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Recombination is a well-known phenomenon for enteroviruses. However, the actual extent of recombination
in circulating nonpoliovirus enteroviruses is not known. We have analyzed the phylogenetic relationships in
four genome regions, VP1, 2A, 3D, and the 5’ nontranslated region (NTR), of 40 enterovirus B strains
(coxsackie B viruses and echoviruses) representing 11 serotypes and isolated in 1981 to 2002 in the former
Soviet Union states. In the VP1 region, strains of the same serotype expectedly grouped with their prototype
strain. However, as early as the 2A region, phylogenetic grouping differed significantly from that in the VP1
region and indicated recombination within the 2A region. Moreover, in the 5" NTR and 3D region, only 1 strain
of 40 grouped with its prototype strain. Instead, we observed a major group in both the 5’ NTR and the 3D
region that united most (in the 5 NTR) or all (in the 3D region) of the strains studied, regardless of the
serotype. Subdivision within that major group in the 3D region correlated with the time of virus isolation but
not with the serotype. Therefore, we conclude that a majority, if not all, circulating enterovirus B strains are
recombinants relative to the prototype strains, isolated mostly in the 1950s. Moreover, the ubiquitous recom-
bination has allowed different regions of the enterovirus genome to evolve independently. Thus, a novel model
of enterovirus genetics is proposed: the enterovirus genome is a stable symbiosis of genes, and enterovirus
species consist of a finite set of capsid genes responsible for different serotypes and a continuum of nonstruc-

tural protein genes that seem to evolve in a relatively independent manner.

Human enteroviruses, members of the Picornaviridae family,
comprise about 70 serotypes, which were only very recently
divided into species, on the basis of their molecular, serologi-
cal, and pathogenetic characteristics. Enterovirus B species,
which were the object of this study, include 28 serotypes of
echoviruses, 6 serotypes of coxsackie B viruses, and several
other viruses (http://www.ncbi.nlm.nih.gov/Taxonomy/). These
viruses are important human pathogens, responsible for a wide
range of clinical manifestations, from asymptomatic or very
mild infections to serious disorders, such as meningitis, myo-
carditis, encephalitis, and hemorrhagic disease of newborns
(34).

An important property of enteroviruses is their capability for
extensive recombination. Recombination in poliovirus was dis-
covered as early as 1962 (18, 25) and has been extensively
studied since then. Recombination presumably occurs by a
copy choice mechanism, in which the viral polymerase switches
from one template RNA molecule to another in the course of
minus-strand RNA synthesis (22). Recombination is known to
occur readily between the three strains of live poliovirus vac-
cine upon oral administration (4, 29, 31) and between vaccine
and/or wild poliovirus strains (10, 13-15, 17, 27, 29). Up to
79% of poliovirus strains secreted after vaccination were found
to be recombinants (8). Recombination was most often re-
ported to occur in the nonstructural protein (NSP) genome
region and, less frequently, in the 5’ nontranslated region
(NTR)-VP4 junction region. Only a few reports indicated re-
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combination in the structural protein region (2, 11). Much less
attention has been devoted to recombination in the nonpolio-
virus enteroviruses (NPEVs). Several completely sequenced
prototype NPEVs (CAV21, EV70, SVDV, and EV18) have
been found to be recombinants, in comparison to other pro-
totype enterovirus strains (1, 19, 35, 39). In addition, evidence
of recombination in the phylogenetic history of the entire en-
terovirus genus has led to the formation of the four enterovirus
species (37). The molecular epidemiology of coxsackievirus A9
also suggests recombination in the NSP genome region in
circulating strains (36). In contrast, a recent EV7 isolate was
found to be a direct descendant of the prototype EV7 strain
(7). Recombination was recently demonstrated between circu-
lating heterologous echoviruses (EV4, EV7, and EV30) during
an extensive meningitis outbreak (33). However, little is known
about the actual prevalence of recombination among circulat-
ing enteroviruses, and no attempts have been made to consider
simultaneously multiple enterovirus serotypes in similar stud-
ies.

In this work, we have analyzed four distinct genome regions
(Fig. 1) of 40 enterovirus B isolates representing 10 serotypes
in order to elucidate the occurrence of recombination in all of
the enterovirus B species.

MATERIALS AND METHODS

The enterovirus strains used in this work (Table 1) were isolated from clinical
(stool samples) and environmental (sewage) specimens collected in accordance
with the WHO Polio Eradication Initiative in the European Region and in some
countries of the former Soviet Union (Table 1). Some of the strains were
obtained for identification from the National Laboratories for Polio Investiga-
tion in the countries of the former Soviet Union. Two cell culture lines were used
for isolation—RD (human rhabdomyosarcoma) and HEp-2 (human epidermoid
carcinoma). Most strains underwent two to four passages before being used for
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FIG. 1. Schematic representation of the enterovirus genome. Genome regions studied are indicated by grey boxes.

this study. Serotypes of isolates were determined by the neutralization test with
RIVM (Bilthoven, The Netherlands) antiserum pools. The procedures for iso-
lation and identification were implemented according to standard protocols
(WHO Manual for the Virological Investigation of Polio; World Health Organiza-
tion, Geneva, Switzerland). Throughout the text, the names of strains are given
in the following format: serotype_strain name_year of isolation.

RNA was isolated from infected cell cultures by guanidine thiocyanate lysis
and absorption on silica sorbent (3). Reverse transcription was carried out with
Moloney murine leukemia virus reverse transcriptase and random hexamer
primers. The genome fragments amplified by PCR were as follows: a segment of
the 5" NTR (nucleotides [nt] 313 to 641), the VP1-2A junction region (nt 2957
to 3587), and part of the 3D polymerase gene (nt 5837 to 6506). All nucleotide

positions throughout the text are given relative to those of the EVI11 strain
Gregory genome (9). Primers used to amplify and sequence these regions are
listed in Table 2. After amplification, the DNA was run in an agarose gel, and the
PCR product was extracted with a QIAquick kit (Qiagen) and sequenced directly
with PCR primers. Each fragment was sequenced in two directions with a Mega-
BACE DNA sequencer and a DYEnamic ET terminator kit (Amersham).

In several ambiguous cases that might suggest contamination, sequencing
experiments were performed twice, starting from a new PCR. In all such cases,
the results were reproduced, although in a few cases, there were minor sequence
deviations not exceeding 0.25% of the nucleotide sequence. Such sequence
variations can be readily explained by enzyme errors and the heterogeneity of the
virus population. Most sequences, however, were not additionally verified in a

TABLE 1. Strains used in this work

Country of

Date of sampling

Strain Serotype® sampling (day.mo.yr) Source?
08477 EV30 Russia 08.98¢ Human, meningitis
09025 EV11 Russia 14.07.98 Sewage
09039 EV11 Russia 18.10.98 Human, facial nerve paresis
10887 EV6 Russia 24.09.99 Human, facial nerve paresis
11059 CBV (3) Uzbekistan 29.09.99 Human, AFP
11202 EV30 Ukraine 02.10.99 Human, meningoencephalitis
11267 EV12 Georgia 19.11.99 Human, healthy
11292 EV11 Armenia 22.09.99 Human, healthy
11665 EV12 Russia 2000 Human, healthy
12167 EV30 Ukraine 18.10.99 Human, healthy
12647 EV13 Tajikistan 28.04.00 Human, AFP
13162 EV30 Georgia 13.07.00 Human
13991 EV2 Kyrgyzstan 24.11.00 Human, AFP
13998 EV11 Kyrgyzstan 25.11.00 Human, AFP
14103 EV6 Russia 26.12.00 Human, healthy
14125 EV30 Ukraine 30.11.00 Human, healthy
15529 CBV (5) Ukraine 13.07.01 Human, AFP
15819 EV9 Russia 10.09.01 Human, AFP
15936 EV7 Azerbaijan 16.09.01 Sewage
16228 EV7 Russia 2001 Sewage
16272 EV7 Georgia 13.09.01 Sewage
16274 EV12 Georgia 13.09.01 Sewage
17763 EV20 Uzbekistan 12.05.02 Human, AFP
17891 EV30 Russia 02.06.02 Human, healthy
18214 CBV (3) Moldavia 07.11.02 Sewage
18219 CBV (3) Moldavia 18.06.02 Human, meningitis
18311 EV6 Kyrgyzstan 09.09.02 Human, AFP
18515 CBV (5) Russia 01.08.02 Human, healthy
18594 CBV (3) Kyrgyzstan 10.07.02 Human, healthy
18706 EV6 Georgia 01.08.02 Sewage
18711 EV11 Russia 02.07.02 Human, healthy
18733 EV30 Moldavia 16.07.02 Human, meningitis
18744 EV11 Moldavia 11.07.02 Sewage
K452 814 EV19 Russia 12.04.81 Human, uveitis
Kar_87¢ EV11 Russia 14.01.88 Human, uveitis
Kh1_944 EV19 Russia 16.08.94 Human, gastroenteritis
Kh3 974 EV11 Russia 20.06.97 Human, gastroenteritis
Kh6_80¢ EV11 Russia 14.08.80 Human, meningitis
Kust_86¢ EV11 Russia 14.12.86 Human, uveitis
MorM_82¢ EV11 Russia 21.04.82 Human, uveitis

¢ Numbers in parentheses indicate the exact serotype identified by using the VP1 sequence for CBV strains serotyped only by using group-specific antiserum.

> AFP, acute flaccid paralysis.
¢ Month. year.
4 Strains sequenced and studied previously (28; Lukashev et al., submitted).
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TABLE 2. Oligonucleotides used in this work

Name Sequence Nucleotide

position”
0340F TAGATCAGGCYGATGAGTCACCGC 313-336
0640R GATGGCCAATCCAATAGCTATATG 641-618
3000F AACCCYAGYATTTTYTGGACIGARGGGAACGC 2957-2988

3600R GACTGGTAYCTYTTIGGGTARTAYTCRCTCTCCTG 3621-3587
5850F CAGTGYGGIGGIGTICTCATGTC 5837-5859
6500R  AGRTTGCCAAAYGTYTGYCTCATTGC 6531-6506

“ All nucleotide positions are given relative to those of the EV11 strain Greg-
ory genome (9).

separate PCR sequencing experiment, as the sequences of unrelated strains in
these cases were different enough to exclude cross-contamination. The use of
high-titer virus stocks (10° to 10® tissue culture infective doses/ml) additionally
reduced the probability of contamination at different stages of sequencing.

The resulting DNA sequences (GenBank accession numbers AY271379 to
AY271512) were aligned with the corresponding regions of the available full
enterovirus genome sequences: EV1 strain Farouk (AF029859), EVS5 strain
Noyce (AF083069) (26), EV6 strain Charles (U16283) (16), EV7 strain Wallace
(AY036579), EV9 strain Barty (X92886) (40), EV11 strain Gregory (X80059)
(9), EV18 strain Metcalf (AF317694) (1), EV30 strain Bastianni (AF311938),
CBV1 (M16560) (20), CBV2 strain Ohio (AF081485), CBV3 (M33854) (23),
CBV4 strain Benschoten (X05690) (21), CBVS5 (X67706) (39), CBV6 strain
Schmitt (AF105342) (30), and CAV?9 strain Griggs (D00627) (6). Additionally,
we used the corresponding sequence fragments of seven echovirus strains that
had been sequenced previously (28; A. N. Lukashev, V. A. Lashkevich, G. A.
Koroleva, J. Ilonen, and A. E. Hinkkanen, submitted for publication) (GenBank
accession numbers AF447479, AF446125, AF447484, AF446114, AF447487,
AF446117, AY167107, AY167106, AY167105, and AY167104).

The sequences were aligned by the neighbor-joining (NJ) algorithm as imple-
mented in ClustalX software (38), with manual corrections to match the open
reading frame. For technical considerations, the sequences were slightly trun-
cated, and the genome fragments analyzed were as follows: 5’ NTR (nt 337 to
600), VP1 (nt 3017 to 3343), 2A (nt 3344 to 3552), and 3D (nt 5885 to 6481).
Then, two different algorithms were used to build the phylogenetic trees. First,
the neighbor-joining (NJ) algorithm was used as implemented in ClustalX. Gap-
containing positions were excluded, and correction for multiple substitutions was
used. The trees were bootstrapped 1,000 times. Second, phylogenetic trees were
created with a maximum-likelihood (ML) algorithm implemented in the
DNAML module of the PHYLIP software package (12), with 1,000 bootstrap
pseudoreplicates. As the ML and NJ trees were very similar and no significant
differences between trees produced by the two methods were observed, only one
(NJ) tree for each genome region is given, with ML bootstrap values manually
added to the trees. The trees were drawn with the Ngraph module of ClustalX,
and the in-tree comments were added with Corel Draw 10.

We did not attempt to analyze the sequences obtained in any aspect other than
phylogenetically, since the fragments studied were relatively short and there are
almost no reliable data on the genetic determinants of pathogenicity in human
enteroviruses.

Nucleotide sequence accession numbers. The DNA sequences determined
here were submitted to GenBank under accession numbers AY271379 to
AY271512.

RESULTS

We have sequenced and analyzed four genome regions (Fig.
1) of 40 recently isolated (1980 to 2002) enterovirus B strains
representing 11 different enterovirus B serotypes (Table 1).
For the VP1 genome region (nt 3017 to 3343), the phylogenetic
grouping of the viruses studied correlated perfectly with the
serotype. All strains clustered with the corresponding proto-
type strain of that serotype (Fig. 2). Additionally, using a par-
tial VP1 sequence, we identified the serotype for six CBV
strains that had been serotyped by use of antiserum pools as
coxsackie B viruses: strains 11059, 18214, 18219, and 18594
proved to be CBV3, and strains 15529 and 18515 were CBVS5.
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In general, for the VP1 region, the grouping of strains studied
was in accordance with that found in other phylogenetic stud-
ies (5, 32). The consistency of the results for the VP1 region
with conventional serotyping provided a form of internal con-
trol and excluded occasional jumbling of samples in the course
of our work.

For the 3D region (nt 5885 to 6481), the phylogenetic group-
ing of the strains studied did not correlate with the serotype
(Fig. 3). Strikingly, not a single strain studied grouped with its
prototype strain. Instead, grouping clearly was correlated with
the time of virus isolation. A majority (14 of 16) of the proto-
type enterovirus strains were clearly discrete from most of the
strains studied, except for EV11_18711_02. Many prototype
strains of different serotypes grouped together reliably (e.g.,
CBV1, EV9Y, and EVI18 or EV12, CBV4, and CBV6). Most
strains (isolated in 1981 to 2002) formed a major group (boot-
strap values of 58.2% [NJ] and 67.2% [ML)]) that was distinct
from most prototype echovirus strains, except for EV1 and
EV30. Within that major group, a highly reliable group (near
100% bootstrap values) included 29 of 34 strains isolated in
1994 to 2002, regardless of the serotype, and the prototype
strain EV30 (Fig. 3A). In addition, all five enterovirus strains
isolated in 1980 to 1987 grouped together (bootstrap values of
58.6% [NJ] and 72.2% [MLY]); however, this group also in-
cluded the prototype strain EV1 and three newer strains iso-
lated in 1998 to 2002 (Fig. 3A).

The phylogenetic tree for the 5" NTR (nt 337 to 600) dem-
onstrated very low bootstrap values, likely due to the relatively
small size of the alignment and the high degree of sequence
similarity in this highly conserved genome region. Sequencing
of the hypervariable region of the 5" NTR could yield better
results, but we decided to avoid this procedure, as the possi-
bility that recombination takes place within that region could
not be excluded. For the 5" NTR, only one strain, CBV5-18515,
grouped with its prototype strain. As for the 3D region, 35 of
40 enterovirus strains studied formed a group that did not
include a single prototype enterovirus strain (Fig. 4, shaded
area). The bootstrap values for this group were only 13.2%
(NJ) and 3% (ML). Despite the understandably low bootstrap
values, we still regard the phylogenetic grouping observed for
the 5" NTR with confidence, as it is in principle supported by
much more reliable results for the 3D region. An alternative,
less significant grouping observed as a result of bootscan anal-
ysis (not shown on the tree) was also in line with the described
grouping of modern strains. Thus, the tendency of most mod-
ern enterovirus B strains of different serotypes to show clus-
tering for the 5" NTR was obvious.

We chose to sequence the VP1-2A junction region in our
study in order to obtain information on fragments of both
structural protein (VP1)- and NSP (2A)-coding regions. The
phylogenetic tree for the 5" end of the 2A region (Fig. 5) (nt
3344 to 3552) turned out to be strikingly different from the tree
for the adjacent VP1 region (Fig. 2). The correlation observed
for the VP1 region between phylogenetic grouping and sero-
type was seriously disturbed. While many minor groups of
closely related strains of the same serotype could be seen,
these did not group any more with the corresponding proto-
type strains, with the exception of the EV30 group. Further-
more, the regular ladder-like topology seen with the VP1 tree
was not observed. Instead, the 2A tree was very star-like, with
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FIG. 2. Phylogenetic tree for the VP1 region (nt 3017 to 3343), created with ClustalX software. Numbers at tree nodes represent the numbers

of bootstrap pseudoreplicates that support the group below, determined with NJ (ClustalX) and (in parentheses) ML (PHYLIP DNAML)
algorithms. Prototype strains are indicated by an asterisk. The scale bar indicates nucleotide sequence distances. Minor groups discussed in the

main text are indicated to the right of braces. Shaded areas show groupings of strains of the same serotype.
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FIG. 3. Phylogenetic tree for the 3D region (nt 5885 to 6481).
isolated mostly in the 1990s (A) and 1980s (B).

long branches of similar lengths leading almost from the root
to single strains or distinct groups of closely related strains.

Explanations for this observation could include a low sign

to-noise ratio of the phylogenetic signal resulting from low

See the legend to Fig. 2 for details. Shaded areas show groupings of strains

variability and/or multiple reversions or, much more likely,
recombination within the region studied, as the 2A region is a
well-known recombination hot spot in enteroviruses.

One example of recombination could be unambiguously de-

al-
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FIG. 4. Phylogenetic tree for the 5" NTR (nt 337 to 600). See the legend to Fig. 2 for details. The shaded area shows a grouping including a
majority of modern strains.

tected within the VP1-2A junction region, despite high sequence 2A region with moderate reliability (58.3% [NJ] and 40% [MLY]).
variability and, probably, numerous recombinations in the past. Using similarity plot, bootscan, and informative sight analyses as
Strains EV12 11665_99, EV12_11267 99, CBV3_18214 02, described elsewhere (Lukashev et al., submitted) for four se-
CBV3_18219 02, and CBV3 18594 02 grouped together in the quences, those from EV12_11267 99, CBV3_18214 02, and the
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FIG. 5. Phylogenetic tree for the 2A region (nt 3344 to 3552). See the legend to Fig. 2 for details.

prototype strains EV12 and CBV3, a recombination point for this
group was identified around nt 3400 (=10 nt) and supported by
bootstrap values of over 95% on the bootscan graphs (data not
shown).

In addition to evaluating the entire tree topology and major

groups, we tracked the consistency of minor groups, which
were reliably observed for at least one genome region, in trees
for other genome regions. Several minor groups were observed
for all four genome regions studied and thus did not indicate
recombination. These were as follows: 1—CBV3_ 18214 02,
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CBV3_18219_02, and CBV3_18594_02; 2—EV11_13998_00
and EV11 18744 02; and 3—EV12 11267 00 and EV12_
11665_00 (Fig. 2 to 5). However, the majority of reliable minor
groups observed were inconsistent throughout the genome,
including, of course, all serotype-related groups in the VP1
region, but also many others (Fig. 2 to 5). For example, group
1 clustered more or less reliably with CBV3 strains for the VP1
region, with EV12_11267_99 and EV12_11665_99 for the 2A
region, with EV6_10887_99 for the 3D region, and with
EV9_15819 01 for the 5’ NTR. Four strains, EV30_11202_99,
EV30_12167_00, EV30_13162_00, and EV30_14125_00, clus-
tered reliably for the 5’ NTR, VP1 region, and 2A region
(group 4); however, for the 3D region, strain EV30_13162_00
clustered with CBV5_18515_02. Especially for the 3D region,
several reliably observed clusters included highly similar se-
quences of strains of different serotypes, for example,
EV12 16274 01 and EVI11_11292 99 (group 5), CBVS5_
18515_02 and EV30_13162 00 (group 6), and EVI13_
12647_00, CBV3_11059_99, and EV20_17763_02 (group 7).

DISCUSSION

Recombination is a well-known phenomenon for enterovi-
ruses. However, the prevalence of recombination in circulating
NPEVs has not been determined. In this work, we studied the
phylogenetic relationships of 40 recent enterovirus B isolates
that belong to 11 different serotypes and 16 prototype entero-
virus strains. A very obvious phylogeny conflict was observed in
four genome regions analyzed. While for the VP1 genome
region, the grouping of strains correlated with the serotype
(Fig. 2), as widely reported previously (5, 32), for other ge-
nome regions, such grouping was not observed (Fig. 3 to 5).
Moreover, grouping differed significantly between different ge-
nome regions, with only a few consistent groups including
closely related strains. Similar results have been reported in a
number of other studies (24, 33, 36).

On the basis of extensive work on recombination in polio-
virus, the most feasible explanation for these observed discrep-
ancies in the phylogenetic relationships of the strains studied
seems to be ubiquitous recombination. Indeed, judging from
other studies, such recombination was highly expected. What
was unexpected, however, was the extent of recombination
observed. Indeed, none of the 40 strains studied grouped with
its prototype strain for the 3D region, and 39 of 40 did not
group for the 5" NTR. Similar observations was made for the
3D region in a recent study on recombination in circulating
NPEVs (33). Thus, a vast majority of the strains studied dif-
fered from their prototypes, isolated in the 1950s, by at least
two recombination events and were related to their prototype
strains solely in the capsid region, which spans only one-third
of the genome. However, these observations would not be as
interesting without the reliable grouping of an overwhelming
majority of the modern isolates, regardless of their serotypes,
for the 5’ NTR and the 3D region. Therefore, it is possible to
conclude that the 5" NTRs and nonstructural regions of most
of the modern enterovirus strains studied here are descendants
of a common ancestor. For the 3D fragment, this common
ancestor was more similar to the prototypes EV1 and EV30
and clearly distinct from other prototype enteroviruses. Obvi-
ously, the capsid and NSP genes of the strains studied followed
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clearly different evolutionary paths. The ubiquitous recombi-
nation seems to be so efficient that it enabled the 5" NTR and
NSP genome fragments to spread to different serotypes within
the enterovirus B species. The marked differences in the 3D
regions in strains isolated in the 1980s and 1990s suggest that
such spreading of NSP genes to different serotypes could occur
within a decade.

Our results suggest a novel model of enterovirus B genetics.
At present, enterovirus serotypes merely represent a set of
fairly discrete capsid genes that combine freely and frequently
with many different variants of the 5 NTR and NSP genes.
This activity allows capsid, NTR, and NSP genes to evolve
virtually independently. Thus, it seems that enterovirus B spe-
cies (and, most likely, other enterovirus species) are an exam-
ple of a gene symbiosis system, where genes, not species, are
the elementary units of evolution. This notion, in turn, suggests
that enterovirus B species, although comprised of 30 serotypes,
should be considered a genetically uniform entity. Importantly,
we have not detected among the strains studied any recombi-
nants containing RNA sequences from viruses other than en-
terovirus B. Thus, the ability for frequent natural recombina-
tion could be an additional species criterion for enteroviruses.

A practical conclusion that follows is that when enterovi-
ruses are identified only by serotype, information is obtained
for one-third of the genome. The study of other genome re-
gions could elucidate many important and poorly understood
issues of enterovirus biology. The use of full-genome analysis
for multiple isolates, involving sequencing or other techniques,
does not seem feasible at present; however, such analysis
should be the goal of typing approaches in the immediate
future.
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