenogroup Mean dN/dS (CI)” N Normalized
Position dN — dS P value
Bl 0.036 (0.025-0.049) NA
B2 0.063 (0.046-0.084) 145 19.849 0.0078
B3 0.172 (0.128-0.226) 145 38.285 0.0112
237 23.138 0.0899
B4 0.075 (0.059-0.094) 98 3.616 0.0706
145 16.695 <0.0001
241 4.260 0.0146
BS 0.050 (0.023-0.093) NA
Cl1 0.039 (0.031-0.048) 98 2.980 0.0282
145 3.264 0.0248
C2 0.054 (0.039-0.072) 241 3.247 0.0979
C3 0.074 (0.023-0.171) NA
C4 0.029 (0.021-0.040) NA
C5 0.047 (0.020-0.091) NA

“ CI, 95% confidence interval.
® NA, not applicable.

pled isolates, and we defined terminal branches as those at the
tree tips (Fig. 4A). In addition, we defined a set of secondary
trunk lineages as those that immediately branch off the core
trunk lineage and that persist for an intermediate period of
time (~4 to 9 years).

Lineage-specific codon-based analyses of subgenogroup C1
VP1 genes revealed a significantly lower dN/dS ratio for the
trunk lineages (0.030 = 0.009) than for the terminal lineages
(0.064 = 0.008) (P = 0.055). This is best explained by a com-
bination of strong purifying selection on all lineages, as pro-
posed above, combined with a greater occurrence of transient
deleterious mutations on terminal branches than on trunk
branches. This is in agreement with the conclusions of a com-
parative study that found the same pattern in most RNA vi-
ruses (61). Interestingly, we found instances of repeated non-
synonymous substitution in the same codon on different
terminal lineages (see Table S3 in the supplemental material).
For instance, the VP1 position 98 underwent frequent amino
acid replacements (e.g., E98K/G, n = 13; KO8N, n = 1) on
terminal lineages, but no changes at this site were found on the
trunk lineages. These amino acid changes were unidirectional,
from glutamic acid to lysine (or sometimes to glycine), which is
unlikely to occur by chance. Positions 1, 145, and 289 also
showed repeated amino acid replacements on terminal lin-
eages, but the changes were less directional than those at
position 98. The finding suggests that the maintenance of glu-
tamic acid at position 98, which is completely exposed on the
VP1 capsid surface and thus potentially immunogenic (66),
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might be important for the long-term persistence of subgeno-
group C1. Two nonexclusive hypotheses might help to explain
this observation: (i) the E98K/G substitution directly reduces
viral fitness, leading to lineage extinction, or (ii) the E98K/G
substitution is an adaptive/epistatic change associated with mu-
tations elsewhere in the EV-71 genome or with infection con-
ditions such as hyperimmune responses exerted by the host. Of
note, amino acid substitutions observed in our analysis are
unlikely to be a cell culture artifact because, in most laboratory
settings, PCR and sequencing are usually performed directly
on clinical specimens (75) or low-passage virus isolates (1, 2),
limiting the possibility that cell culture-adapted mutations are
generated (20). Furthermore, studies by Bible and colleagues
have shown that virus cultivation in cell cultures may have
negligible influence on the native sequence of the VP1 gene
(8). Our results suggest the need for further studies to eluci-
date the biological properties of EV-71 immunogenic sites.

We also chronologically traced trunk lineage-specific non-
synonymous mutations in the VP1 gene of subgenogroup C1
from 1983 to 2006 (including mutations on core and secondary
trunk branches) (Fig. 4; see also Table S3 in the supplemental
material). Only 14 nonsynonymous substitutions are observed
on the trunk branches, and they occur at 10 different sites.
These mutations are candidates for the changes that may de-
termine viral survival and persistence, possibly by generating
antigenic novelty. Interestingly, we found reversed change, or
“toggling,” of amino acids in the VP1 gene. For instance,
glutamic acid at position 145 changed to glutamine in 1985 to
1986 and later reverted to glutamic acid in 1988 to 1989;
isoleucine at position 262 was replaced by valine in 1990 to
1994 and returned to isoleucine in 1997 to 1999; alanine at
position 289 changed to threonine in 1994 to 1996 and reverted
to alanine in 1998 to 2005. Moreover, most of this amino acid
toggling occurred on the core trunk branches, and changed
residues persisted for about 3 to 5 years (Fig. 4). It is therefore
essential to understand how the occurrence of these changes
may be correlated with the epidemiology of EV-71 outbreaks,
which typically occur in a periodic manner.

DISCUSSION

This study establishes the early origin, spatiotemporal diver-
gence, and epidemiological dynamics of EV-71 for the first
time, providing new insights into virus-host interactions and
disease periodicity. We reconstructed the epidemic history of
EV-71 and found that the virus is a recently emerged pathogen
that originated around the mid-20th century. Using the relaxed
molecular clock and coalescent approaches, we conclude that
EV-71 subgenogroups have been circulating cryptically in hu-

FIG. 3. The genetic diversity dynamics of EV-71 genogroups B and C. (A) Bayesian skyline plot estimates depicting the past genetic diversity
dynamics through time of EV-71 genogroups B and C. The plot for genogroup B shows a sharp rise in relative genetic diversity in the late 1990s.
Other increases can be seen in the early 1970s and mid-1980s. The putative EV-71 subgenogroups that are proposed to be implicated in escalating
genetic diversity are indicated by arrows. Similarly, the plot for genogroup C shows sharp rises in genetic diversity in the mid-to-late 1980s and late
1990s. (B) The global reporting of EV-71 infections from the 1970s to 2008, compiled from the published literature (see Table S4 in the
supplemental material), suggests that at least three independent waves of major outbreaks—one in each decade—have occurred worldwide since
1970. These episodes of outbreaks are indicated by gray shading in all plots. Country names are abbreviated as follows: US, United States; AU,
Australia; JP, Japan; BU, Bulgaria; FR, France; HK, Hong Kong; TW, Taiwan; MY, Malaysia; SG, Singapore; CN, China; KR, Republic of Korea;

VN, Viet Nam; HU, Hungary; MN, Mongolia; BN, Brunei.
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FIG. 4. Evolutionary dynamics of EV-71 subgenogroup C1. (A) Molecular clock phylogeny of EV-71 subgenogroup C1, longitudinally sampled
between 1986 and 2006. The phylogeny branch lengths are in units of time. The trunk lineages (which include both core and secondary trunk
lineages) are drawn thicker than the terminal lineages; all tip branches are colored according to their countries of isolation. Clusters of secondary
trunk and terminal lineages are annotated by dashed horizontal lines, and the ranges of sampling time for these isolates are shown, below which
the duration in years of the secondary trunk lineage is shown in parentheses. The subgenogroup C1 phylogeny shows temporal strain replacement
(a ladder-like topology; also seen in the ML phylogeny). (B) An illustration of the temporal amino acid evolution of the VP1 gene for
subgenogroup C1. Observed amino acid substitutions are plotted against their estimated times of occurrence, as obtained from the molecular clock
phylogeny in panel A using the joint ML method implemented in HyPhy.
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man populations for years before causing large-scale HFMD
outbreaks. Despite our large sample size, we cannot at present
exclude the possibility that currently available virus diversity
may underestimate the date of EV-71 origin, a problem that
can be resolved by sequencing of more archival samples (80).
Thus, the estimated divergence times in this study could be
more recent than the actual dates of outbreak origin. Fortu-
nately, we found no evidence of homologous recombination
within our data sets, suggesting that our evolutionary analyses
(which do not explicitly incorporate recombination) are un-
likely to be strongly affected in this instance. Furthermore, the
correspondence between our inferred genetic diversity dynam-
ics and known epidemiological trends is reassuring. Although
potential biases in estimation can arise from model misspeci-
fication (34, 53), they have likely been avoided here by the use
of highly flexible models such as the relaxed clock and skyline
plot. However, since recombination outside the VP1 region
has been reported (73), our divergence dates should be con-
sidered specific to VP1 and may not be applicable to other
genome regions.

Persistence in genetic diversity between epidemic peaks, as
illustrated by the Bayesian skyline plots (Fig. 3), suggests that
human populations sustain EV-71 transmission at low levels
without triggering huge epidemics (65). Further, the increase
in genetic diversity—most evident in the late 1990s—is likely a
consequence, at least in part, of the emergence of heteroge-
neous EV-71 subgenogroups. Together, our data show that the
genetic diversity dynamics of EV-71 are associated with the
emergence of new subgenogroups and can be used to reflect
past HFMD outbreaks.

When a phylogeny of longitudinally sampled subgenogroup
Cl1 isolates is compared with a comparable human influenza
virus A phylogeny (subtype H3N2; hemagglutinin gene; iso-
lates sampled between 1985 and 2007 from six Asian coun-
tries), we note some similarities between the evolutionary dy-
namics of the two viruses (Fig. 5A). Both phylogenies are
characterized by temporal structure with continuous strain re-
placement through time although strain replacement is per-
haps more vigorous for influenza virus. For influenza virus, the
low level of host cross-immunity among antigenic types is
thought to generate, at the population level, positive selection
for immune escape variants (termed antigenic drift). This pro-
cess has been linked to the strongly temporal shape of influ-
enza virus phylogenies, with limited genetic diversity at any one
time (29, 76).

Although influenza virus-like antigenic evolution is one pos-
sible explanation of the observed EV-71 phylogeny shape, it is
not without problems. Other enteroviruses, notably poliovirus,
have remained antigenically stable for many years. Further-
more, it is possible that the temporal structure of the EV-71
phylogeny results from cyclical epidemic dynamics that do not
depend on antigenic escape from host immunity. Specifically,
gradual accumulation of susceptible hosts through birth (40)
and low EV-71 seroprevalence or seroconversion rates at the
population level (17, 42) may trigger large-scale viral transmis-
sion once a threshold density of susceptible hosts is reached.
Intriguingly, EV-71 outbreaks do appear to show a cyclical
pattern, occurring about every 2 to 3 years. In Japan, for
instance, oscillation in EV-71 infections has been documented
over the last 3 decades (Fig. 5B), and a similar trend has also
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FIG. 5. Adaptive evolution and periodicity of EV-71. (A) Phylog-
eny of the longitudinally sampled EV-71 subgenogroup C1, together
with a comparable phylogeny of the human influenza A virus. Popu-
lation sequences from 73 individuals of the human influenza A virus
(subtype H3N2) hemagglutinin (HA) gene (~1.7 kb) isolated from six
countries across Asia and sampled between 1985 and 2007 were down-
loaded from the NCBI’s Influenza Virus Resource (7). Trees were
plotted using PAUP*, version 4.0 beta (78), and scale bars represent
0.02 nucleotide substitutions per site. (B) The annual incidence of
EV-71 infections in Japan from 1982 to 2008. EV-71 isolations/detec-
tions are reported by public health institutes and compiled by the
Infectious Disease Surveillance Center (IDSC) of the National Insti-
tute of Infectious Diseases, Tokyo (idsc.nih.go.jp/iasr/index).
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been observed recently in Malaysia (57). Whether antigenic
evolution is important in causing these cycles is a key area of
uncertainty. Clearly, further research is needed to understand
the dynamic relationships between the virus, its hosts, and the
environment; this will require integration of population and
exposure data before the onset of disease with comprehensive
sequencing of pathogen and host genomes in large-scale pro-
spective birth cohorts over an adequate period of time (41).
The selection for immune escape variants in influenza virus
presents a major challenge to the development of an effica-
cious vaccine that elicits broadly neutralizing antibodies
against the virus (35). Although current influenza virus vac-
cines can limit illness, they must be regularly updated to match
the influenza virus variants that are “predicted” to constitute
future global epidemics (31). Little is known about EV-71
genetic diversity; however, if it does exhibit influenza virus-like
antigenic drift, then the strategies adopted in developing an
influenza virus vaccine may be relevant for EV-71. Developing
an EV-71 vaccine may present a daunting challenge if actively
circulating subgenogroups are antigenically distinct. Multiple
EV-71 subgenogroups can cocirculate during an outbreak (1,
46, 82), and rapid switching among subgenogroups has become
increasingly common, perhaps caused by virus importation,
evolution of novel lineages, or other factors (14, 39, 48, 57, 82).
Although broadly neutralizing antibodies against selected
EV-71 subgenogroups have been reported in animal models (6,
27,49, 54, 83), the degree of cross-protection and the potential
for EV-71 escape evolution in humans remain uninvestigated
and unknown. Therefore, addressing the dynamic relationships
between the rapidly evolving EV-71 and its human hosts is
critical in gaining a better understanding of the disease.
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