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Human enteroviruses (HEVs) are endemic worldwide and among the most common viruses infecting humans. Nevertheless,
there are very limited data on the circulation and genetic diversity of HEVs in developing countries and sub-Saharan Africa in
particular. We investigated the circulation and genetic diversity of HEVs among 436 healthy children in a limited area of the far
north region of Cameroon in 2008 and 2009. We also characterized the genetic biodiversity of 146 nonpolio enterovirus (NPEV)
isolates obtained throughout the year 2008 from stool specimens of patients with acute flaccid paralysis (AFP) in Cameroon,
Chad, and Gabon. We found a high rate of NPEV infections (36.9%) among healthy children in the far north region of Came-
roon. Overall, 45 different HEV types were found among healthy children and AFP patients. Interestingly, this study uncovered a
high rate of HEVs of species C (HEV-C) among all typed NPEVs: 63.1% (94/149) and 39.5% (49/124) in healthy children and AFP
cases, respectively. Besides extensive circulation, the most prevalent HEV-C type, coxsackievirus A-13, featured a tremendous
intratypic diversity. Africa-specific HEV lineages were discovered, including HEV-C lineages and the recently reported EV-A71
“genogroup E.” Virtually all pathogenic circulating vaccine-derived polioviruses (cVDPVs) that have been fully characterized
were recombinants between oral poliovaccine (OPV) strains and cocirculating HEV-C strains. The extensive circulation of di-
verse HEV-C types and lineages in countries where OPV is massively used constitutes a major viral factor that could promote the
emergence of recombinant cVDPVs in the Central African subregion.

Enteroviruses (EVs) are members of the genus Enterovirus in
the family Picornaviridae. This genus comprises at least 10 dif-
ferent species, including 7 species of human EVs (HEVs): 3 rhino-
virus species (species A to C) and 4 EV species (species A to D). In
particular, HEV-C includes 3 types of poliovirus (PV) (PV-1, -2,
and -3), 9 types of coxsackievirus A (e.g., CVA-11, -13, and -24),
and 11 types of EVs (e.g., EV-C95, -C99, and -C116) (http://www
.picornaviridae.com/). Further EV species infect pigs and cows
(porcine and bovine EVs) and nonhuman primates (NHPs) (sim-
ian EVs) (1).

EVs are small nonenveloped viruses having a capsid with ico-
sahedral symmetry. Their genome is made up of a single polyade-
nylated positive-strand RNA of about 7.5 kb with a single open
reading frame flanked by two noncoding regions. The large poly-
protein translated from the genomic RNA strand is processed to
yield four structural proteins, VP1 to VP4, and nonstructural pro-
teins implicated in the multiplication of the virus, including the
viral RNA-dependent RNA polymerase.

HEVs are among the most common viruses infecting humans.
Most HEV infections remain subclinical. However, they can cause a
wide spectrum of diseases, with symptoms ranging from mild febrile
illness to severe forms, such as the common cold, upper respiratory
illness, acute hemorrhagic conjunctivitis, aseptic meningitis, myocar-
ditis, encephalitis, and acute flaccid paralysis (AFP) (2).

One of the most worrying HEV-induced diseases is paralytic
poliomyelitis, specifically caused by PVs. Poliomyelitis has been
one of the greatest human pandemics of the last century. The
Global Polio Eradication Initiative (http://www.polioeradication
.org/) is based on massive immunization campaigns with the live
attenuated oral poliovaccine (OPV). This strategy has led to a
drastic decrease in the poliomyelitis incidence worldwide. How-
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ever, OPV-related PVs can circulate for a long time in underim-
munized communities, thereby maintaining a reservoir of neuro-
virulent circulating vaccine-derived polioviruses (cVDPVs) that
can cause poliomyelitis outbreaks. These cVDPVs have been im-
plicated in several poliomyelitis outbreaks, primarily in resource-
limited countries (3—8). The largest outbreak of cVDPV infection,
in terms of the number of cases and geographic distribution, has
been reported in northern Nigeria. Actually, cVDPVs have been
circulating in northern Nigeria from 2005 to 2012 and have occa-
sionally been involved in poliomyelitis cases in neighboring coun-
tries, including Chad and Niger (9, 10). With few exceptions (11),
all analyzed cVDPVs were shown to be recombinant strains hav-
ing capsid coding regions derived from OPV-related PVs and cer-
tain or all nonstructural regions of the genome originating from
other HEV-C strains (3, 4, 12, 13). The fact that virtually all
cVDPVs were PV/non-PV HEV-C recombinants suggests that a
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high rate of HEV-C strains and their cocirculation with OPV-
related PVs may constitute a major viral factor favoring the emer-
gence and circulation of these pathogenic viruses (3, 5, 13-15).

The Centre Pasteur du Cameroun (CPC) in Yaoundé, Came-
roon, has been involved in poliomyelitis surveillance since 1993.
As the national and intercountry reference laboratory for polio-
myelitis, its activities include the reception of stool specimens
from AFP patients and virus isolation and typing of PVs. During
investigations for PV, nonpolio enteroviruses (NPEVs) are also
detected, either because they are possibly involved in the etiology
of AFP or because they are shed with feces without any association
with AFP. Routinely obtained NPEV isolates are added to the lab-
oratory biological collection without further investigations.

Despite the worldwide endemicity of HEVs, only very limited
data are available on the circulation and biodiversity of NPEVs in
sub-Saharan Africa. In particular, there are no data about the rate
and genetic diversity of HEVs in Cameroon and other neighbor-
ing countries. The last indigenous wild poliovirus strain from
Cameroon was reported in 1999. However, the far northern re-
gion of Cameroon has remained at high risk of wild PV importa-
tion from countries where PV is endemic. This region is a narrow
region flanked by the Nigerian northern state (Borno) and Chad
(see Fig. S1 in the supplemental material). These two countries
bordering Cameroon are still facing the transmission of wild PVs
and cVDPVs.

In order to investigate the circulation and genetic biodiversity
of HEVs in the far north region of Cameroon, we characterized
HEVs infecting healthy children in that particular region. In ad-
dition, to have an idea of the nationwide viral diversity in Came-
roon and neighboring countries, we also performed molecular
characterization of all NPEV strains isolated within the frame of
poliomyelitis surveillance at the CPC in 2008.

We found an extensive circulation of diverse NPEVs belonging
to as many as 45 different NPEV types, including recently reported
and hitherto-unknown lineages. There was a high rate of isolation
of HEV-C strains among all isolates. Furthermore, the most prev-
alent HEV-C types featured a tremendous intratypic variability.

MATERIALS AND METHODS

Field investigations. Stool specimens were collected from apparently
healthy children in three urban districts in Maroua and four neighboring
rural villages (Djinglya, Kolofata, Koza, and Tokombere) (see Fig. SI in
the supplemental material). Two rounds of specimen collection were car-
ried out in November 2008 and November 2009. The entire protocol of
the study was reviewed and approved by the National Research Ethics
Committee, and an administrative approval was obtained from the Cam-
eroonian Ministry of Public Health. A questionnaire including data on
date of birth, sex, site of enrollment, previous routine immunization
(based on health card), and immunization campaign (based on parent’s
declarations) with oral poliovaccine was completed for each child. Writ-
ten informed consent was obtained from the parents or legal guardians of
the children enrolled in the study.

Cell lines and virus isolation. Human rhabdomyosarcoma (RD), hu-
man larynx epidermoid carcinoma (HEp-2c), and murine L20B (a deriv-
ative of murine L cells expressing the PV human receptor) cell lines were
used in this study. Chloroform-treated and clarified stool suspensions
were inoculated onto monolayered RD and HEp-2c cells maintained in
Dulbecco’s modified Eagle’s medium (D-MEM) supplemented with 2%
fetal calf serum and 2 mM L-glutamine at 36°C. Infected tubes were mi-
croscopically checked for 5 days to detect the appearance of cytopatho-
genic effects (CPE). In order to increase the sensitivity of virus isolation, a
blind passage (inoculation of fresh cells) was carried out using the super-
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natant of the inoculated cultures which had remained negative, and newly
inoculated cells were then checked for the next 5 days. The isolates har-
vested from infected RD and HEp-2c cell lines were systematically inocu-
lated onto L20B cells, and the resulting PV isolates were further typed, as
described below. The isolates showing CPE only on RD or HEp-2c and not
on L20B cells were considered to be nonpolioviruses and were character-
ized by molecular analyses, as described below. Throughout the text, the
names of strains from field investigations in healthy children are given in
the following format: a three-letter code standing for the local district
where the stool was sampled (DJA, Djarengol; DJI, Djinglya; DOU, Dou-
goi; FOU, Founangue; KOL, Kolofata; KOZ, Koza; TOK, Tokombere)
followed by the enrollment number of the child. For example, strain
TOK-230 was isolated from the stool of the 230th healthy child enrolled
during field investigations in the district of Tokombere.

Molecular characterization of PVs. In order to determine whether
PVs isolated from healthy children originated from the vaccine strain or
the wild type, they were analyzed by two intratypic differentiation (ITD)
methods according to the protocol recommended by the WHO. The mo-
lecular ITD method was carried out by conventional reverse transcrip-
tion-PCR (RT-PCR) using PV group- and serotype-specific and Sabin
strain-specific primers sets (16, 17). The second ITD method was per-
formed by an enzyme-linked immunosorbent assay (ELISA) using intra-
type-specific cross-absorbed antisera (16, 18). Besides ITD tests, the full-
length VP1 sequences of Sabin-like PVs were determined by RT-PCR and
sequencing using the following type-specific primers, named by number-
ing according to the position in the corresponding PV Sabin strain and
orientation (forward [F]/reverse [R]) (in the 5'-to-3" direction): Sabl-
2359-F (5'-AGT CGT CCC TCT TTC GAC A-3') and Sabl-3619-R
(5'-TGG GCC AAC GAA GGA T-3') for Sabin 1, Sab2-2355-F (5'-TAG
GGT TGT TGT CCC GTT G-3") and Sab2-3462-R (5'-GTC TTC TTG
TGT AGC TAG G-3') for Sabin 2, and Sab3-2356-F (5'-TGT GGT GCC
ACT GTC CAC C-3') and Sab3-3462-R (5'-GTC CCA CAA ACG ACA
CAG-3") for Sabin 3 (M.-L. Joffret, unpublished data).

Virus isolates from patients with AFP. A total of 146 NPEV isolates
obtained from the stool specimens of 502 AFP patients during the year
2008 were available for the present study. The original stool specimens
investigated by the CPC in 2008 originated from 222,235, 35,7, and 3 AFP
patients from Cameroon, Chad, Gabon, Equatorial Guinea, and Sao
Tomé and Principe, respectively (see Fig. S1 in the supplemental mate-
rial). The processing of stool samples, virus isolation, and storage of virus
isolates were carried out according to the instructions described in the
Polio Laboratory Manual (World Health Organization) (16). In addition,
all clarified stool suspensions were inoculated onto HEp-2c cell cultures.
The isolates showing CPE only on RD or HEp-2c cells, but not on L20B
cells, were considered to be NPEVs and were characterized by molecular
techniques, as described below. Two stool specimens were processed for
most patients. When two isolates originated from the two stool specimens
of the same patient, only one isolate was analyzed. Throughout the text,
the names of strains from AFP patients are given in the following format:
a one-letter code standing for the country of origin of AFP patient (C for
Cameroon, T for Chad, and G for Gabon), followed by the year of isola-
tion (08 for 2008) and the serial number of the AFP case. For instance,
strain C08-146 was isolated from the 146th case of AFP patients from
Cameroon in 2008.

RNA extraction and gene amplification. Viral RNAs were extracted
and purified from 140 pl of infected cell culture supernatants using a
QIAamp viral RNA minikit according to the manufacturer’s instructions
(Qiagen, France).

Initially, a 1,452-bp DNA fragment encompassing the 3" one-third of
the VP1 capsid region and the 2A, the 2B, and part of the 2C coding
regions were amplified by using RT-PCR, as described previously (19).
Alternatively, amplification techniques targeting the partial or complete
VP1 capsid coding region using degenerate primers or strain-specific
primers were also used, as previously described (20, 21).

Virus isolates that were refractory to all RT-PCR amplifications tar-
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geting the VP1 gene were tested with a RT-PCR technique amplifying a
portion of the most conserved 5'-noncoding region of the HEV genome,
using the UG52-UC53 primer pair, as described previously (22). Total
DNA was then purified from the isolates that were negative by enterovi-
rus-specific RT-PCR using a QIAamp DNA extraction kit (Qiagen,
France). The purified DNA was subjected to a nested PCR for the detec-
tion of adenovirus, as previously reported (23).

Amplicons were analyzed by agarose gel electrophoresis. Depending
on the presence of a single or multiple bands in the gel, amplicons were
either directly purified with a QIAquick PCR purification kit or gel iso-
lated and purified by means of the QIAquick gel extraction kit (Qiagen,
France), according to the manufacturer’s protocol.

Sequencing. Amplicons were subjected to direct sequencing using the
BigDye Terminator v3.1 kit (Applied Biosystems) and an ABI Prism 3140
automated sequencer (Applied Biosystems). The sequencing of the
VP1-2C DNA fragment was performed in one direction by using the
genomic primer EUG3abc (19). Other amplicons were sequenced in both
directions by using PCR primers.

Molecular typing of NPEVs. Nucleotide sequences corresponding to
the partial (3" one-third or 5’ one-half) or complete VP1 capsid gene of
each NPEV isolate were pairwise compared with the homologous se-
quences of prototype strains retrieved from databases, as previously re-
ported (19, 24). Scores were established for each strain according to nu-
cleotide and amino acid identities with homotypic and heterotypic
strains. Field isolates were considered to belong to the same serotype as the
closest prototype strain according to the results of pairwise comparisons
of nucleotide and amino acid sequences, as previously reported (19). In
most cases, nucleotide identities with the corresponding prototype strains
were equal to or higher than the type assignment nucleotide and amino
acid thresholds (75 and 85%, respectively). In a few cases in which nucle-
otide identity scores related to the homotypic prototype strain fell be-
tween 71 and 75%, databases were screened for similar sequences by using
the NCBI Basic Local Alignment Search Tool (BLAST) implemented di-
rectly from the CLC Main Workbench interface. The type assigned to the
studied isolates was supported by the serotype associated with the most
similar HEV sequences present in databases giving higher nucleotide and
amino acid identities.

Apart from type assignment based on partial VP1 sequences, we per-
formed type confirmation based on the complete VP1 sequence of all
HEV-C lineages by using both pairwise nucleotide and amino acid com-
parisons with all available HEV-C prototype strains. Alternatively, the
automated Enterovirus Genotyping Tool version 0.1 (25) was used for
the typing of strains representing all the genetic lineages identified
among the studied HEV-C strains.

Sequence analyses. Multiple-sequence alignments were performed
with CLC Main Workbench 5.7.2 software (CLC bio, Aarhus, Denmark).
From the resulting nucleotide sequence alignments, phylograms were in-
ferred by both the distance and maximum likelihood (ML) methods.

Distance-based phylogenetic trees were reconstructed by the neigh-
bor-joining (NJ) method using MEGA, version 5.05 (26), with the Jukes-
Cantor algorithm for genetic distance determination and pairwise dele-
tion for gaps. The reliability of tree topology was estimated by using 1,000
bootstrap replicates.

The ML algorithm was implemented in PhyML 3.0 software (27) un-
der the HKY85 model of substitutions (28) with a transition/transversion
ratio of 8.0. The reliability of the maximum likelihood phylogenies was
assessed by 1,000 bootstrap resamplings. Trees were drawn with the NJ
Plot program (29).

Nucleotide sequence accession numbers. Sequences were submitted
to the GenBank database under accession numbers JX307648 to JX307652
for the full-length VP1 sequence of HEV-A, JX417821 to JX417887 for the
full-length VP1 sequence of HEV-C, JX431302 for the full-length VP1
sequence of the unique HEV-D, JX417717 to JX417820 and JX437641 to
JX437661 for partial VP1 sequences of HEV-B, and JX426619 to JX426694
for partial VP1 sequences of HEV-C.
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TABLE 1 Virus isolation from stool specimens of healthy children with
respect to the round of stool collection in the far north region of
Cameroon

2008 (n = 233) 2009 (n = 203) Total (n = 436)

No. of Isolation No.of Isolation No.of Isolation

Isolate® isolates rate (%) isolates rate (%) isolates rate (%)
Enteroviruses

Polioviruses 10 4.3 7 3.4 17 3.9

Typed NPEVs 78 71 149
Mixed strains of 8 4 12

NPEVs

All NPEVs 86 36.9 75 36.9 161 36.9
All enteroviruses 96 41.2 82 40.4 178 40.8
Adenoviruses 1 0.4 7 3.4 8 1.8

RESULTS

Virus isolation and differentiation of polioviruses. Stool speci-
mens collected from healthy children in the northern region of
Cameroon were systematically tested for HEV isolation by using
the human RD and HEp2-c cell lines. Among 436 stool specimens,
186 induced CPE in cell cultures. Among the 186 harvested iso-
lates, only 17 could be propagated on murine L20B cells (express-
ing the human PV receptor) and were identified as PVs. Overall,
only 3.9% (17/436) of children were infected by PV (Table 1). All
19 PV strains identified from the 17 samples (2 samples containing
amixture of PV type 1 and type 2 isolates) were shown to be closely
related to the original Sabin strains (Sabin-like strains) by the ITD
RT-PCR and ELISA methods. Sequence analyses also showed that
all PV strains had accumulated =4 mutations in the full-length
VP1 genomic region (data not shown). These results were consis-
tent with the fact that these PV strains originated from recently
immunized children.

Among the remaining 169 nonpolio isolates, only 8 were not
molecularly identified as HEVs (generic RT-PCR test) and were
shown to be adenoviruses based on PCR evidence. This means
that 161 NPEV isolates were obtained, with an overall isolation
rate of 36.9% (161/436) (Table 1).

Molecular typing of NPEV isolates. Comparison of partial or
complete VP1 sequences of EV field strains with those of proto-
type strains has became an effective method for molecular typing
of field strains (19, 20, 24, 30). In this study, NPEVs were initially
typed by using sequences of the 3" one-third and/or the 5’ one-half
of the VP1 gene. The partial or full-length VP1 sequences of the
field isolates were compared with the homologous sequences of
prototype strains.

Among the 307 isolated NPEVs, including 161 from healthy
children and 146 from AFP patients, 273 were successfully se-
quenced. The remaining 34 isolates (12 from healthy children and
22 from AFP patients) could not be typed due to unexploitable
sequencing results associated with the presence of mixed isolates
in the studied samples and were not further analyzed.

It was recently shown that the 3’ one-third (~300 nucleotides
[nt]) of the VP1 gene is in some cases insufficient for the accurate
typing of certain HEV-C types (31). In order to refine the molec-
ular typing of HEV-C strains, full-length VP1 sequences were an-
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alyzed for 67 HEV-C isolates. These HEV-C isolates included all
representatives of the circulating genetic lineages identified
through phylogenetic analyses of the 3’ one-third of VPI se-
quences (data not shown). A comprehensive summary of nucleo-
tide and deduced amino acid sequence similarity scores between
the full-length VP1 sequences of the 67 studied HEV-C strains and
both homotypic and heterotypic prototype strains is shown in
Table S1 in the supplemental material. A few complete VP1 se-
quences did not reach the cutoff values of 75.0% nucleotide and
88.0% amino acid identities, which are considered to be the cutoff
values allowing an unambiguous typing of HEV-C field isolates
(see Table S1 in the supplemental material). However, some of
them met the cutoff value at either the nucleotide or amino acid
level. Among them, strain DJI-346 showed a similar nucleotide
sequence identity (73%) to the heterotypic prototype strain
CVA-24 Joseph and the prototype EV-C99 strain BAN00-10461.
However, it displayed a significantly higher nucleotide identity
(79.5%) to the EV-C99 variant USA/GA84, thus supporting its
typing as EV-C99. Accordingly, strain DJI-346 displayed 88.5%
and 84.3% amino acid similarities with the EV-C99 and CVA-24
prototype strains, respectively.

For all but two sequenced isolates, a search of the databases
found homotypic strains featuring a nucleotide or amino acid
similarity above the cutoff values of 75.0% and 88.0%, respec-
tively. Indeed, field isolates T08-083 and T08-234 displayed low
sequence similarity scores of 70% (nucleotide) and 84% (amino
acid) compared to the closest prototype strain, CVA-21 Kuyken-
dall (see Table S1 in the supplemental material). However, these
strains were unambiguously typed as EV-C95, whose prototype
sequence is no yet available (Picornavirus Study Group, ICTV) (J.
Ayukekbong, J.-C. Kabayiza, M. Lindh, T. Nkuo-Akenyji, F. Tah, T.
Bergstrom, and H. Norder, unpublished data). Actually, the full-
length VP1 sequence of strains T08-083 and T08-234 displayed
similarity scores of 88.4 and 88.9% (nucleotide) and 98.0 and
98.3% (amino acid), respectively, with the prototype EV-C95
strain (Picornavirus Study Group, ICTV).

In addition, the type of all but three HEV-C strains was con-
firmed by using a Web-based molecular genotyping tool for en-
teroviruses (see Table S1 in the supplemental material) (25).

Diversity of HEV types in healthy children and patients with
AFP. Among the NPEVs isolated from healthy children, 28 differ-
ent HEV types were identified. A summary of strain distribution
into HEV types, with respect to the round of stool collection, is
shown in Table 2. No isolate belonging to HEV-A was found,
while the unique strain of the HEV-D species was EV-D111, a
recently reported type. Overall, 36.2% (54/149) of isolates be-
longed to HEV-B. These isolates were split into 21 different types
with a quite heterogeneous distribution between the two rounds
of stool collection in 2008 and 2009. Interestingly, a high rate of
63.1% (94/149) HEV-C isolates was found among all typed iso-
lates (see Fig. S2 in the supplemental material). Furthermore,
CVA-13 was strikingly the most frequent type, accounting
for 26.8% (40/149) of all typed isolates from healthy children (Ta-
ble 2). The CVA-13 type was followed, in proportion, by other
HEV-C types, including EV-C99 and CVA-20, -17, -24, and -11.

Concerning isolates derived from AFP patients, 124 NPEVs
belonging to 39 different types of the species HEV-A, -B, and -C
were identified. The largest proportion of isolates, 57.3% (71/
124), belonged to HEV-B species (29 different types). The distri-
bution of NPEVs from AFP patients, with respect to viral species,
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TABLE 2 Distribution of NPEV types and species among healthy
children with respect to the round of stool collection in the far north
region of Cameroon”

2008 (n = 233)

2009 (n = 203) Total (n = 436)

% of % of % of
strains strains strains
among among among
all all all
No.of typed No.of typed No.of typed
Species and type strains isolates strains isolates strains isolates
HEV-B
CVB-1 3 4.2 3 2.0
CVB-5 2 2.6 2 1.3
E-2 1 1.3 1 0.7
E-3 1 1.3 1 0.7
E-6 1 1.3 3 4.2 4 2.7
E-7 4 5.1 4 2.7
E-11 3 3.8 3 2.0
E-12 1 1.3 1 1.4 2 1.3
E-13 3 4.2 3 2.0
E-14 1 1.4 1 0.7
E-17 2 2.8 2 1.3
E-19 3 3.8 5 7.0 8 5.4
E-25 1 1.3 1 1.4 2 1.3
E-26 2 2.6 2 1.3
E-29 4 5.1 1 1.4 5 3.4
E-30 1 1.3 1 1.4 2 1.3
E-31 1 1.3 1 0.7
E-32 1 1.3 1 0.7
E-33 1 1.3 4 5.6 5 3.4
EV-B75 1 1.4 1 0.7
EV-B87 1 1.4 1 0.7
All HEV-B isolates 27 34.6 27 38.0 54 36.2
HEV-C
CVA-11 1 1.3 1 0.7
CVA-13 21 26.9 19 26.8 40 26.8
CVA-17 5 6.4 6 8.5 11 7.4
CVA-20 10 12.8 6 8.5 16 10.7
CVA-24 6 7.7 3 4.2 9 6.0
EV-C99 7 9.0 10 14.1 17 11.4
All HEV-C isolates 50 64.1 44 62.0 94 63.1
HEV-D
EV-D111 1 1.3 1 0.7
Al HEV-D isolates 1 1.3 1 0.7
All typed isolates 78 100.0 71 100.0 149 100.0

“n, number of stool samples collected.

types, and countries of origin, is summarized in Table 3. As for
healthy children, we found a high rate of 39.5% (49/124) HEV-C
strains in AFP patients (Table 3). Indeed, similar high rates of
HEV-C were found in patients from Cameroon, Chad, and
Gabon: 41.5% (27/61), 35.8% (19/53), and 50% (3/6), respec-
tively. CVA-13 isolates were also the most prevalent among all
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TABLE 3 Distribution of NPEV types and species among acute flaccid paralysis patients with respect to country of origin®

Cameroon (n = 71) Chad (n = 67) Gabon (n =7) Total
% of strains % of strains % of strains % of strains
No. of among all No. of among all No. of among all No. of among all
Species and serotype strains typed isolates strains typed isolates strains typed isolates strains typed isolates
HEV-A
CVA-10 1 1.9 1 0.8
EV-A71 2 3.1 2 1.6
EV-A76 1 1.5 1 0.8
All HEV-A isolates 3 4.6 1 1.9 0 0.0 4 3.2
HEV-B
CVB-1 4 7.5 4 3.2
CVB-2 1 1.5 1 0.8
CVB-4 1 1.5 1 0.8
CVB-5 2 3.1 1 1.9 3 2.4
CVB-6 1 1.9 1 0.8
E-1 1 1.5 2 3.8 3 2.4
E-2 1 1.5 1 1.9 2 1.6
E-3 1 1.5 2 3.8 3 2.4
E-6 7 10.8 1 1.9 8 6.5
E-7 3 4.6 2 3.8 5 4.0
E-12 3 4.6 1 1.9 4 3.2
E-13 2 3.1 4 7.5 6 4.8
E-14 1 1.5 1 1.9 2 1.6
E-17 2 3.1 2 1.6
E-19 1 1.5 1 1.9 2 1.6
E-20 1 1.9 1 0.8
E-21 1 1.5 1 0.8
E-24 1 1.5 1 1.9 2 1.6
E-26 1 1.9 1 0.8
E-27 1 1.9 1 0.8
E-30 2 3.1 2 1.9 1 16.7 5 4.0
E-31 1 1.9 1 0.8
E-33 1 1.5 2 3.8 1 16.7 4 3.2
EV-B69 1 1.5 2 3.8 3 2.4
EV-B75 1 1.5 1 0.8
EV-B80 1 1.9 1 0.8
EV-B81 1 16.7 1 0.8
EV-B85 1 1.5 1 0.8
EV-B97 1 1.5 1 0.8
All HEV-B isolates 35 53.8 33 62.3 3 50.0 71 57.3
HEV-C
CVA-11 1 16.7 1 0.8
CVA-13 14 21.5 7 13.2 21 16.9
CVA-17 3 4.6 2 3.8 1 16.7 6 4.8
CVA-20 6 9.2 6 11.3 12 9.7
CVA-21 1 1.9 1 0.8
CVA-24 4 6.2 1 1.9 1 16.7 6 4.8
EV-C95 2 3.8 2 1.6
All HEV-C isolates 27 41.5 19 35.8 3 50.0 49 39.5
All serotypes 65 100.0 53 100.0 6 100.0 124 100.0

“ n, number of isolates analyzed.
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FIG 1 Phylogenetic relationships of the VP1 sequences of the studied HEV-A and HEV-D strains. (A) Phylogram based on partial VP1 sequences of EV-A71 strains (nt
1 to 855 according to EV-A71 prototype strain BrCr VP1 numbering). EV-A71 genogroups A to E are indicated by the corresponding letters. (B) Phylogram based on
partial VP1 sequences of EV-A76 strains (nt 13 to 782 according to EV-A76 prototype strain FRA91-10369 VP1 numbering). (C) Phylogram based on partial VP1
sequences of CVA-10 strains (nt 478 to 862 according to CVA-10 prototype strain Kowalik VP1 numbering). (D) Phylogram based on partial VP1 sequences of EV-D111
strains (nt 117 to 471 according to EV-D111 prototype strain KK2640 VP1 numbering). The newly sequenced strains are in boldface type and highlighted by circles. For
the reference sequences, the location and year of isolation and GenBank accession number are indicated in trees, if known. Triangles indicate prototype strains. For
clarity, most bootstrap values of less than 70% have been omitted. The scale bars indicate nucleotide distance as substitutions per site.

typed isolates from AFP patients (16.9%), followed in proportion
by CVA-20,-17, or -24, EV-C95, and CVA-21 or -11. Surprisingly,
no EV-C99 strains were isolated from AFP patients, while they
accounted for 11.4% of all NPEVs identified in healthy children.

Genetic diversity of HEV-A and -D strains. We analyzed the
phylogenetic relatedness of the HEV isolates circulating in Cam-
eroon, Chad, and Gabon with those reported in other contexts.
Phylogenetic relationships were inferred by using both ML and NJ
algorithms. Since tree topologies from both methods displayed
very similar patterns, only NJ trees are presented.

Among the 273 strains identified in this study, only 4 HEV-A
strains, 2 EV-A71 strains, and an EV-A76 strain from Cameroon
and a CVA-10 strain from Chad were isolated. Phylogenetic anal-
ysis showed that the VP1 sequences of the two EV-A71 strains fell
into distinct subclusters (Fig. 1A). Strain C08-041, from Douala,
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was a member of genogroup C, while the second EV-A71 strain,
C08-146, from Yaoundé grouped consistently with the recently
reported Central African strain NMA-03-008. The latter strain,
showing a high sequence similarity score of 89.6% and 97% at the
nucleotide and amino acid levels, respectively, with strain C08-
146, was previously shown to belong to a new EV-A71 genogroup
tentatively called “genogroup E” (32). The identification of strains
of this genogroup in the Central African Republic, Nigeria (32),
and Cameroon indicates that it was circulating without known
disease outbreaks in Africa.

The unique EV-A76 strain C08-142 isolated in this study was the
third EV-A76 strain reported so far in sub-Saharan Africa (33). The
three African strains fell into a subcluster with different strains (boot-
strap value of 99%), including prototype strain 10369 from France
(Fig. 1B). Interestingly, strain C08-142, which was isolated from a
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FIG 2 Phylogenetic relationships of the VP1 sequences of the studied E-7
isolates. The phylogram is based on an alignment of the partial VP1 sequences
(nt 571 to 876 according to the E-7 prototype strain Wallace VP1 numbering).
The newly sequenced strains are in boldface type and highlighted by circles.
The location and year of isolation and GenBank accession number of the
reference strains are indicated in the tree, if known (CAF, Central African
Republic). Prototype strains are highlighted by triangles. Bootstrap values are
indicated if higher than 70%.

patient with AFP in Cameroon, was particularly related to EV-A76
strain LM 1677, detected in a wild chimpanzee in this country (33).

Chadian strain T08-235 was a member of CVA-10 lineage III
(Fig. 1C). Lineage III includes CVA-10 strains that had been cir-
culating in China, Japan, South Korea, and Spain from 2000 to
2010. Within this lineage, the Chadian strain showed high se-
quence similarity scores (93.0% and 96.6% at the nucleotide and
amino acid levels, respectively) and grouped consistently with
CVA-10 strain OMB-06-062, a recently reported strain from the
Central African Republic (32).

The single HEV-D strain, TOK-230, belonged to the EV-D111
type, whose prototype strain was recently isolated from a Camer-
oonian wild chimpanzee (33). Overall, five isolates of EV-DI111
have been reported so far, and all of them originated from sub-
Saharan Africa (32-34). They segregated into two reliable subclus-
ters (Fig. 1D). Interestingly, the EV-D111 strain, isolated from the
stool specimen of a healthy child in northern Cameroon, featured
a close phylogenetic relatedness to strain KK2640, isolated from a
chimpanzee in the same country.

Genetic diversity of HEV-B strains. As many as 34 out of the
60 currently known HEV-B types were found among all isolates
analyzed in this study, thus revealing the huge diversity of HEV-B
isolates in Cameroon and neighboring countries. Individual
HEV-B types seemed to be circulating in a sporadic pattern. Ac-
cordingly, a number of types detected in healthy children in 2008
were not found in 2009. All echovirus 7 (E-7) VP1 sequences
formed a sub-Saharan cluster along with E-7 strains recently re-
ported in the Central African Republic (32) (Fig. 2). Several re-
cently described new HEV-B types, EV-B75, EV-B80, EV-B8l1,
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EV-B85, EV-B87, and EV-B97, were also found. These types were
first isolated in Bangladesh and the United States (35, 36).

Genetic diversity of HEV-C strains. Representatives of all
HEV-C genetic lineages were analyzed by using complete VP1
sequences (Fig. 3). As expected, individual nucleotide VP1 se-
quences of the study strains segregated into type-specific clusters
(with strong bootstrap support). Within their type-related clus-
ters, individual strains belonging to types CVA-13, -20, and -24
and EV-C99 featured a wide range of genetic variability, expressed
through segregation into consistent subclusters.

Interestingly, the highest intratypic genetic variability was ob-
served among CVA-13 strains, which constituted the most prev-
alent NPEV type. Indeed, CVA-13 sequences fell into all previ-
ously reported subclusters A to D (32, 37) and an apparently new
cluster, tentatively called “cluster E” (Fig. 3). Besides these five
major subclusters, isolates TOK-349 from northern Cameroon
and T08-205 and C08-096 from Chad may form additional sub-
clusters.

Within the CVA-20-related group, three strains formed a
bootstrap-supported subcluster with strain 10462 from Bangla-
desh. The remaining CVA-20 strain fell in another subcluster
along with CVA-20 prototype strain IH-35 and CVA20-Tulane
(Fig. 3).

Concerning CVA-24 isolates, one grouped with CVA-24 pro-
totype strain Joseph, while another one clustered with the CVA-24
variant EH24 (Fig. 3). The remaining strains did not group with
any of the prototype strains, constituting a third subcluster (boot-
strap value 0of 90%) of related strains with sequence identities from
80.6 t0 96.7% and 91.5 to 99.3% at the nucleotide and amino acid
levels, respectively.

Isolates belonging to the CVA-11, -17, and -21 types formed rel-
atively compact clusters in terms of sequence diversity. However,
CVA-17 strains isolated in this study formed a distinct subgroup
(bootstrap value of 71%) that was quite distinct from that formed by
the other CVA-17 strains, including Madagascan ones (37).

As expected, Chadian strains T08-083 and T08-234, identified
by pairwise nucleotide sequence comparison as EV-C95 strains,
grouped separately from all of the other type-defined clusters.

Within-type segregation was also found for the eight EV-C99
strains isolated in this study. Most of them fell into two out of the
three previously defined EV-C99 clusters (37): three strains
grouped into subcluster A along with prototype strain 10461 from
Bangladesh, while four strains formed a well-defined group within
subcluster B along with two strains isolated from Bangladesh and
Oman (31). The eighth isolate, DJI-346, branched separately from
all previously reported EV-C99 clusters, defining a putative new
genetic lineage within this HEV type.

Interestingly, the VP1 sequences of the EV-C99 isolates of clus-
ter A shared particular features compared to those of EV-C99
strains of other clusters. The nucleotide sequences of the 5" one-
third of the VP1 region of cluster A were more closely related to
those of CVA-24 strains than to those of other EV-C99 strains (see
Fig. S3A in the supplemental material). In addition, the VP1 pep-
tide sequences of cluster A, including that of strain DJI-346, fell
into a consistent cluster apart from that formed by the other EV-
C99 isolates (see Fig. S3B in the supplemental material). These
results indicated that EV-C99 isolates of cluster A were distantly
related to homotypic strains belonging to other clusters and sug-
gested that they possibly originated from intertypic recombina-
tion events.
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FIG 3 Phylogenetic relationships based on the full-length VP1 sequences of newly sequenced HEV-C isolates from Cameroon, Chad, and Gabon. Studied
isolates are indicated in boldface type. The year and country of isolation and GenBank accession number of each reference isolate are indicated, if known (ARG,
Argentina; AUS, Australia; BEL, Belgium; BGD, Bangladesh; CAF, Central African Republic; CHN, China; COD, Democratic Republic of the Congo; GTM,
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highlighted by triangles. For clarity, most bootstrap values of less than 70% have been omitted. The scale is shown at the bottom as substitutions per site.

DISCUSSION

This study aimed to investigate the occurrence and genetic diver-
sity of HEV in healthy children in the far north region of Came-
roon as well as in AFP patients from several Central African coun-

766 jcm.asm.org

tries. We found a low rate of PV strains among healthy children in
the far north region of Cameroon, and all of them were OPV
strains. Only 3.9% of the stool specimens were positive for PV,
while a rate of at least 10% was expected from other studies of
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healthy children in other developing countries where OPV is rou-
tinely used (6, 38, 39). This low rate of PV circulation can be
explained by the high poliovaccine coverage rate of about 90%
among the healthy children enrolled in the study. The coverage
rate was above the national average of about 80% in 2008 and 2009
(40). Accordingly, almost all PVs were isolated from recently im-
munized children, and all appeared to be Sabin-like, with =4 nt
substitutions in their full-length VP1 sequences.

In contrast to PVs, we found an extensive circulation of NPEV
among healthy children, with an overall isolation rate of 36.9%.
The high rate of EV infection among healthy children enrolled in
this study can be explained by the fact that the children were be-
tween the ages of 0 and 5 years. During this early period of life,
such young children are still building up their immunity against
each of the numerous circulating HEV types and are thus highly
susceptible to NPEV infections. Accordingly, the isolation rate
seemed to be higher in children aged 1 to 3 years than in children
under 1 and over 3 years of age (data not shown). Before the age 1
year, children are still breastfed and may be minimally exposed to
infections, while from 3 years of age, they have possibly mounted
efficient immunity against most circulating NPEV lineages. A high
rate of EV infection among 54 healthy children between the ages of
5and 15 years was also reported in a recent study conducted in the
southwestern region of Cameroon. In that previous study, in
which HEVs were not typed (generic RT-PCR test), HEV infection
was found in 31.5% of healthy children, while a lower rate of
13.9% was reported among 93 HIV-infected adults (41).

High rate of HEV-C. Overall, 45 different NPEV types were
identified in this study, including 9 types recently reported and
considered to be new types, such as EV-B75, -A76, -B80, -B81,
-B85, -B87, -B97, and -D111 (33, 35, 36, 42). In addition, a strik-
ingly high rate of HEV-C isolates was uncovered for both healthy
children from northern Cameroon and AFP patients from Cam-
eroon, Chad, and Gabon. In particular, a rate of 63.1% HEV-C
was found among NPEV-positive healthy children. There was not
a striking change in the rate and the genetic diversity of circulating
HEV-C types between 2008 and 2009 (Table 2), highly suggesting
that the high rate of HEV-C infection among the children enrolled
was not due to a monomorphic and short-lived outbreak. As in
healthy children, the rates of HEV-C infection were also high in
AFP patients from all three countries (Table 3). Overall, the rate of
HEV-C infections in Cameroon and neighboring countries was
huge compared to rates reported by most studies of EV-infected
patients in temperate countries, including North Africa (43—-45).
In our study, HEp-2c cells were systematically used for virus iso-
lation, in addition to the primary RD and L20B cells recom-
mended by the WHO for poliomyelitis surveillance (16). HEp-2¢
cells are known to be particularly suitable for the efficient isolation
of coxsackie A viruses belonging to the HEV-C species (15, 46,47).
Accordingly, 88.1% (126/143) of HEV-C isolates were propagated
exclusively on HEp-2c cell cultures, while this cell line was condu-
cive to only 48.8% (61/125) of HEV-B isolates. A low rate of
HEV-C isolation was found in a recent study of HEVs infecting
healthy children originating from the northeastern Nigeria (48),
despite the fact that tropical conditions and socioeconomic fac-
tors are similar to those of the northern Cameroon. The absence of
the HEp-2c cell line in the isolation technique used in that study
possibly led to an underestimation of the isolation rate of NPEV
and HEV-C in particular (48). Indeed, high rates of HEV-C isola-
tion were repeatedly reported when isolation techniques made use
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of both the HEp-2c and RD cell lines in some tropical countries,
including Cambodia (3), the Central African Republic (32), Mad-
agascar (15), and China (49). In contrast to tropical countries,
several previous epidemiological studies using the HEp2-c cell line
in industrialized countries recurrently reported HEV-C isolation
rates of less than 5% (43, 45, 50-52). Overall, it appears that the
high rate of HEV-Cis linked to tropical conditions, where the use
of the HEp2-c cell line for the NPEV surveillance would be of great
interest.

Some contrasting results were observed between healthy chil-
dren and AFP patients in terms of HEV species, ratios, and types.
The rate of HEV-C seemed to be relatively higher in healthy chil-
dren than in AFP patients (see Fig. S2 in the supplemental mate-
rial). Moreover, no EV-C99 isolate was identified in AFP patients
despite high rates of isolation and wide diversity in healthy chil-
dren. Conversely, no HEV-A strain was found in healthy children.
These contrasting type distribution patterns of NPEVs could con-
stitute differential factors between healthy children and AFP
patients. However, these two populations are not strictly compa-
rable. AFP isolates were obtained from specimens collected year-
round from patients from different geographic and climate ori-
gins (from dry tropical to equatorial climates). This could have an
influence on the circulation of HEV types and species. Further-
more, in contrast to the stool specimens from healthy children,
which were collected and transported under uniform conditions,
samples from AFP patients usually face different storage and
transport conditions (53). Possibly, some HEV types in feces may
be more sensitive than others, depending on physical conditions
(53). Therefore, additional studies are required before drawing a
definitive conclusion about the differences of HEV species and
types found in healthy children and AFP patients.

Genetic diversity and phylogenetic relationships among
HEVs. As expected from previous studies in sub-Saharan Africa
(15, 32, 34, 39), isolation of HEV-A strains was very uncommon.
Only 4 HEV-A strains, including 2 EV-A71 strains, were identified
in AFP patients. One strain of EV-A71 belonged to genogroup C,
which has been associated with disease outbreaks worldwide, in-
cluding Africa (54-56). Two novel genogroups were recently
identified in Africa (32) and India (57), respectively. Our study
identified an isolate belonging to the novel Central African EV-
A71 genogroup (32). The identification of this new EV-A71 geno-
group in three distinct countries, at different times, indicates that
it has been circulating in sub-Saharan Africa for several years.
Since NPEVs are poorly sampled in sub-Saharan Africa, the extent
of the circulation of this novel EV-A71 genogroup in African pop-
ulations is probably underestimated. The major EV-A71 geno-
groups A, B, and C have been involved in several epidemics of
hand-foot-and-mouth disease, severe neurological disease, and
other health concerns primarily in Asia but also in Australia, Eu-
rope, and the United States (55, 58, 59). It has been demonstrated
that diverse lineages of genogroup B and C have each silently cir-
culated in the human population for several years before causing
large outbreaks (56). Thus, the virtually quiescent circulation of a
new EV-A71 genogroup in Africa and its high potential to cause
severe disease outbreaks emphasize the need for additional sur-
veillance and detailed characterization.

Most of the regions where EV-A76 has been reported, in-
cluding Bangladesh, Cameroon, the Democratic Republic of
Congo, and Southeast Asia (34, 42, 49, 60), are home to a
variety of nonhuman primate (NHP) species. We identified an
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EV-A76 isolate that was related to human- and chimpanzee-
derived EV-A76 strains (Fig. 1B). As for EV-A76, the unique
HEV-D strain EV-D111 was recently shown to infect both hu-
mans and chimpanzees in Central Africa (32-34). Together
with previous reports, this study suggests that cross-species
transmission of EVs may play a role in the diversity and evolu-
tion of HEVs in certain regions, including sub-Saharan Africa
(60, 61). Contacts between humans and nonhuman primates
have significantly increased in Central Africa during the last
decades (62), and this could promote the cross-species trans-
mission of new viral pathogens to humans.

For the most prevalent type, CVA-13, a tremendous genetic
diversity was found. We identified at least five different clusters,
including all previously reported clusters A to D (31, 32, 37) along
with a new sub-Saharan “cluster E.” A similar clustering pattern
was observed for other prevalent types, including CVA-20, CVA-
24, and EV-C99. Their high rates coupled with their high genetic
diversity indicate that they have been circulating with high ende-
micity in Cameroon and neighboring countries for many years.
Interestingly, the genetic diversity reported here covered virtually
all genetic lineages reported elsewhere, including variants that
were previously considered Malagasy topotypes (37).

High risk of cVDPV emergence. Recombination events are
known to play a key role in the high plasticity of EV genomes and
have been shown to be ubiquitous in the nonstructural regions of
the viral genome (63, 64). Most cVDPVs have been shown to be
recombinants emerging through recombination between PVs and
other non-PV HEV-C strains (12). This includes the cVDPVs that
were recently isolated in Chad and Cameroon (S. A. Sadeuh-Mba
and F. Delpeyroux, unpublished results) and most of those circu-
lating in the neighboring Nigeria and Niger (C. Burns, personal
communication). As discussed above, there was a high rate and a
tremendous genetic diversity of HEV-C strains circulating in
Cameroon and neighboring countries. Given that OPV is mas-
sively used in this region, the frequency of PV/non-PV HEV-C
coinfections could be particularly high. This provides an ideal
setting for recombination between cocirculating PVs and non-PV
HEV-C strains. The data from cVDPV outbreak studies in Cam-
bodia and Madagascar have shown that CVA-13 and -17 are effi-
cient recombination partners for PVs (3, 5, 13). CVA-13 strains
have been shown to be the non-PV HEV-C strains most closely
related to PVs in the capsid coding region, followed by CVA-20
and -17 (65). The particular viral ecosystem, characterized by high
rate and high variability of CVA-13, -17, and -20 in Cameroon and
neighboring countries, offers ideal viral conditions for the emer-
gence of pathogenic cVDPVs. cVDPVs have been continuously
reported in the Nigerian northern states, where they have been
causing poliomyelitis cases for the past 7 years and occasionally
spread to Chad and Niger (66). To avoid the emergence and cir-
culation of recombinant cVDPVs in other countries of the Central
African subregion, especially where indigenous wild-type poliovi-
ruses have been eradicated, the achievement and maintenance of
high poliovaccine coverage remain essential.

In conclusion, this study showed an extensive circulation of
HEVs among healthy children and AFP patients in Cameroon and
neighboring countries. Most of the circulating NPEV types and
variants were previously reported in many other parts of the world
and may be distributed worldwide. Moreover, a number of HEV
strains belonging to genetic lineages that seemed to be specific to
Africa were identified. These Africa-specific strains included the
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new EV-A71 genogroup and EV-D111 as well as new lineages of
HEV-C types. This study demonstrated that the genetic variability
among some prevalent HEV-C types, including CVA-13, -20, and
-24 and EV-C99, was higher than previously known. The partic-
ular enteroviral ecosystem characterized by a high rate of HEV-C
isolation coupled with a wide genetic diversity constitutes a major
viral factor rendering Cameroon and neighboring countries at
high risk of emergence and circulation of pathogenic recombinant
cVDPVs.
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