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Abstract

Five enterovirus-positive cases have been identified in Southern Senegal in December 2022, during field investigations around a
cluster of patients with acute gastroenteritis syndrome including 4 deaths. Two enterovirus species were identified using genomic
sequencing, including Coxsackievirus A4 and Coxsackievirus A16 strains with sequence length of 306 and 5788 nucleotides,
respectively. The generated sequences were screened for recombination. Similarity plot and Bootscan analyses of the newly
characterized Coxsackievirus A16 sequence revealed a recombination with Coxsackievirus A4 at the VP3-VP1 Capsid region
with a breakpoint at the nucleotide position 2212. These results were confirmed by using phylogenetic inferences. Our data are
noteworthy by exhibiting the first recombinant Coxsackievirus A16-Coxsackievirus A4 strain in Africa which belongs to a distinct
phylogenetic group. This new sequence expands the number of Coxsackievirus A16 genome sequences and could be useful in
future studies focused on the molecular epidemiology of Coxsackievirus A16 in Africa. It is important to continue using next-
generation sequencing in surveillance of enteroviruses in Senegal not only for monitoring the circulation dynamic of this new
recombinant enterovirus phylogenetic group, but also for rapid characterization of emerging enteroviruses that could be probably
associated to severe diseases such as acute gastroenteritis. In addition, more studies focusing on the impact of recombination on
enterovirus fitness could be promoted for better understanding of their pathogenesis.
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Introduction

Gastroenteritis is one of the most typical causes of morbidity and
mortality in humans of all age groups particularly, in children
[1,2,3,4] and low-income and middle-income countries [5,6]. It
is also a common reason for admission to hospital in developed
countries.

Viruses that are the most common cause of acute gastroenteritis
include rotavirus, calicivirus, adenovirus, and astrovirus [6,7,8,9].
However, enteroviruses have also been recently associated with
acute gastroenteritis [10,11].

Members of the Picornaviridae family, the Human enteroviruses
(EV) include enteroviruses A to D species such as coxsackieviruses,
rhinoviruses, polioviruses, and echoviruses. They are often
associated with clinical manifestations ranging from mild
infection to severe diseases including myopericarditis, pneumonia,
aseptic meningitis, herpangina, enteroviral vesicular stomatitis,
encephalitis and acute flaccid paralysis [12,13,14]. In humans,
enterovirus (EVs) are among the most common infectious agents
worldwide responsible for major public health concerns [15,16].
The association of EVs infection with diarrheal diseases is not
well confirmed. However, during the last decade, EV have been
added to the list of causative agents of gastroenteritis [10] and
diarrheal disease in several countries, including Thailand, Italy,
Japan, Vietnam, Djibouti, and India [11,17,18,19,20]. However,
human EV species A (EV-A) such as Coxsackievirus (CV)-A2,
CVA4, CVAS, CVA6, CVA10, CVA12, CVA16 and Enterovirus
A71 (EV-AT71) are known as etiologic agents of hand-foot-and-
mouth disease (HFMD) [21,22,23]. Since 2004, several HFMD
outbreaks associated with co-circulation of EV-A71 and CVA16
have been reported in the Asia-Pacific region [24,25].

First isolated in South Africa in 1951 [26,27] and subsequently
sequenced in 1994 [28], the CVA16 has been reported as a major
pathogen responsible for self-limited and mild HFMD worldwide.
However, occasionally, it can cause serious infections with
complications including encephalitis, myocarditis and acute flaccid
paralysis (AFP) [29,30]. As for other EV, the CVA16 genome is a
single-stranded positive-sense RNA molecule of approximately
7500 nucleotides (nt), encompassed by a 5‘untranslated region
(UTR) of approximately 750 nt and a short 3’UTR of approximately
70-100 (nt). The large polyprotein encoding for a single open
reading frame (ORF), is divided into three regions (P1-P3). The
P1 region contains four structural proteins (VP1-VP4) whereas the
P2 and P3 regions together contain seven non-structural proteins
(2A-2C and 3A-3D) [31,32]. Based on the VP1 protein, which
is the most diversified region between EVs, the CVA16 species
is divided into three genotypes (A, B and D). Additionally, the

genotype B can be further divided into Bla, B1b, Blc, B2a, B2b,
and B2c sub-genotypes [32,33,34].

In Africa, only limited data regarding the epidemiology and genetic
diversity of CVA16 exists due to the lack of active surveillance
programs or diagnostic resources for detection of EV. To date, only
few sequences of CVA16 are available from Africa and most of
them are associated with cases of AFP [35,36].

As of December 19, 2022, an alert was received by the Senegalese
Ministry of Health and Social actions (MoHSA) from the team
of the Bounkiling health district, in the Sédhiou medical region
in Southern Senegal, signalling a cluster of human cases with
acute gastroenteritis. The first case was recorded on November
23, in a house-hold of 320 members including a koranic school.
A total of 4 deaths were reported, all including men aged between
10 and 37 years-old. From December 25 to December 30, 2022,
a jointed national multidisciplinary and multi-sector mission
(epidemiologists, clinicians, toxicologists, socio-anthropologists,
biologists, environmentalists,..) supported by partners (OMS,
CDC, IPD, PATH) and including teams from the Senegalese
MOoHSA, the Institut Pasteur de Dakar (IPD), the Mobile Advanced
Coordination Unit (UMCA) based in the Kolda region, the Sédhiou
medical region and the Bounkiling health district, was deployed
for investigation around the reported deaths, contacts tracing, rapid
identification of suspected cases and evaluation of risk factors in
order to formulate necessary public health recommendations for
timely management of patients and outbreak control.

In this study, we reported the identification and analysis of a
recombinant CVA16-CVA4 strain detected during investigation
of an epidemic of acute gastroenteritis in the Bounkiling health
district, Sédhiou medical region, Southern Senegal.

Materials and Methods
Ethical Consideration

The Senegalese National Ethical Committee of the MoHSA
approved the surveillance protocol as a piece of research with less
than minimal risk, and written consent forms were not required.
Oral consent to participate was obtained from all patients or
parents/guardians of minors included in this study, as required
by the Senegalese National Ethical Committee of the MoHSA.
All samples were de-identified before we performed virus
characterization and analysis.

Specimen Collection and Study Location

Clinical samples used in this study were obtained from 32 patients
admitted at hospital for acute gastroenteritis in the Bounkiling
health district during the field investigations in December 2022.
For each suspect or contact case, blood, nasopharyngeal swab,
urine and stool samples were collected. Bounkiling is a city of
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196,874 Inhabitants for a surface of 3,005 Km? (a population
density of 66 people/Km?), located in the Sédhiou region, in
Southern Senegal (13° 8’ 13” north and 15° 36 42 west) and share
borders with The Gambia in the Northern part and Guinea in the
Southern part (Figure 1).

Figure 1: Map showing Bounkiling city (orange) and the Sédhiou
region (red circle).

First-Line Testing

Blood and urine samples were tested for classical arboviruses
including Chikungunya, Yellow Fever, West Nile, Zika and
Dengue) and hemorrhagic fever viruses (Ebola, Marburg, Lassa,
CCHEF, RVF) by real-time reverse-transcription polymerase chain
reaction (RT-PCR) and anti-IgM antibodies by Enzyme-Linked
Immunoassay (ELISA) testing. In addition, stool samples were
analysed for bacterials using isolation on selective and non-selective
media and qPCR targeting Shigella spp, invasive Escherichia
coli, Yersinia enterocolitica, Vibrio cholerae, Clostridium
difficile, Salmonella spp, Shigatoxin-producing E. coli (STEC),
Enteropathogenic E. coli coli enteropathogenic (EPEC), E. coli
enterotoxinogenic (ETEC), E. coli enteroaggregative (EAEC.).

Treatment of stool samples and RNA extraction

Atotal of 32 stool samples were collected with their case-based form
containing data on patient, demographics and clinical symptoms.
Samples were sent to the World Health Organization’s Regional
Polio Laboratory hosted at IPD in Senegal for further investigation
and identification of the potential associated pathogen and were
stored at approximately 4 °C during transport.

At the IPD, stool samples were treated with 1 mL Chloroform,
5 mL Phosphate Buffer Solution and 1 g of glass beads. The
mixture was shaken for 20 minutes and centrifuged at 1500% g
for 20 minutes to obtain clarified stool suspensions. Viral RNA

was extracted from 200 pL of clarified stool suspensions using the
QIAmp Viral RNA Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. Extracted RNA was eluted in
60 pL of nuclease-free water and stored at -20 °C until use.

Enterovirus Diagnosis and Molecular Genotyping

The extracted RNA was tested for EV by real-time RT-PCR using
a pan-enterovirus (panEV) assay which targets highly conserved
sites in the 5 -nontranslated region (5°’-NTR) of all enteroviruses,
with the LightMix® Modular Enterovirus 500 kit (Roche-Ref 50-
0656-96, TibMolBiol, Berlin, Germany) [37] and the qScript™
XLT One-Step RT-PCR (QuantaBio, Beverly, MA, USA).

The viral RNA detection was performed using the CFX96TM
Real-Time PCR system (Bio-Rad, Singapore) and the following
conditions: reverse transcription at 50 °C for 10 minutes, initial
denaturation at 95 °C for 1 minute, followed by 45 cycles of
denaturation at 95 °C for 10 seconds, and 60 °C for 1 minute.
Samples with Ct values <35 were considered as EV-positive and
RNA was stored at -80 °C until further testing.

Enterovirus VP1 Gene Amplification

For viral amplification, RNA was reverse transcribed into cDNA
using the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific™ Vilnius, Lithuania) with random-hexamers primers
according to the manufacturer’s instructions. Amplicons of the VP1
region were then generated using The GoTaq® DNA Polymerase
kit (Promega, Madison, WI, USA) with a PCR method targeting
the VP1 region as previously described [38].

The PCR was carried out in a final volume of 50 pL containing 5
uL of the cDNA product, 10 puL of the PCR buffer (Promega), 4
puL of MgCl2, 1,2 puL of dNTP (10 mM), 1 pL of forward primer
(20 uM), 1 pL of reverse primer (20 uM) and 5 pL of GoTaq®
DNA Polymerase (5 u/uL). This reaction mixture was amplified
using the following conditions: 3 minutes at 95 °C followed by 40
cycles of 30 seconds at 95 °C, 30 seconds at 45 °C and 1 minute
at 72 °C, plus a final extension step at 72 °C for 10 min. The PCR
product was verified using electrophoresis in a 1% Agarose gel
with Bromide Ethidium staining under UV visualization.

Enterovirus Sequencing and Genome Analysis

To determine EV’s genotypes, cDNA and amplicons of the VP1
gene were purified using AMPure XP magnetic beads and quantified
using the dsDNA High Sensitivity Kit on a Qubit 3.0 fluorometer
(Thermo Fisher). The purified cDNA and VP amplicons were
barcoded using the Rapid Barcoding Kit 110.96 with MRT001
expansion (Oxford nanopore technology) and pooled in a single
tube. The libraries were then purified and sequenced on a Gridlon
instrument (Oxford nanopore technology).

Passed reads were analyzed using the “Genome detective virus
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tool” software (version 2.40) and the consensus sequences were
analyzed using the online Basic Local Alignment Search (BLAST)
program  (https://blast.ncbi.nlm.nih.gov/Blast.cgi,  accessed
on January 2, 2022) to compare the sequence homology with
previously available data. In addition, the genotype was confirmed
using the online Enterovirus Genotyping Tool (RIVM) program
which reliably assign the genotype based on Sequences of all
regions of the enterovirus genome (https://www.rivm.nl/mpf/
typingtool/enterovirus/, accessed on January 2, 2022) [39].

Phylogenetic Analysis

Multiple alignments of our dataset including our newly
characterized genome sequences and sequences previously
available from Genbank (https://www.ncbi.nlm.nih.gov/), were
performed using BioEdit version 7.2.5 [40]. The maximum
likelihood (ML) phylogenetic trees based on VP1 and near-
complete genome sequences were inferred using IQ-TREE
(version 1.6.12) [41] for 1,000 replications. The ML tree topology
was visualized with (FigTree version 1.4.4) [42]. Nodes were
supported by Bootstrap values.

Recombination Analysis

To confirm the occurrence of recombination events, similarity plot
and bootscan analysis were conducted against sequences closely
related by using the SimPlot program, version 3.5.1 [43], with a
400-nt window moving in 20-nt steps and using a Kimura two-
parameter method with a transition-transversion ratio of 2 with
1000 resampling.

In addition, the RDP4 (Recombination Detection Program version
4) program [44] was also used to detect the potential recombinants
confirmed by at least 6 of the 7 selected methods using default
settings, including RDP, GENECONYV, Maxchi, Bootscan, Siscan,
Chimaera, 3Seq and LARD. Full genome sequences were used as
queries for BLASTn and sequences with highest homologies and
complete genomes were used in the recombination analysis.

Maximum likelihood (ML) phylogenetic trees based on sequences
of the recombinant region and concatenate sequences of the non-
recombinant regions were inferred using the FastTree program
[45] for 1,000 replications. The ML tree topology was visualized
with (FigTree version 1.4.4) [42]. Nodes were labelled by local
support values computed using the Shimodaira-Hasegawa test.

Results
Demographic and clinical characteristics of investigated cases

A total of 32 patients including 18 males and 14 females, was
identified with a sex ratio of 1.28 and a median age of 26 years
(ranging from 14-38 years). The 15-29-years-old group had the
highest proportion of cases (34.4%). The majority of cases were
found among housewives and students with 25.7 % and 23.3 %,

respectively. The signs and symptoms frequently reported were
fever & headache (68.8%), vomiting (35.5%), abdominal pain
(35.5%) and asthenia (35.5%). Diarrhea was reported in 19 % of
the patients investigated. One person reported urinary signs such
as polyuria/polydipsia. However, no haemorrhagic or neurological
signs were reported.

First-line testing

Blood and urine samples tested negative for classical arboviruses
and hemorrhagic fever viruses. Only a blood sample from a 26
years-old woman residing in the village of Ndiama Peulh, tested
positive for Dengue’s anti-IgM antibodies by serology testing. In
addition, the bacteriological examination of stool samples was
negative for all cases, apart from a 35 years-old woman residing
in the village of Ndiama Peulh, who tested positive for Salmonella

spp.
Clinical and Demographic Characteristics of Confirmed Cases

EV were detected in 5 stool samples from 32 (15.62%) with a sex-
ratio of 1.5. The most frequent age-group was those aged between
10-20 years (60%). The most common clinical signs in EV-
confirmed cases were fever & headache (80%), asthenia (80%),
vomiting (60%) and abdominal pain (40%). However, these data
are not enough to confirm these statements.

Enterovirus Genotyping

Overall, two out of 5 EV were successfully amplified including
one with partial VP1 sequence (300 nt) from an amplicon and
one with P1, P2 and partial P3 region (5637 nt) from a cDNA,
corresponding to CVA4 and CVAI16 genotypes, respectively,
based on BLAST analysis. In addition, the RIVM confirmed the
genotyping data.

The patient with CVA4 infection was a 15 years-old boy with
fever, headaches, vomiting and asthenia (SEN/023.2022) while
the patient infected with CVA16 was a one year-old boy with
fever and diarrhea (SEN/020.2022). The obtained sequences were
deposited in the GenBank database under the accession numbers
(0Q607171; OQ550958 for the CVA16 and CVA4 sequences,
respectively).

Phylogenetic Analysis

Classification of the genotypes and their genetic relationships were
also assessed by construction of sub-genomic ML phylogenetic
trees using aligned sequences based on the VP1 gene and the
near-complete genome from our study and sequences of the EV-A
genotype available from the GenBank database.

The phylogenetic data confirmed the RIVM’s results. Interestingly,
Both SEN/023.2022 and SEN/020.2022 isolates grouped with
CVA4 sequences on the VPl-based tree (Figure 2A) while
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considering the near-complete genome-based tree, the isolate SEN/020.2022 clustered only with CVA16 sequences (Figure 2B).

In addition, the VP1-based tree showed the phylogenetic analysis showed that the SEN/020.2022 isolate was closed to a previous
CVA4 sequence from Guinea (KY433793.1- Guinea/2014) with a 90% nt homology (Figure 2A). However, its newly characterized
near-complete sequence (P1, P2 and partial P3) was close to the prototype Human enterovirus A isolated from South Africa in 1951
(U05876.1-South Africa/1951) with a 100% nt homology and a CVA16 strain from China (EU812514.1 -China/2008) with a 99.8% nt
homology (Figure 2B).

Figure 2: Maximum-Likelihood phylogenetic trees based on (A) 37 partial VP1 sequences (~306 bp) and (B) 26 sequences (~5637 bp)
from the newly characterized EV-A and previously available sequences obtained from GenBank. The newly characterized sequences are
highlighted in red. Bootstrap values > 90 are shown on the tree. The scale bar indicates the distances of the branches. GenBank accession
numbers for published sequences are shown in the tree. Sequences obtained from GenBank included CVA16, EV-A71, CVA6, CVA4
and EV-B as an outgroup.

Moreover, to better ratify the genetic relationships between the CVA16 genomes, we analyzed separately recombinant and concatenated
non-recombinant regions from the SEN/020.2022 isolate using phylogenetic inferences. Interestingly, the corresponding recombinant
genomic region grouped with CVA4 sequences (Figure 3) while the non-recombinant regions clustered with CVA16 sequences (Figure
3).

Figure 3: Phylogenetic comparisons trees based on 31 partial VP1 sequences of the recombinant region (position 2212-2978 nt) (A) and
26 concatenate sequences of the non-recombinant regions (position 0-2212 nt and 2979-5637 nt) (B) including the newly characterized
CVA16 sequence and EV-A previously available sequences obtained from GenBank. The newly characterized sequences are highlighted
in red. Nodes are labelled with local support values computed using the Shimodaira-Hasegawa test for 1,000 replications. The scale bar
indicates the distances of the branches. GenBank accession numbers for published sequences are shown in the tree. Previous sequences
obtained from GenBank included CVA16, EV-A71, CVA6, CVA4 and EV-B as outgroup.
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Recombination Analysis

By analyzing the SEN/020.2022 sequence (CVA16), the SimPlot graph consists of a graphical representation of similarities between
the reference group and the remaining groups using a sliding window approach. The Simplot data revealed a difference of nt similarity
within genomic partial VP3-VP1 gene, suggesting that this region is almost different to those of the other CVA16 strains (Figure 4A).
In addition, the genomic region between nucleotide positions 2212-2978, displayed a relatively high degree of similarity to CVA4
sequences, in particular with a CVA4 strain from Guinea (Accession KY433787) isolated in 2017. The BootScan method was used
for the identification and mapping of recombinant sequence regions. Interestingly, the BootScanning data confirmed the existence of a
strong intertypic recombination signal within partial VP3-VP1 gene (Figure 4B). In addition, this recombination event was significantly
supported by the RDP4 analysis, exhibiting that the newly characterized CVA16 sequence recombined with a CVA4 strain previously
isolated from Guinea (KY433787).

Figure 4: Similarity plot (A) and Boot scanning analysis (B) of the CVA16 study strain SEN/020/2022. with closely related strains.
The genetic organization of enteroviruses is shown in the top panel. Analyses were conducted by using SimPlot 3.5.1 (Kimura distance
model, window size 200 bp moving in 20 nucleotides steps). SEN/020.2022 was used as a query sequence.

Discussion

Gastroenteritis has a major impact on morbidity and mortality worldwide [46]. Besides, a large number of pathogens are known to be
aetiological agents responsible for gastroenteritis especially viruses (more than 70%), followed by bacteria (10-20%) and protozoa (less
than 10%) [S5]. Gastroenteritis remains a serious public health concern among children under 5 years with the highest incidence in children
aged between 624 months [2,46,47] Particularly, in low-income and middle-income countries [5,48]. The Global Enteric Multicenter
Study (GEMS) identified Rotavirus (family Reoviridae) as the most predominant enteric pathogens associated with gastroenteritis in
humans [49,50]. However, the relative incidence of Rotaviruses has significantly declined due to the successful implementation of
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rotavirus vaccines in many countries during the last decade [51,52]
while the prevalence of the other viral etiologies is increasing [53].
Nevertheless, in most of the African countries, microbiological
methods for investigation of gastroenteritis are usually restricted
to conventional enteric bacteria identification (such as Salmonella
sp, Shigella sp and Enteropathogenic Escherichia coli) and viral
etiology is rarely investigated.

Studies on EV infections showed that they can cause a range of
illnesses including severe clinical illness, sometimes lethal, and
outbreaks of EV-associated diseases vary in specific genotypes.
Between 2001 and 2002, the E13 type emerged in the United
States and Japan, and spread causing many epidemics of acute
meningitis, worldwide [54,55]. However, Since, 2016, members
of the species A such as EV-A71, CVA6 and CVA16 and species
D such as EV-D68, have been involved in recent outbreaks of fatal
Hand Foot and Mouth Disease (HFMD) and respiratory disease,
respectively [56]. In 2018, E30 circulation was high, and large-
scale E30 meningitis-related upsurges were reported in Denmark,
Germany, the Netherlands, Norway, and Sweden [57]. This year,
E11 especially are one of the most frequent types responsible for
EVs neonatal infection, the World Health Organization (WHO)
reported an increasing number of severe neonatal infections
associated with echovirus 11 in many European countries, notably
in Croatia, Spain, Sweden, and the United Kingdom [58].

Although their replication cycle occurring in the intestine
systematically go unnoticed, EV can also affect the gastrointestinal
tract and have recently been added to the list of causative agents of
gastroenteritis [10,11,59]. In addition, some genotypes have been
associated with acute gastroenteritis [60].

Our study reported on the circulation of EV during investigations
around a cluster of patients with acute gastroenteritis in Senegal.
During these investigations, other pathogens known to be endemic
in Senegal such as Dengue virus and Sa/monella spp were detected
with low prevalence [61,62]. Although a detection rate of 15.62%
was recorded in our study for EV, prevalence rates between 1.2%
and 42% in fecal specimens from patients with acute gastroenteritis
have been previously reported worldwide [10,63,64,65]. In fact,
previous studies performed in India reported an EV detection rate
of 33-40% [11] while another study conducted in Brazil reported
the prevalence of 23.3%, of which EV-A, B and C [66]. In addition,
a prevalence of 5.8% was reported in Thailand and CVA24
and EV-C96 were the most prevalent genotypes detected [67].
However, another study conducted in the same country exhibited a
prevalence of 6.2% and mainly involved the PV-2 genotype [68].

Various EV genotypes including E11, CVA6, CVB2, PV3, CVB4,
E18, and CVA2 were detected in stool from children with acute
diarrhea in China [63]. Moreover, an outbreak of gastroenteritis
caused by E6 was previously reported among children in Japan
[69]. E11 was similarly reported to be responsible for outbreaks

of diarrhea in Malaysia [70] and southern India [71]. The E11 and
E30 species have been found to be the most prevalent genotypes
associated with diarrhoea in children in Southern India [60]
while the E6 and E14 species were predominant in children with
diarrhoea in Western India from 2004 to 2009 [11]. The E11 species
was also responsible for an outbreak of acute gastroenteritis in
confinement homes in Southern India and Malaysia [70] and acute
gastroenteritis caused by CVB6 was previously reported from
children in Brazil [72].

In Africa, the CVA24 species was reported as the most predominant
genotype identified in children with acute gastroenteritis in
Ghana [73]. Although several other species have been previously
identified in patients with gastroenteritis, EV were also detected in
asymptomatic individuals at a prevalence of 22.8% [74].

In our study, we reported on identification of the first recombinant
CVAL16 associated with acute gastroenteritis in Senegal. Generally,
the EV-A types as EV-A71, CVA16, CVA6, and CVA10 are the
most commonly sequenced types in East Asia, and Southeast Asia.
However, only few short-length genomic sequences of EV-A are
currently available from Africa, North America, and Western Asia.

First isolated in South Africa in 1951, the CVA16 species was
subsequently associated with cases of AFP [36]. However, more
recent data showed its involvement as a major cause of many
HFMD outbreaks [75-77]. Moreover, it was responsible for about
50% of all the confirmed EV infections among HFMD cases in
mainland China [78,79]. Although CVA16 infection was usually
mild and benign, the emergence of a new clade [80,81] in China
indicates that CVA16 is continuing to evolve into more diverse
branches, so continued surveillance is warranted. In addition,
severe complications such as myocarditis and pericarditis, even
death could occur [82,83]. In Africa, the CVA16 species was
rarely reported probably due to the lack of active surveillance or
limitations in resources and diagnostic tools. Besides, a large part
of sequences are linked to AFP cases notified in the frame of the
poliovirus eradication efforts, hence this highlights the need for
more surveillance in underreported regions.

Widely used for EV taxonomy, identification of new types, and
molecular epidemiology [84,85], comparative sequence and
phylogenetic analyses based on the VP1 gene revealed that
the newly characterized CVA4 and CVAI16 strains shared high
nucleotide identity with a CVA4 strain from Guinea in 2014,
suggesting that this CVA4 strain from Southern Senegal could
be probably imported from Guinea which shares borders with the
Sédhiou region, involving an important transboundary circulation
of human populations and animals.

Interestingly, similarity plot graphs and Bootscan analyses based
on whole genome sequences revealed that the new CVA16 strain
from Sédhiou recombined with a CVA4 sequence at the VP3-VP1
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region, suggesting a potential intertypic recombination during
CVAL16 evolution and confirmed data from the incongruent ML
tree topologies between the VP1 gene and others genomic regions.
The newly characterized sequence represents the first-ever reported
strain of recombinant CVA16 identified in Senegal.

Viral recombination is a major evolutionary mechanism driving
adaptation processes, such as the ability of host-switching. It
generates mosaic genomes containing genomic material from
different viruses, and it can occur within the same (homologous) or
different (non-homologous) sites from the parental strains [86,87].

Recombination is a well-known phenomenon for EV. Therefore,
such a mechanism has been considered as the major driving force
in EV evolution, allowing the virus to rapidly explore a larger
sequence space than the slow accumulation of point mutations.
In addition, it could create new combinations of pre-existing
polymorphisms resulting in an increased virulence of EV, which
could trigger serious public health problems [88,89]. Indeed, when
different EV infect and replicate in the same cell, recombination
between parts of the genome of different types may occur. This
mechanism is adopted by the virus to generate genetic variation
and thereby, could potentially influence the replication, tissue
tropism, and virulence [90]. Further it allows EV to create and
maintain their genetic diversity [8§9]. Recombination in EV was first
reported in polioviruses [91-93]. Subsequently, in many analyses
of epidemic characteristics of EV, co-circulation of many types
may also provide favourable conditions for recombination between
different types of EV [94-96], more frequently in EV-B species
[94,97,98]. While many recombinant EV have been reported in
isolates derived from vaccine polioviruses and co-circulating EV-C
viruses [91,99], only few examples of recombinant EV-A viruses
have been previously described [100-102]. Thereby, complete
genome analysis or sequencing of multiple regions for circulating
strains could represent an effective approach for assessment of
mechanisms of viral evolution such as recombination.

Previous analyses of complete genome sequences of many EV
species suggested that intertypic or intratypic recombination
frequently occur in the non-structural regions [95, 100,103],
suggesting that these genomic regions represent relatively
stable units. However, our data exhibited a recombination in the
structural region corresponding to the VP1 gene. The VP1 gene
has been reported to possess several antigenic determinants and
induce the production of neutralizing antibodies [104]. However,
genetic variations in the VP1 gene also allow the virus to escape
neutralizing antibodies. Recombination in the VP1 gene has been
previously identified in a type 2 vaccine-derived recombinant
poliovirus isolated from a child with vaccine-associated paralytic
poliomyelitis in Romania [105]. More recently, evidence has been
found that type 1 poliovirus strains isolated from poliomyelitis

patients in China from 1991 to 1993 contained a 367-nucleotide
block of sequence derived from the Sabin 1 oral polio-vaccine
strain spanning the 3’ end of VPI and the 5’ half of the protease
2A inserted in a wild type 1 poliovirus genome background [106].
Our data are noteworthy by not only exhibiting the rarity of this
phenomenon of a recombinant of CVA16 and CVA4, but also that
of enterovirus recombination within the capsid region. Although
intertypic recombination within the Capsid region of EV-B has
been previously described [98], its occurrence in the Capsid
region seems therefore to be very rare in nature. However, a
CVA16 recombination with CVA4 in the P2 region was previously
reported from a patient with HFMD in China in 2010 (Accession
KU163608.1); suggesting that the CVA4 strain has recombined
with CVA16 prior to the isolation of a CV16/A4 recombinant in
Guinea (KY433787) in 2017 [107]. This earlier recombination
reported from a CVA16/A4 recombinant circulating before 2022
is more likely than recombination within VP1 between the same
two types of enterovirus A within the same region of the Capsid as
found in our study.

Due to the lack of complete genome sequences for many EV types
from neighboring African countries such as Guinea, phylodynamic
analysis could not be performed to estimate the time to the
recombinant CVA16 introduction to Senegal and determine its
geographical origin. Therefore, continuous programs focusing
on continuous complete genome sequencing of more of EV-A
strains could be promoted in Africa, particularly in West Africa,
for a better understanding of the impact of recombination in the
fitness of non-polio EV species. Further clinical characterization
of the CVA16 infection and more insights in its genetic diversity
and pathogenesis will provide more information and help to the
development of a future CVA16 vaccine.

Conclusions

In this study, we reported on the first identification of a recombinant
CVAL16 in Senegal to date. This recombination is noteworthy as
it occurred within the Capsid region. Our data exhibited also the
importance of genomic surveillance for identification of emerging
EV genotypes driven by selection pressures such as recombination.
In addition, our data provided an important insight into developing
integrated public-health interventions for outbreak’s investigation
and control. Therefore, it will be important to implement programs
focusing on continuous genomic surveillance of EV for monitoring
of the circulation dynamic of this newly characterized recombinant
strain and rapid identification of emerging EV species. It is further
recommended to intensify non-polio EV diagnosis from clinical
samples across Africa since these are important global endemic
and epidemic pathogens and further perform a survey on molecular
evolution of the recombinant strains as well as their evolution over
time.
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