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A B S T R A C T

Recombination is a driving force for the emergence, evolution and virulence/epidemics of viruses, comprising
the Enterovirus genus of the Picornaviridae family, important for human and animal health. By analyzing 2949
complete genomes/coding sequences, we provide a thorough and up-to-date overview of the genome-wide
patterns and hotspots of intertypic recombination between the genogroups of this genus. Two prominent re-
combination hotspots are identified/verified, at the 5′UTR-capsid region junction, and at the beginning of the P2
region. In general, P2 was enriched in recombination events. Key phylogenetic groups implicated in re-
combination events are E71 and CVA6 in Enterovirus A species, E30 and E6 in Enterovirus B species, polioviruses 1
and 2 in Enterovirus C species. In addition, many events involve recombination partners that have not been
sequenced yet, thus strongly suggesting a large environmental reservoir of genetic variation with a high potential
for the emergence of new modified pathogens by recombination.

1. Introduction

Viruses of the Enterovirus genus of the Picornaviridae family of po-
sitive strand RNA viruses comprise many species important for human
and animal health (Whitton et al., 2005). In particular, they cause se-
vere infections such as poliomyelitis, aseptic meningitis, hand-foot and
mouth disease, myocarditis and type I diabetes among others
(Akerblom et al., 2002; Pallansch and Roos, 2007; Stanway, 2013).
They also cause many subclinical infections with common-cold like
symptoms (Muehlenbachs et al., 2015), thus, their impact upon society
and economy can be very significant (Gan et al., 2015; Khetsuriani
et al., 2003; Liu et al., 2016; Parasuraman et al., 2001).

The emergence, evolution, and virulence/epidemics of RNA viruses
(Malim and Emerman, 2001; Nora et al., 2007; Simon-Loriere and
Holmes, 2011; Xiao et al., 2016), including enteroviruses is sig-
nificantly fueled by recombination. This process creates chimeric mo-
lecules from parental genomes of different phylogenetic origins
(Combelas et al., 2011; Krogstad et al., 2008; Kyriakopoulou et al.,
2014; Lin et al., 2015; Lukashev, 2005; Lukashev et al., 2014, 2005;
McIntyre et al., 2013; Oberste et al., 2004; Oprisan et al., 2002; Pliaka
et al., 2012; Savolainen-Kopra and Blomqvist, 2010; Simmonds and

Welch, 2006). The underlying molecular mechanisms involve template
switching (Arnold and Cameron, 1999; Kirkegaard and Baltimore,
1986) by the RNA polymerase via an intermediate step of duplicated
segments (Lowry et al., 2014) or the replication-independent joining of
RNA molecules (Gmyl et al., 1999). Recombination may act against
Muller's Ratchet (Felsenstein, 1974; Muller, 1964) and as a counter-
balancing force against high mutation rates (Xiao et al., 2016), by
eradicating deleterious mutations. It may also lead to the combination
of advantageous properties from various genomes into a new one, or to
the emergence of drug resistance, or even evasion from the immune
system. A very practical implication involves the development of live
vaccines, where previously attenuated vaccine strains recombine with
other circulating strains. This may lead to the emergence of new gen-
omes that are functional and capable of causing new epidemics, as is
the case with vaccine derived polioviruses (Burns et al., 2013; Guillot
et al., 2000; Karakasiliotis et al., 2005; Kew et al., 2002; Paximadi et al.,
2007; Pliaka et al., 2012; Stern et al., 2017).

In many RNA viruses, secondary structure elements have been
suggested to facilitate recombination (Bessaud et al., 2016; Dedepsidis
et al., 2010; Dutkiewicz et al., 2016; Simon-Loriere et al., 2010). Of
note, in single stranded RNA viruses, these secondary structures may

https://doi.org/10.1016/j.virol.2018.10.006
Received 20 April 2018; Received in revised form 4 October 2018; Accepted 4 October 2018

⁎ Corresponding author.
E-mail address: amoutzias@bio.uth.gr (G.D. Amoutzias).

Virology 526 (2019) 72–80

Available online 23 October 2018
0042-6822/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2018.10.006
https://doi.org/10.1016/j.virol.2018.10.006
mailto:amoutzias@bio.uth.gr
https://doi.org/10.1016/j.virol.2018.10.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2018.10.006&domain=pdf


form even when the complementary strand is synthesized. In addition,
genomic segments of high sequence similarity may also facilitate re-
combination between different phylogenetic groups (Baird et al., 2006;
Magiorkinis et al., 2003; Simon-Loriere et al., 2010; Zhang and Temin,
1994, 1993). Obviously, the two strains that undergo recombination
need to have the same tissue tropism.

The enterovirus genome has a length of ~7.500 nt, with an archi-
tecture of a 5′UTR, followed by a single ORF and then by a 3′UTR
(Kitamura et al., 1981). The translated ORF is cleaved into four struc-
tural (VP1-VP4; P1 region), and seven non-structural protein regions
(2A-2C:P2 region and 3A – 3D:P3 region) (Wimmer et al., 1993) (see
Fig. 1). Several RNA secondary structures are found across the genome
that could potentially facilitate intra-typic or inter-typic recombination
(Dedepsidis et al., 2010).

According to the 10th report of the International Committee on
Taxonomy of Viruses (ICTV), human enteroviruses belong to the
Enterovirus genus of the Picornaviridae family, and they are classified
into seven species, Enterovirus A to D (EV-A to D), and Rhinovirus A to C
(RV-A to C) (Zell et al., 2017).( www.ictv.global/report/
picornaviridae). In general, no exchange of genetic material is ob-
served among strains of different species, with the exception of the
highly conserved 5′UTR (Kyriakopoulou et al., 2014). Previous analyses
on enteroviruses have shown that there exist two main phylogenetic
clusters of 5′UTR regions (Kyriakopoulou et al., 2014; Santti et al.,
1999). Cluster I consists mainly of Enterovirus C and D sequences (with
some exceptions of Enterovirus A) whereas cluster II consists of En-
terovirus A and B sequences. Exceptions do occur, as demonstrated for
EVA90, EVA91 and EVC-109 whose 5′UTRs are found within the other
cluster (Kyriakopoulou et al., 2014; T. Smura et al., 2007; T.P. Smura
et al., 2007; Yozwiak et al., 2010). Experiments on vaccine derived
polioviruses showed that whenever a 5′UTR region was intruding from
Cluster II (Enterovirus A and B), the recombined poliovirus demon-
strated decreased viral replication and virulence (Muslin et al., 2015).

The seven species are further divided into 283 distinct phylogenetic
types, based on sequence divergence of the VP1 capsid region (Oberste
et al., 1999). More specifically, Enterovirus A, B, C, D have 25, 63, 23, 5
genotypes, whereas human Rhinovirus A, B, C have 80, 32 and 55
genotypes respectively. Intriguingly, there is no clear relationship be-
tween genotypes and clinical symptoms, as more than one genotypes
may cause the same symptom or the same genotype may be implicated
in more than one syndromes.

Many studies over the years have highlighted certain species, gen-
otypes and genomic regions to be frequently implicated in recombina-
tion events, as reviewed in (Kyriakopoulou et al., 2014). Furthermore,
they have focused on certain genomic regions, but not the whole
genome, without exactly locating the point of recombination/s, or they

have focused on certain genotypes/ epidemics that manifest symptoms.
Thus, it is conceivable that many more recombination events occur in
strains with a silent transmission profile. In addition, there exists a
significant sampling bias in sequence databases, since genotypes that
cause clinical symptoms and/or epidemics are the ones being se-
quenced. Consequently, there is a need for a large-scale analysis that
utilizes and normalizes the wealth of all publicly available genomic
data, in order to provide an unbiased as possible global picture of the
patterns of intertypic homologous recombination in this virus. The
current study attempts to address this issue and analyze 2949 en-
terovirus/rhinovirus genomes so as to obtain a global picture of which
regions of the genome are usually implicated in homologous re-
combination and whether regions with exceptionally high or low re-
combination rates exist. This study also maps the network of exchange
of genetic material (via recombination) between the various phyloge-
netic groups. Thus, in the future, a more efficient monitoring that takes
into account the co-circulation of various genotypes may predict the
emergence of new recombinant forms and epidemics or even lead to the
design of better live vaccines that don’t recombine, by inserting dis-
rupting mutations in recombination hotspots (Runckel et al., 2013).

2. Materials and methods

Human enterovirus and rhinovirus nucleotide sequences were
downloaded from GenBank (Benson et al., 2013), using as keywords the
terms “enterovirus complete” and “rhinovirus complete” for each of the
corresponding subgroups. Sequences were filtered with a nucleotide
length threshold of 6000 bps and each sequence was manually in-
spected to exclude animal enteroviruses. Thus, 2949 sequences were
retained after this step (supplementary FASTA file S1.fa). Also, their
corresponding coding sequences (supplementary FASTA file S2.fa) and
annotation were retrieved from Genbank.

The prototype strains of the genogroups from human Enterovirus A,
B, C, D and human Rhinovirus A, B, C species and their 274 sequences
were retrieved from the Picornaviridae website (http://www.
picornaviridae.com/enterovirus/enterovirus.htm) (see supplementary
FASTA file S3_reference_seqs.fa). Also, the VP1 capsid sequence that is
used for genotyping was extracted for each prototype strain (see sup-
plementary FASTA file S4_reference_VP1_seqs.fa). In order to ensure
correct genotype assignment and exclude annotation mistakes in
Genbank, a phylogenetic analysis was performed for each of the seven
major evolutionary groups (human Enterovirus A, B, C, D, human
Rhinovirus A, B, C), based on the protein sequence of the VP1 region.
Multiple sequence alignment was performed with Muscle (Edgar, 2004)
(see supplementary files S5_aln_VP1_EVA.fa - S11_aln_VP1_HRVC.fa). A
Neighbor Joining tree (BioNJ – Poisson model) with 500 Bootstrap

Fig. 1. Recombination events in Enterovirus A, B and C. Triangles depict recombination events. Numbers within triangles correspond to recombination event
numbers in supplementary files S19 & S20.
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replicates was created for each subgroup with the Seaview4 software
(Gouy et al., 2010) and the 7 trees were visualized with the Treedyn
software (Chevenet et al., 2006) (see supplementary files S12.pdf –
S18.pdf). Genotype assignment for each sequence (downloaded from
Genbank) was based on i) Genbank annotation, ii) best blast (Camacho
et al., 2009) hit to the VP1 sequence of reference strains and iii) on the
phylogenetic analysis of the VP1 sequence.

Afterwards, redundancy of highly similar sequences was removed
by clustering them at a cutoff of 97% sequence identity and keeping one
representative sequence per cluster, thus resulting in 684 sequences for
the Enterovirus A, B, C, D species and 280 sequences for the Rhinovirus A,
B, C species. The clustering was performed with the UClust algorithm
(Edgar, 2010), that we have embedded in the T-RECs software
(Tsimpidis et al., 2017). T-RECs is a Microsoft Windows based re-
combination detection tool that has been developed and published by
our group for high-throughput analyses (Tsimpidis et al., 2017). It is
based on pairwise alignment of sliding windows and is specifically
developed to rapidly and efficiently detect recombination events among
different evolutionary groups. It was originally evaluated with a dataset
of 555 complete genomes and 2500 sequence fragments from nor-
oviruses (Tsimpidis et al., 2017). Next, the non-redundant enterovirus
sequences were analyzed for recombination events with the T-RECs
software, by using the FASTA sequence file as both query and database.
Identified recombination events (361 for enteroviruses and 72 for rhi-
noviruses) were further analyzed with similarity plots, again within the
T-RECs software and were manually inspected. For the majority of
rhinoviruses, only the prototype strain and maybe a few more se-
quences from each genogroup were available. Thus, we only used the
rhinoviruses to detect potential recombinations with enteroviruses.
Nevertheless, we did not detect any signs of recombination among
rhinoviruses and enteroviruses. Concerning the enteroviruses, we
identified 247 sequences with complex recombination events that were
not clear and easy to interpret, whereas another 114 sequences had
recombination events that could be clearly identified (see Supplemen-
tary File S19_Simplots.zip). These 114 sequences with clear re-
combination events were used in the subsequent analyses. Additionally,
for the clear events, annotation of the genomic regions (coordinates of
each protein region on the genome) was also integrated in the similarity
plots. Based on the similarity plots and the genomic location of each site
of recombination, a graphical representation of recombination break-
points was created for the Enterovirus A, B, C species (see Fig. 1).

For each genotype, we collected the number of clearly identified
recombination events and also the number of sequences analyzed for
that particular genotype (see supplementary file S20). These data were
used to create Fig. 3 that shows the absolute number of recombination
events per genotype (darker-coloured bars) and the normalized number
of recombination events per genotype (lighter-coloured bars), by di-
viding the absolute number of recombination events with the number of
analyzed sequences for that particular genotype. This normalization
takes into account the bias that exists in sequence databases towards
certain genotypes that cause clinical symptoms/epidemics.

In order to detect the closest intertypic genetic relative of a re-
combined sequence fragment, each fragment was also analyzed/blasted
against the NCBI nr/nt database, using a nucleotide sequence identity
threshold of ≥ 90%. We also required that the coverage of the query
sequence fragment was above 90%. If the top intertypic genetic re-
lative/hit was below that threshold (90% sequence identity), it was
considered unknown. As expected, the top blast hit was the sequence
itself, but we also allowed for more sequences of the same genotype to
be top hits, above the top intertypic genetic relative/hit, as long as their
nucleotide identity was not below 97% (due to sequence redundancy).
All identified recombination events are stored in supplementary file
S20. Based on two thresholds of 90% and 95% sequence identity, three
networks of exchange/relatedness of genetic material between different
genotypes were created in Cytoscape (Su et al., 2014).

We also analyzed 1426 5′UTR sequences with a BioNJ phylogenetic

tree (Jukes-Cantor model, 500 bootstraps), as stated above. More spe-
cifically, we originally retrieved 2785 5′UTR sequences (from the
downloaded genomes), more than 650 nt long and then removed re-
dundancy by clustering them with 99% nucleotide identity cutoff. The
genotyping of each of these 5′UTR sequences was based on the VP1
region of their corresponding genome, as explained in the second
paragraph of Materials and Methods, above. The corresponding se-
quence alignment and BioNJ phylogenetic tree are also available as
supplementary files S21 and S22.

3. Results and discussion

3.1. The capsid region exhibits very low recombination rates in EVs

In accordance with the broadly held view in literature that is based
on multiple evidence, we also observed the least number of re-
combination events within the P1 capsid region (see Fig. 1). VP1 is
considered the protein region that usually does not recombine, thus
genotyping is based on this region. We only observed one recombina-
tion event at the end of VP1 in an Enterovirus C, that has already been
reported in FJ859189 (PV-3) (Zhang et al., 2010). Also, VP3 had two
recombination events being detected in Enterovirus B CV-B4 (sequence
ID: EF371880), already reported by (Bouslama et al., 2007) and En-
terovirus A CV-A16 (sequence ID: KU163608) respectively (not reported
yet). The VP4 region had two recombination events as well detected in
sequence KC897073 from E-30, already shown in (Xiao et al., 2014)
and JF260925 from CV-A17, already shown in (Bessaud et al., 2011).
Other analyses have identified recombination events as well within the
capsid region (Blomqvist et al., 2010, 2003; Dedepsidis et al., 2008;
Kyriakopoulou et al., 2006). Several reasons have been suggested for
the very low recombination frequency within the capsid region. Per-
haps the most prominent ones are structural constraints of the virion
shell or disruption of receptor binding (Oberste et al., 2004). Another
hypothesis is that the high sequence variability of this region does not
favor template switching, that needs small segments of high sequence
identity between the two parental strains.

3.2. The 5′UTR-VP4 junction is a recombination hotspot

The 5′UTR has an average size of 750 nt and is the most highly
conserved region of the enterovirus and rhinovirus genomes. It forms
several RNA secondary structure elements with specific functions, such
as the cloverleaf, involved in replication and the Internal Ribosome
Entry Site (IRES), that is responsible for the translation of the viral
genome (Dutkiewicz et al., 2016; Pelletier and Sonenberg, 1988). It is
organized in 7 domains and two spacer regions (Muslin et al., 2015).
Furthermore, this region interacts with several viral and host proteins
and contributes to cell tropism, host range, virulence and pathogenicity
(Kawamura et al., 1989; Bradrick et al., 2001; Harvala et al., 2002;
Muslin et al., 2015). Nevertheless, recombination at the 5′UTR – VP4
junction should theoretically be non-problematic. In addition, 2D ele-
ments of (-) 3′ could enhance recombination at this region. Indeed, past
phylogenetic analyses have shown evidence of incongruence between
5′UTR and capsid region trees (Boros et al., 2012; Kyriakopoulou et al.,
2014, 2017; Muslin et al., 2015; Santti et al., 1999; Simmonds and
Welch, 2006; Yozwiak et al., 2010). The majority of these analyses were
focused on specific Enterovirus species or genotypes. Also, in vitro re-
combination experiments of PV genomes with 5′UTRs originating from
the four Enterovirus species revealed three recombination hotspots
(Muslin et al., 2015). One was detected at spacer 1, situated 100 nu-
cleotides downstream from the beginning of the 5′UTR. Another re-
combination hotspot was identified between domains 5 and 6, around
position 600, whereas the third and most prominent one was located at
spacer 2, at the end of the 5′UTR. The current large-scale analysis that
uses all publicly available complete genomes/CDS (see Fig. 1) strongly
supports the previous findings that were based mostly on small/
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medium-scale analyses of phylogenetic incongruences (focused on
specific Enterovirus species or genotypes) and partly supports the find-
ings of the in vitro experiments, thus strongly emphasizing the need for
an intact 5′UTR. It is conceivable that we did not detect the first re-
combination hotspot, because of the parameters that we used in our

scanning, with a window length of 200 nucleotides long.
Previous analyses on enteroviruses have shown that there exist two

main phylogenetic clusters of 5′UTR regions (Kyriakopoulou et al.,
2014; Santti et al., 1999). Our analysis further included 5′UTRs from
human Rhinovirus A, B, C sequences as well and verified previous

Fig. 2. BioNJ phylogenetic tree of the 5′UTR of human Enterovirus A-D and human Rhinovirus A-C sequences. Colors correspond to each of the 7 species.
Bootstrap values are depicted for each major cluster.
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findings of the two major phylogenetic clusters and their exceptions
(see Fig. 2). We observed that human Rhinovirus B 5′UTRs formed a
distinct monophyletic cluster, whereas Rhinovirus A and C 5′UTR se-
quences formed another distinct cluster, but with no clear signs of
monophyly. This suggests that Rhinovirus A and C genomes may ex-
change 5′UTR regions, but Rhinovirus B genomes seem to be isolated.
Furthermore, enteroviruses and rhinoviruses did not exchange any sort
of genetic material, even though their sequences show clear signs of
homology.

3.3. P2 is a recombination hotspot, especially in EV-B & EV-C

Another prominent recombination hotspot that emerges from this
large-scale analysis is the P2 region and particularly 2A (see Fig. 1). P2
has been repeatedly reported as a frequent site of recombination in the
past literature (Kyriakopoulou et al., 2014; Lukashev et al., 2005;
Mirand et al., 2007). More particularly, the 2A region has been reported
as a region where recombination breakpoints concentrate, for several
different viruses (McWilliam Leitch et al., 2012). Our large-scale ana-
lysis that is based on all publicly available complete genomes/CDS
unequivocally confirms previous findings of medium/small scale stu-
dies (focused on specific Enterovirus species or genotypes) and high-
lights the 2A region as another recombination hotspot in both En-
terovirus B and C sequences. In general, Enterovirus B and C had a
significantly elevated frequency of recombination across the 2A region,
but also the 2C region was the focus of many recombination events. On
the contrary, Enterovirus A strains display a more evenly distributed
pattern of recombination points across the whole P2 and P3 regions. A
very recent and focused genomic study on Sabin 1, 2, 3 poliovirus re-
combination patterns from Russia and former Soviet Republics high-
lighted P2 and especially 2C as a recombination hotspot (Korotkova
et al., 2017). P3 also had a very significant number of recombination
events. Intriguingly, each of the three Sabin strains had different re-
combination hotspots. Even though we did not include their sequence
data (Korotkova et al., 2017) in our analyses, we also provide a
Supplementary figure (S23) that compares the recombination break-
points detected by that study (Korotkova et al., 2017) (which is geo-
graphically and strain focused) with the recombination breakpoints of
vaccine derived PVs and other Enterovirus C genotypes in our dataset
(that is more broad-based). Both our study and that of (Korotkova et al.,
2017) identify a significant number of events in P2, but a notable dif-
ference is that the latter study finds significantly less events in 2A
compared to 2C (see Supplementary Fig. S23).

3.4. Key players in recombination events

Evidence from many past small and medium-scale studies has re-
vealed certain phylogenetic groups as key donors and/or acceptors. In
this analysis, we have identified recombined sequence fragments in
various genotypes and searched for their closest relatives in the nr/nt
NCBI database with Nucleotide Blast. We applied two thresholds of 90%
and 95% sequence identity. It is tempting to assume that these identi-
fied genotypes (by blast) have acted as (or they are the closest relatives
of) donors of genetic material. However, due to double and triple re-
combinants (that are not uncommon), assigning the source of these
regions is difficult since they may represent a common genetic pool
from which many different viruses can draw their sequences. We thus
prefer the term of “recombination partner”.

More specifically, EV-71 is considered the most prominent of the 25
existing Enterovirus A genotypes, due to large epidemics in Southeast
Asia. It causes diarrhea, rashes, hand-foot and mouth disease, or even
encephalomyelitis (Yogarajah et al., 2017). Another prominent strain is
CV-A6, a causal agent of hand foot and mouth disease (Puenpa et al.,
2016). Accordingly, many sequenced genomes exist in databases for
these prominent genotypes (especially EV-71). Our analysis identified
these two genotypes as the most prominent Enterovirus A recombination
partners (see Figs. 3 and 4). Recombination events were identified
mainly at 2A, 2B and 2C regions, with no particular hotspot emerging
from this analysis (Fig. 1). However, when normalizing for the number
of sequences analyzed, EV-71 appears to have a low propensity for
recombination. Indeed, previous analyses have demonstrated this low
propensity of EV-71 compared to other Enterovirus A and B genotypes
(Lukashev et al., 2014; McWilliam Leitch et al., 2012). In particular,
(Lukashev et al., 2014) estimated that EV-71 is 4–5 times less likely to
recombine than CV-A2 and CV-A4, a range of values that we also es-
timated in our normalized counts (see Fig. 3).

The Enterovirus B species contains 63 different genotypes and thus it
is not surprising that its strains have been reported to recombine much
more frequently than Enterovirus A strains (Oberste et al., 2004;
Simmonds and Welch, 2006). The most prominent member of this
evolutionary group is Echo 30 (E30), the main cause of viral aseptic
meningitis (Kyriakopoulou et al., 2017). Previous analyses have high-
lighted the role of E30 in recombination events, while other genotypes
such as E-6 and CV-B4 have been reported as well (Lindberg et al.,
2003; Bailly et al., 2011; Kyriakopoulou et al., 2012). Our analysis
identified E30, E-6, E-25, CV-B5, CV-B4 and CV-A9 as prominent re-
combination partners (see Figs. 3 and 5). When normalizing for the
number of sequences analyzed, E-30 and E-6 were still displaying a high
propensity for recombination and E-25 emerged as one of the most
frequently recombining genotypes (see Fig. 3). Of notice, the ratio of

Fig. 3. Recombination events per genotype. Dark coloured bars correspond to absolute number of recombination events per genotype. Some genotypes have many
sequences in databases and this bias is not taken into account. On the other hand, these genotypes more frequently cause clinical symptoms/epidemics. Light
coloured bars correspond to normalized number of recombination events per genoptype. Here, the absolute number of recombination events is divided by the number
of analyzed sequences for that particular genotype.
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relative recombination frequencies in E6, E30 and E11 is compatible
with McWilliam Leitch (2012), which suggested much lower

recombination incidence (longer non-recombinant sequence half-life)
in E11 compared to E6 and E30. Interestingly, recombination hotspots
were identified at the 5′UTR-VP4 junction, 2A, 2B and 2C regions, al-
though recombination events were also detected in the P3 region, albeit
with not so high frequency (Fig. 1).

Human Enterovirus C species consists of 23 different genotypes,
where recombinations are frequent (Combelas et al., 2011; Smura et al.,
2014; Bessaud et al., 2016). Based on VP1 phylogeny, Enterovirus C is
divided in three evolutionary subgroups (see supplementary file S14).
The most important one contains polioviruses 1, 2, 3, CV-A13, CV-A17,
CV-A20 and EV-C102. Polioviruses are the most prominent members of
this species and are the main causative agents of poliomyelitis. How-
ever, a successful global vaccination program, mainly with live atte-
nuated/mutated strains, designated as Sabin 1, 2, and 3 has lead to its
eradication in many countries. These attenuated vaccine strains have a
high propensity to recombine with other Enterovirus C genotypes of the
same subgroup, such as CV-A13 and CV-A17. These recombinants may
form circulating Vaccine Derived PolioViruses (cVDPDs) that cause new
outbreaks of poliomyelitis (Joffret et al., 2012; Rakoto-Andrianarivelo
et al., 2007), thus jeopardizing vaccination strategies. Our analysis
clearly demonstrates that most of the detected recombination events
occur among the three polioviruses, where PV2 emerges as the most
frequent recombination partner, followed by PV1 (see Figs. 3 and 6).
This observation holds even when normalizing for the number of se-
quences analyzed (see Fig. 3). In another study of Sabin poliovirus re-
combinants isolated from Russia and former Soviet Republics, the ma-
jority of recombinants were PV2 and PV3 (Korotkova et al., 2017). The
data in our study show that PV2 also shares genetic material with CV-
A13 and CV-A17, that belong to the same evolutionary subgroup with

Fig. 4. Network of recombination partners for Enterovirus A genotypes. Edges
depict events where the recombined sequence fragment within a certain gen-
otype had ≥ 90% (grey color) or ≥ 95% (red color) identity with another
genotype, based on NCBI BLAST. EV-71 and CV-A6 play a central role as re-
combination partners.

Fig. 5. Network of recombination partners for Enterovirus B genotypes. Edges depict events where the recombined sequence fragment within a certain genotype had
≥ 90% (grey color) or ≥ 95% (red color) identity with another genotype, based on NCBI BLAST. E30, E-6, E-25, CV-B5, CV-B4 and CV-A9 emerge as prominent
recombination partners.
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PVs (see Fig. 6). However, this finding of CV-A13 holds only for a
(blast) threshold between 90% and 95% nucleotide identity (see Fig. 6).
On the other hand, PV3 shares genetic material with CV-A17, even
when applying a very stringent (blast) threshold of>= 95% nucleo-
tide identity. Based on this evolutionary analysis and depending on the
threshold applied, it is conceivable that other members of this same
evolutionary subgroup, such as CV-A20 and EV-C102 could function as
donors of genetic material for PV2, that could in turn circulate it to the
other two PVs. In vitro and in vivo experiments have shown an ability
and a directionality in the exchange of genetic material between PVs
and CV-A20 (Jiang et al., 2007). Interestingly, in our analyses, CV-A13
shares genetic material with CV-A24 that belongs to another evolu-
tionary subgroup. The implication of this finding is that other members
of the CV-A24 evolutionary subgroup (see Fig. 6 and Supplementary
Fig. S14), such as EV-C99, CV-A21, EV-C95, EV-C96 and CV-A11 could
possibly share genetic material with CV-A13 and/or CV-A17 that may
in turn circulate it to PVs, most probably via PV2. Also, in vitro ex-
periments have demonstrated viable recombinants between PV1 and
CV-A21 (Jiang et al., 2007).

The Enterovirus D species is divided in 5 genotypes, with the most
common of them being EV-D68. Previous analyses have reported intra-
typic recombination events, but inter-typic recombination events are
considered rare (Kyriakopoulou et al., 2014; T. Smura et al., 2007; T.P.
Smura et al., 2007; Tan et al., 2015; Yip et al., 2017). This analysis did
not observe any recombination events, thus probably reflecting the
truly low occurrence of inter-typic recombinations in this species. As
more genomes become available, rare events are expected to be de-
tected eventually.

4. Conclusions

Recombination has long been recognized as a driving force for the
evolution of enteroviruses. However, due to technological limitations,
early studies focused on certain strains, epidemics, partial genomic
regions and mostly on phylogenetic incongruences. Advances in
genomic technologies have now allowed us to overcome past limita-
tions and study whole genomes from hundreds of different strains. This
study exploited all publicly available complete genomes/CDS so as to
obtain an unbiased as possible global picture of the patterns of re-
combination displayed in this particular virus. Despite the plethora of
different strains in the four Enterovirus species, just a handful of them
play a central role as frequent recombination partners. Consequently,
their environmental monitoring becomes of paramount importance.
Intriguingly, within recombined strains we also observed that 25% (43/
170) of recombined sequence fragments do not closely resemble known
enteroviral sequences in publicly available databases, even when ap-
plying a (blast based) nucleotide identity threshold of 90% (see sup-
plementary file S20). Our interpretation is that there exists a rather
large genetic reservoir in the environment, that has the potential to fuel
recombination and accelerate the emergence of new Enterovirus epi-
demics. From a genomic perspective, the distal parts of the 5′UTR re-
gion and the 2A protein region are highlighted as recombination hot-
spots in the various genotypes although some other and more restricted
studies have identified different hotspots. These two hotspots flank the
capsid region, which (as expected from previous studies) exhibits very
low recombination rates. Thus, the capsid region emerges as the
“psyche” of an enterovirus, whereas other regions seem to be inter-
changeable. Although we have analyzed a plethora of genomic se-
quences, it is conceivable that some of the conclusions of this study may

Fig. 6. Network of recombination partners for Enterovirus C genotypes. Edges depict events where the recombined sequence fragment within a certain genotype had
≥ 90% (grey color) or ≥ 95% (red color) identity with another genotype, based on NCBI BLAST. Boxes group genotypes according to the phylogenetic relatedness of
the PV subfamily to the other Enterovirus C subfamilies (see also phylogenetic tree in supplementary file S14). PV2 plays a central role in the exchange of genetic
material within the Enterovirus C species.
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need to be revised in the future, as many more genomes from various
geographical locations become available. In addition, there exists a
significant bias in sequence databases in favor of certain strains/geno-
types that manifest clinical symptoms. In this study, the calculated
frequencies of recombination could be considered estimates of the true
recombination frequencies that still remain unknown. Also, sequences
of different genotypes were determined from samples that have been
collected over very different time frames, seasons, populations, or
geography, and mass vaccination may have played a role for some but
not others. However, several of our conclusions are in accordance with
those from previous and independent low/medium-throughput studies,
strongly suggesting that this analysis provides a reliable qualitative and
quantitative global overview of recombination patterns in the human
enteroviruses. Finally, this work provides a computational framework
for similar and highly demanding large-scale genome-wide analyses in
other frequently recombining viruses.
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