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The species Human enterovirus B (HEV-B) in the family Picornaviridae consists of coxsackievirus A9;
coxsackieviruses B1 to B6; echoviruses 1 to 7, 9, 11 to 21, 24 to 27, and 29 to 33; and enteroviruses 69 and 73.
We have determined complete genome sequences for the remaining 22 HEV-B serotypes whose sequences were
not represented in public databases and analyzed these in conjunction with previously available complete
sequences in GenBank. Members of HEV-B were monophyletic relative to all other human enterovirus species
in all regions of the genome except in the 5�-nontranslated region (NTR), where they are known to cluster with
members of HEV-A. Within HEV-B, phylogenies constructed from the structural (P1) and nonstructural
regions of the genome (P2 and P3) are incongruent, suggesting that recombination had occurred. Similarity
plots and bootscanning analysis across the complete genome identified multiple sites at which the phylogeny
of a given strain’s sequence shifted, indicating potential recombination points. These points are distributed in
the 5�-NTR and throughout P2 and P3, but no sites with >80% bootstrap support were identified within the
capsid. Individual sequence comparisons and phylogenetic analyses suggest that members of HEV-B have
recombined with one another on multiple occasions, resulting in a complex mosaic of sequences derived from
multiple parental viruses in the nonstructural regions of the genome. We conclude that RNA recombination is
a common mechanism for enterovirus evolution and that recombination within the nonstructural regions of the
genome (P2 and P3) has been observed only among members of the same species.

The human enteroviruses were originally classified into four
categories on the basis of human disease and virulence/patho-
genesis in intracranially inoculated suckling mice: (i) poliovi-
ruses (PV; agents of human poliomyelitis, PV are generally not
pathogenic in mice), (ii) coxsackie A viruses (CAV; associated
with human central nervous system disease and herpangina,
CAV cause flaccid paralysis in mice), (iii) coxsackie B viruses
(CBV; associated with human central nervous system and car-
diac disease, CBV cause spastic paralysis in mice), and (iv)
echoviruses (E; not pathogenic in mice and originally not as-
sociated with known human disease) (11, 43). It quickly be-
came apparent, however, that this scheme was inadequate for
the classification of human enteroviruses, because viruses
pathogenic in mice were isolated that were serotypically iden-
tical to known echoviruses, and the echoviruses were soon
shown to be associated with a wide range of human diseases (9,
11). Thereafter, new human enterovirus serotypes were simply
named “enterovirus” and numbered sequentially, starting with
EV68 (46, 80). A total of 64 serotypes are currently recognized
(34), and additional serotypes have been proposed (53, 54, 57).
In the present classification scheme, which takes into account
both biological and molecular properties of the viruses, the
human enteroviruses are divided among five species: (i) Polio-
virus (PV1 to PV3), (ii) Human enterovirus A (HEV-A; CAV2
to CAV8, CAV10, CAV12, CAV14, CAV16, and EV71), (iii)

HEV-B (CAV9, CBV1 to CBV6, E1 to E7, E9, E11 to E21,
E24 to E27, E29 to E33, and EV69 and E73), (iv) HEV-C
(CAV1, CAV11, CAV13, CAV15, CAV17 to CAV22, and
CAV24), and (v) HEV-D (EV68 and EV70) (34). The close
genetic relationship between the polioviruses and members of
HEV-C suggests that they should be considered a single spe-
cies (4, 26, 62).

The enterovirus genome is a single-stranded, polyadenyl-
ated, positive-sense RNA of ca. 7.4 kb, with a 22-amino-acid
virus-encoded protein (3BVPg) covalently linked to the 5� end.
Flanked by 5�- and 3�-nontranslated regions (NTRs), the single
long open reading frame encodes a polyprotein of ca. 2,200
amino acids that is processed during and after translation by
viral proteases to yield the mature viral polypeptides. The P1
region encodes the capsid proteins 1A to 1D (VP4, VP2, VP3,
and VP1, respectively). P2 encodes a protease, 2Apro, and two
proteins involved in RNA replication and shutdown of host cell
expression, 2B and 2C. The 3BVPg precursor (3AB), the major
viral protease (3Cpro), and the RNA-dependent RNA poly-
merase (3Dpol) are encoded in the P3 region. Complete ge-
nome sequences were previously available for CAV9, for each
of the six CBV serotypes, for echoviruses 1, 5, 6, 9, 11, 12, 18,
and 30, and for EV73, but only partial sequences were avail-
able for the remaining 21 members of HEV-B. Phylogenetic
analyses of available sequences have shown that the members
of HEV-B are closely related to one another in multiple re-
gions of the genome (26, 55, 56, 62), but the full extent and
details of the relationship have not been described.

Picornavirus genetic recombination was originally identified
in poliovirus, the prototype enterovirus (25, 36), and was also
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shown to occur in picornaviruses of other genera (63). Both
replicative (template-switching) and nonreplicative (strand
breakage and rejoining) mechanisms have been proposed, and
both mechanisms are supported by in vitro experimental stud-
ies (20, 35). The most detailed studies of enterovirus recom-
bination during natural infection and circulation have been
with wild or vaccine-derived polioviruses (7, 12, 19, 28, 38).
Analysis of available enterovirus complete genome sequences
has suggested that recombination also plays a role in the evo-
lution of the nonpolio enteroviruses (1, 58, 72). We present
here the first analysis of the complete genome sequences of all
members of HEV-B. Individual sequence comparisons and
phylogenetic analyses suggest that members of HEV-B have
recombined with one another on multiple occasions, resulting
in a complex mosaic of sequences in the nonstructural regions
of the genome.

MATERIALS AND METHODS

Viruses. The prototype strains of echoviruses 2 to 4, 6 to 7, 13 to 17, 19 to 21,
24 to 27, and 29, 31 to 33 and of EV69 were obtained as National Institutes of
Health research reference reagents from the National Institute of Allergy and
Infectious Diseases (Bethesda, Md.) (Table 1) and propagated in cell culture by
standard methods (52). These materials are now distributed by the American
Type Culture Collection (Manassas, Va.).

Nucleotide sequencing. Complete genomic sequences were determined for
each of the 22 strains indicated in Table 1, including 21 serotypes not previously
available and the E6 prototype strain, D’Amori. During the course of this work,
a complete sequence also became available for E7-Wallace (8). Overlapping
fragments representing each complete viral genome were amplified by reverse
transcription-PCR with degenerate, inosine-containing primers designed to an-
neal to sites encoding amino acid motifs that are highly conserved among en-
teroviruses. Specific, nondegenerate primers were designed from preliminary
sequences to close gaps between the original PCR products. The PCR products
were purified for sequencing by using a High-Pure PCR product purification kit
(Roche Molecular Biochemicals, Indianapolis, Ind.). Both strands were se-
quenced by automated methods with fluorescent dideoxy-chain terminators (Ap-

TABLE 1. Viruses analyzed

Typea Strain Locationb Yr Accession no.c Reference(s)d

CAV9 Griggs USA/MA NKe D00627 6, 45, 67
CBV1 Conn-5 USA/CT 1948 M16560 14, 50
CBV2 Ohio-1 USA/OH 1947 AF085363 14, 49
CBV3 Nancy USA/CT 1949 M16560 14, 48
CBV4 JVB USA/NY 1951 X05690 14, 74
CBV5 Faulkner USA/KY 1952 AF114383 74
CBV6 Schmitt PHL 1953 AF105342 23
E1 Farouk EGY 1951 AF029859 42, 45, 47
E2* Cornelis USA/CT 1951 AY302545 42, 45
E3* Morrisey USA/CT 1951 AY302553 42, 45
E4* Pesacek USA/CT 1951 AY302557 42
E5 Noyce USA/ME 1954 AF083069 42, 45
E6* D’Amori USA/RI 1955 AY302558 15, 42
E7* Wallace USA/OH 1953 AY302559f 64, 66, 78
E9 Hill USA/OH 1953 X92886 64, 66, 78
E11 Gregory USA/OH 1953 X80059 13, 64, 66, 78
E12 Travis PHL 1953 X79047 10, 22
E13* Del Carmen PHL 1953 AY302539 10, 24
E14* Tow USA/RI 1954 AY302540 11, 44
E15* CH 96-51 USA/WV 1951 AY302541 11, 59
E16* Harrington USA/MA 1951 AY302542 11, 30
E17* CHHE-29 MEX NKg AY302543 11, 78
E18 Metcalf USA/OH 1955 AF317694 11, 65, 78
E19* Burke USA/OH 1955 AY302544 11, 65
E20* JV-1 USA/DC 1956 AY302546 70
E21* Farina USA/MA 1950 AY302547 67
E24* DeCamp USA/OH 1956 AY302548 79
E25* JV-4 USA/DC 1957 AY302549 70
E26* Coronel PHL 1953 AY302550 23
E27* Bacon PHL 1953 AY302551 23
E29* JV-10 USA/DC 1958 AY302552 60, 69
E30 Bastianni USA/NY 1958 AF162711 60, 61
E31* Caldwell USA/KS 1955 AY302554 60, 77
E32* PR-10 PUR 1961 AY302555 3, 60
E33* Toluca-3 MEX 1959 AY302556 68
EV69* Toluca-1 MEX 1959 AY302560 51
EV73 Henderson USA/CA 1955 AF241359 57

a Strains sequenced in the present study are indicated by an asterisk.
b Locations are indicated by three-letter country code and, for the United States (USA), by two-letter state codes. EGY, Egypt; MEX, Mexico; PHL, Philippines;

PUR, Puerto Rico.
c GenBank accession number for complete genome sequence.
d Reference(s) for original isolation and characterization of the prototype strain.
e NK, year not known. CAV9-Griggs (sometimes called Grigg) first appeared explicitly in the literature in 1955 (45).
f Our E7-Wallace sequence differed from the published sequence AY036579 (8) at 11 sites: 1 in the 5�-NTR, 9 in the capsid region, and 1 in 2A. Four of the capsid

differences were synonymous transitions. The remaining capsid differences and the difference in 2A resulted in amino acid changes, all of which were in regions that
are highly variable among the viruses in HEV-B. The difference in the 5�-NTR also occurred at a site that is highly variable, suggesting that the discordant sequences
may be due to differences in passage history of the viruses sequenced in the two laboratories.

g NK, year not known. E17-CHHE-29 first appeared explicitly in the literature in 1957 (11).
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plied Biosystems, Foster City, Calif.). The complete genome sequences for
CAV9, CBV1 to CBV6, E1, E5, E9, E11, E12, E18, and E30 were obtained from
GenBank. The sequence of EV73 was previously determined in our laboratory
(57).

Sequence analysis. The pairwise sequence identities among the nucleotide and
deduced amino acid sequences of all of the HEV-B serotypes were calculated by
using the programs Gap and Distances (Wisconsin Sequence Analysis Package,
version 10.2; Genetics Computer Group, Inc., Madison, Wis.). Nucleotide se-
quences were aligned by using the Pileup program (Wisconsin Package) and
adjusted manually to conform to the optimized alignment of deduced amino acid
sequences. The overall variability in the amino acid sequences was visualized by
using the Wisconsin Package program, Plotsimilarity, with a window size of 10
residues advanced along the polyprotein alignment in one-residue steps. Phylo-
genetic relationships were inferred from the aligned nucleic acid sequences by
the neighbor-joining method implemented in the programs DNADist and Neigh-
bor (PHYLIP [Phylogeny Inference Package], version 3.57; University of Wash-
ington, Seattle) using the Kimura two-parameter substitution model (31) and a
transition/transversion ratio of 10. Support for specific tree topologies was esti-
mated by bootstrap analysis with 1,000 pseudoreplicate data sets. Branch lengths
in consensus trees were calculated by the maximum-likelihood quartet-puzzling
method, using the nucleotide substitution model of Tamura and Nei (76) as
implemented in Tree-Puzzle 5.0 (75). Similarity plots depicting the relationships
among the aligned nucleotide sequences were generated by using SimPlot, ver-
sion 3.2 beta (39). Similarity was calculated in each window of 200 nucleotides by
the Kimura two-parameter method (31) with a transition/transversion ratio of 10.
The window was successively advanced along the genome alignment in 20-
nucleotide increments. To assess potential recombinational relationships,
aligned sequences were subsequently analyzed by using the bootscanning method
implemented in SimPlot. Phylogenetic trees were generated for each 200-nucle-
otide window by the neighbor-joining method, with DNADist and Neighbor, and
the bootstrap values for all possible sequence comparisons were plotted as a
function of genome position.

Nucleotide sequence accession numbers. The sequences reported here were
deposited in the GenBank sequence database under accession numbers
AY302539 to AY302560.

RESULTS

General genome features. The 22 newly sequenced genomes
vary in length from 7,394 nucleotides (E4 and E33) to 7,451
nucleotides (E14), which is within the length range among the

previously sequenced HEV-B genomes (7,348 to 7,452 nucle-
otides). The genomes of all of the HEV-B viruses contain 46.4
to 48.7% G�C residues.

Noncoding region comparisons. The 5�-NTR sequences are
738 to 750 nucleotides long and differ from one another by 5 to
23% (Table 2), with E12 and E32 the most distant from one
another. Forty-seven percent of the 5�-NTR residues are in-
variant among all of the viruses, and almost 30% (101 of 356)
of the variable sites are concentrated in the hypervariable
region, the 80 to 110 residues immediately upstream of the
initiation codon (data not shown). Structural elements that are
important for the function of the internal ribosome entry site
are well conserved among the HEV-B serotypes (data not
shown). Previous studies have demonstrated the existence of
two clusters of 5�-NTR sequences among the human entero-
viruses (26). The viruses of HEV-C and HEV-D comprise
5�-NTR cluster I, whereas HEV-A and HEV-B make up clus-
ter II. The HEV-B 5�-NTRs are 77 to 95% identical to one
another and 79 to 88% identical to that of CAV16 (HEV-A)
but only 68 to 73% identical to those of PV1 (HEV-C) and
EV70 (HEV-D) (Table 2), a finding consistent with the previ-
ously described clusters. The 3�-NTRs of all of the viruses are
similar in length, 102 to 109 nucleotides, and are 70 to 99%
identical to one another but only 42 to 62% identical to those
of representatives of other human enterovirus species (Table
2).

Coding region comparisons. Similarity plots, pairwise se-
quence comparisons, multiple alignments, and phylogenetic
reconstruction were used to examine the relationships among
the sequences of the species B enteroviruses and to compare
HEV-B sequences to those of other enterovirus species. The
deduced HEV-B polyprotein sequences varied in length from
2,182 to 2,202 amino acids. The predicted proteolytic cleavage
sites within the deduced polyproteins of the newly sequenced

TABLE 2. Nucleotide and amino acid sequence comparisons of HEV-B strains to one another and to representatives of
HEV-A, HEV-C, and HEV-Da

Regionb
% Identity (range)

HEV-B HEV-A (CAV16) HEV-C (PV1) HEV-D (EV70)

5�-NTR 76.9–95.0 79.2–88.0 68.2–73.0 68.0–72.9

P1 (capsid) 68.5–87.0 47.7–50.5 54.8–58.0 46.9–50.5
VP4 69.6–100 53.6–60.9 59.4–71.0 46.4–58.0
VP2 66.0–86.0 51.6–57.6 54.2–61.7 52.6–58.9
VP3 65.8–87.0 44.4–51.1 53.8–61.8 42.7–50.4
VP1 56.4–83.0 36.0–46.0 45.0–51.4 38.2–45.3

P2 92.9–99.0 62.7–66.6 57.9–59.5 63.0–64.5
2A 82.0–97.0 65.3–78.0 52.3–57.7 56.6–60.1
2B 91.9–100 52.5–54.5 47.4–51.5 58.6–62.6
2C 95.4–100 64.3–65.5 61.7–62.9 65.0–67.5

P3 94.3–99.0 61.8–63.2 67.7–69.1 71.1–72.7
3AB 88.3–100 53.7–56.5 56.0–59.6 66.7–70.3
3C 92.9–100 55.7–56.8 59.6–61.2 62.3–63.9
3D 94.6–99.0 66.0–67.7 73.5–74.8 75.5–76.8

3�-NTR 70.3–99.0 41.7–51.8 45.1–62.3 42.7–51.2

a Sequences for representatives of other species were obtained from GenBank. HEV-A: CAV16, accession no. U05876. HEV-C: PV1, accession no. J02281. HEV-D:
EV70, accession no. D00820.

b 5�-NTR and 3�-NTR are nucleotide sequence comparisons; all others are amino acid sequence comparisons.
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viruses are consistent with those predicted or experimentally
determined for other enteroviruses (data not shown). The
HEV-B deduced amino acid sequences differ from those of
representatives of other enterovirus species by 42 to 53% in P1,
33 to 42% in P2, and 27 to 38% in P3 (Table 2). The HEV-B
capsid sequences (P1) differ from one another by 13.0 to
31.5%, whereas the maximum difference for P2 and P3 se-
quences is only 7.1 and 5.7%, respectively. A similarity plot
based on the alignment of all 37 complete amino acid se-
quences clearly demonstrates that the noncapsid proteins are
much more highly conserved within HEV-B than are the cap-
sid proteins (Fig. 1). The greatest sequence variation occurs
among the individual capsid protein sequences, exemplified by
the 17.0 to 43.6% difference among deduced HEV-B VP1
protein sequences (Table 2), as previously reported (55). The
HEV-B viruses differ from one another by up to 34% in VP2
and VP3 and by up to 30% in the VP4 sequences. The lowest
levels of identity within the capsid region are primarily local-
ized at known points of variability, such as the surface deter-
minants and in the amino and carboxyl termini of VP1. Unex-
pectedly, the deduced VP4 amino acid sequences of CBV1 and
E19 are identical to one another, despite a nucleotide se-
quence identity of only 81.2%. The noncapsid proteins are fully
colinear among all of the HEV-B viruses (P2 � 667 amino
acids; P3 � 667 amino acids). The P2 and P3 regions are
generally highly conserved within HEV-B, except for the de-
duced 2A proteins, which vary by up to 18.0% among viruses
(Table 2). The other mature nonstructural proteins (2B, 2C,
3A, 3B, 3C, and 3D) vary by no more than 11.7% (3AB), and
there are numerous examples of identical amino acid se-
quences for some nonstructural proteins among viruses of het-
erologous serotypes. The deduced 2C and 3D protein se-
quences are the most highly conserved, with no more than
5.5% variation in either protein (Table 2).

Phylogenetic relationships. Neighbor-joining nucleotide se-
quence phylogenies were constructed separately for the 5�-
NTR, the P1, P2, and P3 regions (Fig. 2), and for the regions
encoding the mature capsid proteins (VP1 to -4), 2C, and 3D
(Fig. 3). All HEV-B sequences are monophyletic relative to
members of other human enterovirus species throughout the

coding region (Fig. 2B to D). The 5�-NTR sequences, however,
cluster with those of HEV-A viruses (Fig. 2A), as described
above and in agreement with previously published phylogenies
(26, 55, 56, 62). The six CBVs are monophyletic in the P1
region as a whole (Fig. 2B) and in the sequences that encode
each of the individual external capsid proteins, VP1, VP2, and
VP3 (Fig. 3B to D). Outside the capsid region, the CBVs are
not monophyletic and, indeed, the overall tree topologies differ
markedly from one region of the genome to another for most
serotypes (Fig. 2C and D and 3E and F). For example, in the
P1 region, five pairs of sequences cluster with �90% bootstrap
support: E1-E4 (97%), E3-E12 (95%), E11-E19 (92%), E13-
EV69 (100%), and E21-E30 (97%). In the P2 region, none of
the five pairs remain clustered. Multiple additional examples
are evident where viruses that are closely related in the P1
region (�90% bootstrap support) are not closely related in
either the P2 or P3 regions, or both. For example, E3 is most
closely related to E12 in the P1 region; however, it is closest to
E6 in the P2 and P3 regions. Similarly, the corresponding
closest related serotypes to E1 are E4, E30, and E12 in the P1,
P2, and P3 regions, respectively. For E4 the closest related
viruses in the three regions are E1, E5, and CBV1. There are
no examples in this collection of prototype strains for which the
closest pairwise serotypes maintain that relationship through-
out all regions of the genome.

Evidence for recombination. The radically incongruent tree
topologies between the structural and nonstructural regions
and even between different proteins across the nonstructural
region of the genome suggested that recombination might have
played a significant role in the evolution of the prototype
strains examined. To address the issue of recombination in
more detail, we analyzed the aligned HEV-B complete genome
sequences by examining the similarity among sequences in a
sliding window of 200 residues by using the program SimPlot
(39). The sequence of each strain was used as the query se-
quence and compared to those of all other serotypes, resulting
in 37 separate similarity plots. The P1 regions are highly dis-
similar, a finding in agreement with the overall similarity plot
shown in Fig. 1, whereas parts of P2 and P3 are well conserved
among some of the strains (Fig. 4 and data not shown).

There are four main patterns of similarity in P2 and P3, as
depicted in the representative plots in Fig. 4: (i) relatively low
similarity (ca. 60 to 80%) to all other prototype strains; (ii) a
high degree of similarity (80 to 95%) to many other strains,
throughout most of P2 and P3; (iii) high similarity to many
other strains, but in discrete regions of P2 and P3; and (iv) low
similarity to most prototype strains, but with a high degree of
similarity to one or a few other strains in discrete regions of P2
and P3. As an example of the first pattern, the E30-Bastianni
sequence is �80% similar to all other sequences, except for a
small portion of 2C surrounding the cis-acting replication ele-
ment (cre) (Fig. 4A). In contrast, E2-Cornelis is an example of
the second pattern and is highly similar to at least 11 other
strains, with the region of high similarity (85 to 95%) extending
from 2B to the end of 3D (Fig. 4A). As an example of the third
pattern, E5-Noyce is closely related in 3D to the same 11
strains as E2-Cornelis, but it is highly similar to different strains
in 2B-2C and in 3AB-3C (Fig. 4A).

In contrast, several of the prototype strains show a high
degree of similarity to only one or a few other strains (the

FIG. 1. Similarity plot summarizing sequence identities among
HEV-B polyproteins. Identities among the 37 aligned sequences were
plotted in the center of a 10-residue window, and the window was
progressively advanced in one-residue steps. The enterovirus genetic
map is shown at the top.
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FIG. 2. Phylogenetic trees based on HEV-B virus nucleotide sequences. Each of the major functional regions of the genome was analyzed
independently. Bootstrap values (percentages of 1,000 pseudoreplicate data sets) supporting each cluster are shown at the nodes; for clarity, only
values of � 80% are shown. CAV16, PV1, and EV70, representatives of HEV-A, HEV-C, and HEV-D, respectively, are included as outgroup taxa.
All trees are plotted to the same scale, except for panel B (see scale bars). (A) 5�-NTR; (B) complete P1 region; (C) complete P2 region;
(D) complete P3 region.
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fourth pattern). Each of these relationships was confirmed by
bootscanning, in which bootstrap values are calculated for phy-
logenetic trees constructed in a 200-nucleotide window that is
progressively moved across the genome alignment (data not
shown). The pattern for E1-Farouk resembles that of E30-
Bastianni, except that E1-Farouk is ca. 90% similar to E12-
Travis over a stretch of ca. 1,200 nucleotides extending from
the end of 2C to the beginning of 3D, with 95 to 100% boot-
strap support in the bootscan analysis (Fig. 4B and data not
shown). Similarly, CBV6-Schmitt is �95% similar to E12-Tra-
vis in 2C, with nearly 100% bootstrap support, but it is not
highly related to E1-Farouk (Fig. 4B and data not shown).
CBV6-Schmitt is also related to E26-Coronel at the 3B-3C
junction and to E27-Bacon at the 3C-3D junction, but in both
cases, the region of similarity is relatively small (Fig. 4B and C).

E13-Del Carmen, E26-Coronel, and E27-Bacon exhibit
complex relationships with one another (Fig. 4C). E26-Coro-
nel and E27-Bacon are highly similar to one another through-
out 3C and 3D. E13-Del Carmen is closely related to E26-
Coronel in 2C and to E27-Bacon in 3AB. It is related to both
E26-Coronel and E27-Bacon in the 5� end of 3D, to approxi-
mately equal degrees. Similarly, E3-Morrisey is related to E6-
D’Amori over most of P2 and P3, with strong bootstrap sup-

port; however, the regions of similarity are not contiguous (Fig.
4D). E3-Morrisey is also related to CBV1-Conn-5 in the 3� end
of 2B and in 2C, and to E14-Tow in 3C, whereas E6-D’Amori
is related to CBV1-Conn-5 in 2C but not in 2B.

The relationship between E9-Hill and E18-Metcalf has been
described previously using 10 strains of six serotypes in the
SimPlot analysis (1), but inclusion of all 37 HEV-B serotypes in
the analysis reveals that the relationship is more complex than
previously appreciated (Fig. 4E). Although the two viruses are
90 to 98% similar to one another in a span of nearly 3,000
nucleotides from the middle of 2C to the 3� end of 3D, each is
also related to other prototype strains to an almost equal
degree in several subregions through this part of the genome
(Fig. 4E). E18-Metcalf is also related to E24-DeCamp, E5-
Noyce, and E4-Pesacek in 2B and 2C, upstream of its region of
similarity with E9-Hill. The bootscanning analysis mirrors
these findings, revealing five relatively narrow peaks of strong
support for the E9-E18 relationship (85 to 100% bootstrap
support) interspersed with regions of very low bootstrap sup-
port (�30%) (data not shown).

Reconstruction of hypothetical ancestral relationships. In
some cases, it may be possible to partially reconstruct the
recombinational history of certain clinical isolates by using the
simplots to infer the minimum set of recombination events that
are required to produce a given set of observed isolates. As an
example of a relatively simple case, we have analyzed the
relationships among CBV6-Schmitt, E1-Farouk, and E12-Tra-
vis (Fig. 5). To facilitate the analysis, we consider four ances-
tral strains of four different serotypes: CBV6, E1, E12, and X,
where X is any HEV-B serotype. The ancestral strains are not
necessarily identical to the observed prototype strains of the
same serotypes. The ancestral genomes may be considered to
be composed of five distinct regions: capsid, A, B, C, and D,
based on the relationships between the observed (prototype)
CBV6, E1, and E12 strains, as shown in Fig. 4B and summa-
rized in Fig. 5A. Within each of these genome regions, distinct
sequences are indicated by a different serotype designation (for
the capsid) or by alleles 1 to 4 (e.g., A1, A2, A3, and A4), and
similar sequences are given the same allele designation (e.g.,
B1 in both CBV6 and E12). If we consider a simple scenario
(only a small number of steps needed to produce all of the
observed isolates), we will assume that the parental (donor)
CBV6 and E1 strains are identical in genome segment struc-
ture to the observed (prototype) strains (Fig. 5B). Recombi-
nation of CBV6-A1-B1-C1-D1 with E12-A3-B3-C3-D3 be-
tween regions A and B produces E12-A3-B1-C1-D1, thereby
associating the E12 capsid with the B1 allele. Subsequent re-
combination of E12-A3-B1-C1-D1 with E1-A2-B2-C2-D2 be-
tween regions B and C produces E12-A3-B1-C2-D2 and asso-
ciates allele C2 with the E12 capsid. Since the E12-Travis D
region is distinct from that of either CBV6-Schmitt or E1-
Farouk, recombination with an unobserved isolate that carries
allele D4 is required to produce the observed E12-Travis iso-
late with the allele structure E12-A3-B1-C2-D4.

DISCUSSION

Both intra- and intertypic recombination have been shown
to occur among poliovirus vaccine strains (5, 18, 28, 37) and
between polioviruses and other, unidentified, donor strains

FIG. 3. Phylogenetic trees based on HEV-B virus nucleotide se-
quences. The regions encoding each of the mature capsid proteins, the
2C protein, and the 3D protein were analyzed independently. Boot-
strap values (percentages of 1,000 pseudoreplicate data sets) support-
ing each cluster are shown at the nodes; for clarity, only values of
�80% are shown. All trees are plotted to the same scale (see scale
bars). (A) 1A (VP4); (B) 1B (VP2); (C) 1C (VP3); (D) 1D (VP1);
(E) 2C; (F) 3D.
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FIG. 4. Representative similarity plots of HEV-B virus P2 and P3 nucleotide sequences calculated by SimPlot 3.2 beta (39). Each point
represents the similarity between the query sequence and a given heterologous sequence, within a sliding window of 200 nucleotides centered on
the position plotted, with a step of 20 residues between points. Positions containing gaps were excluded from the analysis. The enterovirus genetic
map is shown at the top of each panel. For each plot, the identity of the query sequence is indicated in the upper left corner. Within panels B to
E, homologous peaks are depicted in the same color. (A) E30-Bastianni, E2-Cornelis, and E5-Noyce; (B) CBV6-Schmitt, E1-Farouk, and
E12-Travis; (C) E13-Del Carmen, E26-Coronel, and E27-Bacon; (D) E3-Morissey and E6-D’Amori; and (E) E9-Hill and E18-Metcalf.
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FIG. 5. Putative recombination pathways for CBV6-Schmitt, E1-Farouk, and E12-Travis, deduced from similarity plots and bootscanning
analysis and a simple, schematic representation of recombination involving three hypothetical parental strains. (A) Similarity plots, as in Fig. 4,
comparing the relationships among CBV6-Schmitt, E1-Farouk, and E12-Travis with their relationships to the other prototype strains. The curves
depicting comparisons between CBV6, E1, and E12 are color-coded as follows: blue, CBV6-E1; red, CBV6-E12; and green, E1-E12. For each
query sequence, the average similarity to strains other than CBV6-Schmitt, E1-Farouk, and E12-Travis is plotted in the lower black curve; the
upper black curve indicates three standard deviations above the mean. The boundaries of regions A, B, C, and D, at the top, indicate sites where
the relationships change. Within each of these regions, distinct alleles are labeled A1, A2, A3, etc. (B) Minimum recombination pathway to produce
the observed virus isolates. Capsid identities are indicated by the serotype designations, CBV6, E1, E12, and X, where X is an unobserved strain
of any HEV-B serotype, as described in the text. Regions and alleles are indicated as in panel A. Arrows pointing from right to left indicate minus
strand synthesis and template switching to produce chimeric RNAs. (C) Coinfection of host 1 with strains V and W (recombination results in strain
Y) and coinfection of host 2 with strains X and Y (recombination results in strain Z). Arrows between the parental strains indicate hypothetical
template-switch points during minus strand synthesis.
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(21, 38). There is also evidence for intertypic recombination
between certain nonpolio enteroviruses (1, 58, 72). Enterovi-
ruses evolve rapidly (29) and, even though most nucleotide
substitutions are synonymous, amino acid changes do occur.
Recombination may eliminate multiple accumulated deleteri-
ous mutations in a single step, restoring fitness and permitting
continued circulation. Our HEV-B phylogenetic trees and sim-
plots reveal evidence of mosaicism in a number of HEV-B
strains; that is, their pairwise relationships change, depending
on genome position, suggesting that recombination has shuf-
fled sequences between strains of different serotype (Fig. 2 to
4). Furthermore, the complexity of the pattern of relationships
suggests that intertypic recombination has occurred repeatedly
within HEV-B.

The relatively high sequence diversity among the capsid-
coding sequences of HEV-B serotypes suggests that nucleotide
substitution is the dominant evolutionary mechanism in this
region of the genome. That is, evidence of recombination, if it
occurs at all, is quickly obscured by rapid accumulation of
nucleotide substitutions. Our results are consistent with those
of previous studies that have suggested that interserotypic re-
combination within the capsid is relatively rare (32, 33). In
several cases, our bootscanning analysis identified peaks in the
capsid region that suggested possible recombination sites, but
all of these peaks were narrow, and the bootstrap values were
�80% (data not shown), making it difficult to distinguish re-
combination from localized convergent evolution or conserva-
tion due to common function, such as the use of the same
cellular receptor. It is also possible that these peaks represent
primordial relationships that have been partially obscured by
subsequent point substitutions. Presumably, some regions must
evolve more slowly due to functional requirements so that
serotypes that are more closely related evolutionarily might
retain some vestige of a common ancestral sequence. Peaks of
sequence similarity were generally consistent with the overall
P1 phylogeny, in that the peaks tended to identify virus pairs
that were clustered with high bootstrap support (e.g., E1-E4,
E2-E15, E3-E12, and E11-E19), as shown in Fig. 2B. Alterna-
tively, they could be the result of convergent evolution to
maintain the required capsid �-barrel structure or be sites of
receptor interaction. Intratypic recombination has been shown
to occur between wild and vaccine poliovirus strains near the 3�
end of the capsid region, near the end of VP1 (38). Intertypic
recombination between poliovirus vaccine strains has also been
observed in this same region (2). The surprising identity be-
tween the CBV1 and E19 VP4 amino acid sequences may be
evidence for intertypic recombination near the 5� end of the
capsid region.

A detailed analysis of natural enterovirus recombination is
difficult because one can never isolate all intermediates be-
tween any two temporally and geographically distinct strains.
In practice, only a very small fraction of all circulating entero-
viruses are actually isolated (probably no more than 0.01% of
the total even under ideal surveillance) because (i) generally
fewer than 1% of all enterovirus infections result in symptoms
that might bring the infected individual to medical attention;
(ii) among those who seek medical care, virus isolation is
usually attempted only from patients with severe symptoms;
(iii) even specimens from severe cases may not always yield
virus; and (iv) all virus isolates that are obtained in different

laboratories are not usually available for analysis at a single
site. Despite these limitations, we have shown that it may
occasionally be possible to analyze similarity plots, such as
those shown in Fig. 4, to infer recombinational relationships
based on available isolates and sequences (Fig. 5).

Although it is not prominent in Fig. 4, our SimPlot and
bootscan analysis showed that the CBV6, E12, E13, E26, and
E27 prototypes shared sequences in P2 and P3 in complex
combinations (Fig. 4B and C), suggesting that these five strains
are closely related to one another through multiple recombi-
nation events. In addition, E12-Travis and E1-Farouk share a
large segment of P3 (Fig. 4B and 6A), suggesting that they too
are closely related by recombination. CBV6-Schmitt, E12-Tra-
vis, E13-Del Carmen, E26-Coronel, and E27-Bacon were all
isolated from specimens obtained from healthy children in
1953 on or near Clark Air Force Base on the island of Luzon
in the Philippines (22–24). Their presence in the same com-
munity at the same time would have provided ample opportu-
nity for coinfection and recombination. E1-Farouk was iso-
lated in Egypt in 1951, but E1 also circulated in the population
studied in the Philippines in August to November 1953 (22,
24). In one reported case, both E1 and E13 (as well as polio-
virus type 3) were isolated from a single rectal swab specimen
from one patient, clearly demonstrating coinfection by E1 and
E13 (24). One might speculate that an E1 strain carrying a P3
sequence related to that of E1-Farouk was introduced into the
Philippines shortly before the fall of 1953 and that this strain
recombined with a progenitor of E12-Travis as they cocircu-
lated in the community. Of course, given that recombination
appears to occur at a very high frequency, the P3 sequence
could have passed through another serotype(s) prior to intro-
duction into the E12-Travis lineage.

It was recently shown that the E9 and E18 prototype strains
(Hill and Metcalf, respectively) share a high degree of se-
quence similarity in their P3 nonstructural genes, suggesting a
recombinational relationship, whereas E9-Hill and another E9
strain (Barty) clearly carry distinct P3 sequences (1). The au-
thors of that study postulated that progenitors of E9-Barty and
E18-Metcalf recombined to produce E9-Hill, but we consider
that scenario to be unlikely. E9-Hill and E18-Metcalf were
both isolated in the same community (Cincinnati, Ohio), in
1953 and 1955, respectively (64, 65), whereas E9-Barty was
isolated in Milwaukee, Wis., in 1957 (17). There are no com-
prehensive surveillance data available for this period, but it is
likely that E18 strains (i.e., a Metcalf progenitor) were present
in Cincinnati during the E9 outbreak of 1953, providing an
opportunity for genetic exchange between the two serotypes
and thereby producing a virus (Metcalf) with an E18 capsid
and a P3 region derived from an E9 strain (Hill). Given that
enterovirus VP1 capsid sequences fix mutations at a rate of
about 1% per year (29), the high degree of divergence between
Hill and Barty (21% difference in VP1 sequence [81]) would
argue that Barty and Hill were derived from epidemiologically
distinct sources. Therefore, E9-Barty is either not directly de-
scended from E9-Hill or, if it is descended from Hill, the
Hill/Metcalf nonstructural genes have been exchanged out by
recombination some time between the isolation of E9-Hill in
1953 and the isolation of E9-Barty in 1957.

Both replicative (template-switching) and nonreplicative
(strand breakage and rejoining) mechanisms have been pro-
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posed for enterovirus recombination (20, 27, 35). Template
switching is thought to occur during negative-strand synthesis,
resulting in a chimeric negative-strand that becomes the tem-
plate for the synthesis of chimeric plus strands. In classical
genetic recombination between DNA genomes, individual re-
combination events (crossovers) are largely discrete, indepen-
dent events. That is, there is no systematic cooperativity be-
tween crossovers at multiple sites, and the probability of
multiple crossovers is generally the product of the probabilities
of the individual events. An enterovirus replication complex
may contain many template RNA molecules, providing oppor-
tunities for interaction between genetically distinct RNAs if
the cell is coinfected with two different viruses (16, 40). It has
been proposed that the accumulation of RNA during replica-
tion may lead to an increase in recombination frequency due to
an increase in the local concentration of donor and acceptor
RNA molecules (27). In the present study several prototype
strains of different serotypes exhibit genomic structures that
are consistent with multiple recombination events. For exam-
ple, E3-Morrisey and E6-D’Amori are clearly related to one
another in two regions that are separated by distinct sequences
(Fig. 4D). A similar pattern was observed for the relationships
among E13-Del Carmen, E26-Coronel, and E27-Bacon (Fig.
4C). Multiple template switches between two heterologous
parental molecules would result in the observed pattern. Al-
ternatively, template switching during copying of the newly
synthesized, chimeric positive strand (or in subsequent rounds
of minus strand synthesis) could result in replacement of some
or all of the sequence that was removed during the original
template switch. It is also possible that these patterns represent
multiple, sequential recombination events that occur in multi-
ple hosts, with both parental serotypes continuously present in
the community, providing numerous occasions for interaction.

That two prototype strains are related by recombination
does not mean these two serotypes were simultaneously
present in the same host or that all isolates of these two
serotypes are related to one another outside of the capsid
region. For example, consider three hypothetical viruses of
serotypes V, W, and X, with noncapsid regions A1-B1, A2-B2,
and A3-B3, respectively (Fig. 5C). Viruses V and W simulta-
neously infect host 1 and recombine to produce virus Y. Vi-
ruses X and Y then coinfect a new host (host 2) and recombine
to produce virus Z (Fig. 5C). Part of the noncapsid sequence of
virus Z (serotype X) is derived from virus V, even though
viruses of serotypes V and X were never simultaneously
present in the same host. Viruses V and Y are both of serotype
V, and yet their noncapsid regions are completely different.
Continued transmission of viruses derived from virus Y will
result in many additional recombination events and the accu-
mulation of nucleotide substitutions, further obscuring the
linkage between the “V” capsid and the “A1-B1” noncapsid
sequences that were present in virus V. Furthermore, the num-
ber of discrete “regions” in the noncapsid portion of the ge-
nome is not restricted to the two depicted in Fig. 5C (or the
four shown in Fig. 5A and B). Rather, it may theoretically
equal the number of P2–P3–3�-NTR nucleotides, since recom-
bination might occur at any site. Likewise, recombination may
also delink a given capsid sequence (serotype) from its original
5�-NTR, explaining why this region is generally unsuitable as a

target for molecular methods of serotype identification (41,
73).

Any recombination mechanism requires that the two paren-
tal RNA molecules are simultaneously present in the same cell.
At least four different cellular receptors are used for cell entry
by members of HEV-B: coxsackievirus-adenovirus receptor,
decay accelerating factor, integrin �v�3, and integrin �2�1 (71).
Therefore, in order for recombination to occur, the two pa-
rental viruses must either use the same receptor to enter the
cell or two different receptors must be present on the same cell.
Although four HEV-B receptors have been identified, the re-
ceptors used by many serotypes remain unknown. The avail-
ability of complete genome sequences for all members of
HEV-B will facilitate a correlation between capsid sequences
and receptor utilization. If a pattern of receptor usage and
interserotypic recombination exists, then the genomic patterns
described here may suggest specific hypotheses for receptor
utilization in serotypes for which this information is currently
lacking.

In general, an enterovirus might be viewed as a capsid se-
quence in search of noncapsid sequences of the highest fitness
to provide a selective replicative advantage. Alternatively, an
enterovirus may be viewed as a replicon in search of a capsid
in order to enter a host cell and thereby gain access to the
cytoplasmic milieu needed for replication. Only the capsid,
however, is inherited as a single unit, suggesting that the capsid
is the primary determinant of enterovirus identity. Regardless
of perspective, it is not possible to identify serotype-specific
sequences in the P2 or P3 regions. Rather, the P2-P3 se-
quences of a given isolate represent only a snapshot of that
particular isolate or of a closely related lineage, within a nar-
row temporal and geographic window. This view of the role of
recombination in enterovirus evolution would predict that the
specific genomic combinations and sequences in the P2-P3
regions of the prototype strains are not likely to be present in
currently circulating strains of the same serotype. Conversely,
sequences related to those of a given prototype strain may be
found in different serotypes within the same species among
currently circulating enteroviruses. Analysis of capsid and non-
capsid sequences from additional clinical isolates may allow
estimation of the rate of enterovirus recombination during
natural circulation in the human population and may shed
additional light of the role of recombination in the evolution of
viruses in HEV-B.
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