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Abstract
Enteric viruses are a major cause of diarrhea in children, especially those under five years

old. Identifying the viral agents is critical to the development of effective preventive mea-

sures. This study aimed to determine the prevalence and genetic diversity of common

enteric viruses in children under five years old in Burkina Faso. Stool samples from children

with (n = 263) and without (n = 50) diarrhea disorders were collected in Ouagadougou, Bur-

kina Faso from November 2011 to September 2012. Rotavirus, norovirus, sapovirus, astro-

virus, adenovirus and Aichivirus A were detected using real-time or end-point (RT-)PCR.

Rotavirus strains were G and P genotyped by multiplex RT-PCR and other viral strains

were characterized by sequencing of viral subgenomic segements. At least one viral agent

was detected in 85.6% and 72% of the symptomatic and asymptomatic patients, respec-

tively. Rotavirus (63.5%), adenovirus (31.2%) and genogroup II norovirus (18.2%) were the

most prevalent viruses in symptomatic patients, but only rotavirus and genogroup II norovi-

rus were significantly associated with diarrhea (OR: 7.9, 95%CI: 3.7–17; OR: 3.5, 95%CI:

1–11.7, respectively). Sapovirus (10.3%), astrovirus (4.9%), genogroup I norovirus (2.7%)

and Aichivirus A (0.8%) were less prevalent. The predominant genotype of rotavirus was

G9P[8] (36.5%), and the predominant norovirus strain was GII.4 variant 2012 (71.4%).

Among sapovirus, the genogroup II (87.5%) predominated. Astrovirus type 1 (41.7%) was

the most frequent astrovirus identified. Aichivirus A belonged to the three genotypes (A, B

and C). Enteric adenoviruses type 40 and 41 were identified in 10.2% and 5.1% respec-

tively. Several cases of co-infections were detected. The results highlight the high preva-

lence and the high diversity of enteric viruses in Burkinabe children.
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Introduction
Gastroenteritis remains a major public health problem worldwide, especially among children.
More than 700 million cases of acute gastroenteritis are estimated to occur annually in children
less than 5 years old and the mortality associated with gastroenteritis has been estimated to 0.8
to 2 million per year [1]. Gastroenteritis can be due to infections (bacterial, fungal, parasitic or
viral) or due to other causes such as food (dietary errors, dietary imbalance) or drugs (abuse of
laxatives, antibiotics) [2, 3].

Recent advances in molecular diagnostic techniques have allowed recognizing viruses as
major cause of diarrheal illnesses. In particular, rotaviruses (family Reoviridae) are the leading
cause of severe diarrheal diseases and dehydration, which often lead to the hospitalization of
infants and young children throughout the world [4–6]. Based on the VP6 gene sequence-
based classification system, they are tentatively classified into nine groups (A-I) [7], with group
A rotaviruses (RVA) being the most epidemiologically relevant in humans. The genotypes G
and P of RVA correspond to VP7 (glycoprotein) and VP4 (protease sensitive protein), respec-
tively. RVA are classified into at least 27 G and 37 P genotypes [8]. The common human RVA
genotypes that are circulating worldwide include: G1P[8], G2P[4], G3P[8], G4P[8] and G9P[8]
[6, 9].

Noroviruses (NoV, family Caliciviridae) are the second most common cause of viral diar-
rhea in children less than 5 years old [10]. Noroviruses are genetically diverse and are divided
into 7 genogroups (GI–GVII) and more than 30 genotypes according to comparison of VP1
sequences [11]. Only 3 genogroups (GI, GII and GIV) infect humans. Although several NoV
strains circulate GII.4 is the predominant genotype infecting humans [10].

Other viral agents, including enteric adenoviruses type 40 and 41 (AdV, family Adenoviri-
dae), human astroviruses (AstV, family Astroviridae), Aichiviruses A (AiV, family Picornaviri-
dae) and human sapoviruses (SaV, family Caliciviridae) are also implicated as major causes of
sporadic cases and outbreaks of childhood diarrhea [12–14].

In most sub-Saharan African countries including Burkina Faso, microbiological methods
for investigation of diarrheal diseases are usually restricted to conventional enteric bacteria
identification (such as Salmonella sp, Shigella sp and Enteropathogenic Escherichia coli) and
viral etiology is rarely investigated. Previous studies showed that RVA was a common cause of
childhood diarrhea in Burkina Faso [15–19] and subsequently RVA vaccine (RotaTeq1,
Merck and Co, Whitehouse Station, NJ, USA) was introduced into the national immunization
program in October 2013. Recently NoV and SaV were detected in cases of childhood diarrhea
in Burkina-Faso [20–22]. However, the contribution of other enteric viruses such as AdV,
AstV and AiV in cases of diarrhea in Burkina Faso remains unknown. It is therefore essential
to fill the knowledge gap on these pathogens to be able to planify control strategies of diarrheal
disease in the country. The aim of this study was to determine the prevalence and the molecular
characteristics of these enteric viruses in Burkinabe children suffering from diarrhea diseases.

Materials and Methods

Ethics statement
Parents of the pediatric patients were informed on the study details and their oral consent was
obtained and documented in the questionnaire form before stool specimen collection. In Bur-
kina Faso, oral consent is sufficient for patients coming to hospital routinely for gastroenteritis
and not because of the study, according to guidelines from the ministry of health. Written con-
sent was obtained and documented in a consent form from guardians of the control group.
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The study protocol and consent procedure was approved by the Ethics Committee of Burkina
Faso and the ministry of health.

Sample collection and viral RNA/DNA extraction
This study was based on a relative low socio-economic status urban population of Ouagadou-
gou (capital of Burkina Faso) consulting at Peripheral Health Centers.

Between November 2011 and September 2012, stool specimens were collected from 263
children under 5 years of age consulting for treatment of gastroenteritis in three hospitals in
Ouagadougou: District hospital of Bogodogo (61 children), pediatric clinic “les Tissérins” (128
children) and Medical center with surgical antenna “Paul VI” (74 children). Diarrhea was
defined according to the WHO criteria for children as the occurrence of three or more loose,
liquid, or watery stools within a 24-hour period. Control stool samples were collected from 50
randomly selected children under five years old coming to the same health centers at the same
period for routine immunization and not presenting gastroenteritis/diarrhea symptoms. One
stool sample was collected from each patient and stored at -20°C until analysis. Viral nucleic
acids were extracted from 20% fecal suspensions in phosphate-buffered saline using the Nucli-
SENS1 EasyMAGTM platform (bioMérieux, Marcy l’Etoile, France) according to the manufac-
turer’s instructions.

Viral detection
RVA, NoV-GI, NoV-GII, SaV, and AstV were screened by real-time reverse transcription PCR
(RT-PCR) using the TaqMan1 Fast Virus One-Step Master Mix on a 7500 Real-Time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA) with primers and probes described previously
[23–27] (Table 1). AdV were detected using a commercial real-time PCR assay designed to
detect all types of human AdV (Adenovirus R-geneTM, Argène, Verniolle, France). AiV were
detected by end-point RT-PCR using the Qiagen One-Step RT-PCR kit (Qiagen, Hilden, Ger-
many) and the primer set Ai6261/Ai6779 [28].

Genotyping of viral strains
All positive samples by real-time (RT-)PCR were characterized by end-point (RT-)PCR. RVA
positive samples were G and P genotyped using multiplex RT-PCR according to the EuroRota-
Net methods (www.eurorota.net/docs.php). Caliciviruses were genotyped using primer sets
SR80/NVP110 [29] and JV12/JV13 [30] to amplify a fragment of the RNA polymerase genes of
SaV and NoV, respectively. Primer sets G1SKF/G1SKR and G2SKF/G2SKR [31] were used to
amplify a fragment of the capsid genes of NoV-GI and NoV-GII, respectively. AstV positive
samples were typed by sequencing Mon244 and Mon245 [32] RT-PCR products. All RT-PCRs
were performed using the Qiagen OneStep RT-PCR kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. AdV positive samples were typed by PCR using the Ampli-
Taq1 DNA Polymerasewith Buffer II (Applied Biosystems, Foster City, CA, USA) and the
primer set Hex1DEG/Hex2DEG followed by nested PCR with primers Hex3DEG/Hex4DEG
[33].

Genotyping of NoV (GI and GII), SaV, AstV, AdV and AiV was performed by direct
sequencing of the PCR products with the same primers used for amplification by using an ABI
PRISM1 BigDye1 Terminator Cycle Sequencing Kit on a 3130XL DNA Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Sequencing of the PCR amplicons for the VP7
gene RVA of unknown G types and VP4 gene RVA of unknown P types was conducted with
primers VP7-F/VP7-R and VP4-F/VP4-R respectively [34].
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Sequence analysis
Viral sequences were compared with reference strains available in the European Nucleotide
Archive (ENA) database using the FASTA program from the European Bioinformatics Insti-
tute (www.ebi.ac.uk). For norovirus, genotyping was also determined using the Norovirus Gen-
otyping Tool version 1.0 [35].

Phylogenetic analyses were performed with the Molecular Evolutionary Genetics Analysis
(MEGA) software version 6.0 software packages [36]. Phylogenetic trees were constructed by
the Maximum Likelihood method with the Kimura 2-parameter as substitution model, and
including the reference sequences available on the GenBank. The confidence values of the
internal nodes were calculated by performing 1000 bootstrap replicates. Phylogenetic analysis
of the amino-acids and nucleotides alignments was performed by using pairwise distance
methods

The nucleotide sequences of amplicons of Burkinabe strains were submitted to the ENA
database under the following accession numbers: RVA G6 and G12 detected (VP7 gene, 842
bp, LN612503 to LN612530), NoV-GI (ORF 2, 302 bp, LN612531 to LN612535 and ORF 1,
285 bp, LN612550 to LN612552), NoV-GII (ORF 2, 302 bp LN612536 to LN612549 and ORF
1, 285 bp LN612553 to LN612571), SaV (ORF 1, 277 bp, LN612572 to LN612579), AstV (ORF

Table 1. Primer and probes used for viral detection.

Primer or probe Sequence (5’to 3’) Polarity References

VP2-F1 TCTGCAGACAGTTGAACCTATTAA +

Rotavirus VP2-F2a CAGACACGGTTGAACCCATTAA + [23]

VP2-F3a TCGGCTGATACAGTAGAACCTATAAATG +

VP2-F4a TGTCAGCTGATACAGTAGAACCTATAAATG +

VP2-F5a TCAGCTGACACAGTAGAACCTATAAATG +

VP2-R1a GTTGGCGTTTACAGTTCGTTCAT -

VP2-R2a GTTGGCGTCTACAATTCGTTCAT -

VP2-Pb 6FAM-ATGCGCATRTTRTCAAAHGCAA ++

Norovirus Génogroupe I JJV1NF a: CCA TGT TCC GTT GGA TGC + [24]

JJV1R a: TCC TTA GAC GCC ATC ATC AT -

JJV1P b: FAM-5’-TGT GGA CAG GAG ATC GCA ATC TC -3’-TAMRA +

RING-1b b : FAM-5’-AGA TCG CGG TCT CCT GTC CA-3’-TAMRA -

Norovirus Génogroupe II QNIF2d a : ATG TTC AGR TGG ATG AGR TTC TCW GA + [25]

COG2Ra : TCG ACG CCA TCT TCA TTC ACA -

QNIFS b : FAM-5’-AGC ACG TGG GAG GGC GAT CG -3’-TAMRA +

Astrovirus AV1TRa CCG AGT AGG ATC GAG GGT - [26]

AV2TRa GCT TCT GAT TAA ATC AAT TTT AA +

AVsb FAM-5'-CTT TTC TGT CTC TGT TTA GAT TAT TTT AAT CAC C-3'-TAMRA

Sapovirus SaV124Fa GAY CAS GCT CTC GCY ACC TAC + [27]

SaV1Faa TTG GCC CTC GCC ACC TAC +

SaV1245Rb CCC TCC ATY TCA AAC ACT A -

SaV124TPb FAM-CCR CCT ATR AAC CA-MGB -

Aichivirus A AICHI 6261a ACA CTC CCA CCT CCC GCC AGT A + [28]

AICHI 6779a GGA AGA GCT GGG TGT CAA GA -

a Primer
b Probe

doi:10.1371/journal.pone.0153652.t001
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2, 373 bp, LN612580 to LN612591), AiV (3CD, 477 bp, LN612592 to LN612595) and AdV
types 40/41 (Hexon protein gene, 255 bp, LN612596 to LN612604).

Statistical analysis
Statistical analyses were performed with Stata1 software (StataCorp release 10, 2007; College
Station, TX, USA). We compared categorical data by the Chi-square and Fischer exact tests
when the population was less than 5. The level of confidence was 95% for all confidence inter-
vals (CI). The comparison of detection of viruses between the group of children with diarrhea
and the control group was evaluated as an odds ratio (OR). A p-value less than 0.05 were con-
sidered statistically significant.

Results

Detection of enteric viruses in stools
The mean age of children less than five years old with symptoms of diarrhea was 14.1 months
(versus 11.2 months in control group) and the median age was 10 months (versus 6 months in
control group). The sex ratio (male: female) was 1.1 for the children with diarrhea versus 0.7
for the children without diarrhea.

Among the 263 stool specimens from patients with diarrhea symptoms, 225 (85.6%) con-
tained at least one virus, versus 36 (72%) in the control group. Table 2 summarizes the number
of viruses found in children with diarrhea and children without diarrhea. RVA was the most
prevalent virus in symptomatic children (63.5%) and has the strongest association with disease
[p<0.001; OR: 7.9, 95%CI: 3.7–17]. AdV was the second most prevalent virus in symptomatic
children (31.2%), but the presence of this virus was statistically higher in the control group
than in the symptomatic patients (p = 0.01). With a prevalence of 20.9%, NoV was the third
most prevalent virus in symptomatic children. Among NoV, NoV-GII was the most frequently
detected and was associated with disease (p = 0.04, OR = 3.5). NoV-GI, SaV, AstV and AiV cir-
culated at lower frequencies and their prevalence in the symptomatic group was not signifi-
cantly different than in the control group (p = 0.5, p = 0.4, p = 0.4 and p = 0.09, respectively).

The distribution of positive samples in children with diarrhea disorders according to age,
gender and hospitalization status is shown in Table 3. No significant difference was observed
according to age, gender and hospitalization status (p>0.05, data not shown).

Table 2. Prevalence of viruses in children with diarrhea and children without diarrhea.

No. positive (%)

Virus Children’s with diarrhea disorder (n = 263) Children’s without diarrhea disorders (n = 50) Odds Ratio (95% CI)a P value

Rotavirus 167 (63.5%) 9 (18%) 7.9 (3.7–17) <0. 0001

Norovirus 55 (20.9%) 3 (6%) 4.1 (1.2–13. 8) 0. 02

Norovirus GI 7 (2.7%) 0 (0%) 2.9 (0.2–52.5) 0.5

Norovirus GII 48 (18.3%) 3 (6%) 3.5 (1–11.7) 0. 04

Sapovirus 27 (10.3%) 3 (6%) 1.8 (0.5–6.2) 0.4

Astrovirus 13 (4.9%) 1 (2%) 2.5 (0.3–19.9) 0.4

Adenovirus 82 (31.2%) 25 (50%) 0.5 (0.2–0.8) 0. 01

Aichivirus A 2 (0.8%) 2 (4%) 0.2 (0.02–1.3) 0.09

a CI, Confidence Interval

doi:10.1371/journal.pone.0153652.t002
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Enteric viruses were detected throughout the study period in samples from children suffer-
ing for diarrhea with a peak of infection observed for RVA, AdV and NoV during the cold sea-
son (November to February) (data not shown).

Mixed infections were found in 94 cases (35.7%) from children suffering for diarrhea
(Table 4) and only two cases (4%) in control group ((AdV+AstV+ SaV and AdV+AiV). The
most common mixed infections in the group with diarrhea were RVA combined with one
other virus, notably AdV (45.7%) or NoV GII (18.1%). Of note, a maximum of four different
viruses were simultaneously detected in stool samples from two patients with diarrhea.

Molecular epidemiology of viral infections
A relatively large proportion of “untyped sample” was found in this study. All the “untyped
samples” corresponded to samples that failed to be amplified by genotyping end-point (RT-)

Table 3. Distribution of positive samples in children with diarrhea disorders according to age, gender and hospitalization status.

Rotavirus Norovirus GI Norovirus GII Sapovirus Adenovirus Astrovirus Aichivirus A

(n = 167) (n = 7) (n = 48) (n = 27) (n = 82) (n = 13) (n = 2)

Age (months)

0–12 87(70.2%) 2 (1.6%) 19 (15.3%) 11(8.9%) 41(33.1%) 8 (6.5%) 1 (0.8%)

n = 124

13–24 50 (59.5%) 4 (4.8%) 21(25%) 13 (15.5%) 25(29.8%) 4 (4.8%) 1(1.2%)

n = 84

25–59 30 (50.8%) 1 (1.8%) 8 (14.5%) 3(5.5%) 16(29.1%) 1 (1.8%) 0

n = 55

Gender

Female 92 (55%) 6 (85.7%) 18(37.5%) 13(48.1%) 48 (58.5%) 5(38.5%) 2(100%)

Male 75 (45%) 1(14.3%) 30(62.5%) 14(51.9%) 34 (41.5%) 8(61.5%) 0

Hospitalized/Non-hospitalized

Hospitalized 48 (29%) 3 (42.8%) 14 (29.2%) 5 (18.5%) 21 (25.6%) 3 (23.1%) 2 (100%)

Non-Hospitalized 119 (71%) 4 (57.1%) 34 (70.8%) 22 (81.5%) 61 (74.4%) 10 (76.9%) 0

doi:10.1371/journal.pone.0153652.t003

Table 4. Pattern of coinfections of enteric viruses.

Coinfections pattern Number (%)

AdV + SaV 3 (3.2)

RVA + AdV 43 (45.7)

RVA + AdV + SaV 5 (5.3)

RVA + SaV 7 (7.4)

RVA + NoV-GI 1 (1.1)

RVA + NoV-GII 17 (18.1)

RVA + NoV-GI + SaV 1 (1.1)

RVA + NoV-GII + SaV 2 (2.1)

RVA + NoV-GII + SaV + AstV 1 (1.1)

RVA + NoV-GII + AdV 2 (2.1)

RVA + NoV-GI + NoV-GII + AdV 1 (1.1)

NoV-GI + AdV 2 (2.1)

NoV-GII + AdV 7 (7.4)

NoV-GII + SaV 1 (1.1)

NoV-GI + NoV-GII + SaV 1 (1.1)

doi:10.1371/journal.pone.0153652.t004
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PCR. This was due to low viral load. As seen in Table 5, Ct-values were significantly higher for
the viruses that could not be genotyped, as compared to viruses that could be genotyped.

Rotaviruses. The distribution of G and P types is shown in Table 6. Among the positive
rotaviruses (167 in symptomatic group and 9 in control group), both G and P genotypes could
be assigned for 54.5% (n = 96), only P genotype for 5.1% (n = 9), only G genotype for 9.7%
(n = 17) and both G and P genotypes remained undetermined for 30.7% (n = 54). Among the
122 samples successfully genotyped (even partially), rotavirus genotypes G9 (45.9%), G6
(17.2%) and G1 (13.1%) predominated. Genotypes G3 (6.6%), G12 (5.7%) and G2 (4.1%) were
detected at lower frequencies. Regarding the P genotypes, P[8] (59%) predominated, followed
by P[6] (24.6%) and P[4] (1.6%). Among the completely characterized strains, a wide variety of
rotavirus combinations was observed, with G9P[8] (36.5%) predominating, followed by G6P
[6] (16.7%), G1P[8] (14.6%) and G9P[6] (10.4%) G12P[8] (6.3%), G3P[8] (6.3%), G2P[8]
(3.1%), G3P[6] (2.1%), G1P[4] (1%), G2P[6] (1%), G9P[4] (1%) and G9P[4]+P[8] (1%) were
detected at lower frequencies. Phylogenetic tree based on the partial nucleotide sequences (842
bp) of the VP7 gene is showed in Fig 1. The G12 strains found in this study displayed the high-
est sequence identities with lineage III strains (98.1–98.3% nucleotide (nt) and 98.2–99.1%
amino-acid (aa) identities with the reference strain RVA/Human-wt/USA/Se585/1999/G12P
[6], Accession number AJ311741) and the G6 strains clustered within lineage I (95.5–96.8% nt
and 96.9–97.9% aa identities with the reference strain RVA/Human-wt/HUN/Hun7/1998/G6P
[9] (AJ488134). All G6 were strongly related to previously RVA G6 found in Burkina Faso
(RVA/Human-wt/BFA/265-BF/2010/G6P6 (JN116531)) with 100% nt (100% aa) identity.

Table 5. Comparison betweenmean Ct-values of genotyped viruses typed andmean Ct-values of
untyped viruses.

Ct values mean (+/- Sd*)

Typed Untyped p value

Rotavirus 16.00 (+/- 6.6) 33.85 (+/- 3.9) < 0 .001

Norovirus 21.1 (+/- 5.8) 30.2 (+/- 2.8) < 0 .001

Sapovirus 18.08 (+/-3.5) 30.85 (+/- 5.9). < 0 .001

Astrovirus 26.61(+/- 6.9) 37.27 (+/- 0.5) 0.05

Adenovirus 29.54 (+/- 7.8) 35.88 (+/- 3.3) < 0 .001

*Sd: Standard deviation

doi:10.1371/journal.pone.0153652.t005

Table 6. Distribution of rotavirus G and P genotypes among Children under 5 years of age in Burkina Faso, November 2011-September 2012.

P Type G Type

G1 G2 G3 G6 G9 G12 G-UD All

P[4] 1 0 0 0 1 0 0 2

P[6] 0 1 2 16 10 0 1 30

P[8] 14 3 6 0 35 6 8 72

P[4]+P[8] 0 0 0 0 1 0 0 1

P-UD 1 1 0 5 9 1 54 71

All 16 5 8 21 56 7 63 176

UD, UnDetermined

doi:10.1371/journal.pone.0153652.t006
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Noroviruses GI. Five NoV-GI strains out of 7 were successfully genotyped: three strains
were genotyped based on both the RNA polymerase and the capsid sequences (GI.1, n = 1; GI.
f/I.3, n = 1; GI.5, n = 1) and two only on the capsid sequence (GI.3, n = 1; GI.5, n = 1). Based
on the nucleotide sequences, representative phylogenetic trees of the polymerase and capsid
regions are showed in Figs 2 and 3 respectively. Phylogenetic analysis showed that the GGI.1
strain identified in this study was closely related to the Norwalk (Accession number, M87661)
(96.8 and 90% identity respectively aa and nt), GGI.3 were related to Desert Shield (Accession
number, U04469) with 98.9% aa and 95.2nt, and GGI.5 were related to MUSGROVE (Acces-
sion number, AJ277614) with 98.9% aa and 91.3–93.4% nt.

Noroviruses GII. Twenty four NoV-GII strains out of 51 were successfully genotyped: ten
strains were genotyped based on both the RNA polymerase and the capsid sequences (GII.4,
n = 10), four only on the capsid sequence (GII.16, n = 2; GII.6, n = 2) and ten only on the RNA
polymerase sequence (GII.4, n = 4; GII.2, n = 1; GII.c, n = 3; GII not assigned, n = 2). Phyloge-
netic tree based on the polymerase and capsid regions are showed in Figs 2 and 3. Phylogenetic
analysis showed that the GGII.4 strains presented 97.9% amino-acids identity (93–94.7% nt
identity) in the capsid region and 94.7–95.7% amino-acids identity (88.8–90% nt identity) in
the polymerase region with the reference strain Bristol/1993/UK (X76716). Also GGII.4 strains
were closely related to the GGII.4 variant 2012 (Sydney) (JX459908) for the capsid (99% nt and
100% aa) and related to the GGII.4 variant 2004 (Hunter) (DQ078801) for the RNA polymer-
ase region (97% nt and 100% aa). The GII.c related with the reference strain Snow-Mountain
(AY134748) (90% nt and 100% aa). The GGII.g related with the reference strain Goulburn-
Valley (G5175B) (90% nt and 97% aa).

Sapoviruses. Phylogenetic tree based on the partial nucleotide sequences (277 bp) of an
area located in the open-reading frame (ORF2) of sapovirus is showed in Fig 4. Eight SaV
strains out of 30 were successfully genotyped and fell into two distinct genogroups: GI (1/8;
12.5%) and GII (7/8; 87.5%). GII strains were further classified into genotypes GII.1 (n = 3),
GII.2 (n = 2) and GII.3 (n = 1) and in a new cluster of GII (n = 1) represented by the reference
strain SaKaeo-15 (AY646855). The GI strain was classified into GI.2. Phylogenetic analysis
showed that the GII.1 strains presented 72–89% nucleotides identity (60–98% aa identity) with
the reference strain Bristol/98 (AJ249939). The GII.2 presented 93% nucleotide identity (99%
aa identity) with the reference strain SLV/Mex340/1990 (AF435812). The new cluster of GII
related to the reference strain SaKaeo-15 (AY646855) with 93% nucleotide (99% amino-acids).
The GII.3 displayed 94% nucleotides identity (99% aa identity) with the reference strains Crui-
seShip/00 (AY289804). GI.2 strain shared 93% nucleotide (100% aa) with the reference strain
Potsdam/GI.2 (AF294739).

Adenoviruses. Fifty nine adenovirus strains out of 107 were successfully genotyped.
Enteric adenoviruses were identified in 12/59 samples (20.3%), with type 41 detected in 6/59
(10.2%), type 40 detected in 3/59 (5.1%) and type 31 detected in 3/59 (5.1%). Phylogenetic tree
based on hexon protein gene of AdV 40/41 is showed in Fig 5. AdV type 40 strains related to
the reference strain HuAdV40/24418 (FJ905452) with 100% nt identity (100% aa) and Adv
type 41 displayed to the reference strain HuAdv41/UnitAsample6/South Africa/ 2002
(AJ608278) with 94–100% nt identity (97% aa). Others AdV were type 6 (16/59; 27.1%), type 2
(6/59; 10.2%), type 1 (1/59; 1.7%), type 12 (1/59; 1.7%), type 13 (1/59; 1.7%), type 18 (1/59;

Fig 1. Phylogenetic analysis based on the partial nucleotide sequences (842 bp) of the rotavirus VP7 gene detected in Ouagadougou, Burkina
Faso, between November 2011 and September 2012. The tree was constructed using Maximum likelihood clustering. Reference strains of rotavirus were
selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g001
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1.7%), type 23 (1/ 59; 1.7%), type 3 (1/59; 1.7%), type 37 (3/59; 5.1%), type 5 (3/59; 5.1%), type
7(2/59; 3.4%), type 9 (1/59; 1.7%) and type D (10/59; 16.9%).

Astroviruses. Phylogenetic tree based on the partial nucleotide sequences (373 bp) of an
area located in the open-reading frame (ORF2) of astrovirus is showed in Fig 6. In this analysis,
5 out of 12 strains of Astrovirus (41.67%) were characterized as type 1 (AstV-1). Three strains
(25%) were characterized as type 2 (AstV-2), one (8.33%) as type 5 (AstV-5) and three (25%)
as type 8 (AstV-8). All Ast type 1 presented 78–91% nt identity (97–100% aa) with the refer-
ence strain Oxford/Type 1 (L23513), but two strain of Ast type 1 found in this study were
strongly related with the reference strain ITA/2012/PR1365 (KF668570). Ast type 2 presented
94% nt identity (100% aa) with the reference strain Oxford/type 2 (L13745).

Aichiviruses A. The four Aichivirus A strains detected were classified into genotype A
(n = 1), genotype B (n = 1) and genotype C (n = 2). Phylogenetic tree based on the partial
nucleotide sequence (477 bp) of the 3CD-encoding gene of the Aichivirus A is showed in Fig 7.
Aichivirus A genotype A strain displayed 95% nt (97% aa) with the reference strain J-4397/02/
Japan (EF079149); Aichivirus A genotype B, 95% nt (98% aa) with the reference strain 139/96
(IND)/Japan (AB092830) and Aichivirus A genotype C presented 83–97% nt identity (87–
94%) with the reference strain RN48/France (DQ145759).

Discussion
Diarrheal disease is a major cause of worldwide mortality in children. The importance of
viruses in children gastroenteritis has been underlined in several reports worldwide and the
incidence ranged between 45 and 60% [12–14]. The present study describes detection and
characterization of viruses associated with acute diarrhea in Burkinabe children. In our study
at least one virus was identified in 85.6% of symptomatic cases, against 72% in the control
group. Lower prevalence rates of 35% to 40% have been reported in symptomatic patients in
Europe and 60.9% in Gabon [14, 37]. The systematic detection of the five viruses in the current
study allowed us to observe a relatively high proportion of co-infection (35.7%) in children
with acute diarrhea, which is higher than previously reported in China (5.2%) [38], in America
(9%) [39] and in Tunisia (15.2%) [12]. The conditions of the studies, such as the season of sam-
pling, the socioeconomic level of the population, sampling methods and methods of viruses
detection, can explain these differences in co-infections rates.

In this study, RVA was the most common virus detected and had the strongest association
with disease. This finding was reported in several studies and RVA was mostly associated in
severe diarrhea cases and hospitalized young children [37, 40]. The prevalence of RVA in the
present study is higher than in a previous study conducted in Burkina Faso, where RVA was
detected in 33.8% of the patients [16]. This could be explained by the detection method used in
the present study. Indeed, real-time RT-PCR has been demonstrated to be more sensitive than
antigen detection by immunochromatographic test [41]. The circulating G and P genotypes
showed a diverse pattern, with G9P[8] strains dominating. Previous RVA surveillance studies
in Burkina Faso revealed that G1P[8] was the predominant strain from November 2008 to Feb-
ruary 2010 [17]. Although being regionally-restricted, these results suggest that the predomi-
nant genotype of RVA in Burkina Faso can change rapidly within a short period of time.
Others studies have shown in Europe and Asia that large fluctuations in the genotype distribu-
tion of human rotaviruses occur continuously from 1 year to another or from one place to

Fig 2. Phylogenetic analysis based on the partial nucleotide sequences (285 bp) of the RNA-dependent RNA polymerase coding gene of the
norovirus strains detected in Ouagadougou, Burkina Faso, between November 2011 and September 2012. The tree was constructed using Maximum
Likelihood method. Reference strains of norovirus were selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g002
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another [42, 43]. G9 was detected mostly in combination with P[8], as has been reported else-
where in the West African sub-region [44, 45]. The unusual G/P type G6P[6] (16.7%), G9P[6]
(10.4%) and G12P[8] (6.3%) were also found. Recently, the emergence of G6P[6] in Burkina
Faso has been reported [19]. The G6 found in this study related 100% nt (100% aa) identity
with RVA/Human-wt/BFA/265-BF/2010/G6P6 (JN116531) previously detected in Burkina

Fig 3. Phylogenetic analysis based on the partial nucleotide sequences (302 bp) of the capsid coding gene of NoV strains detected in
Ouagadougou, Burkina Faso, between November 2011 and September 2012. The tree was constructed using Maximum Likelihood method. Reference
strains of norovirus were selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g003

Fig 4. Phylogenetic analysis based on the partial nucleotide sequences (277 bp) of an area located in the open-reading frame (ORF2) of sapovirus
strains detected in Ouagadougou, Burkina Faso, between November 2011 and September 2012. The tree was constructed using Maximum Likelihood
method. Reference strains of sapovirus were selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g004
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Faso and clustered with AF532202/ B1711. These results showed that the same G6 strains con-
tinue to circulate in Burkina Faso area. G6 are the most prevalent genotype in cattle worldwide
[46], but they are rarely found in humans. However, studies in Gabon and Democratic Repub-
lic of Congo showed a high prevalence of genotype G6P[6] among children presenting with
diarrhea [14, 47]. Because bovine G6 strains are highly prevalent in cattle, it is possible that the
VP7 gene found in this study is derived from a previous transmission event between cattle and
humans. G9P[6] rotavirus strains are widespread and have been found in many countries such
as Bangladesh, Ukraine, Vietnam and many authors suggested that G9P[6] is a human-animal
reassortant [48–50]. Indeed, in the peripheral areas of Ouagadougou, as well as Burkina Faso

Fig 5. Phylogenetic analysis based on hexon protein gene of AdV 40/41 of human adenovirus strains detected in Ouagadougou, Burkina Faso,
between November 2011 and September 2012. The tree was constructed using Maximum Likelihood method. Reference strains of adenovirus type 40 and
type 41 were selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g005
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in general, animals and humans live in close proximity, thus increasing the possibility of RVA
transmission between animals and humans. This is the first report of RVA G12P[8] strains in
Burkina Faso. These strains have been shown to be emerging in West Africa [51–52] and other
continents [53]. G12 strains began to emerge globally, predominantly in combination with
either P[6] or P[8] in several countries [53]. The emergence of G12P[8] rotavirus confirms that
these strains have the potential to become a sixth common genotype across the world [53, 54].

During this study, 30.7% of RVA was G and P untypable. A low viral load may partially
explain this observation. Indeed, a large part of the G and P untypable samples had cycle of
quantification values>35 suggesting low viral load. Considering the better sensitivity of real-

Fig 6. Phylogenetic analysis based on the partial nucleotide sequences (373 bp) of an area located in the open-reading frame (ORF2) of Astrovirus
detected in Ouagadougou, Burkina Faso, between November 2011 and September 2012. The tree was constructed using Maximum Likelihood method.
Reference strains of astrovirus were selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g006
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time RT-PCR used for the detection compared to the end-point RT-PCR used for genotyping,
RVA can be detected but not genotyped in these low viral load samples. Another possible
explanation is that untypable strains have accumulated point mutations not recognized by the
primers used. Finally, the presence of RVA genotypes not yet recognized could not be excluded.
Great variability in circulating rotavirus has been observed in African countries from year to
year [54] and many rotavirus strains from sub-Saharan Africa remain untypable.

NoV is a causative virus of acute gastroenteritis in children and has been known to contami-
nate food causing viral outbreaks affecting people [55]. In this study, NoV-GII was detected in
18.3% and NoV-GI in 2.7% cases of children with diarrhea. The higher prevalence of NoV GII

Fig 7. Phylogenetic analysis based on the partial nucleotide sequence (477 bp) of the 3CD-encoding gene of the Aichivirus A detected in
Ouagadougou, Burkina Faso, between November 2011 and September 2012. The tree was constructed using Maximum Likelihood method. Reference
strains of Aichivirus Awere selected from the GenBank database.

doi:10.1371/journal.pone.0153652.g007
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over GI in acute gastroenteritis cases has been reported from other parts of the world [56, 57].
Prevalence of NoV-GII found in this study is higher than that reported in Gabon, China and
Paraguay which found 13.9%, 27.2% and 58% respectively [14, 38, 58].

The presence of NoV-GII was 3.5 times higher in the symptomatic group than in the control
group. In our study, NoV-GII was one of the major viruses associated with diarrhea (p = 0.04)
unlike NoV-GI (p = 0.5). This study supports the increasing recognition that NoV-GII is com-
monly responsible for sporadic cases of gastroenteritis in children [10]. Following sequence
analysis, six genotypes of genogroup II were found in both symptomatic and asymptomatic
patients. NoV-GII.4 was the most prevalent genotype detected during the whole study, unlike a
previous study on NoV (22.2%) in another geographical region of Burkina Faso [21]. This
genotype is considered as the predominant genotype responsible for the majority of outbreaks
of gastroenteritis worldwide [10]. During this study, the NoV-GII.4 variant 2012 (Sydney) was
frequently detected for the capsid. This GII.4 variant emerged and caused the majority of the
acute gastroenteritis outbreaks worldwide [59–62]. However the NoV-GII.4 were variant 2004
(Hunter) for the RNA polymerase. This result suggests the possibility of recombination
occurred in the open reading frame (ORF)1/ORF2 overlap [63].

The presence of adenovirus in the symptomatic group was significantly lower than in the
control group (p = 0.01). However, in this study, adenovirus types generally associated with
diarrhea were minor. Indeed, the molecular characterization of adenovirus revealed the pres-
ence of only 12 (20.3%) strains of adenovirus generally associated with diarrhea (i.e. types 40,
41 and 31) [64, 65]. This finding is higher compared to a study in Republic Democratic of
Congo, which found 5.5% of adenovirus (type 40/41) [66]. Others AdV genotypes found in
this study are generally known causes of acute respiratory disease or keratoconjunctivitis in
children [67].

There is no significant difference between the prevalence of SaV, AstV and AiV in the
symptomatic and asymptomatic population. The lack of clinical history of patient was a limit
of this study. However, other studies suggesting that these viruses cause asymptomatic infec-
tions or mild forms of gastroenteritis which are treated at home [68, 69].

SaV was detected in 10.3% cases of children with diarrhea. This result was consistent with
those of published reports that showed that its prevalence is usually much lower than norovirus
[69, 70]. Genogroup II SaV (87.5%) was found to be the most common genogroup, with GII.1
the most predominant strain. GII was the predominant sapovirus strain worldwide [71–73].
One sapovirus found in this study showed greatest sequence homologies with Sakaeo-15
(Accession number AY646855), which represents a novel GII genetic cluster [74].

AstV was found in 4.9% of children with diarrhea. This prevalence is similar to that
reported in seven provinces of China [75], Germany [69] and Ivory Coast [76], which found
5.5%, 4% and 4% prevalence, respectively. In contrast, one study in Gambia and Kenya
reported AstV in 9.9% of all stools collected [77]. AstV type 1 (41.7%) was the most predomi-
nant strain and Burkinabe strains presented 95.2–100% aa identity with the AstV-1 reference
strain (Accession number L23513, Oxford). This human AstV type is the most common world-
wide [78–80]. Uncommon (type 2 and 5) and rare (type 8) serotypes were also found during
this study. Serotype 8 may represent an emerging AstV type worldwide [80, 81].

Only four AiV A were found in this study and belonged to genotype A, B and C, suggesting
that this virus is rare in children with diarrhea in Ouagadougou, Burkina Faso. Aichivirus A
has been found at low incidence in patients with gastroenteritis in several regions around the
world, including Europe [82] and Africa [83].
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Conclusion
A limitation of this study is the small size of control group (n = 50). Furthermore, due to the
large number of untypable strains found in this study, the genetic diversity of enteric viruses in
Burkinabe children may have been underestimated.

Documenting the etiology of diarrhea is important to guide vaccine development, design
prevention and treatment strategies. In this study, RVA and NoV-GII were the two predomi-
nant viruses associated with diarrhea. The introduction of affordable viral diagnosis in our
pediatric hospitals will improve patient care by reducing the unnecessary use of antibiotics.
The relative high incidence of infections reported here suggests a possible problem of hygiene,
such as water contamination, or sociodemographic level of population.

Molecular characterization reported a great diversity of strains. Thus, information about
strain diversity and emerging strains would also be useful for better management of preventive
strategies such as vaccination. These results highlight the importance of continuous surveil-
lance of gastroenteritis viruses in Burkina Faso.

Acknowledgments
We thank Lucie Thery, Céline Fremy and Maxime Bidalot (National Reference Centre for
enteric viruses, University Hopsital of Dijon, France) for technical assistance. We thank Johan
Nordgren for English revision.

Author Contributions
Conceived and designed the experiments: KAB NB PP AST. Performed the experiments: NO
JK. Analyzed the data: NO JK IJOB KAB NB. Contributed reagents/materials/analysis tools:
KAB PP NB AST. Wrote the paper: NO JK IJOB KAB NB.

References
1. Black RE, Cousens S, Johnson HL, Lawn JE, Rudan I, Bassani DG, et al. Global, regional, and national

causes of child mortality in 2008: a systematic analysis. Lancet. 2010; 375:1969–1987. doi: 10.1016/
S0140-6736(10)60549-1 PMID: 20466419

2. Boschi-Pinto C, Velebit L, Shibuya K. Estimating child mortality due to diarrhea in developing countries.
Bull World Health Organ. 2008; 86(9):710–717. PMID: 18797647

3. Patel MM, Hall AJ, Vinjé J, Parashar UD. Norovirsues: a comprehensive review. Clin Virol. 2009; 44
(1):1–8. Epub 2008 Dec 11. PMID: 19084472.

4. Estes M, Kapikian A. Rotaviruses. In: Fields BN, Knipe DM, Howley PM, Griffin DE, Lamb RA, Martin
MA, Roizman B, Straus ES, editors. Fields virology. 5th edition. Philadelphia, PA Lippincott Williams
&Wilkins; 2007. pp 1917–1974.

5. Armah GE, Sow SO, Breiman RF, Dallas MJ, Tapia MD, Feikin DR, et al. Efficacy of pentavalent rotavi-
rus vaccine against severe rotavirus gastroenteritis in infants in developing countries in sub-Saharan
Africa: a randomised, double-blind, placebo-controlled trial. Lancet. 2010; 376: 606–614. doi: 10.1016/
S0140-6736(10)60889-6 PMID: 20692030

6. Rackoff LA, Bok K, Green KY, Kapikian AZ. Epidemiology and evolution of rotaviruses and noroviruses
from an archival WHOGlobal Study in Children (1976–79) with implications for vaccine design. Lancet.
2013; 8:e59374.

7. Mihalov-Kovacs E, Gellert A, Marton S, Farkas SL, Fehér E, Oldal M, et al. Candidate new rotavirus
species in sheltered dogs, Hungary. Emerg Infect Dis. 2015; 21(4):660–3. doi: 10.3201/eid2104.
141370 PMID: 25811414

8. Trojnar E, Sachsenröder J, Twardziok S, Reetz J, Otto PH, Johne R. Identification of an avian group A
rotavirus containing a novel VP4 gene with a close relationship to those of mammalian rotaviruses. J
Gen Virol. 2013; 94(Pt 1):136–42. doi: 10.1099/vir.0.047381–0 Epub 2012 Oct 10. PMID: 23052396

9. Santos N, Hoshino Y. Global distribution of rotavirus serotypes/genotypes and its implication for the
development and implementation of an effective rotavirus vaccine. 2005. Rev. Med. Virol.; 15: 29–56.
PMID: 15484186

Enteric Viruses Associated with Children Diarrhea

PLOS ONE | DOI:10.1371/journal.pone.0153652 April 19, 2016 18 / 22

http://dx.doi.org/10.1016/S0140-6736(10)60549-1
http://dx.doi.org/10.1016/S0140-6736(10)60549-1
http://www.ncbi.nlm.nih.gov/pubmed/20466419
http://www.ncbi.nlm.nih.gov/pubmed/18797647
http://www.ncbi.nlm.nih.gov/pubmed/19084472
http://dx.doi.org/10.1016/S0140-6736(10)60889-6
http://dx.doi.org/10.1016/S0140-6736(10)60889-6
http://www.ncbi.nlm.nih.gov/pubmed/20692030
http://dx.doi.org/10.3201/eid2104.141370
http://dx.doi.org/10.3201/eid2104.141370
http://www.ncbi.nlm.nih.gov/pubmed/25811414
http://dx.doi.org/10.1099/vir.0.047381&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/23052396
http://www.ncbi.nlm.nih.gov/pubmed/15484186


10. Patel MM, Hall AJ, Vinje J, Parashar UD. Noroviruses: a comprehensive review. J Clin Virol 2009,
44:1–8. doi: 10.1016/j.jcv.2008.10.009 PMID: 19084472

11. Vinjé J. Advances in laboratory methods for detection and typing of norovirus. J Clin Microbiol. 2015
Feb; 53(2):373–81. doi: 10.1128/JCM.01535-14 Epub 2014 Jul 2. PMID: 24989606

12. Sdiri-Loulizi K, Gharbi-Khelifi H, De Rougemont A, Chouchane S, Sakly N, Ambert-Balay K, et al. Acute
infantile gastroenteritis associated with human enteric viruses in Tunisia. J Clin Microbiol. 2008;
46:1349–55. doi: 10.1128/JCM.02438-07 PMID: 18287312

13. Ouyang Y, Ma H, Jin M, Wang X, Wang J, Xu L et al. Etiology and epidemiology of viral diarrhea in chil-
dren under the age of five hospitalized in Tianjin, China. Arch Virol. 2012; 157:881–887. doi: 10.1007/
s00705-012-1235-9 PMID: 22318672

14. Lekana-Douki SE, Kombila-Koumavor C, Nkoghe D, Drosten C, Drexler JF, Leroy EM. Molecular epi-
demiology of enteric viruses and genotyping of rotavirus A, adenovirus and astrovirus among children
under 5 years old in Gabon. Int J Infect Dis. 2015; 34: 90–95. doi: 10.1016/j.ijid.2015.03.009 PMID:
25796432

15. Steele AD, Page N, de Beer M, Sawadogo S. Antigenic and molecular characterization of unusual rota-
virus strains in Burkina Faso in 1999. J Infect Dis. 2010; 202:S225–S230. doi: 10.1086/653574 PMID:
20684707

16. Bonkoungou IJ, Sanou I, Bon F, Benon B, Coulibaly SO, Haukka K, et al. Epidemiology of rotavirus
infection among young children with acute diarrhoea in Burkina Faso. BMC Pediatr. 2010; 10: 94–100.
doi: 10.1186/1471-2431-10-94 PMID: 21171984

17. Bonkoungou IJ, Damanka S, Sanou I, Tiendrebeogo F, Coulibaly SO, Bon F, et al. Genotype diversity
of group A rotavirus strains in children with acute diarrhea in urban Burkina Faso, 2008–2010. J Med
Virol 2011; 83:1485–1490. doi: 10.1002/jmv.22137 PMID: 21678452

18. Nitiema LW, Nordgren J, Ouermi D, Dianou Di, Traore AS, Svensson L, et al. Burden of rotavirus and
other enteropathogens among children with diarrhea in Burkina Faso. I J Infect Dis. 2011; 15: e646–
e652.

19. Nordgren J, Nitiema LW, Sharma S, Ouermi D, Traore AS, Simpore J, et al. Emergence of Unusual
G6P[6] Rotaviruses in Children, Burkina Faso, 2009–2010. Emerg Infect Diseases. 2012; 18 (4): 589–
597.

20. Nordgren J, Nitiema LW, Ouermi D, Simpore J, Svensson L. Host genetic factors affect susceptibility to
norovirus infections in Burkina Faso. PLoS. 2013; 8(7):e69557. doi: 10.1371/journal.pone.0069557

21. Huynen P, Mauroy A, Martin C, Savadogo LG, Boreux R, Thiry E, et al. Molecular epidemiology of noro-
virus infections in symptomatic and asymptomatic children from Bobo Dioulasso, Burkina Faso. J Clin
Virol. 2013; 58:515–521. doi: 10.1016/j.jcv.2013.08.013 PMID: 24029685

22. Matussek A, Dienus O, Ouermi D, Simpore J, Nitiema L, Nordgren J. Molecular characterization and
genetic susceptibility of sapovirus in children with diarrhea in Burkina Faso. Infect Genet Evol. 2015;
32: 396–400. doi: 10.1016/j.meegid.2015.03.039 PMID: 25847694

23. Gutierrez-aguirre I, Steyer A, Boben, Gruden K, Poljsak-Prijatelj M, Ravnikar M. Sensitive detection of
multiple rotavirus genotypes with a single reverse transcription real time quantitative PCR assay. J Clin
Microbial. 2008; 46(8):2547–2554.

24. LymanWH,Walsh JF, Kotch JB, Weber DJ, Gunn E, Vinjé J. Prospective study of etiologic agents of
acute gastroenteritis outbreaks in child care centers. J. Pediatr. 2009; 154(2):253–257. doi: 10.1016/j.
jpeds.2008.07.057 PMID: 18783794

25. Loisy F, Atmar RL, Guillon P, Le Cann P, Pommepuy M, Le Guyader FS. Real-time RT-PCR for norovi-
rus screening in shellfish. J. Virol. Methods 2005; 123:1–7. PMID: 15582692

26. Le Cann P, Ranarijaona S, Monpoeho S, Le Guyader F, Ferré V. Quantification of human Astrovirus in
sewage using real-time PCR. Res.Microbiol. 2004; 155:11–15. PMID: 14759703

27. Oka T, Katayama K, HansmanGS, Kageyama T, Ogawa S,Wu FT, et al. Detection of human sapovirus
by real-time reverse transcription-polymerase chain reaction. J. Med. Virol. 2006; 78: 1347–1353.
PMID: 16927293

28. Yamashita T, Sugiyama M, Tsuzuki H, Sakae K, Suzuki Y, Miyazaki Y. Application of a reverse tran-
scription-PCR for identification and differentiation of Aichi virus, a newmember of the picornavirus fam-
ily associated with gastroenteritis in humans. J. Clin. Microbiol. 2000; 38:2955–2961. PMID: 10921958

29. Noel JS, Liu BL, Humphrey CD, Rodriguez EM, Lambden PR, Clarke IN, et al. Parkville virus: a novel
genetic variant of human calicivirus in the Sapporo virus clade, associated with an outbreak of gastro-
enteritis in adults. J. Med. Virol. 1997; 52:173–178. PMID: 9179765

30. Vinje J, Koopmans MP. Molecular detection and epidemiology of small round- structured viruses in out-
breaks of gastroenteritis in the Netherlands. J. Infect. Dis. 1996; 174:610–615. PMID: 8769621

Enteric Viruses Associated with Children Diarrhea

PLOS ONE | DOI:10.1371/journal.pone.0153652 April 19, 2016 19 / 22

http://dx.doi.org/10.1016/j.jcv.2008.10.009
http://www.ncbi.nlm.nih.gov/pubmed/19084472
http://dx.doi.org/10.1128/JCM.01535-14
http://www.ncbi.nlm.nih.gov/pubmed/24989606
http://dx.doi.org/10.1128/JCM.02438-07
http://www.ncbi.nlm.nih.gov/pubmed/18287312
http://dx.doi.org/10.1007/s00705-012-1235-9
http://dx.doi.org/10.1007/s00705-012-1235-9
http://www.ncbi.nlm.nih.gov/pubmed/22318672
http://dx.doi.org/10.1016/j.ijid.2015.03.009
http://www.ncbi.nlm.nih.gov/pubmed/25796432
http://dx.doi.org/10.1086/653574
http://www.ncbi.nlm.nih.gov/pubmed/20684707
http://dx.doi.org/10.1186/1471-2431-10-94
http://www.ncbi.nlm.nih.gov/pubmed/21171984
http://dx.doi.org/10.1002/jmv.22137
http://www.ncbi.nlm.nih.gov/pubmed/21678452
http://dx.doi.org/10.1371/journal.pone.0069557
http://dx.doi.org/10.1016/j.jcv.2013.08.013
http://www.ncbi.nlm.nih.gov/pubmed/24029685
http://dx.doi.org/10.1016/j.meegid.2015.03.039
http://www.ncbi.nlm.nih.gov/pubmed/25847694
http://dx.doi.org/10.1016/j.jpeds.2008.07.057
http://dx.doi.org/10.1016/j.jpeds.2008.07.057
http://www.ncbi.nlm.nih.gov/pubmed/18783794
http://www.ncbi.nlm.nih.gov/pubmed/15582692
http://www.ncbi.nlm.nih.gov/pubmed/14759703
http://www.ncbi.nlm.nih.gov/pubmed/16927293
http://www.ncbi.nlm.nih.gov/pubmed/10921958
http://www.ncbi.nlm.nih.gov/pubmed/9179765
http://www.ncbi.nlm.nih.gov/pubmed/8769621


31. Kojima S, Kageyama T, Fukushi S, Hoshino FB, Shinohara M, Uchida K, et al. Genogroup-specific
PCR primers for detection of Norwalk-like viruses. J. Virol. Methods. 2002; 100: 107–114. PMID:
11742657

32. Noel JS, Lee TW, Kurtz JB, Glass RI, Monroe SS. Typing of human astroviruses from clinical isolates
by enzyme immunoassay and nucleotide sequencing. J. Clin. Microbiol. 1995a; 33:797–801.

33. Allard A, Albinsson B, Wadell G. Rapid typing of human adenoviruses by a general PCR combined with
restriction endonuclease analysis. J. Clin. Microbiol. 2001; 39: 498–505. PMID: 11158096

34. Iturriza-Gomara M, Isherwood B, Desselberger U, Gray J. Characterization of G10P[11] rotaviruses
causing acute gastroenteritis in neonates and infants in Vellore. Ind J Clin Microbiol. 2004b; 42:2541–
2547.

35. Kroneman A, Vennema H, Deforche K, Avoort H, Peñaranda S, Oberste MS, et al. An automated geno-
typing tool for enteroviruses and noroviruses. J Clin Virol. 2011; 51(2):121–125. doi: 10.1016/j.jcv.
2011.03.006 PMID: 21514213

36. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA5: Molecular Evolutionary
Genetics Analysis using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Meth-
ods. Mol Biol Evol. 2011; doi: 10.1093/molbev/msr121

37. Flahault A, Hanslik T. Epidemiology of viral gastroenteritis in France and Europe. Bull Acad Natl Med.
2010; 194:1415–24. PMID: 22046706

38. Ren Z1, Kong Y, Wang J, Wang Q, Huang A, Xu H. Etiological study of enteric viruses and the genetic
diversity of norovirus, sapovirus, adenovirus, and astrovirus in children with diarrhea in Chongqing,
China. BMC Infect Dis. 2013; 3; 13:412. doi: 10.1186/1471-2334-13-412

39. Simpson R, Aliyu S, Iturriza-Gómara M, Desselberger U, Gray J. Infantile viral gastroenteritis: on the
way to closing the diagnostic gap. J Med Virol. 2003; 70:258–262. PMID: 12696113

40. Liu X, Meng L, Li J, Liu X, Bai Y, Yu D, et al. Etiological epidemiology of viral diarrhea on the basis of
sentinel surveillance in children younger than 5 years in Gansu, northwest China, 2009–2013. J Med
Virol. 2015; doi: 10.1002/jmv.24283

41. Kaplon J, Fremy C, Pillet S, Mendes Martins L, Ambert-Balay K, Aho SL, et al. Diagnostic Accuracy of
Seven Commercial Assays for Rapid Detection of Group A Rotavirus Antigens. J Clin Microbiol. 2015:
53(11):3670–3. doi: 10.1128/JCM.01984-15 Epub 2015 Sep 16. PMID: 26378280

42. Yang XL, Matthijnssens J, Sun H, Muhamaiti J, Zhang B, Nahar S, et al. Temporal changes of rotavirus
strain distribution in a city in the northwest of China, 1996–2005. 2008. Int J Infect Dis 12:11–17.

43. Tcheremenskaia O, Marucci G, De Petris S, Ruggeri FM, Dovecar D, Sternak SL, et al. (the Rotavirus
Study Group). Molecular epidemiology of rotavirus in central and southeastern Europe. 2007. J Gin
Micro boil. 45:2197–2204.

44. Armah GE, Steele AD, Binka FN, Esona MD, Asmah RH, Anto F, et al. Changing patterns of rotavirus
genotypes in Ghana: Emergence of human rotavirus G9 as a major cause of diarrhoea in children. J
Clin Microbiol. 2003; 41: 2317–2322. PMID: 12791843

45. Kiulia NM, Nyaga MM, Seheri ML, Wolfaardt M, Van ZWB, Esona MD, et al. Rotavirus G and P types
circulating in the eastern region of Kenya: predominance of G9 and emergence of G12 genotypes.
Pediatr Infect Dis J. 2014; 33 Suppl 1:S85–8. doi: 10.1097/INF.0000000000000059 PMID: 24343620

46. Martella V, Bányai K, Matthijnssens J, Buonavoglia C, Ciarlet M. Zoonotic aspects of rotaviruses. Vet
Microbiol. 2010; 140:246–55. doi: http://dx.doi.org/10.1016/j.vetmic.2009.08.028 PMID: 19781872

47. Pukuta ES, Esona MD, Nkongolo A, Seheri M, Makasi M, NyembweM, et al. Molecular surveillance of
rotavirus infection in the Democratic Republic of the Congo August 2009 to June 2012. Pediatr Infect
Dis J. 2014; 33:355–9. doi: 10.1097/INF.0000000000000212 PMID: 24637513

48. Iturriza-Gómara M, Green J, Brown DWG, Ramsay M, Desselberger U, Gray JJ. Molecular Epidemiol-
ogy of Human Group A Rotavirus Infections in the United Kingdom between 1995 and 1998. J Clin
Microbiol. 2000; 38(12): 4394–4401. PMID: 11101570

49. Nguyen TA, Yagyu F, OkameM, Phan TG, Trinh QD, Yan H, et al. Diversity of viruses associated with
acute gastroenteritis in children hospitalized with diarrhea in Ho Chi Minh City, Vietnam. J Med Virol.
2007; 79:582–590. PMID: 17385670

50. Mukherjee A, Dutta D, Ghosh S, Bagchi P, Chattopadhyay S, Nagashima S, et al. Full genomic analysis
of a human group A rotavirus G9P[6] strain from Eastern India provides evidence for porcine-to-human
interspecies transmission. Arch Virol. 2010; 154(5): 33–746.

51. Japhet MO, Adesina OA, Famurewa O, Svensson L, Nordgren J. Molecular Epidemiology of Rotavirus
and Norovirus in Ile-Ife, Nigeria: High Prevalence of G12P[8] Rotavirus Strains and Detection of a Rare
Norovirus Genotype. J Med Virol. 2012; 84:1489–1496. doi: 10.1002/jmv.23343 PMID: 22825829

Enteric Viruses Associated with Children Diarrhea

PLOS ONE | DOI:10.1371/journal.pone.0153652 April 19, 2016 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/11742657
http://www.ncbi.nlm.nih.gov/pubmed/11158096
http://dx.doi.org/10.1016/j.jcv.2011.03.006
http://dx.doi.org/10.1016/j.jcv.2011.03.006
http://www.ncbi.nlm.nih.gov/pubmed/21514213
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/22046706
http://dx.doi.org/10.1186/1471-2334-13-412
http://www.ncbi.nlm.nih.gov/pubmed/12696113
http://dx.doi.org/10.1002/jmv.24283
http://dx.doi.org/10.1128/JCM.01984-15
http://www.ncbi.nlm.nih.gov/pubmed/26378280
http://www.ncbi.nlm.nih.gov/pubmed/12791843
http://dx.doi.org/10.1097/INF.0000000000000059
http://www.ncbi.nlm.nih.gov/pubmed/24343620
http://dx.doi.org/10.1016/j.vetmic.2009.08.028
http://www.ncbi.nlm.nih.gov/pubmed/19781872
http://dx.doi.org/10.1097/INF.0000000000000212
http://www.ncbi.nlm.nih.gov/pubmed/24637513
http://www.ncbi.nlm.nih.gov/pubmed/11101570
http://www.ncbi.nlm.nih.gov/pubmed/17385670
http://dx.doi.org/10.1002/jmv.23343
http://www.ncbi.nlm.nih.gov/pubmed/22825829


52. Page AL, Jusot V, Mamaty AA, Adamou L, Kaplon J, Pothier P, et al. Rotavirus surveillance in urban
and rural areas of Niger, April 2010–March 2012. Emerg Infect Dis. 2014; doi: http://dx.doi.org/10.3201/
eid2004.131328 PMID: 24655441

53. Stupka JA, Degiuseppe JI, Parra GI. Increased frequency of rotavirus G3P[8] and G12P[8] in Argentina
during 2008–2009: Whole-genome characterization of emerging G12P[8] strains. J Clin Virol. 2012; 54
(2):162–167. doi: http://dx.doi.org/10.1016/j.jcv.2012.02.011 PMID: 22410133

54. Mwenda JM, Ntoto KM, Abebe A, Enweronu-Laryea C, Amina I, Mchomvu J, et al. Burden and Epide-
miology of Rotavirus Diarrhea in Selected African Countries: Preliminary Results from the African Rota-
virus Surveillance Network. J Infect Dis. 2010; 202(S1):S5–S11.

55. Okitsu-Negishi S, Nguyen T A, Phan T G, Ushijima H. Molecular epidemiology of viral gastroenteritis in
Asia. Pediatr Int. 2004; 46: 245–252. doi: 10.1046/j.1442-200x.2004.01896.x PMID: 15056259

56. Fukuda S, Sasaki Y, Takao S, Seno M. Recombinant norovirus implicated in gastroenteritis outbreaks
in Hiroshima prefecture. Japan. J.Med. Virol. 2008, 80: 921–928. doi: 10.1002/jmv.21151 PMID:
18360906

57. Chhabra P, Dhongade RK., Kalrao VR, Bavdekar AR, Chitambar SD. Epidemiological, clinical and
molecular features of norovirus infections in western India. J.Med. Virol. 2009; 81:922–932. doi: 10.
1002/jmv.21458 PMID: 19319938

58. Galeano ME, Martinez M, Amarilla AA, Russomando G, Miagostovich MP, Parra GI, et al. Molecular
epidemiology of norovirus strains in Paraguayan children during 2004–2005: description of a possible
new GII.4 cluster. J Clin Virol. 2013; 58(2):378–84. doi: 10.1016/j.jcv.2013.07.008 Epub 2013 Aug 7.
PMID: 23932334

59. Bull RA, Tu ETV, McIver CJ, RawlinsonWD,White PA. Emergence of a new norovirus genotype II.4
variant associated with global outbreaks of gastroenteritis. J. Clin. Microbiol. 2006; 44:327–333. PMID:
16455879

60. Armah GE, Gallimore CI, Binka FN, Asmah RH, Green J, Ugoji U, et al. Characterisation of norovirus
strains in rural Ghanaian children with acute diarrhoea. J Med Virol. 2006; 78(11): 1480–5. PMID:
16998875

61. Sdiri-Loulizi K, Ambert-Balay K, Gharbi-Khelif H, Sakly N, Hassine M, Chouchane S, et al. Molecular
Epidemiology of Norovirus Gastroenteritis Investigated Using Samples Collected from Children in Tuni-
sia during a Four-Year Period: Detection of the Norovirus Variant GGII.4 Hunter as Early as January
2003. J Clin Microbiol. 2009; 47: 421–429. doi: 10.1128/JCM.01852-08 PMID: 19109464

62. Wu FT, Chen HC, Yen C, Wu CY, Katayama K, Park Y, et al. Epidemiology and molecular characteris-
tics of norovirus GII.4 Sydney outbreaks in Taiwan, January 2012-December 2013. J Med Virol. 2015;
doi: 10.1002/jmv.24208

63. Bull RA, Tu ETV, McIver CJ, RawlinsonWD,White PA. Emergence of a new norovirus genotype II.4
variant associated with global outbreaks of gastroenteritis. J. Clin. Microbiol. 2006; 44:327–333. PMID:
16455879

64. Jones MS, Harrach B, Ganac RD, GozumMM, Dela CruzWP, Riedel B, et al. New adenovirus species
found in a patient presenting with gastroenteritis. J Virol. 2007; 81(11):5978–84. PMID: 17360747

65. Matsushima Y, Shimizu H, Phan TG, Ushijima H. Genomic characterization of a novel human adenovi-
rus type 31 recombinant in the hexon gene. J Gen Virol. 2011; 92(Pt 12):2770–5. doi: 10.1099/vir.0.
034744–0 Epub 2011 Aug 31. PMID: 21880842

66. Koukouila-Koussounda F, Christevy VJ, Kwedi NS, Velavan TP, Ntoumi F. Molecular epidemiology
and surveillance of circulating rotavirus and adenovirus in congolese children with gastroenteritis. J
Med Virol. 2015. doi: 10.1002/jmv.24382

67. Robinson CM, Seto D, Jones MS, Dyer DW, Chodosh J. Molecular evolution of human species D ade-
noviruses. Infect Genet Evol. 2011; 11(6):1208–17. doi: 10.1016/j.meegid.2011.04.031 Epub 2011
May 5. PMID: 21570490

68. Moreno-Espinosa S, Farkas T, Jiang X. Human caliciviruses and pediatric gastroenteritis. Semin
Pediatr Infect Dis. 2004. 15:237–245. PMID: 15494947

69. Oh DY, Gaedicke G, Schreier E. Viral agents of acute gastroenteritis in German children: prevalence
and molecular diversity. J Med Virol. 2003; 71:82–93. PMID: 12858413

70. Malasao R, Maneekarn N, Khamrin P, Pantip C, Tonusin S, Ushijima H, et al. Genetic diversity of noro-
virus, sapovirus, and astrovirus isolated from children hospitalized with acute gastroenteritis in Chiang
Mai, Thailand. J Med Virol. 2008; 80:1749–1755. doi: 10.1002/jmv.21244 PMID: 18712816

71. Gallimore CI, Itturiza-Gomara M, Lewis D, Cubitt D, Cotterill H, Gray J. Characterization of sapoviruses
collected in the United Kingdom from 1989 to 2004. J Med Virol 2006; 78:673–682. PMID: 16555276

72. Hansman GS, Takeda N, Katayama K, Tu ETV, Mclver CJ, RawlinsonWD, et al. Genetic diversity of
sapovirus in children, Australia. Emerg Infect Dis. 2006; 12:141–143. PMID: 16494732

Enteric Viruses Associated with Children Diarrhea

PLOS ONE | DOI:10.1371/journal.pone.0153652 April 19, 2016 21 / 22

http://dx.doi.org/10.3201/eid2004.131328
http://dx.doi.org/10.3201/eid2004.131328
http://www.ncbi.nlm.nih.gov/pubmed/24655441
http://dx.doi.org/10.1016/j.jcv.2012.02.011
http://www.ncbi.nlm.nih.gov/pubmed/22410133
http://dx.doi.org/10.1046/j.1442-200x.2004.01896.x
http://www.ncbi.nlm.nih.gov/pubmed/15056259
http://dx.doi.org/10.1002/jmv.21151
http://www.ncbi.nlm.nih.gov/pubmed/18360906
http://dx.doi.org/10.1002/jmv.21458
http://dx.doi.org/10.1002/jmv.21458
http://www.ncbi.nlm.nih.gov/pubmed/19319938
http://dx.doi.org/10.1016/j.jcv.2013.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23932334
http://www.ncbi.nlm.nih.gov/pubmed/16455879
http://www.ncbi.nlm.nih.gov/pubmed/16998875
http://dx.doi.org/10.1128/JCM.01852-08
http://www.ncbi.nlm.nih.gov/pubmed/19109464
http://dx.doi.org/10.1002/jmv.24208
http://www.ncbi.nlm.nih.gov/pubmed/16455879
http://www.ncbi.nlm.nih.gov/pubmed/17360747
http://dx.doi.org/10.1099/vir.0.034744&ndash;0
http://dx.doi.org/10.1099/vir.0.034744&ndash;0
http://www.ncbi.nlm.nih.gov/pubmed/21880842
http://dx.doi.org/10.1002/jmv.24382
http://dx.doi.org/10.1016/j.meegid.2011.04.031
http://www.ncbi.nlm.nih.gov/pubmed/21570490
http://www.ncbi.nlm.nih.gov/pubmed/15494947
http://www.ncbi.nlm.nih.gov/pubmed/12858413
http://dx.doi.org/10.1002/jmv.21244
http://www.ncbi.nlm.nih.gov/pubmed/18712816
http://www.ncbi.nlm.nih.gov/pubmed/16555276
http://www.ncbi.nlm.nih.gov/pubmed/16494732


73. Oka T, Wang Q, Katayama K, Saif LJ. Comprehensive review of human sapoviruses. Clin Microbiol
Rev. 2015; 28(1): 32–53. doi: 10.1128/CMR.00011-14 PMID: 25567221

74. Guntapong R, HansmanGS, Oka T, Ogawa S, Kageyama T, Pongsuwanna Y, et al. Norovirus and
sapovirus infections in Thailand. Jpn J Infect Dis. 2004; 57(6):276–8. PMID: 15623956

75. Fang ZY, Sun YP, Ye XH, Wang H, Zhang Q, Duan ZJ, et al. Astrovirus infection among hospitalized
children with acute diarrhea in seven regions of China, 1998–2005. Zhonghua Liu Xing Bing Xue Za
Zhi. 2006; 27:673–676. PMID: 17172106

76. Bini JC, Ekaza E, Faye-Kette H, Veh KA, Nigue L, Borget-Alloue MY, et al. Detection by RT-PCR of the
1st cases of Astrovirus in human stools in Abidjan, Côte d'Ivoire. Bull Soc Pathol Exot. 2007; 100
(4):243–5. PMID: 17982851

77. Meyer CT, Bauer IK, Antonio M, Adeyemi M, Saha D, Oundo JO, et al. Prevalence of classic, MLB-
clade and VA-clade Astroviruses in Kenya and The Gambia. Virol J. 2015; 12:78. doi: 10.1186/
s12985-015-0299-z PMID: 25975198

78. Jeong AY, Jeong HS, Jo MY, Jung SY, Lee MS, Lee JS, et al. Molecular epidemiology and genetic
diversity of human astrovirus in South Korea from 2002 to 2007. Clin Microbiol Infect. 2011; 17(3):404–
8. doi: 10.1111/j.1469-0691.2010.03263.x PMID: 20491833

79. Cunliffe NA, Booth JA, Elliot C, Lowe SJ, SopwithW, Kitchin N, et al. Healthcare-associated viral gas-
troenteritis among children in a large pediatric hospital, United Kingdom. Emerg Infect Dis. 2010; 16
(1):55–62. doi: 10.3201/eid1601.090401 PMID: 20031043

80. Bosch A, Pinto RM, Guix S. Human Astrovirus. Clin Microbiol Rev. 2014; 27(4):1048–74. doi: 10.1128/
CMR.00013-14 PMID: 25278582

81. Mustafa H, Palombo EA, Bishop RF. Epidemiology of Astrovirus Infection in Young Children Hospital-
ized with Acute Gastroenteritis in Melbourne, Australia, over a Period of Four Consecutive Years, 1995
to 1998. J. Clin. Microbiol. 2000; 38:1058–1062. PMID: 10698996

82. Oh DY, Silva PA, Hauroeder B, Diedrich S, Cardoso DD, Schreier E. Molecular characterization of the
first Aichi viruses isolated in Europe and in South America. Arch Virol. 2006; 151:1199–206 doi: 10.
1007/s00705-005-0706-7 PMID: 16421634

83. Sdiri-Loulizi K, Hassine M, Gharbi-Khelifi H, Sakly N, Chouchane S, Guediche MN et al. Detection and
Genomic Characterization of Aichi Viruses in Stool Samples from Children in Monastir, Tunisia. 2009.
J. Clin. Microbiol. 47: 2275–2278. doi: 10.1128/JCM.00913-09 PMID: 19474269

Enteric Viruses Associated with Children Diarrhea

PLOS ONE | DOI:10.1371/journal.pone.0153652 April 19, 2016 22 / 22

http://dx.doi.org/10.1128/CMR.00011-14
http://www.ncbi.nlm.nih.gov/pubmed/25567221
http://www.ncbi.nlm.nih.gov/pubmed/15623956
http://www.ncbi.nlm.nih.gov/pubmed/17172106
http://www.ncbi.nlm.nih.gov/pubmed/17982851
http://dx.doi.org/10.1186/s12985-015-0299-z
http://dx.doi.org/10.1186/s12985-015-0299-z
http://www.ncbi.nlm.nih.gov/pubmed/25975198
http://dx.doi.org/10.1111/j.1469-0691.2010.03263.x
http://www.ncbi.nlm.nih.gov/pubmed/20491833
http://dx.doi.org/10.3201/eid1601.090401
http://www.ncbi.nlm.nih.gov/pubmed/20031043
http://dx.doi.org/10.1128/CMR.00013-14
http://dx.doi.org/10.1128/CMR.00013-14
http://www.ncbi.nlm.nih.gov/pubmed/25278582
http://www.ncbi.nlm.nih.gov/pubmed/10698996
http://dx.doi.org/10.1007/s00705-005-0706-7
http://dx.doi.org/10.1007/s00705-005-0706-7
http://www.ncbi.nlm.nih.gov/pubmed/16421634
http://dx.doi.org/10.1128/JCM.00913-09
http://www.ncbi.nlm.nih.gov/pubmed/19474269

