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Abstract Recombination has been recognized as a major
mechanism of evolution in enteroviruses. The Echovirus 30
(E-30) strain Gior was sequenced and phylogenetically com-
pared to all available E-30 sequences to detect recombina-
tion events between the 5'UTR and VP1 genomic regions.
The comparison of phylogenetic trees of the 5'UTR and VP1
revealed incongruences concerning strains, lineages and
sub-lineages. Comparative analysis of 62 E-30 sub-genomic
sequences revealed six different recombination events that
almost all occurred in the same region, having a start point
in the 3’end of the 5" UTR and end point in VP4. The only
exception was the sub-lineage of Gior for which both borders
of recombination were located in the 5"'UTR. These results
describe for the first time recombination events in this region
in circulating EV-B strains, revealing the exact points of
these recombination events, highlighting the impact of such
events on the evolution and epidemiology of enteroviruses.
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Introduction

Echovirus 30 (E-30) is one of the most commonly isolated
enterovirus serotypes from acute infections and has been rec-
ognized as the main cause of viral aseptic meningitis, associ-
ated with several meningitis outbreaks worldwide [2, 11, 15,
19, 21, 38, 39, 41]. Enteroviruses (EV) that infect humans
can be taxonomically classified within the Picornavirus fam-
ily and according to the degree of their genetic relatedness,
are classified into four species, EV-A — D. Echovirus 30 is
a member of enteroviruses species B (EV-B), along with 57
other enterovirus serotypes: coxsackie viruses B1-B6 (CV-
B1 to CV-B6), CV-A9, echovirus 1 (E-1), E-2 to E-7, E-9,
E-11 to E-21, E-24 to E-27, E-29 to E-33, enterovirus 69
(EV-69), EV-73 to EV-75, EV-77 to EV-88, EV-93, EV-97,
EV-98, EV-100, EV-101, EV-106 and EV-107.

Enteroviruses consist of a non-enveloped virus cap-
sid, formed by the four capsid proteins VP1-VP4, which
enclose a single-stranded, positive-sense RNA genome of
about 7.5 kb. Apart from the capsid proteins, the genome
also encodes the seven non-structural 2A to 2C and 3A to
3D viral proteins. The open reading frame (ORF) is flanked
by two untranslated regions, the 5> UTR and the 3> UTR
that play a crucial role in translation and replication of the
viral genome. The 5" UTR is about 750 nt in length and
contains highly structured secondary elements (designated
as domains I-VII, dI-dVII). The cloverleaf (CL) structure is
formed by domain dI and is essential for virus replication,
whereas the Internal Ribosome Entry Site (IRES) is formed
by domains dII-VI and directs translation of the genome. The
CL and IRES structures are separated by a pyrimidine-rich
region named spacer 1, while the IRES is separated from the
AUG codon by domain dVII and a sequence of about 100nt
known as spacer 2.
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The prototype strain of E-30 (strain Bastianni) was iso-
lated in 1958 and since then interesting molecular epide-
miology features have occurred, regarding the epidemic
profile of circulating viruses, characterized by sequential
displacement among multiple genetic variants. Based on
VP1 phylogeny, recent E-30 strains form five lineages that
have succeeded one another [4]. These five lineages can be
further divided into 10 lineages in 3D and their emergence
was correlated with recombination events [32, 33, 35]. The
likelihood of recombination in the non-capsid coding region
was correlated with VP1 divergence and the recombination
frequency matched the epidemic periodicity of 5-6 years
[33]. Strains of E-30 have frequently been implicated in
recombination events either as acceptors or donors of genetic
material [5, 9, 25, 28, 30].

Recombination events are observed in the non-structural
regions, mainly in the P2 region [30, 35], which is thought
to be a particular hotspot in EV-B. Inter-serotypic genetic
exchanges within the capsid coding region are rarely docu-
mented, mainly in polioviruses [7, 8, 17, 22]; there is only
one event concerning non-polio enteroviruses [9]. Concern-
ing the 5" end of the genome, phylogenetic incongruences
have been observed between the 5° UTR and the structural
regions [43, 45], highlighting this region as a hotspot for
recombination, mainly in polioviruses [18], but to our
knowledge there is no nucleotide sequence and recombi-
nation analysis for this region in non-polio enteroviruses.
Moreover, inter-serotypic recombinations within the 5" UTR
are thought to be very rare, with only one report concerning
a vaccine-derived poliovirus 2 (VDPV 2) [1].

A previous study by our group was based on RFLP analy-
sis of the 5" UTR genomic region of clinical enterovirus
strains isolated in Greece. In this analysis, the E-30 strain
Gior presented incongruences in the topology of the 5 UTR
and VP1 phylogenetic trees, indicating a putative recombina-
tion event [26]. In order to explain the phylogenetic behavior
of strain Gior and to investigate how extensive recombina-
tion is in E-30 enteroviruses between the 5'UTR and VP1
region, full genome sequencing of the strain was performed.
In the present study, a phylogenetic analysis of the 5 UTR
and VP1I of all available E-30 sequences was performed in
order to investigate recombination events in the genomic
region spanning 5" UTR-VP1. A similarity plot analysis
of the available 5" UTR-VP2 sequences of the E-30 strains
was also conducted, showing the presence of recombination
events within the 5" UTR.

Materials and methods
The strain Gior was isolated from stool samples collected

during an aseptic meningitis outbreak in 2001 and was
initially characterized by seroneutralization assays and by
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partial sequencing of VP1 genomic region [20]. The isolate
stock has been maintained in our laboratory in Rd cells.

Genome amplification

Viral RNA was extracted from 100pl of infected cell cultures
using the guanidine thiocyanate extraction protocol [12].
The extracted RNA was reverse-transcribed into cDNA as
previously described [24]. The primers that were used for the
amplification of the viral genome are presented in the table
in Online Resource 1. New primers were designed based
on the sequences of Gior with the aid of Primer3 software,
obtained on-line from the Whitehead Institute (http://www.
genome.wi.mit.edu/genomesoftware/other/).

The PCR mixture for each tube comprised: 3pl cDNA
from Gior isolate, 1yl of each primer at a concentration of
25pmol/ul, Sul 10x PCR reaction buffer, Sul dNTPs 10mM,
2,5 units Pag5000 DNA polymerase (Stratagene) and dou-
ble-distilled nuclease-free water up to a final volume of 50ul/
tube. The PCR thermal conditions for primer pairs used in
previous studies were carried out as described in reference
articles referenced in Online Resource 1. For the primer
pairs Gior1051F-Gior1778R, Gior2227F-Gior3193R and
Gior4878F-Gior6018R, designed as part of this study, 40
cycles of denaturation (95 °C for 20sec), annealing (52 °C
for 20sec) and extension (72 °C for 20, 25 and 30 sec respec-
tively) were used. Each PCR reaction started with an initial
denaturation step at 95 °C for 2 min, and ended with a final
extension at 72 °C for 5 min.

All PCR products were purified with Nucleospin Gel and
PCR Clean-up kit (Macherey-Nagel, Duren, Germany) and
were sequenced at CeMIA SA (Larissa, Thessaly, Greece)
using the primers used for amplification of each product.

Nucleotide sequence accession number

The almost complete genomic sequence of isolate Gior
(from nucleotide 1 to nucleotide 7180) was deposited in
GenBank under the accession number KY131965.

Sequence analysis

The 5° UTR and VPI nucleotide sequences of multiple
E-30 strains was retrieved in FASTA format by NCBI blast,
using as a query sequence the respective sequences from
the newly sequenced strain Gior, with Blast E-value cutoff
le-10. Many other enterovirus sequences were retrieved as
well, indicating that the cutoff was sufficient to retrieve all
E-30 sequences that existed in the database.

Two multiple sequence alignments, for the 5" UTR and
VP1 nucleotide regions, respectively, were performed using
the ClustalW algorithm implemented in MEGA v6.06 [40].
Each of the alignments consisted of a mixture of sequences
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of varying lengths. The region that was sufficient in length
and also included a large number of sequence fragments
was selected for phylogenetic analysis. For the 5" UTR, the
selected region spanned nucleotides 148nt to 498nt, and was
based on the E-30 prototype strain Bastianni. For VP1, the
selected region spanned 2614nt to 2889nt, and again was
based on the Bastianni strain. Next, the two lists were com-
pared and only those E-30 strains that had a sequence frag-
ment in both the 5’'UTR and VP1 alignments were selected.
This final filtering step resulted in 85 strains with a complete
sequence fragment in both the 5'UTR (from 148 to 498nt)
and VP1 (from 2614 to 2889nt) alignments.

Phylogenetic trees were reconstructed with MEGA v6.06
using the maximum likelihood estimation method and the
reliability of the trees was determined by bootstrap analysis
with 1000 replicates.

Sub-genomic sequences 946nt in length (from 150 to
1091 nt) that cover the partial 5" UTR (601nt), VP4 (209
nt) and the 5" end of VP2 (135nt) from all available E-30
sequences (62 strains) were used for the detection of recom-
bination events. Similarity plot and bootscanning analyses
were performed with the SimPlot (3.5 version) and T-RECs
[42] software, using a sliding window size of 180nt and a
step of 20 nt. With the exception of the recombinant strains,
all other E-30 strain sequences were grouped based on the
5'UTR and VP1 phylogenetic clusters, in order to detect
recombination events concerning lineages or sub-lineages.
The strains and group of strains used in SimPlot as well as
the mean distance within the groups are presented in Online
Resource 2.

Results
Phylogeny of VP1

The phylogenetic tree representing the partial VP1 sequences
is presented in Figure 1b. The 85 strains analyzed in the
present study clustered into seven lineages (c to i) wherein
lineages e and f were further divided into six sub-lineages:
e.C0 to e.C2 and f.C3 to f.C5, respectively. The four Greek
strains Kal, Han and Kar and the newly sequenced strain
Gior, isolated from the same epidemic of aseptic meningitis
in 2001, were classified in separate genetic clusters. The
strains Kal, Han and Kar grouped in the e.C1 cluster with
strains circulating in Europe between 1994-2001 while the
strain Gior clustered with the epidemic strains isolated from
France between 2000-2001 in the f.C4 sub-lineage. Blast and
nucleotide analysis of all other parts of the genome of the
Gior strain revealed high nucleotide identity (97-99%) with
the strain CF2575-00, representative of the f.C4 sub-lineage,
which is a recombinant in the 2C genomic region [35], car-
rying the same recombination event (data not shown).

The lineages and sub-lineages in the present study cor-
respond to VP1 lineages c to h, classified by Bailly et al.,
2009 [4]. The prototype E-30 strain Bastianni represents
lineage c. Cluster d is represented by strains 89T2090 and
91TLC isolated in France in 1989 and 1991 respectively and
strain 1491net87 isolated in The Netherlands in 1987. The
sub-lineage ¢.CO contains strains that circulated in France
between 1991-1992 and in 1981 and the strain /p/Roma99
isolated in Italy in 1999. The e.C1 sub-lineage is represented
by E-30 strains isolated in Europe in 1994-2001, Austral-
ian strains from 2005-2007 and the strains Kor08-ECV30
and ECV30/GX10/05 isolated in South Korea and China in
2008 and 2010 respectively. Four French strains isolated in
1997 along with Australian ones from 2006-2007 form the
e.C2 sub-lineage. The lineage f is divided into three sub-
lineages (f.C3-C5) with f.C3 represented by French strains
from 1996-2000 and the Italian strain /dr/Roma97 from
1999. The sub-lineages f.C4 and f.C5 contain strains mainly
isolated in France between 2000-2001 and in 2005, respec-
tively. The lineage g is represented by two strains, both iso-
lated in Taiwan in 2001 (TW/2513/01 and TW/3182/01) and
the lineage h is formed by three Chinese strains isolated in
2003 and 2010 and the Ukrainian strain EV30-14125-00
from 2000. Finally, the two strains isolated in Switzerland in
2006 (1167438) and 2009 (1167438_phMC) form a separate
group, the newly designated group i.

Phylogeny of the 5’"UTR

Within the 5'UTR phylogenetic tree, represented in Fig-
ure la, the majority of the E-30 strains grouped in the line-
ages and sub-lineages defined by the VP1 phylogenetic tree,
although the lineages and sub-lineages dispersed differently.
Within the 5" UTR the E-30 sequences form three major
clusters. One represented e.CO to e.C2, f.C3 and d lineages,
one represented f.C4, f.C5, g and h lineages, while the three
strains of the e.C1 lineage (ECV30/GX10/05, Kor08-ECV30
and 200.4715) separated from the other strains of e.C1 form-
ing a separate cluster (e.Clr).

Aside from the above separation of the three strains from
the e.C1 sub-lineage, several segregations are obvious in
the 5" UTR tree topology. The two Switzerland strains of
the i lineage (100% nucleotide identity in VP1), are split
into two clades in the 5" UTR analysis with 89,2% nucleo-
tide identity. The e.CO sub-lineage is segregated into three
groups in the 5'UTR analysis, one comprising the strains
isolated in France in 1991 (e.CO I), one from the strains
CF495-92, CF1347-92 and the strain p/Roma99 (e.CO II),
and the third one representing the strain CF298-81 (e.CO
III). Additionally, the sub-groups f.C4-f.C5 are separated
from the f.C3 despite their phylogenetic relationship in the
VP1 phylogenetic tree.
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Fig. 1 Phylogenetic trees for (a) the 5'UTR and (b) VP1 genomic regions of E-30 strains. The names of the strains include the country and the
year of isolation. The lineages are indicated by the same color and the strains of the same sub-lineage are indicated by the same graphic

Detection of recombinations

The above incongruences in topology between the phy-
logenetic trees for the 5° UTR and VP1 were further ana-
lyzed for recombination events by similarity plot analysis.
Sixty-two E-30 sequences of 946nt in length available in
GenBank and covering the partial 5" UTR (601nt), VP4
(209 nt) and the 5" of VP2 (135nt) were included in this
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analysis. Consensus E-30 sequences for each lineage and
sub-lineage were grouped together under the name of a
representative (Online Resource 2) and each group was
compared to all other E-30 groups. The results of the simi-
larity plot analysis for the E-30 groups that were found to
be recombinant are presented in Figure 2, while those with

no recombination events are presented in Online resource
3.
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lineage, e) the h lineage and f) the strains of the i lineage

The incongruences between the VP1 and 5'UTR phyloge-
netic trees concerning: the strain CF298-81 of the e.CO sub-
lineage; the three strains ECV30/GX10/05, Kor08-ECV30
and 200.4715 of the e.C1 lineage; the f.C 4- f.C5 subgroups
and finally the Switzerland strains of the i lineage, were con-
firmed by the similarity plot analysis, see figures 2a to 2¢ and
2f respectively. Except for these strains, two additional cases
of a steep dip in the SimPlot were observed, concerning the
groups g and h (figures 2d and 2e respectively), suggesting
that these particular genomic regions are probably coming

from other serotypes. In addition, as shown in figure 2, most
of the cases have a SimPlot dip in the same region at the 5°
UTR-VP4 junction, with the recombination start point in the
5'UTR and end point in VP4.

Analysis of the recombinants
The hypothesis for inter-serotypic recombination events in

these E-30 groups or strains was further confirmed by blast
analysis of the focused region against NCBI sequences and
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«Fig. 3 Similarity plot and sequence analyses describing the recom-
binations and the recombination junctions of: a) the strain Kor(8-
ECV30, b) the strain Gior and c) the strain TW/2513/01. In the
similarity plot analysis, the parental E-30 strains are depicted with
grey, the inter-serotypic donors are depicted with red, while a blue
color is used for strains of other serotypes. Concerning the sequence
alignments for the recombination junctions, similarities between the
recombinant strains and the E-30 parental strains are highlighted in
green, while those between the recombinants and the donors are high-
lighted in yellow (color figure online)

also by comparison of phylogenetic trees for the 5° UTR and
VP1 that included 437 sequences from several serotypes of
EV-B (Online resources 4 and 5). Nevertheless, the differ-
ent serotypes identified by blast could not be included in
the above similarity plot analysis, because frequently only
a small fragment of the sequence identified as a possible
donor was recovered. Consequently, the recombinant groups
or strains were studied separately in order to provide more
information about the genetic donors.

The e.Clr group was found to be a recombinant in the
studied region with the possible donor being the E-7 strain
E7_08-10-2005 (accession number FJ796983). As is shown
in Figure 3a, similarity plot and nucleotide analysis revealed
not only the donor but also the exact point for the recombina-
tion event. The recombination is located from 643nt in the 5°
UTR to 833nt in VP4. The sub-groups f.C4-f.C5 were also
found to be recombinant, carrying a 5" UTR most similar to
that of the CV-B4 strain CBV4_THA/2009/2012 (accession
number KP062991) (figure 3b). Due to the short sequence
of the proposed donor available in GenBank, only the end
point of this insertion could be defined (figure 3b) which
was located at 693nt in the E-30 genome. Another recom-
bination event that has been well characterized is that of
lineage g (representative strain TW/2513/01). As is shown
in figure 3c, the lineage g carries a recombination in the 5°
end of its genome with the possible donor being the CV-B4
strain 10508 (accession number AF160118). Due to the
short available sequence for the CV-B4 strain 10508 only
the end point of this insertion, described in figure 3c, was
located; position 768nt in the E-30 genome, within the VP4
genomic region. The E-30 strain 1167438 of the i lineage
is probably also implicated in a recombination event with
CV-BI1 strains, but the absence of sequences of sufficient
length, made depicting this difficult in SimPlot. The CF298-
81 isolate of the e.CO sub-lineage was probably the product
of an intra-serotypic recombination event (data not shown),
while the donor for the recombinant group h could not be
recognized.

Finally, the exact points of recombination in the 5" UTR
described above all located at the 3’end of the 5" UTR, out-
side the main secondary structures of the cloverleaf and
IRES. As is shown in Figure 4, the start point of recombi-
nation for the strain Kor08-ECV30 (e.Clr group) located at

the end of the secondary structure domain dVII, while the
end point for recombination of strains Gior (f.C4- f.C5 sub-
lineages) and TW/2513/01 (lineage g) located in the Spacer
2 region of the 5" UTR and VP4 respectively.

Discussion

Enteroviruses, like all RNA viruses can evolve at very high
rates due to the lack of proofreading activity in their poly-
merases (responsible for causing a high mutation rate in
these viruses) as well as because of recombination events.
In the last two decades recombination has been described
as a major mechanism of evolution in all four enterovirus
species A-D [5, 16, 24, 27, 29, 34]. Extensive studies by
phylogenetic analysis of different genomic regions and com-
plete genome sequencing have suggested that recombination
events are localized mainly in the non-capsid regions of an
enterovirus genome [6, 23, 35], while recombination events
in the capsid coding regions have been considered to occur
very rarely [7, 9, 17, 22] and even more rarely in the 5" UTR
[1]. Nevertheless, discrepancies between the phylogenetic
trees for the 5S'UTR and capsid coding regions [30, 45], have
led to the hypothesis that the 5'UTR-VP4 junction can serve
as a recombination hotspot for enteroviruses, however this
region has so far under-explored. In a previous study [26], a
discrepancy between the 5'UTR and VP1 phylogenetic trees
for the E-30 strain Gior aroused suspicions that recombina-
tion events may have taken place between these two regions.
In the present study the complete genome sequence of the
strain Gior was obtained and compared phylogenetically
(both the 5" UTR and VP1 regions) with all available E-30
sequences in order to investigate the presence of recombina-
tion events in the genomic region spanning 5" UTR-VP1.
Phylogenetic analysis of the VP1 and 5" UTR genomic
regions clustered the strain Gior with E-30 epidemic strains
isolated from France in 2000-2001 in the f.C4 sub-lineage.
Blast and nucleotide analysis of all other parts of the genome
of the strain Gior revealed high nucleotide identity (97-99%)
with the strain CF2575-00, representative of f.C4 sub-line-
age, which is recombinant in the non-capsid genomic region
[35]. This resemblance to the recombinant strain CF2575-00
implies that our strain carries the same recombination event
in the 2C genomic region, a theory that was supported by
similarity plot analysis in the present study (data not shown).
Comparison of the phylogenetic trees representing the
5" UTR and VP1 genomic regions revealed incongruences
concerning: strain CF298-81 of the e.C0 sub-lineage; strains
ECV30/GX10/05, Kor08-ECV30 and 200.4715 of the e.C1
sub- lineage; and two Switzerland strains of the i lineage,
as well as the topology of subgroups f.C 4-f.C5 which sep-
arated from f.C3 in 5" UTR. These phylogenetic discord-
ances implied recombination events between the 5" UTR
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CBV3 GTGACAATTGAGAGATTGTTACCATATAGCTATTGGATTGGCCATCCGGTGACCAATAGR 653
E30 Bastianni GTGACAATTARAGAAT TGTTACCATATAGCTATTGGATTGGCCATCCGGTGACGAGCAGR 660
E30 Kor08-ECV30 GTGACAATTGAGARATTGTTACCATATAGCTATTGGATTGGC CATCCAGTGACARACAGR 506
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E30_Kor08-ECV30 GCGATTGTTTACCTATTTGTCGGTTTCATACCGTTGAACTTTAGAGTTTTGARGACCCTC 566
E30_Gior GCGATCGTTTATTTGTTTGTTGGATTCGTACCCTTGAATTATARAGCACTTG TAACACTT 566
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E30 Kor08-ECV30 AACTTGATTATATTAT TCAACTCTGT-————— ARAATGGGAGCTCAGGTATCGACACARA | 620
E30 Gior ARATACATTATAGATC TCAACACARC-————— ARAATGGGAGCCCAAGTATCAACACARR | 620
E30 TW/2513/01 AACCTTGTACTACAAT TTAAC TCAGC—————— ARAATGGGAGCTCAGGTTTCAACACARR | 619
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Fig. 4 A nucleotide sequence alignment of CV-B3 strain Nancy,
E-30 strain Bastianni, and the recombinant strains KorO8-ECV30,
Gior and TW/2513/01. The recombination points are depicted in
reference to the domains dVI-dVII and spacer 2 at the end of the 5°

and VP1 genomic regions. Similarity plot analysis not only
confirmed the presence of the above recombinations but also
revealed two others, concerning lineages g and h. Although
the phylogenetic tree for the 5" UTR was constructed on only
part of the sequence used for similarity plot analysis, all the
recombinant clades phylogenetically separated from the non-
recombinants. The recombinants placed in the lower part of
the tree with the stain CF298-81, carrying the intra-serotypic
recombination, serving as the border of this phylogenetic
segregation.

Previous studies that compared phylogenetic trees repre-
senting the 5 UTR and VP1 genomic regions of enterovi-
ruses had highlighted the discordances in the phylogeny of
these two regions, implying the occurrence mainly of intra-
[6, 14, 37, 43] and inter-serotypic recombination events [45].
The first evidence for inter-serotypic recombination in the 5°
UTR came from the complete genome sequencing of a Sabin
2 strain, which was found to share a part of its 5 UTR with
an EV-C enterovirus [1]. The results of the present study
describe for the first time recombination events in this region
among circulating EV-B viruses.

Although it was originally believed that recombination
events at the 5" UTR were unlikely to occur, the present
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UTR, as described for CBV3 [3]. The sequences of the donors are
highlighted in yellow. The start point of the recombinations for the
strains Gior and TW/2513/01 are unknown

study detected and analyzed six different recombination
events at the 5" UTR-VP4 region in E-30. Recombination
has been recognized as a major mechanism of enterovirus
evolution and several studies demonstrated that the different
serotypes recombine their genomes at different rates [33,
34]. Indeed, the recombination frequency in the non-capsid
coding region tightly correlated with VP1 divergence and
E-30 has been characterized as one of the serotypes that
recombine frequently, with an estimated recombination half-
life of 3.1 years [33]. The presence of genomic exchanges in
the 5” end of E-30 genomes also possibly associates with the
high divergence in VP1, but this hypothesis requires a larger
number of E-30 complete genome sequences.

According to the similarity plot analysis, almost all the
recombination events revealed in the present study occurred
at the same region, having a start point in the 3°end of the 5°
UTR and an end point in the VP4 genomic region, leading
to the conclusion that this region may serve as a hot spot for
recombination in enteroviruses in general. Due to the high
nucleotide identity with the donors, in the cases of strains
Kor08-ECV30 (e.Clr group), Gior (f.C4- f.C5 sub-groups)
and TW/2513/01 (lineage g), the exact sequence of some of
the recombination breakpoints was identified. Two of them
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located within the 5" UTR, outside the cloverleaf and IRES
secondary structures, one at the end of dVII structure and
the other in the Spacer 2 region. The 3" end of the 5" UTR
was also identified as the breakpoint for the only previous
recombination in the 5"UTR described for enteroviruses so
far; in the Sabin 2 strain [1]. The dVII-spacer 2 region has
been recognized as a hot-spot for in vitro genetic exchanges
within the 5° UTR between polioviruses and non-polio
enteroviruses [36], probably because this region can toler-
ate modifications without phenotypic changes. The CL and
IRES domains seem to be protected from recombination
events, probably due to their exceptional role in translation
and replication of the viral genome.

The exact role and impact of recombination in the emer-
gence of enteroviruses with altered properties is still not well
understood. In a recent study, the exceptional virulence and
rapid spread of a CV-A9 strain isolated from members of
a family with signs of meningitis, was ascribed to 5'UTR
— 5" end of VP4 sequences that originated from E-11/EV-75
strains [10]. Keeping in mind the role of the 5" UTR in viral
translation and RNA synthesis, and its essential interac-
tions with viral proteins, such as 2B, 2BC, 3A, and 3D as
well as host proteins, such as polypyrimidine tract-binding
protein and poly(rC) binding protein [31], a recombinant
5" UTR has to be efficient in interactions with the rest of
the viral genome. Surprisingly, aside from the Greek strain
Gior which was found to be a double recombinant, all the
other strains that were found to be recombinants at the 5
end of their genome were also recombinants in their non
structural regions (except for the strains of genogroup i and
the e.Clr sub-genogroup, for which there is no information
about recombination) [13, 35, 44]. In accordance with the
present study, the majority of enterovirus strains that carry
a 5" UTR belonging to a different serotype as a product of
recombination, are also double recombinants in the 3 part of
their genome, reviewed in [27]. To our knowledge, only one
enterovirus strain has been reported so far with its 5" UTR
originating from another serotype with no other recombina-
tion in the rest of its genome [10]. These observations may
lead to the hypothesis that the 5" UTR of enteroviruses has
to be in congruence with the non-structural proteins and thus
recombination at the 5’end can trigger recombination at a 3’
part of the genome.

In conclusion, the 5" UTRs of enteroviruses have all the
prerequisites for recombination, such as highly conserved
sequences and RNA secondary structures. The present study
indicates that recombination is not as rare in the 5" UTR as
was originally believed, but the detection of such recombina-
tion events is difficult due to the limited number of complete
genome sequences and the high conservation of this specific
region between enteroviruses. As more complete genome
sequence data from circulating enteroviruses become avail-
able, the role of recombination on the evolutionary pathways

of enteroviruses will be elucidated. Understanding the mech-
anism and tempo of enterovirus evolution is of great impor-
tance for elimination of such elements that offer selective
advantages and better adaptation.
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