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ABSTRACT
To characterize enteroviruses (EVs) circulating in farm animals in Central African Republic (CAR), we screened 192 stools 
of animals under 12 months belonging to family farms located in or near Bangui. To assess whether EV exchanges exist 
between these animals and humans, we also screened 195 stools of children who lived in contact with farm animals, as 
well as control stools of 358 children with no contact with farm animals. EVs were typed based on their capsid sequences.

In children, all EVs belonged to species A, B and C, with EV-Cs accounting for 60%. Some EV-Cs shared recent common 
ancestors with lineages of vaccine-derived poliovirus that emerged in the country in 2019–2020. In animals, we identified 
EV-Gs that belonged to 10 different types, including a previously unknown one that we named EV-G28, while no EV-E or 
EV-F were observed. The CAR EV-Gs were genetically closely related to specimens sampled in other continents and some 
of them harboured the torovirus-derived insertion already reported in some EV-Gs. The worldwide circulation of EV-Gs is 
likely due the massive international trade of live animals. Besides, two human EV-Cs (coxsackievirus A17 and 
coxsackievirus A24) were detected in pigs, suggesting that these viruses could cross the species barrier. Our work 
provides original data on the epidemiology and ecology of EVs circulating among herd animals in Africa.

ARTICLE HISTORY Received 1 April 2024; Revised 6 June 2024; Accepted 10 June 2024
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Introduction

Enteroviruses (EVs) belong to the Picornaviridae 
family. Originally, EVs were classified into “sero-
types”, each of which grouped together EV strains 
that were serologically indistinguishable from one 
another. Classification is now based on genetic 
relationships. Since the EV particles are naked, the 
capsid is the major determinant of phenotypic fea-
tures, such as cell tropism and immunogenicity. 
Consequently, the current EV classification mainly 
relies on the capsid-encoding genomic region. 
Among the four proteins that compose the virus cap-
sid (VP1 to VP4), VP1 bears the major neutralizing 
epitopes. For this reason, the VP1-encoding region is 
widely used to determine the virus types of EV field 
strains [1,2]. More than 300 virus types have been 
described and classified into 15 species: Enterovirus 
A to Enterovirus L and Rhinovirus A to Rhinovirus 
C [3]. Besides EVs that circulate among humans, 
tens of EV types were detected in other mammals, 

including non-human primates (NHPs), livestock, 
camels and rodents [4].

EV-Es, EV-Fs and EV-Gs infect livestock animals, 
such as swine, goats, sheep, cattle and lamas. Although 
the number of known specimens of EVs that infect live-
stock has increased during the last decade because of 
the introduction of next-generation sequencing tech-
niques, these viruses remain under sampled, particu-
larly in Africa were only few EV-Es, EV-Fs and EV- 
Gs have been reported [5–7]. The respective host 
range of EV-Es, EV-Fs and EV-Gs is unknown. Infec-
tion of humans by EV-Es or EV-Fs have been suggested 
[8,9], but the specificity of the serological assays that 
were used has not been well-established. Nonetheless, 
one EV-E and one EV-F were detected in stools of 
NHPs, thus demonstrating that the transmission to pri-
mates can occur [10]. The reverse transmission route is 
also possible, as illustrated by the swine vesicular dis-
ease virus (SVDV) and SVDV-2. Both are specific 
lineages of EV-Bs that circulate among humans, cox-
sackievirus B5 (CVB5) and CVB4, respectively. They 
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established circulation among pigs in the 1950s or 
1960s [11,12]. Therefore, EVs can cross the species 
barrier between primates and pigs, in both directions.

To characterize EV-Es, EV-Fs and EV-Gs circulat-
ing in farm animals in Central African Republic 
(CAR), stools of animals under 12 months (pigs, 
small ruminants and cattle) were molecularly screened 
and the EV genomes were sequenced by Illumina tech-
niques. To determine whether animal EVs circulate in 
humans, stools of children living in close contacts with 
the farm animals were also screened, as were stools of 
control children with no contact with animals.

Material and methods

Collection of stool samples

Three groups were involved: i – domestic animals 
(calves, piglets and lambs) under 12 months of age in 
Bangui and surrounding areas, ii – children under 5 
years of age living in close contact with/or nearby farm 
animals (“Contacts’), and iii – children under 5 years 
of age who do not live in close contact with animals 
(“Controls’). The latter were sampled amongst children 
coming for consultation at the emergency department of 
the Bangui Pediatric Complex. Stools were collected 
from September 2018 through December 2021. Animal 
stools were collected by anorectal swabs. After collec-
tion, all samples were stored in cooled boxes containing 
ice packs and transported to the laboratory where they 
were stored at – 80°C until processing.

Molecular screening

Anorectal swabs and stools were diluted in phosphate- 
buffered saline following the guidelines of the Polio 
Manual [13]. Given the high number of samples, the 
suspensions were pooled before molecular screening.

RNAs from pooled suspensions were extracted using 
the ZYMO_RESEARCH® Kit. EV RNAs were detected 
using primers and probes (Supplementary Table 1) 
designed to target conserved nucleotide (nt) sequences 
within the 5’UTR of EV-Es, EV-Fs and EV-Gs. Because 
of the genetic variability in the 5’UTR, it was not poss-
ible to design a probe that matches with all EV-Es, EV- 
Fs and EV-Gs. Therefore, two probes were designed: 
one probe targeted 5’UTRs of EV-Es, – Fs and some 
EV-Gs (Assay A) found in goats and sheep while the 
second probe targeted most EV-Gs (Assay B).

The Taqman reactions were performed in a final 
volume of 20 µL by mixing 2 µL of extracted RNA 
with 10 µL of qScript XLT One-step RT-qPCR Tough-
Mix (2×), 10 pmol of each primer, 5 pmol of the probe. 
The thermocycler profile was 50°C for 10 min, 95°C 
for 1 min followed by 40 cycles of PCR (95°C for 10 
s, 60°C for 40s and 72°C for 30 s).

EV genome amplification and sequencing

The capsid-encoding region was amplified by using 
primers that target conserved genetic sequence 
among EV species in the 5’UTR (sense primers) and 
in the cis-replicating element (cre) located within the 
2C-encoding region [14,15]. For this purpose, primers 
were designed based on EV-E, – F and – G genetic 
sequences retrieved from GenBank (Supplementary 
Table 1). Virus RNA was turned into cDNA by a RT 
step using the Maxima H Minus First Kit Strand 
cDNA Synthesis Kit (Thermo Scientific, ref K1652) 
with an Oligo(dT)18 primer: 4 µL of extracted RNA 
was mixed with 500 nM of each dNTP, 1 µL of primer 
(0.5 µg.µL−1) and 14 µL of nuclease-free water. The 
mixture was incubated at 65°C for 5 min and then 
on ice for 2 min; after adding 4 µL of RT buffer (5×) 
and 1 µL of Maxima H minus enzyme Mix, incubation 
was performed at 50°C for 30 min and 85°C for 5 min.

For amplifying the EV genomes prior to sequen-
cing, the RT reaction was performed as described 
above by using random heptamers as primers. The 
cDNAs were used to amplify the 5’ half of the genomes 
and, for animal EVs, the 3’ half of the genomes. PCRs 
were carried out by using the Phusion High-Fidelity 
DNA polymerase (Thermo scientific).

To amplify the 5’ half of the genomes, a first PCR was 
performed using the cDNA as template with the primer 
pair EV-EFG-271-F/ EV-EFG-4441-R (Supplementary 
Table 1). Two µL of cDNA were mixed with 5 µL of 
Phusion HF Buffer (5×), 500 nM µL of each dNTP, 10 
pmol of each primer, and 0.5 µL of enzyme. The ther-
mocycler profile was: 98°C for 30 s followed by 35 cycles 
of amplification (98°C for 10 s, 50°C for 30 s and 72°C 
for 2 min) and a final extension step at 72°C for 10 min. 
If no band appeared on the agarose gel at the expected 
size, two nested PCRs were performed in parallel with 
the primer pairs EV-EF-381-F/ EV-EF-4357-R and 
EV-G-491-F/ EV-G-4294-R by using 2 µL of the pro-
duct of the first PCR as template.

The 3’ half of the EV-G genomes was amplified by 
using the same protocol by using a sense primer that 
targets a conserved sequence within the 2C-encoding 
region and a reverse primer that targets the polyA 
tail (Supplementary Table 1).

The products of the PCR or nested PCR were pur-
ified on a NucleoFast®_96_PCR_Plate-DNA prior to 
sequencing by Illumina technology [15]. Libraries 
were built using 0.1 ng of DNA with the Nextera 
XT DNA Library Preparation kit in a PCRmax 
Alpha Cycler 1 Thermal Cycler (Cole-Parmer). 
After purification on AMPure beads (Beckman), 
the libraries were controlled using the High Sensi-
tivity D1000 assay (Agilent) on a TapeStation 4200 
(Agilent). Sizing was achieved by electrophoresis 
on a PippinPrep System with the PippinPrep kit 
CDF1510 (Ozyme).
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Sequence analysis

The Illumina raw sequences were analysed using CLC 
Genomics software (version 22). Contigs were built de 
novo and the contigs that correspond to EV genomic 
sequences were flagged through a BLAST analysis. 
Sequence alignments were performed with CLC 
Main Workbench (version 22) and phylogenetic 
trees were produced using MEGA X software [16]. 
The phylogenetic trees were drawn by using the Mini-
mum Evolution method. The evolutionary distances 
were computed using the Maximum Composite Like-
lihood method and are in the units of the number of 
base substitutions per site. The minimum evolution 
tree was searched using the Close-Neighbour-Inter-
change (CNI) algorithm at a search level of 1. The 
Neighbour-joining algorithm was used to generate 
the initial tree. The percentage of replicate trees in 
which the associated taxa clustered together in the 
bootstrap test was calculated from 1,000 replicates.

Results

Origin of the samples

Animal samples were collected in farms located in four 
urban districts (4th, 6th, 7th and 8th arrondissements) 
of Bangui, the national capital and three other 
locations: Damara, a town located 75 km northeast 
of Bangui, Boali, a town located 55 km northwest of 
Bangui and Bouboui, which is between Bangui and 
Boali (Supplementary Figure 1). Overall, 192 animals 
were included in our study (Figure 1): pigs represented 
52% (99/192) of the animals, goats one third of the 
sampled animals while cattle and sheep represented 
less than 8% each (Figure 1). The individual animal 

samples were pooled according to their respective ani-
mal species and location (Supplementary Table 2). 
The precise number of individual samples in each 
pool has not been recorded.

A total of 195 contact children and 358 control chil-
dren under 5 years of age were included. The contact 
children lived in the places where the animals were 
sampled (Supplementary Table 3). As the control chil-
dren were included in a paediatric hospital in Bangui, 
most of them came from Bangui and two areas that 
border Bangui, Bimbo and Bégoua (Supplementary 
Table 3 and Supplementary Figure 1). In both groups, 
around 50% of the children were 1–2 year-old (Figure 
1). The respective weight of the other age ranges 
differed between the two groups: children less than1 
year old represented 35% of the control children 
while they were a small minority (6%) in the contact 
children (Figure 1). Children over 3 years of age 
were more abundant in the contact group (36%) 
than in the control group (15%). The sex ratio was 
above 1 in both groups (Figure 1). The stools of chil-
dren were pooled according to their location and date 
of collection (Supplementary Table 3). The size of the 
pools ranged from 3 through 24 for contact children 
and from 7 to 12 for control children (Supplementary 
Figure 2). This difference is due to the different ways 
used to constitute the two groups: the contact children 
were sampled during field campaigns while the control 
children were recruited on a regular basis while they 
were consulting in the hospital.

Stools of pigs and goats contain mainly EV-Gs

After RNA extraction, EVs were detected through 
screening with a primer pair and two probes targeting 

Figure 1. Characteristics of the three groups of subjects.
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the 5’UTR (Figure 2). The primers and probes were 
designed to match with all known EV-E, – F and – 
G sequences but not to specifically target these EV 
species. The probe A gave a positive result for five 
pools from goats while the probe B was positive for 
one pool from goats and eight pools from swine. All 
pools from sheep and cattle were negative.

Since frequent recombination events shuffle EV 
genomes, molecular typing of EV field strains relies 
on the capsid-encoding genomic region, especially 
the VP1-encoding sequence [17]. Two pairs of generic 
primers were used to perform RT–PCR and, when 
necessary, a subsequent nested-PCR. Both primer 
pairs target conserved sequences in both sides of the 
capsid-encoding region: the sense primers target the 
5’UTR and the antisense primers targeted the cis- 
replicating element (cre) located within the 2C-encod-
ing region (Figure 2). The corresponding amplicons 
were ∼3,800 nt-long and encompassed the whole cap-
sid and a large fraction of the 5’UTR and P2 genomic 
regions. All pools that gave a positive result through 
molecular screening were subjected to RT–PCR. 
Amplicons at the expected size were obtained for all 
of them (Figure 2).

After Illumina sequencing and de novo assembly, 
the number of VP1 sequences per pool of animal 
stools ranged from 1 to 4. Overall, 23 contigs encom-
passing the VP1 sequences were identified, 21 of 
which belonged to the species EV-G and 2 to the 
species EV-C. The latter came from the same pool of 
swine samples and belonged to two virus types, 

CVA17 and CVA24. EV-Gs have been classified into 
27 virus types (EV-G1 to EV-G27) based on VP1 
relationships higher than 75% nt identity (N.J. 
Knowles, unpublished data). Among the 21 EV-G 
VP1 sequences of our dataset, 18 were assigned to 11 
virus types already described (Figure 3). Three contigs 
from goats did not cluster with any EV-G sequences 
available in public databases. Two encompassed the 
5’UTR-2C genomic part (CAF-6AR02-a and CAF- 
6AR03, ∼4,140 nt-long) while the third one only cov-
ered the VP3-2C region (CAF-6AR01-a, 2,169 nt). 
They differed by only few nt differences from one 
another. In the VP1-encoding region, they displayed 
less than 74% nt identity with other known EV-Gs, 
which is below the threshold used to classified two 
strains in the same virus type. The closest match was 
the strain LLT03 [18], which is the only known repre-
sentative of the EV-G22 virus type (Supplementary 
Figure 3). In the VP1-encoding region, CAF-6AR02- 
a, CAF-6AR03 and CAF-6AR01-a displayed with 
LLT03 an identity lower than 72% at nt level and 
lower than 83% at amino-acid level. Therefore, they 
were assigned to a new type, called “EV-G28”.

EV-Gs found in CAR are genetically close to EV-Gs 
sampled in other continents

To study the genetic relationships of the EVs detected 
in this study with previously reported EVs, two geno-
mic regions were considered independently: the 
5’UTR and the 2A-cre genomic region, which are 

Figure 2. The upper scheme represents the enterovirus genome with the 5’ and 3’ untranslated regions (UTR) flanking the long 
open reading frame. The double arrows indicate the genomic regions that are amplified by the molecular assays used for screen-
ing (orange) and by the primers used for genome amplification before sequencing (blue and red). Below are indicated the number 
of pools that gave a positive result though molecular screening and genome amplification.
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located upstream and downstream the capsid-encod-
ing region, respectively. The Basic Local Alignment 
Search Tool (BLAST) was used to find genetic 
sequences with high similarity and draw phylogenetic 
trees. In both regions, sequences did not cluster by 
virus types, indicating that intertypic recombination 
takes place between EV-Gs in both sides of the cap-
sid-encoding region (Figure 4).

It is known that EV-G 5’UTR sequences fall into 
two distinct groups [4]. One group (group A in 
Figure 4) only contains sequences of EV-Gs and gath-
ers all known EV-Gs from swine; the second one 
(group B in Figure 4) is composed of EV-G sequences 
that are phylogenetically and structurally close to the 
5’UTRs of EV-Es and EV-Fs. All the CAR EV-G 

5’UTR sequences from pigs belonged to the first 
group, which also contained two sequences of CAR 
EVs found in goats (EV-G1 CAF-6AR02-b and EV- 
G8 CAF-8AR707). The four other CAR EV-G 5’UTR 
sequences from goats belonged to the second group 
and were closely related to that of an EV-G20 sampled 
in Austria in 2019 [19].

The clustering observed in the 2A-cre region was 
congruent with that of the 5’UTR sequences: the 
viruses whose 5’UTR sequences belonged to group A 
clustered with EV-Gs of different types sampled in 
pigs and wild boars while viruses whose 5’UTR 
sequences belonged to group B fell into a separate 
branch with EV-Gs sampled in goats, sheep and takins 
(Figure 4).

Figure 3. Phylogenetic relationships between CAR EV-Gs and highest similarity sequences identified in public database, based on 
the VP1-encoding region. CAR specimens are in red. The other sequences are named by using their respective GenBank accession 
number, country (ISO 3166-1 alpha-3 codes), year of sampling and host, when known. Triangles indicate the prototype strain of 
each virus type. Bootstrap values are indicated if higher than 95%. For a better readability, only relevant virus types are shown. A 
tree featuring all known EV-G virus types is provided as Supplementary Figure 3.

Emerging Microbes & Infections 5



Figure 4. Phylogenetic relationships between CAR EV-Gs and highest similarity sequences identified in public database, based on 
the 5’UTR and 2A-cre region. CAR specimens are in red. The other sequences are named by using their respective GenBank acces-
sion number, country (ISO 3166-1 alpha-3 codes), year of sampling and host, when known. Triangles indicate the prototype strain 
of each virus type. Some groups have been collapsed for a better legibility. Bootstrap values are indicated if higher than 90%.
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Interestingly, the 5’UTR and 2A-cre sequences of 
EV-Gs identified here were closely related to those 
of viruses sampled in different continents (Figure 4). 
CAR EV-Gs were closely related to EV-Gs previously 
sampled in Asia and Europe (Figure 4). Thus, the EV- 
Gs that circulate in farm animals in CAR do not form 
specific genetic lineages, which suggests a global circu-
lation of EV-Gs.

Some EV-Gs found in CAR display an insertion 
in their genome

Since 2017, EV-G genomes that carry an insertion at 
the 2C-3A junction have been repeatedly detected in 
different countries [4]. This insertion is phylogeneti-
cally related to papain-like cysteine protease (PL-CP) 
sequences of swine toroviruses (family Tobaniviridae, 
genus Torovirus) and was probably acquired through 
recombination. To determine whether this insertion 
was present in the genome of some CAR EV-Gs, 
we amplified the second half of the virus genome 
(Figure 2) by using a primer pair that targets a con-
served region within the 2B-encoding genomic 
region (sense primer) and the poly – A tail (antisense 
primer). Eight contigs were thus obtained from 7 
pools of animal stools (5 from swine and 2 from 
goats), while no amplicons were obtained for the 
11 other pools (Figure 2). Seven animal pools gener-
ated one single contig that could be assembled to 5’ 
half genomic sequences found in the corresponding 
pools, thus forming contigs that spanned virtually 
the full-length genome (Table 1). Five of them 
(EV-G1 CAF-6AR07-a, EV-G17 CAF-6AR07-b, EV- 
G8 CAF-7AR04, EV-G8 CAF-7AR12-a and EV-G8 
CAF-7AR13-a), all from pigs, contained an insertion 
whereas two from goats (EV-G5 CAF-7AR01, EV-G5 
CAF-7AR03) did not. One pool (from pig) contained 
three distinct contigs that spanned the 2C-3A region; 
only one (CAF-6AR08-b) contained an insertion, 
which was similar to the one found in EV-G1 
CAF-6AR07-a.

The 6 insertions were aligned with PL-CP inser-
tions previously reported. All insertions found in 
this study were relatively close to one another and 
were related to PL-CP sequences reported in EV-Gs 

samples in China between 2019 and 2021 (Figure 5). 
These results confirm that CAR pigs are infected 
with EV-Gs that circulate at global scale.

Stools of children do not contain animal EVs

Pools of human samples were screened with the same 
molecular assays as those used to screen the farm ani-
mal samples. The highest positive rate was observed 
for the pools of the contact children, of which 9 out 
of 21 (42.9%) were positive with at least one test (Sup-
plementary Table 3). One pool was positive with the 
probe A, eight with the probe B (Figure 2). This rate 
was around 20% for the children of the control groups, 
of which 7 out of 34 were positive with the probe 
B. The result of the molecular screening was not linked 
to the number of individual samples contained in the 
pools (Supplementary Figure 2).

After amplification and Illumina sequencing, the 
number of VP1 sequences per human pool ranged 
from 5 to 16. Overall, 126 contigs encompassing the 
VP1-encoding genomic region were generated from 
human pools. They belonged to the species EV-A, 
EV-B and EV-C (Figure 6(A)). No animal EV was 
detected in the human samples. The repartition was 
similar in both groups (contacts and controls): the 
members of species EV-C accounted for 58% of the 
viruses, while EV-As and EV-Bs represented 21% 
each. Thirty-three virus types were found in these 
samples (Figure 6(B)). CVA13 and EV-C99, two 
members of the species EV-Cs, were by far the most 
abundant viruses since they represented together 
around a third of the viruses that were detected in chil-
dren. One PV-2 was detected, which derived from the 
type 2 vaccine strain. It displayed 6 nt differences with 
this strain in the VP1-encoding region, which is the 
threshold used to differentiate vaccine-derived PVs 
(VDPVs) from Sabin-like strains. In summary, no 
differences were observed between the virus types 
found in the two groups of children. These results 
suggest that EVs that circulate in farm animal do 
not transmit to humans, even those living on farm 
premises.

Some EV-Cs found in human samples are 
genetically related to vaccine-derived 
polioviruses

The BLAST analysis revealed that some identified EV- 
Cs feature a high nt identity with vaccine-derived 
polioviruses (VDPVs) that emerged in CAR in 
2019–2020 [20]. Most of these VDPVs had recombi-
nant genomes made of genetic sequences coming 
from the PV-2 vaccine strain (at least the 5’UTR and 
the capsid-encoding region) and sequences from 
non-polio EVs (NPEVs) [20]. No close relatives to 
the NPEV sequences harboured by these VDPVs had 

Table 1. Presence or absence of a PL-CP insertion in EV-G non- 
structural genomic region.
Genome Host Insertion length

EV-G1 CAF-6AR07-a pig 591 nt
EV-G17 CAF-6AR07-b pig 591 nt
CAF-6AR08-b pig 591 nt
CAF-6AR08-d pig No insertion
CAF-6AR08-e pig No insertion
EV-G5 CAF-7AR01 goat No insertion
EV-G5 CAF-7AR03 goat No insertion
EV-G8 CAF-7AR04 pig 573 nt
EV-G8 CAF-7AR12-a pig 573 nt
EV-G8 CAF-7AR13-a pig 573 nt
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previously been found in public databases. Two 
CVA20s sampled in children during this study fea-
tured a nt identity higher than 94% in the 2A-cre 
region with a group of VDPVs of which CAF-19- 

RS7-MMP-PGP-005-B5 is a representative (Figure 
7), which suggests that these CVA20s and the 
VDPVs of this group shared a recent common ances-
tor through recombination. Similarly, one CVA17 

Figure 5. Dendrogram based on the PL-CP insertion found in some EV-G specimens. CAR specimens are in red. The other 
sequences are named by using their respective GenBank accession number, country (ISO 3166–1 alpha-3 codes), year of sampling 
and host, when known. A sequence of a torovirus PL-CP was used for rooting the tree. Bootstrap values are indicated if higher than 
95%.

Figure 6. Distribution of the EVs found in child stools into species (A) and virus types (B).
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(CAF-C16-e) displayed a nt identity higher than 91% 
in this region with CAF-19-RS4-KEM-103-C1 
whereas another set of CVA17 was very close to 
CAF-19-RS4-KEM-170 (nt identity higher than 
96%). Thus, some EV-Cs were very close to those 
that exchanged genetic material with the poliovirus 
vaccine strain and gave rise to the VDPV-2 lineages 
that emerged in the country in 2019.

Discussion

This study aimed to identify EV-Es, EV-Fs and EV-Gs 
that circulate among farm animals in CAR and to 
determine whether these viruses infect children who 
live in close contact with these animals. The absence 
of detection of EV-Es and EF-Fs could be attributed 
to the lack of sensitivity of the assay we designed to 
target EV-E and EV-F 5’UTR sequences (probe A). 
This is however unlikely since this probe detected 
EV-Gs whose 5’UTR is close to that of EV-Es and 
EV-Fs. This result could also be due to the small num-
ber of goats and sheep included in our study. None-
theless, in another study, the screening of 164 rectal 
swabs from goats and sheep living in Gabon did not 
reveal EV-Es or EV-Fs either [7]. It is difficult to inter-
pret these data since the prevalence of EV-Es and EV- 
Fs in healthy farm animals is unknown in Africa. Few 
serological studies revealed high seroprevalence 
among different mammal species [8,9,21], but none 

of these studies were conducted in Africa. Further-
more, the specificity of the serological assays has 
never been evaluated. Previous genomic studies 
reported relatively high detection rate: 59% of the 
screened animals were infected by a member of the 
species EV-E in Colombia [22], and 39.5% of the cattle 
and 47% of the goats were found positive in Thailand 
[23]. Therefore, new studies involving larger numbers 
of sheep and goats must be undertaken to determine 
whether EV-Es and EV-Fs circulate among farm ani-
mals in Central Africa.

In the past, two EV-Bs that infect humans, namely 
CVB4 and CVB5, were able to cross the species barrier 
to establish sustained transmission among swine 
[4,12,24]. To our knowledge, capability of EV-Cs to 
infect swine has never been demonstrated. It is 
known that CVA17 and CVA24 (the two virus types 
that have been detected in swine samples in our 
work) can use the human intercellular adhesion mol-
ecule-1 (ICAM-1) as cellular receptor [25,26]. Swine 
and human ICAM-1 only display 53% identity at 
amino-acid level with one another [27] and the resi-
dues that have been identified in human ICAM-1 to 
interact with CVA21 particles are poorly conserved 
in swine ICAM-1 [28]. However, it has been shown 
that some CVAs of the species EV-C were able to 
use alternate receptors [29]. It is therefore possible 
that infection of pigs by these viruses is mediated by 
receptors that remain to be identified. Alternatively, 

Figure 7. Phylogenetic relationships between CAR EV-Cs and some vaccine-derived poliovirus isolates, based on the 2A-cre geno-
mic region. Specimens are colour-coded according to their respective virus type. The branch containing the vaccine-derived polio-
virus isolates is magnified in the right panel.
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it could be passive carriage of human EVs by pigs after 
drinking contaminated water or even eating human 
stools, since pigs are coprophagous. It is noteworthy 
that one EV-B80 and one EV-C99 were previously 
reported in animal stools collected in Gabon, from a 
goat and a dog respectively [7]. It is therefore possible 
that some human EVs infect other hosts, even though 
the low number of human EVs detected in animal 
pools suggest that such infections are uncommon.

At least two sub-groups exist within the species EV- 
G, one made of viruses that circulate among swine and 
another made of viruses that circulate among goats, 
sheep and takins. Both sub-groups feature capsid- 
encoding sequences that remain genetically close 
together while their non-capsid regions segregate 
into two separate clusters, depending on their respect-
ive hosts. Similar observations were previously made 
within species EV-A and EV-B [4], of which some 
members that circulate among NHPs are closer to 
simian EVs of other EV species than to human 
EVAs or EV-Bs in the non-structural region of their 
genomes [30–32]. These data further demonstrate 
that the forces that drive the EV evolution are not 
evenly applied along their genome. As previously 
suggested [33], EV evolution is a modular process in 
which the 5’UTR and the non-structural regions 
evolve somewhat independently from the capsid- 
encoding region. Previous observations made on 
EV-As and EV-Bs and the differential phylogenetic 
clustering we observed for EV-Gs depending on 
their respective host strongly suggest that the 5’UTR 
and the non-structural regions are major determinants 
of the adaptation to host. Thus, crossing the barrier 
species by EVs could involve recombination events 
that generate new genomes by associating the cap-
sid-encoding region of an EV of a given species to 
non-capsid regions of EVs belonging to another 
species well-adapted to the new host. In this light, 
the detection of one EV-G1 (CAF-6AR02-b) and one 
EV-G8 (CAF-8AR07) in goat stools is surprising. To 
our knowledge, these two EV-G types have never 
been detected in animals other than pigs or wild 
boars. These two specimens feature all the genetic 
treats of swine EV-Gs, including the absence of the 
5’UTR generally found in EV-Gs that infect goats, 
sheep and takins. Therefore, this observation must 
be considered with caution until other studies 
confirm the presence of EV-G1 and EV-G8 in goats. 
For instance, cross-contamination of the goat samples 
could have occurred when the stools were pooled. 
However, sporadic infection of goats by EVs that cir-
culate among pigs could take place though contami-
nated drinking water [23].

The close genetic relationships of EV-Gs found in 
CAR with EV-Gs previously sampled in various 
regions of the world suggest that EV-Gs that infect 
livestock form a single worldwide ecosystem. This 

can be explained by the high number of live pigs 
that are exported every year. According to the Food 
and Agriculture Organization of the United Nations 
trade dataset (available at https://www.fao.org/ 
faostat/en/#data/TM/visualize), Middle African 
countries (Angola, Cameroon, CAR, Democratic 
Republic of the Congo, Gabon and São Tomé and 
Príncipe) imported live pigs from different European 
countries and from the United States of America 
from 2017 through 2022. The trade of livestock is a 
major risk of transboundary spread of diseases, as 
already demonstrated by the global dissemination of 
the African Swine fever from its original cradle in 
Africa [34].

No animal EVs were detected in human samples. 
As the limit of detection of the assays we used to 
screen the stools is unknown, it is not possible to 
rule out the presence of animal EVs in human stools 
that could have remained undetected because the 
samples were pooled. Nonetheless, this result suggests 
that human infections by EV-Gs are unusual, even in 
children that live in close contacts with farm animals. 
While the primers used for the molecular screening 
were designed based on EV-E, EV-F and EV-G genetic 
sequences, members of species EV-A, -B and -C were 
detected in human pools, which is not surprising given 
the high level of genetic conservation among the 
5’UTRs of different EV species. Interestingly, no EV- 
Ds were detected, although EV-D94 and EV-D111 
were previously found in human samples collected 
in sub-Saharan Africa [30,35–37]. This result suggest 
that these two virus types remain relatively uncom-
mon in humans, even in this region of the world 
where they were originally sampled [37,38].

The predominance of EV-Cs in human samples 
agrees with previous studies reporting a relatively high 
abundance of EV-Cs in children in sub-Saharan Africa 
[39–42]. This seems to be a specific treat of the EV eco-
system in this part of the world since EV-Cs are min-
ority in North America, Europe and Asia. One 
“young” VDPV-2 (i.e. a VDPV with a low number of 
nt differences compared to the vaccine strain) was 
also detected. This is not surprising since the collections 
of human samples took place when multiple lineages of 
VDPV-2 were actively circulating in the country [20]. 
Numerous vaccination campaigns were then conducted 
with the monovalent oral polio vaccine 2, thus explain-
ing how a child was infected by a VDPV-2 still closely 
related to the vaccine strain. Furthermore, we identified 
some EV-Cs that shared recent common ancestors with 
the VDPV-2 lineages that emerged in CAR few months 
before our sample collections [20]. Launched in 2021, 
the novel oral polio vaccine (nOPV) was designed to 
reduce the risk of reversion. Nonetheless, recombina-
tion between nOPV and circulating EV-Cs is still poss-
ible, as already observed in some countries, including 
CAR [43]. Therefore, the active circulation of EV-Cs 
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that can exchange genetic material with vaccine PV 
strains constitutes a major risk factor of reversion and 
should be monitored.

In conclusion, our study conducted in CAR 
revealed that EV-Gs that are genetically linked to 
strains sampled in other continents circulate in pigs 
and goats in this country. Animal EVs were not 
detected in children living in close contact with the 
infected animals, which suggest that transmission of 
EV-Gs from farm animals to humans is uncommon, 
even in countries where sanitation is poorly devel-
oped. However, the detection of two EV-Cs in swine 
samples and of one EV-G1 and one EV-G8 in goats 
suggest that cross-species transmission can sporadi-
cally occur from humans to farm animals and from 
swine to goats.
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