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Abstract: Polioviruses have been eliminated in many countries; however, the number of acute flaccid
paralysis cases has not decreased. Non-polio enteroviruses are passively monitored as part of the
polio surveillance program. Previous studies have shown that some enteroviruses do not grow
in conventional cell lines used for the isolation of poliovirus according to the WHO guidelines.
In order to evaluate the presence of enteroviruses, real-time RT-PCR was performed on Human
Rhabdomyosarcoma (RD)-positive and RD-negative stool samples. A total of 310 stool samples,
collected from children under the age of 15 years with acute flaccid paralysis in Senegal in 2017,
were screened using cell culture and real-time RT-PCR methods. The selected isolates were further
characterized using Sanger sequencing and a phylogenetic tree was inferred based on VP1 sequences.
Out of the 310 stool samples tested, 89 were positive in real-time RT-PCR. A total of 40 partial VP1
sequences were obtained and the classification analysis showed that 3 (13%), 19 (82.6%), and 1 (4.4%)
sequences from 23 RD-positive non-polio enterovirus isolates and 3 (17.6%), 7 (41.1%), and 7 (41.1%)
sequences from 17 RD-negative stool samples belonged to the species EV-A, B, and C, respectively.
Interestingly, the EV-B sequences from RD-negative stool samples were grouped into three separate
phylogenetic clusters. Our data exhibited also a high prevalence of the EV-C species in RD-negative
stool samples. An active country-wide surveillance program of non-polio enteroviruses based on
direct RT-PCR coupled with sequencing could be important not only for the rapid identification of
the involved emergence or re-emergence enteroviruses, but also for the assessment of AFP’s severity
associated with non-polio enteroviruses detected in Senegal.

Keywords: enterovirus; children; acute flaccid paralysis; Senegal

1. Introduction

Enteroviruses (EVs) are small (30-nm-diameter virions) non-enveloped viruses be-
longing to the picornaviridae family, Enterovirus genus. Evs include important human
pathogens such as polioviruses, rhinoviruses, echoviruses, and coxsackieviruses. There
are 15 species in the genus, and the types of viruses are the polioviruses that belong to the
species C [1]. The enterovirus genome is a single-stranded positive-sense RNA molecule
of approximately 7500 nucleotides, encompassed by a 5′ untranslated region (UTR) of
approximately 750 nucleotides and a short 3′UTR of approximately 70–100 nucleotides.
The large polyprotein translated from the single ORF encodes four structural proteins (VP1,
VP2, VP3, and VP4) and seven non-structural proteins. The VP1 region has been correlated
with the EV serotype and is used for the identification of EV types [2].
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Established in 1988, the World Health Organization Global Polio Eradication Initiative
(GPEI) contributed to an initial wealth of information on various enteroviruses, particularly
polioviruses [3]. Poliovirus (PV) is the most well-known EV, causing acute flaccid paralysis
(AFP) [4,5]. Global vaccination programs have significantly reduced the incidence of PV
infections, and recently, some countries have been declared polio-free by the World Health
Organization [6]. However, the number of AFP cases has not decreased in polio-free
countries worldwide [7]. In Senegal, no new case of wild poliovirus was reported between
2010 and 2016 [8].

Beyond poliovirus, non-polio enteroviruses (NPEV) represent an important public
health concern worldwide [9]. In Africa, only a few studies aimed at specifically identifying
NPEV have been conducted and knowledge and resources for the specific detection of
NPEV are limited. In addition, NPEV have been recently detected by RT-PCR from RD-
L20B-negative stool samples collected from children with AFP [10,11]. In Senegal, an
overall rate of NPEV of 20.3% was reported in children with AFP during 2017. This rate
was significantly higher than those recorded during previous years [4,9,11].

Herein, we provide new insights into the molecular epidemiology of NPEV circulating
in Senegalese children with AFP from January to December 2017, using cell culture-based
isolation and direct RT-PCR methods for their detection.

2. Materials and Methods
2.1. Ethics Statement

As part of the GPEI, our study did not directly involve human participants, but
included NPEV-positive supernatants from Human Rhabdomyosarcoma (RD) cells (RD-
positive) and NPEV-negative stool samples (RD-negative) from children with AFP, collected
as part of routine surveillance activities for polio in Senegal for public health purposes [12].
Our protocol has been approved by WHO and the national ethical committee at the Ministry
of Health and Social Actions in Senegal considering all applicable national regulations
governing the protection of human subjects. Clear oral consent was obtained from all
patients or their parents or relatives.

2.2. Data Collection

From January to December 2017, a total of 310 stool samples were collected in the
14 medical regions in Senegal from 172 patients under 15 years old with AFP. The highest
number of cases was reported in Dakar (Figure 1). Out of the 172 patients, two stool samples
(24–48 h apart and within 14 days from the onset of paralysis) were collected from a total
of 138 cases and one stool sample was obtained from 34 patients. All 310 samples were
sent to the WHO-accredited Regional Reference Polio Laboratory in Senegal for processing
according to the WHO standard procedures for poliovirus isolation [13].

2.3. Sample Preparation

Samples were treated using chloroform and stool suspensions were inoculated in
both RD and human poliovirus receptor CD155 expressing recombinant murine (L20B) cell
lines [14]. For samples showing no cytopathic effect (CPE) after 5 days, a second passage in
the same cell line was done and cells were monitored for CPE during the next 5 days. Cell
supernatants positive in RD cells but negative after 10 days in L20B cells were re-passaged
in L20B cells and monitored for 5 days to exclude the possibility that they were polioviruses.
Only cell supernatants producing CPE in RD cells and not in L20B cells were considered
as NPEV. These RD-positive supernatants were then harvested and kept frozen (−20 ◦C)
until typing.
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Figure 1. Geographical distribution of the number of stool samples from acute flaccid paralysis cases
reported from January to December 2017 in Senegal. The diagram bars indicate the total number of
reported AFP cases for each medical region.

2.4. RNA Extraction and Amplification

Viral RNA was extracted from 200 µL of RD-positive and RD-negative stool samples
using the QIAamp viral RNA mini kit (Qiagen, Germany), according to the manufacturer’s
recommendations. RNA extracts were screened for enteroviruses by rRT-PCR (rRT-PCR
pan enterovirus) using the Light Mix® Modular Enterovirus 500 kit (Roche-Ref 50-0656-
96, TibMolBiol, Berlin, Germany) with the qScript™ XLT One-Step RT-PCR (Quanta Bio,
Beverly, MA, USA), according to the manufacturer’s instructions.

For poliovirus intratypic differentiation assays (ITD), cell supernatants or extracted
viral RNAs were screened using primer–probe mixture (contained in the ITD 5.1 kit; CDC,
Atlanta, GA, USA). All experiments were performed using the CFX96TM Real-Time PCR
system (Bio-Rad, Singapore).

For typing, if both stool samples from the same patient tested positive by RT-PCR,
only one isolate was selected, while all RT-PCR-positive stool samples from patients with
one specimen were further characterized. The selected RT-PCR-positive samples were
characterized using a nested PCR method targeting the VP1 region, followed by Sanger
sequencing, as previously described [15].

The association between viral load and the inability of isolating some species has been
assessed using Ct values and data from the virus diversity analysis.

2.5. Sequencing and Phylogenetic Analysis

PCR products were purified and sequenced at Genewiz (Essex, UK) by the Sanger
method, using the same forward and reverse primers that were used for PCR. The assem-
bled sequences were curated with the GeneStudio software (GeneStudio ™ Pro, solvu-
soft, Microsoft, Redmond, DC, USA, version: 2.2.0.0), and the online Basic Local Align-
ment Search (BLAST) program (https://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed on
20 August 2020) was used to assess the sequence homology with the previously available
genomes. The genotyping was analyzed with the online RIVM program (http://www.rivm.
nl/mpf/enterovirus/typingtool/, accessed on 20 August 2020). The generated sequences
have been also analyzed using phylogenetic inference to confirm data from the classification
of strains. Multiple alignments were performed using the MUSCLE method implemented

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.rivm.nl/mpf/enterovirus/typingtool/
http://www.rivm.nl/mpf/enterovirus/typingtool/


Microorganisms 2022, 10, 1296 4 of 12

in the MEGA 7.0 program [16]. The maximum likelihood (ML) tree was then constructed
with partial VP1 sequences using FastTree v2.1.7 [17], with the best fit nucleotide substi-
tution model to our sequence data. The ML tree was generated for 5000 replications and
node support was assessed with the Shimodaira–Hasegawa test (SH-like) values. Topology
was visualized by FigTree v.1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/, accessed on
20 August 2020). Only SH-like values ≥ 0.8 were shown and a parechovirus strain was
used as an outgroup.

2.6. Recombination Analysis

The presence of recombination events was assessed in the generated sequences using
seven methods (RDP, GENECONV, MaxChi, BootScan, Chimaera, SiScan, and 3Seq) im-
plemented in the Recombination Detection Program (RDP4.97) (http://web.cbio.uct.ac.
za/~darren/rdp.html, accessed on 20 August 2020) [18]. The settings were kept at their
default values and a recombination event was considered if it was detected by at least three
different methods.

2.7. Statistical Analysis

To assess the possible influence of viral load on the cultivability of the strains, the
mean Ct values have been compared between the RD-negative and the RD-positive stool
samples for EV species, using the Student t-test. A p-value lower than 0.05 (p < 0.05) has
been considered as significant.

3. Results
3.1. Isolation Data

In 2017, a total of 310 stool samples were collected from 172 children with AFP living
in Senegal during a one-year surveillance period, including 20.3% (63/310) stool samples
that exhibited CPE only in RD cells and classified as NPEV and 79.03% (245/310) of stool
samples negative in both cell lines. The highest numbers of NPEV from AFP cases have
been recorded between July and August with 10 and 13 isolates, respectively. These
63 RD-positive stool samples were from different cases. A total of 2 out of 310 stool samples
(0.65%) were suspected for poliovirus (Figure 2). These two suspected polio samples
originated from the same patient and were identified as Sabin-like 3 and a mixture of
Sabin-like 1 with Sabin-like 3 for stool samples S1 and S2, respectively, using the intratypic
differentiation test (IDT) for polioviruses.

3.2. Real Time RT-PCR Analysis

RNA extracts from all 310 stool samples were analyzed by RT-PCR. Overall, a total of
89 out of the 310 samples (28.7%) tested positive for enteroviruses by RT-PCR, including all
63 RD-positive stool samples and a total of 26 RD-negative stool samples. Overall, these 89
NPEV-positive stool samples were detected from 51.7% Senegalese children with AFP.

3.3. Virus Diversity

A total of 37 RD-positive stool samples and all 26 RD-negative stool samples were
selected for typing. The VP1 protein was successfully amplified from 40 out of the 63
selected samples, including PCR products from 23 RD-positive stool samples and 17 RD-
negative stool samples. The characterized VP1 sequences corresponded to 6 EV-A (15%),
26 EV-B (65%), and 8 EV-C (20%) species.

http://tree.bio.ed.ac.uk/software/figtree/
http://web.cbio.uct.ac.za/~darren/rdp.html
http://web.cbio.uct.ac.za/~darren/rdp.html
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Figure 2. Temporal distribution of the selected stool samples in our study from January to December
2017 according to the cell culture results. The diagram bars highlighted in blue indicate the total
number of isolated non-polio enteroviruses, while those color-coded in orange represent the number
of samples that tested negative through the process used in our study. The samples suspected for
polioviruses are highlighted in grey.

Out of the 23 RD-positive stool samples, a total of 3 (13%) belonged to the EV-A species,
19 (82.6%) to EV-B, and 1 (4.3%) to EV-C. Echoviruses were isolated from 14 cases (60.9%)
and were the most prevalent EV-B species among the RD-positive stool samples, followed
by coxsackievirus B5 with three cases (13.04%). Three (17.6%) out of the 17 RD-negative
stool samples belonged to the EV-A species, seven (41.1%) to EV-B, and seven (41.1%) to
EV-C. In addition, the most prevalent EV-C among the RD-negative stool samples included
the EV-C99 and coxsackievirus A19 species (Table 1). The newly characterized sequences
have been submitted to Genbank and their corresponding information is summarized in
Appendix A (Table A1).

The comparison between Ct values and data from the virus diversity analysis has
shown that EV-A and EV-B species detected from the RD-negative stool samples exhibited
Ct values significantly higher than those from the RD-positive stool samples belonging to
the same species (p < 0.001). However, the Ct values of EV-C were relatively similar in both
groups (p > 0.05).

3.4. Phylogenetic Analysis

A total of 37 VP1 sequences out of 40 had a length of approximately 375 bp and have
been used for phylogenetic analyses, including NPEV isolates from 22 RD-positive and
15 RD-negative stool samples. In addition, the newly generated VP1 nucleotide sequences
were aligned to 33 VP1 sequences retrieved from GenBank (https://www.ncbi.nlm.nih.
gov/) (accessed on 18 May 2022). The phylogenetic tree was inferred using these 70 partial
VP1 sequences representative of the current genetic diversity with the Kimura 2 parameters,
with a Gamma distribution rate of 4 categories (Kimura 2 + G4) as the best nucleotide
substitution model for our sequence data. The ML tree topology confirmed the genotyping
data and showed that the EV-C sequences included only isolates from RD-negative stool
samples that were grouped in the same cluster, while the EV-A cluster included sequences
from both RD-positive and RD-negative stool samples. Interestingly, the EV-B strains
were grouped into three separate clusters. Only sequences from RD-positive stool samples
grouped into the cluster B1, while the clusters B2 and B3 included isolates from both

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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RD-positive and RD-negative stool samples (Figure 3). In addition, there was no evidence
for recombination detected in any NPEV sequences generated in our study.

Table 1. Sequencing results of non-polio enteroviruses and their classification.

Species Type Specimen Name Total Type Specimen Name Total

Isolated (I) Unisolated (NI)

Enterovirus A
coxsackievirus A4 ENP/17-481

ENP/17-539 2 coxsackievirus A8 ENP/17-409 1

coxsackievirus A14 ENP/17-108 1 coxsackievirus A16 ENP/17-275
ENP/17-408 2

Enterovirus B

coxsackievirus A9 ENP/17-511 1 coxsackievirus B1 ENP/17-428 1

coxsackievirus B2 ENP/17-310 1 enterovirus B83 ENP/17-408 1

coxsackievirus B5
ENP/17-057
ENP/17-153
ENP/17-436

3 enterovirus B88 ENP/17-479 1

echovirus 1 ENP/17-694 1 echovirus 13 ENP/17-785 1

echovirus 2 ENP/17-892
ENP/17-1125 2 echovirus 14 ENP/17-830 1

echovirus 6 ENP/17-620 1 echovirus 15 ENP/17-1575 1

echovirus 7 ENP/17-1102
ENP/17-408 2 echovirus 26 ENP/17-1447 1

echovirus 11 ENP/17-718
ENP/17-787 2

echovirus 12 ENP/17-537 1

echovirus 13
ENP/17-545
ENP/17-785

ENP/17-1446
3

echovirus 16 ENP/17-058 1

echovirus 33 ENP/17-1409 1

Enterovirus C coxsackievirus A21 ENP/17-832 1 coxsackievirus A13 ENP/17-462 1

coxsackievirus A19 ENP/17-763
ENP/17-764 2

coxsackievirus A22 ENP/17-481 1

enterovirus C99
ENP/17-554
ENP/17-555
ENP/17-765

3

Total 23 17
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Figure 3. Maximum likelihood phylogenetic (ML) tree based on partial VP1 sequences (~3751 bp)
identified from children with acute flaccid paralysis during 2017 in Senegal. The phylogenetic tree of
the nucleotide sequences of the VP1 protein from 33 samples (18 RD-positive and 15 RD-negative
stool samples). Multiple alignments and tree inference were performed using the MUSCLE and
maximum likelihood methods, respectively, implemented in the MEGA 7.0 program. The method
tree was generated for 5000 replications and nodes were supported by the SH-like values. SH-like
values ≥ 0.8 are shown on the tree. The names in red indicate the strains from RD-positive stool
samples; the names in green indicate the strains from RD-negative stool samples. The blue words refer
to the abbreviation of type’s name and the purple words indicate the distinct clusters of enterovirus
B species identified in our study. Sequences generated in this study belong to the A, B, and C
enterovirus species.
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4. Discussion

Enteroviruses represent a public health concern worldwide and the best-known species
are polioviruses. However, little is known about the epidemiology of NPEV infections in
Africa, where there exists a scarcity of data and a lack of diagnostic tools. Previous studies
conducted in Senegal have shown the circulation of a large genetic diversity of human
NPEV associated with acute flaccid paralysis (AFP), including mainly the EV-B species
with a higher prevalence, followed by the EV-C and EV-D species [19,20]. Several factors
could increase the risk of enterovirus transmission, particularly those contributing to the
virus’ maintenance for a long period in environmental settings such as sewage [21].

In this study, we assessed the presence of NPEV from both RD-positive and RD-
negative stool samples collected in 2017 from Senegalese children with AFP. Our data
revealed a large diversity of NPEV circulating in Senegalese children with AFP, which
belonged to the A, B, and C species. The detection rate of NPEV identified in our study
was higher than those previously reported in other West African countries [19,20,22,23].
This difference can be associated with the fact that only RD-positive stool samples were
characterized in these studies. Thus, our data provided more insights into the presence of
NPEV in RD-negative stool samples since some NPEV species are not able to grow on RD
cells [10,11].

The pan-enterovirus RT-PCR method exhibited a higher detection rate (28.7%) from
stool samples than the cell culture-based isolation method (20.3%). These data provide an
added value and reinforce the usefulness of direct RT-PCR as a suitable method for the
detection of enteroviruses that could be applied in routine diagnosis activities, as previously
described [24]. In addition, direct RT-PCR could be also combined with available room-
temperature stable reagents and applied as a point-of-care diagnostic method, particularly
in remote areas in Africa, where resources are still limited or inexistent [25].

In our study, several EV A, B, and C species were identified, including the CV-A4, CV-
A14, and CV-A16 species that were previously reported as responsible for AFP [19,26,27].
Although these species have also been detected in healthy children [28], it could be im-
portant to pay attention to their possible involvement in the AFP syndrome in Senegalese
children. In addition, the highest prevalence recorded in our study for the EV-B species
(65%), which included mainly echoviruses, was similar to previous data reported in most of
the AFP surveillance studies targeting NPEV [23,29–32]. Previously reported as responsible
for neurological complications and AFP in children by the CDC and WHO, the circulation
of echovirus 13 in Senegal needs to be further monitored [33–35].

The detection rate obtained in our study for the EV-C species from RD-positive stool
samples was lower than those previously reported [22,23]. Interestingly, most of the
EV-C sequences identified in our study originated from RD-negative stool samples and
included mainly the EV-C99 and CV-A19 species. EV-C99 has been sporadically detected
from both healthy children and children with AFP and among chimpanzees with AFP in
DRC [19,23,28,29,36–38]. Thus, future studies relying on the assessment of risk factors such
as direct or indirect contact with non-human primates, which lead to EV-C emergence in
humans, could be further promoted [38].

Although the major proportion of EVs can be isolated on a wide variety of standard
cell lines, the CV-A19 and CV-A22 strains detected in our study were not able to grow
on the used cell lines [39–41]. The strains belonging to the coxsackievirus group A have
been previously shown to grow poorly or not at all on cell lines currently approved by the
WHO for use in the routine process for poliovirus isolation [42]. Thus, the difference in
Ct values is consistent with the fact that the inability to grow in cell lines is related to the
number of viral particles rather than to biological factors. However, the identification of a
phylogenetic sub-clade that included only strains from RD-negative samples (species C)
might suggest that the detectability can be type-dependent.

During the last five years, an increasing number of new non polio EV-C species have
been identified [43] with a prevalence of around 50% in RD-negative stool samples from
children with AFP [44–46]. These detection rates raise a question about the involvement
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of the cumulative presence of the NPEV-C species in the occurrence of AFP in children
under 15 years old. Thus, it could be interesting to promote more studies with a focus
on the specific implication of NPEV-C in the AFP syndrome, particularly in poliovirus-
free countries.

The phylogenetic analysis exhibited no district-specific or month-specific cluster. Nev-
ertheless, our data have shown that the molecular epidemiology of NPEV in children
with AFP in Senegal during 2017 was similar to those previously described in West Africa
and Asia [19,47,48]. However, the identification a sub-clade of EV-B including only RD-
positive stool samples (B1 cluster) suggests that these strains could have specific biological
properties that could be further characterized using a whole-genome sequencing approach.

Against this backdrop, it could be essential to establish specific NPEV surveillance
programs based on the AFP syndrome worldwide, for the identification of the involved
species, as most of them are ubiquitous.

5. Conclusions

Our study is noteworthy for reporting, for the first time, the molecular epidemiology
of AFP-associated NPEV in Senegal, detected both in RD-positive and RD-negative stool
samples. Our data confirm the high prevalence of NPEV related to AFP in Senegal, as
previously described, and exhibited a high prevalence of EV-B species [28,49]. Our study
showed also the presence of the EV-C species detected by direct RT-PCR, while they were
not detected using cell culture-based isolation on suspected stool samples. However,
combining both methods into a dual testing algorithm could be helpful in order to better
describe the diversity of enteroviruses in any sample of interest. More studies are also
needed to estimate the burden of the EV-C in Senegal and the different risk factors associated
with the severity of the AFP syndrome. Implementation of the active surveillance of NPEV
based on the existing national AFP surveillance program could play a pivotal role in the
rapid identification of emerging or re-emerging NPEV of public health concern.
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Appendix A

Table A1. Information Sample Characterized in This Study.

Sequence_ID Collection_Date Isolation
Source Country Host Strain GenBank

Accession Number

ENP/2017-481/I 2017 ZIGUINCHOR Senegal Human coxsackievirus A4 OM827213

ENP/2017-539/I 2017 DAKAR Senegal Human coxsackievirus A4 OM827214

ENP/2017-409/NI 2017 SEDHIOU Senegal Human coxsackievirus A8 OM827215

ENP/2017-511/I 2017 LOUGA Senegal Human coxsackievirus A9 OM827216

ENP/2017-462/NI 2017 DAKAR Senegal Human coxsackievirus A13 OM827217

ENP/2017-108/I 2017 THIES Senegal Human coxsackievirus A14 OM827218

ENP/2017-275/NI 2017 MATAM Senegal Human coxsackievirus A16 OM827219

ENP/2017-763/NI 2017 KAFFRINE Senegal Human coxsackievirus A19 OM827220

ENP/2017-764/NI 2017 THIES Senegal Human coxsackievirus A19 OM827221

ENP/2017-481/NI 2017 DAKAR Senegal Human coxsackievirus A22 OM827222

ENP/2017-428/NI 2017 DAKAR Senegal Human coxsackievirus B1 OM827223

ENP/2017-310/I 2017 SAINT LOUIS Senegal Human coxsackievirus B2 OM827224

ENP/2017-057/I 2017 DAKAR Senegal Human coxsackievirus B5 OM827225

ENP/2017-153/I 2017 DIOURBEL Senegal Human coxsackievirus B5 OM827226

ENP/2017-436/I 2017 DIOURBEL Senegal Human coxsackievirus B5 OM827227

ENP/2017-694/I 2017 DIOURBEL Senegal Human echovirus E1 OM827228

ENP/2017-892/I 2017 KAOLACK Senegal Human echovirus E2 OM827229

ENP/2017-620/I 2017 DIOURBEL Senegal Human echovirus E6 OM827230

ENP/2017-1102/I 2017 SAINT LOUIS Senegal Human echovirus E7 OM827231

ENP/2017-718/I 2017 FATICK Senegal Human echovirus E11 OM827232

ENP/2017-787/I 2017 MATAM Senegal Human echovirus E11 OM827233

ENP/2017-537/I 2017 DAKAR Senegal Human echovirus E12 OM827234

ENP/2017-545/I 2017 LOUGA Senegal Human echovirus E13 OM827235

ENP/2017-785/I 2017 MATAM Senegal Human echovirus E13 OM827236

ENP/2017-830/NI 2017 TAMBACOUNDA Senegal Human echovirus E14 OM827237

ENP/2017-058/I 2017 DAKAR Senegal Human echovirus E16 OM827238

ENP/2017-1447/NI 2017 TAMBACOUNDA Senegal Human echovirus E26 OM827239

ENP/2017-408/NI 2017 DAKAR Senegal Human enterovirus B83 OM827240

ENP/2017-479/NI 2017 THIES Senegal Human enterovirus B88 OM827241

ENP/2017-554/NI 2017 THIES Senegal Human enterovirus C99 OM827242

ENP/2017-555/NI 2017 THIES Senegal Human enterovirus C99 OM827243

ENP/2017-765/NI 2017 THIES Senegal Human enterovirus C99 OM827244

ENP/2017-1575/NI 2017 DAKAR Senegal Human echovirus E15 OM867579

ENP/2017-408/I 2017 DAKAR Senegal Human echovirus E7 ON502380

ENP/2017-1125/I 2017 MATAM Senegal Human echovirus E2 ON502381

ENP/2017-1409/I 2017 TAMBACOUNDA Senegal Human echovirus E33 ON502382

ENP/2017-1446/I 2017 TAMBACOUNDA Senegal Human echovirus E13 ON502383



Microorganisms 2022, 10, 1296 11 of 12

References
1. Tapparel, C.S.; Petty, T.J.; Kaiser, L. Picornavirus and enterovirus diversity with associated human diseases. Infect. Genet. Evol.

2013, 14, 282–293. [CrossRef] [PubMed]
2. Oberste, M.S.M.; Kilpatrick, D.R.; Pallansch, M.A. Molecular evolution of the human enteroviruses: Correlation of serotype with

VP1 sequence and application to picornavirus classification. J. Virol. 1999, 73, 1941–1948. [CrossRef]
3. Tangermann, R.H.A.; Birmingham, M.; Horner, R.; Olivé, J.M.; Nkowane, B.M.; Hull, H.F. Current status of the global eradication

of poliomyelitis. World Health Stat. Q. 1997, 50, 188–194. [PubMed]
4. Sawyer, M.H. Enterovirus infections: Diagnosis and treatment. Curr. Opin. Pediatr. 2001, 13, 65–69. [CrossRef] [PubMed]
5. Abzug, M.J. diagnosis, and management of enterovirus infections in neonates. Paediatr. Drugs 2004, 6, 1–10. [CrossRef] [PubMed]
6. Senegal—GPEI. Available online: polioeradication.org (accessed on 15 February 2022).
7. World Health Organization (WHO). Available online: https://apps.who.int/iris/bitstream/handle/10665/345661/WER9639-48

1-484-eng-fre.pdf (accessed on 15 February 2022).
8. Available online: https://www.nytimes.com/2020/08/24/world/africa/polio-africa-eradicated.html (accessed on 15 February 2022).
9. Crom, S.C.M.O.; van Loon, A.M.; Argilagos-Alvarez, A.A.; Peeters, M.F.; van Furth, A.M.; Rossen, J.W.A. Detection of enterovirus

RNA in cerebrospinal fluid: Comparison of two molecular assays. J. Virol. Methods. 2012, 179, 104–107. [CrossRef] [PubMed]
10. World Health Organization (WHO). Guidelines for Environmental Surveillance of Poliovirus Circulation; WHO: Geneva, Switzerland,

2003; pp. 9–10. Available online: https://polioeradication.org/wp-content/uploads/2016/07/WHO_V-B_03.03_eng.pdf
(accessed on 22 October 2021).

11. Adeniji, J.A.O.; George, U.E.; Ibok, U.I.; Faleye, T.O.C.; Adewumi, M.O. Preponderance of enterovirus C in RD-L20B-cell-culture-
negative stool samples from children diagnosed with acute flaccid paralysis in Nigeria. Arch. Virol. 2017, 162, 3089–3101.
[CrossRef]

12. World Health Organization (WHO). Surveillance Indicators. Available online: https://polioeradication.org/polio-today/polio-
now/surveillance-indicators/ (accessed on 22 October 2021).

13. World Health Organization (WHO). Polio Laboratory Manual teWG, Switzerland. 2004. Available online: https://apps.who.int/
iris/handle/10665/68762 (accessed on 22 October 2021).

14. Available online: https://apps.who.int/iris/bitstream/handle/10665/208873/WHO_POLIO_15.05_fre.pdf (accessed on
7 January 2022).

15. Nix, W.A.O.; Pallansch, M.A. Sensitive, seminested PCR amplification of VP1 sequences for direct identification of all enterovirus
serotypes from original clinical specimens. J. Clin. Microbiol. 2006, 44, 2698–2704. [CrossRef]

16. Kumar, S.S.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol. 2016,
33, 1870–1874. [CrossRef]

17. Price, M.N.; Paramvir, S.D.; Arkin, A.P. FastTree 2: Approximately Maximum-Likelihood Trees for Large Alignments. PLoS ONE
2010, 5, e9490. [CrossRef]

18. Martin, D.P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and analysis of recombination patterns in virus
genomes. Virus Evol. 2015, 1, vev003. [CrossRef] [PubMed]

19. Fernandez-Garcia, M.D.; kebe, O.; Fall, A.D.; Ndiaye, K. Identification and molecular characterization of non-polio enteroviruses
from children with acute flaccid paralysis in West Africa, 2013–2014. Sci. Rep. 2017, 7, 3808. [CrossRef] [PubMed]

20. Fall, A.; Ndiaye, N.; Jallow, M.M.; Barry, M.A.; Touré, C.S.B.; Kebe, O.; Kiori, D.E.; Sy, S.; Dia, M.; Goudiaby, D.; et al. Enterovirus
D68 Subclade B3 Circulation in Senegal, 2016: Detection from Infuenza-like Illness and Acute Flaccid Paralysis Surveillance. Sci.
Rep. 2019, 9, 13881. [CrossRef] [PubMed]

21. Rzezutka, A.; Cook, N. Survival of human enteric viruses in the environment and food. FEMS Microbiol. Rev. 2004, 28, 441–453.
[CrossRef] [PubMed]

22. Apostol, L.N.; Suzuki, A.; Bautista, A.; Galang, H.; Paladin, F.J.; Fuji, N.; Lupisan, S.; Olveda, S.; Oshitani, H. Detection of
non-polio enteroviruses from 17 years of virological surveillance of acute flaccid paralysi in the Philippines. J. Med. Virol. 2012, 84,
624–631. [CrossRef] [PubMed]

23. Bessaud, M.; Pillet, S.; Ibrahim, W.; Joffret, M.L.; Pozzetto, B.; Delpeyroux, F.; Gouandjika-Vasilache, L. Molecular characterization
of human enteroviruses in the Central African Republic: Uncovering wide diversity and identification of a new human enterovirus
A71 genogroup. J. Clin. Micro. 2012, 50, 1650–1658. [CrossRef]

24. Cavé, C.A.; Bièche, D.; Brault, F.; de Fraipont, F.; Fina, S.; Loric, L.; Maisonneuve, F.; Namour, S.T. RT-PCR in clinical diagnosis.
Ann. Biol. Clin. 2003, 61, 635–644.

25. Shan Teo, F.M.; Chu, J.J.H. Diagnosis of human enteroviruses that cause hand, foot and mouthdisease. Expert Rev. Anti. Infect.
Ther. 2016, 14, 443–445. [CrossRef]

26. Wang, J.; wang, C.; Yang, M.; Yang, G.; Ma, X. Etiology of Multiple Non-EV71 and Non-CVA16 Enteroviruses Associated with
Hand, Foot and Mouth Disease in Jinan, China, 2009-June 2013. PLoS ONE 2015, 10, e0142733. [CrossRef]

27. Xu, M.; Si, L.; Ciao, L.; Zhong, H.; Dong, N.; Xu, J. Enterovirus genotypes causing hand foot and mouth disease in Shanghai,
China: A molecular epidemiological analysis. BMC Inf. Dis. 2013, 13, 489. [CrossRef]

28. Faleye, T.O.C.; Adewumi, M.O.; Japhet, M.O.; David, O.M.; Oluyege, A.O.; Adeniji, J.A.; Famurewa, O. Non-polio enteroviruses
in faeces of children diagnosed with acute flaccid paralysis in Nigeria. Virol. J. 2017, 14, 175. [CrossRef] [PubMed]

http://doi.org/10.1016/j.meegid.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23201849
http://doi.org/10.1128/JVI.73.3.1941-1948.1999
http://www.ncbi.nlm.nih.gov/pubmed/9477548
http://doi.org/10.1097/00008480-200102000-00012
http://www.ncbi.nlm.nih.gov/pubmed/11176247
http://doi.org/10.2165/00148581-200406010-00001
http://www.ncbi.nlm.nih.gov/pubmed/14969566
polioeradication.org
https://apps.who.int/iris/bitstream/handle/10665/345661/WER9639-481-484-eng-fre.pdf
https://apps.who.int/iris/bitstream/handle/10665/345661/WER9639-481-484-eng-fre.pdf
https://www.nytimes.com/2020/08/24/world/africa/polio-africa-eradicated.html
http://doi.org/10.1016/j.jviromet.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22024398
https://polioeradication.org/wp-content/uploads/2016/07/WHO_V-B_03.03_eng.pdf
http://doi.org/10.1007/s00705-017-3466-2
https://polioeradication.org/polio-today/polio-now/surveillance-indicators/
https://polioeradication.org/polio-today/polio-now/surveillance-indicators/
https://apps.who.int/iris/handle/10665/68762
https://apps.who.int/iris/handle/10665/68762
https://apps.who.int/iris/bitstream/handle/10665/208873/WHO_POLIO_15.05_fre.pdf
http://doi.org/10.1128/JCM.00542-06
http://doi.org/10.1093/molbev/msw054
http://doi.org/10.1371/journal.pone.0009490
http://doi.org/10.1093/ve/vev003
http://www.ncbi.nlm.nih.gov/pubmed/27774277
http://doi.org/10.1038/s41598-017-03835-1
http://www.ncbi.nlm.nih.gov/pubmed/28630462
http://doi.org/10.1038/s41598-019-50470-z
http://www.ncbi.nlm.nih.gov/pubmed/31554908
http://doi.org/10.1016/j.femsre.2004.02.001
http://www.ncbi.nlm.nih.gov/pubmed/15374660
http://doi.org/10.1002/jmv.23242
http://www.ncbi.nlm.nih.gov/pubmed/22337302
http://doi.org/10.1128/JCM.06657-11
http://doi.org/10.1586/14787210.2016.1173543
http://doi.org/10.1371/journal.pone.0142733
http://doi.org/10.1186/1471-2334-13-489
http://doi.org/10.1186/s12985-017-0846-x
http://www.ncbi.nlm.nih.gov/pubmed/28899411


Microorganisms 2022, 10, 1296 12 of 12

29. Brouwer, L.; van der Sanden, S.M.G.; Calis, J.C.J.; Bruning, A.H.L.; van Hensbroek, M.B.; Pajkrt, D.; Wolthers, K.C. High frequency
of Polio-like Enterovirus C strains with differential clustering of CVA-13 and EV-C99 subgenotypes in a cohort of Malawian
children. Arch Virol. 2018, 163, 2645–2653. [CrossRef] [PubMed]

30. Tao, Z. Non-polio enteroviruses from acute flaccid paralysis surveillance in Shandong Province, China, 1988–2013. Sci. Rep. 2014,
4, 6167. [CrossRef]

31. Odoom, J.K. Human Enteroviruses isolated during acute flaccid paralysis surveillance in Ghana: Implications for the posteradica-
tion era. Pan Afr. Med. J. 2012, 12, 74. [PubMed]

32. Oyero, O.G.; Adu, F.D. Non-polio enteroviruses serotypes circulating in Nigeria. Afri. J. Med. Med. Sci. 2010, 39, 201–208.
33. Mullins, J. A Emergence of echovirus type 13 as a prominent enterovirus. Clin. Infect. Dis. 2004, 38, 70–77. [CrossRef]
34. Maan, H.S.; Chowdhary, R.; Shakya, A.K.; Dhole, T.N. Genetic variants of echovirus 13, northern India, 2010. Emerg. Infect. Dis.

2013, 19, 293–296. [CrossRef]
35. Cheon, D.S.; Lee, J.; Lee, K.; Yoon, J.; Cho, H. Isolation and molecular identification of echovirus 13 isolated from patients of

aseptic meningitis in Korea, 2002. J. Med. Virol. 2004, 73, 439–442. [CrossRef]
36. Sadeuh-Mba, S.A.; Hugo Kavunga, M.; Joffret, M.L.; Yogolelo, R.; Endegue-Zanga, M.C.; Delpeyroux, F. Genetic landscape and

macro-evolution of cocirculating Coxsackieviruses A and Vaccinederived Polioviruses in the Democratic Republic of Congo,
2008-2013. PLoS Negl Trop Dis. 2019, 19, 13.

37. Sadeuh-Mba, S.A.; Bessaud, M.; Massenet, D.; Joffret, M.-L.; Endegue, M.-C.; Njouom, R.; Reynes, J.-M.; Rousset, D.;
Delpeyroux, F. High frequency and diversity of species C enteroviruses in Cameroon and neighboring countries. J. Clin. Microbiol.
2013, 51, 759–770. [CrossRef]

38. Mombo, I.M. First Detection of an Enterovirus C99 in a Captive Chimpanzee with Acute Flaccid Paralysis, from the Tchimpounga
Chimpanzee Rehabilitation Center, Republic of Congo. PLoS ONE 2005, 10, e0136700. [CrossRef]

39. Schmidt, N.; Lennette, E.H. Propagation and isolation of group A coxsackieviruses in RD cells. J. Clin. Microbiol. 1975, 2, 183–185.
[CrossRef]

40. Lipson, S.; Costello, P.; Szabo, K. Sensitivity of rhabdomyosarcoma and guinea pig embryo cell cultures to field isolates of
difficult-to-cultivate group A coxsackieviruses. J. Clin. Microbiol. 1988, 26, 1298–1303. [CrossRef]

41. Combelas, N.; Holmblat, B.; Joffret, M.L.; Colbère-Garapin, F.; Delpeyroux, F. Recombination between poliovirus and coxsackie A
viruses of species C: A model of viral genetic plasticity and emergence. Viruses 2011, 3, 1460–1484. [CrossRef]

42. Lafolie, L. Optimisation du diagnostic des infections à entérovirus et étude de leur pouvoir pathogène. Ph.D. Thesis, Université
Clermont Auvergne, Clermont-Ferrand, France, 2018.

43. Van Leer-Buter, C.C.R.; Borger, E.; Hubert, G.; Niesters, M. Newly Identified Enterovirus C Genotypes, Identified in the
Netherlands through Routine Sequencing of All Enteroviruses Detected in Clinical Materials from 2008 to 2015. J. Clin. Microbiol.
2016, 54, 2306–2314. [CrossRef]

44. Tokarz, R.; Haq, S.; Luna, G.; Andrew, J.; Bennett, A.J.; Silva, M.; Leguia, M.; Kasper, M.; Bausch, D.G.; Lipkin, W.L. Genomic
analysis of two novel human enterovirus C genotypes found in respiratory samples from Peru. J. Gen. Virol. 2013, 94, 120–127.
[CrossRef]

45. Santos, A.P.; Costa, E.V.; Oliveira, S.S.; Souza, M.C.; Edson, E.; Silva, D. RT-PCR based analysis of cell culture negative stool
samples from poliomyelitis suspected cases. J. Clin. Virol. 2002, 23, 149–152. [CrossRef]

46. Johnson, A.A.; Faleye, T.O.C. Impact of cell lines included in enterovirus isolation protocol on perception of non polio enterovirus
species C diversity. J. Virol. Methods. 2014, 207, 238–247. [CrossRef]

47. Oyero, O.G.; Adu, F.D.; Ayukekbong, J.A. Molecular characterization of diverse species enterovirus-B types from children with
acute flaccid paralysis and asymptomatic children in Nigeria. Virus Res. 2014, 30, 189–193. [CrossRef]

48. Abbasian, F.; Tabatabaie, H.; Sarijloo, M.; Shahmahmoodi, S.; Yousefi, A.; Saberbaghi, T.; Mokhtari, A.T.; Nategh, R. A comparative
analysis of routine techniques: Reverse transcriptase polymerase chain reaction (RT-PCR) and five cell lines for detection of
enteroviruses in stool samples. Iran J. Microbiol. 2011, 3, 75–79.

49. Brown, D.M.; Zhang, Y.; Scheuermann, R.H. Epidemiology and Sequence-Based Evolutionary Analysis of Circulating Non-Polio
Enteroviruses. Microorganisms 2020, 8, 1856. [CrossRef] [PubMed]

http://doi.org/10.1007/s00705-018-3878-7
http://www.ncbi.nlm.nih.gov/pubmed/29808442
http://doi.org/10.1038/srep06167
http://www.ncbi.nlm.nih.gov/pubmed/23077695
http://doi.org/10.1086/380462
http://doi.org/10.3201/eid1902.111832
http://doi.org/10.1002/jmv.10543
http://doi.org/10.1128/JCM.02119-12
http://doi.org/10.1371/journal.pone.0136700
http://doi.org/10.1128/jcm.2.3.183-185.1975
http://doi.org/10.1128/jcm.26.7.1298-1303.1988
http://doi.org/10.3390/v3081460
http://doi.org/10.1128/JCM.00207-16
http://doi.org/10.1099/vir.0.046250-0
http://doi.org/10.1016/S1386-6532(01)00211-6
http://doi.org/10.1016/j.jviromet.2014.07.016
http://doi.org/10.1016/j.virusres.2014.05.029
http://doi.org/10.3390/microorganisms8121856
http://www.ncbi.nlm.nih.gov/pubmed/33255654

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Data Collection 
	Sample Preparation 
	RNA Extraction and Amplification 
	Sequencing and Phylogenetic Analysis 
	Recombination Analysis 
	Statistical Analysis 

	Results 
	Isolation Data 
	Real Time RT-PCR Analysis 
	Virus Diversity 
	Phylogenetic Analysis 

	Discussion 
	Conclusions 
	Appendix A
	References

