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Abstract | Here we report the molecular characterization, antigenic disparities and the phylogenetic analysis 
of unusual human rotavirus VP4 genotype detected in Moroccan children fully vaccinated with Rotarix™. 
After RNA virus extraction, the rotavirus VP7 and VP4 genes were amplified. The DNA was purified, 
sequenced and genotypes were determined using the RotaC online classification tool. A phylogenetic tree was 
constructed using the Maximum Likelihood method applying the Tamura 3-parameter model in MEGA 
6.06 package and statistically supported by bootstrapping with 1000 replicates. The amino acid sequences of 
the antigenic regions of the outer capsid proteins VP8* were compared with vaccine and field strains. Here 
we show that the VP4 gene of the P[14] strains detected in this study exhibited close identity with zoonotic 
Moroccan goat and bovine strains. The amino acid sequences of the antigenic regions inside VP8* proteins 
showed high conservation between the amino acid sequences of human and animal strains bearing P[14] 
proteins, and revealed several changes with respect to the RotaTeq™ and Rotarix™ vaccine strains. This 
report suggests a possible reassortment event between human and domestic animal rotaviruses. Continuous 
surveillance in the post vaccine era appears to be necessary in order to identify unusual rotavirus strains that 
might not be fully contrasted by current vaccines.
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Introduction

Group A rotaviruses (RVA) are the leading 
cause of severe gastroenteritis in children 

worldwide (Parashar et al., 2006). The RVA genome 
contains 11 double-stranded RNA segments that 
encode six structural (VP1–4 and VP6–7) and five 

or six non-structural (NSP1–5/6) proteins (Estes 
and Kapikian, 2007). The traditional binomial 
RVA classification system was based on the two 
outer capsid proteins, VP7; a glycoprotein, which 
defines the G serotype/genotype, and VP4; a 
protease-sensitive, which defines the P serotype and 
distincts the P genotype. At least 35 G-types and 
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50 P-types have been identified (Matthijnssens et 
al., 2011; Trojnar et al., 2013; Sadiq et al., 2018). 
Epidemiologically, five common G types (G1–G4 
and G9), and three common P types (P[4], P[6] 
and P[8]) were the most important human rotavirus 
genotypes worldwide (Gentsch et al., 2005; Banyai 
et al., 2012; Santos and Hoshino, 2005). In Addition, 
unusual genotypes (Gentsch et al., 2005; Banyai et 
al., 2012; Santos and Hoshino, 2005; Matthijnssens 
et al., 2009; Esona et al., 2009; Mullick et al., 
2013), untypable in either G or P genes, and mixed 
infections were also identified in lower cases of 
human infections. Many of these rare genotypes are 
supposed to have originated from animal rotaviruses 
that were introduced into the human populations 
through gene reassortments and/or interspecies 
transmission (Estes and Kapikian, 2007; Gentsch 
et al., 2005; Mullick et al., 2013; Matthijnssens et 
al., 2008). Genetic reassortment is common due to 
the segmented nature of the RVA genome and the 
two events contribute significantly to RVA genetic 
diversity (Estes and Kapikian, 2007).

A number of studies have been conducted to identify 
natural infection. Available data indicates that the 
immunity induced by natural rotavirus infection 
can efficiently prevent subsequent severe rotavirus 
illness (Clarke and Desselberger, 2015). Based on 
this fact, intensive efforts have been made to develop 
live attenuated rotavirus vaccines. Currently, two live 
attenuated orally administered RV vaccines, Rotarix® 
(RV-1) (Rixensart, Belgium) and RotaTeq® (RV-5) 
(Blue Bell, Pennsylvania), have been licensed since 
2006 (Angel et al., 2007). The two vaccines have been 
demonstrated to be safe and effective in protecting 
against severe rotavirus diarrhea among children 
in middle- and high-income settings (Clarke and 
Desselberger, 2015). However, in some developing 
nations, with high rotavirus incidences, these vaccines 
were less effective (Clarke and Desselberger, 2015).

In Morocco, reported G and P RVA genotypes among 
children were G1-G4, G9, P[4], P[6], P[8] and P[9] 
(Benhafid et al., 2015; Benmessaoud et al., 2015; 
Boulahyaoui et al., 2019). Previously, we reported the 
detection and genetic characteristics of the G2P[4] 
and G9P[8] RVA strains isolated from children fully 
vaccinated with Rotarix™ (Boulahyaoui et al., 2019). In 
this study, we describe the molecular characterization, 
antigenic disparities and the phylogenetic analysis 
of P[14] rotavirus strains isolated from vaccinated 

children admitted to hospital with acute gastroenteritis 
(AGE) between 2013-2014. To our knowledge, this 
study is the first one to report the circulation of the 
animal-like RVA strain with P[14] genotype in a 
vaccinated Moroccan pediatric populations. These 
investigations will provide ongoing strain diversity 
information important for the evaluation of vaccine 
effectiveness.

Materials and Methods

Ethical approval
Consent to conduct this study was sought from the 
Biomedical Research Ethics Committee (Comité 
d’Ethique pour la Recherche Biomédicale) of the 
Faculté de Médecine et de Pharmacie, Mohamed V 
University of Rabat, Morocco, following the guidelines 
set by the Declaration of Helsinki. All parents or legal 
guardians were informed on the study details and 
their consents were obtained and documented in the 
questionnaire form before stool specimen collection. 

Clinical samples 
Seven stool specimens were collected from children 
less than one year old during a survey performed on 
infants hospitalized with AGE in two different cities 
(Oujda and Rabat) between March 2013 and June 
2014. All samples were processed for rapid diagnosis 
by RotaCheck (VEDA LAB, France). RVA positive 
samples were conserved at the Centre de Virologie, 
des Maladies Infectieuses and Tropicales, Military 
Teaching Hospital Mohamed V at Rabat, Morocco. 
Vaccination status and analysis of the clinical records 
were conducted for all infants as summarized in Table 1.

Nucleic acid extraction
Total viral RNA of positive samples was extracted 
from 100 μl of 10% fecal suspension in phosphate 
buffered saline by using EZ1 DSP Virus Kit (Qiagen 
Hilden, Germany) on an automated EZ1 Advanced 
XL extraction system (Qiagen Hilden, Germany) 
according to the manufacturer’s instructions.

Sequencing and genotype assignment
After viral RNA extraction, the cDNA was synthesized 
using the reverse transcriptase enzyme and random 
hexamer primers from Tetro cDNA Synthesis kit 
(Bioline, France) according to the kit protocol in 
the presence of 1 μg of total purified RNA in a final 
volume of 20 μl.
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Table 1: Clinical data from infants included in this study, their VP4 genotypes determined by partial sequencing and 
their accession numbers.
Sample 
number

Birth date Sex Location Age 
(month)

Vaccine
status

Rota check VP4 
genotype

Accession
numbers 

MA166 03/03/2013 M Oujda 9.5 Yes (Rotarix) Positive P[14] KX 517802
MA167 09/06/2013 M Oujda 6.5 Yes (Rotarix) Positive P[14] KX 517803
MA176 29/03/2013 F Rabat 11.5 Yes (Rotarix) Positive P[14] KX 517804
MA178 03/09/2013 M Rabat 7 Yes (Rotarix) Positive P[14] KX 517805
MA197 01/04/2013 F Oujda 9.5 Yes (Rotarix) Positive P[14] KX 517806
MA198 15/06/2013 M Oujda 7 Yes (Rotarix) Positive P[14] KX 517807
MA235 30/09/2013 M Rabat 10.5 Yes (Rotarix) Positive P[14] KX 517808

PCR reactions were performed with synthesized cDNA 
(100 ng) using the MyFiTaq Master Mix 2X (Bioline, 
France), 500 nM of VP7F/VP7R (Iturriza-Gómara 
et al., 2004) or VP4F/VP4R (Gentsch et al., 1992) 
primers in a 25 μl reaction volume under the following 
conditions: preheating at 95°C for 2 min, then 35 cycles 
of (95°C, 1 min; 50°C, 1 min; 72°C, 1 min), followed 
by final extension of 10 min at 72°C employing a verity 
thermal cycler (Applied Biosystems).

The PCR amplicons were electrophoresed on a 1.5% 
Tris-acetate-ethylene diamine tetra acetic acid- 
agarose gel stained with 1% ethidium bromide. 

Genotyping of RVA strains was performed by 
sequencing using the ABI 3130xl (Applied biosystems). 
Amplicons from RVA strains were purified using 
ExoSAP-IT (Affymetrix) prior to sequencing with 
BigDye Terminator v3.1 (Applied Biosystems) using 
the same set of primers as for amplification.

Phylogenetic analysis 
The RVA genotypes were determined using the 
RotaC online classification tool. For phylogenetic 
analysis, nucleotide sequences of related strains for 
VP4 gene were retrieved from GenBank and aligned 
using the MUSCLE program within the MEGA 
version 6.06 software. Once aligned, a Maximum 
Likelihood tree was constructed using the MEGA 
version 6.06 software with the Tamura 3-parameter 
model (suggested as the best Model by MEGA 
software) and Gamma distribution. The statistical 
significance of the nodes was assessed by bootstrap 
resampling analysis (1000 replicates). Deduced amino 
acid sequences of antigenic region from VP4 protein 
of P[14] strains identified in this study were compared 
with the vaccines and P[14] field strains retrieved 
from GenBank database using the BioEdit software. 

Sequences obtained in the current study were deposited 
in the GenBank database under the following 
accession numbers: KX 517802- KX517808.

Results and Discussion

To begin our investigation, we collected samples 
from children hospitalized with acute gastroenteritis. 
The samples were subjected to a rapid diagnosis 
using the RotaCheck test (VEDA LAB, France). 
Positive samples were identified (Table 1) and used 
for molecular characterization. The amplification of 
the VP4 gene was successful in all positive samples 
analyzed. An amplicon of 663 bp as expected was 
detected by gel electrophoresis and samples were 
named as MA166, MA167, MA176, MA178, MA197, 
MA198 and MA235, whereas no amplification was 
detected for the VP7 gene (data not shown). To assess 
the genotypes of the VP4 amplicons, PCR products 
were sequenced and identified using the RotaC 
online classification tool. VP4 gene contained in 
MA166, MA167, MA176, MA178, MA197, MA198 
and MA235 samples were defined as RVA strains 
with P[14] genotype (Table 1). The genotyping of 
the VP7 was not successful, thus these strains were 
characterized as G untypable.

To determine the genetic relatedness between P[14] 
rotaviruses identified in this study and other animal 
and human P[14] rotaviruses retrieved from the 
GenBank database, a phylogenetic analysis was 
performed. The VP4 gene of our P[14] strains clustered 
in lineage I together with Artiodactyl and human 
P[14] strains (Figure 1). They regrouped with human 
RVA strains isolated in Italy (BA01/G8P[14], and 
PA169/G6P[14]), in Belgium (B10925/G6P[14]), in 
Hungary (hun5/G6P[14]), and in Australia (MG6/
G6P[14]). They also grouped together with bovine 
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strains; Bas1:2S/G10P[14], Maz:6S/G10P[14] and 
Bas2:6S/G10P[14] (Morocco), 79/G8P[14] and 
86/G8P[14] (India), whit goat strains; Ch_S31/
G6P[14], Ch_S12/G6P[14], Ch_S61/G6P[14], Ch_
S111/G6P[14], and Ch_S11/G6P[14] (Morocco), 
and guanaco strain detected in 1999 in Argentina 
(Chubut/G8P[14]) (Figure 1). The human strains 
included in this tree showed mostly G6, G8 and G10 
VP7 genotypes (Figure 1).

Figure 1: Phylogenetic analysis based on the VP4 gene nucleotide 
sequences of Moroccan P[14] strains, and sequences from the Genbank 
database. Moroccan strains obtained from vaccinated children are 
marked with a filled circle. Moroccan strains isolated from goat and 
bovine are marked with a filled and an empty triangle respectively. 
The lineages appeared at the right. Numbers at the nodes indicate 
bootstrap values (values <60% are not shown).

In order to evaluate the possible reduced efficacy of 
current vaccines to protect children against novel 
unusual and new evolving virus strains, the deduced 
VP8* amino acid sequences of our P[14] strains and 
selected field strains included in the VP4 phylogenic 
tree were compared with the VP8* sequences of 
Rotarix™ and RotaTeq™ vaccines strains. The VP8* 
amino acid comparison was performed for four 
documented antigenic regions; 8-1, 8-2, 8-3 and 8-4 
(Figure 2).

The analyzed amino acid of the VP8* proteins from 
MA166, MA167, MA178, MA197, MA198 and 
MA235 showed one amino acid change at position 
L146V (8-1) compared to MA176 strain (Figure 2) 
and at residue N133D within the 8-3 antigenic region 
compared to the human strains detected in Italy 
(PR457/G10P[14]), in Egypt (AS970/G8P[14]), in 
Australia (MG6/G6P[14]; V582/G10P[14]) and the 
sheep strain detected in Spain in 2002 (OVR762/
G8P[14]) (Figure 2). The alignment revealed two 
amino acid substitutions between our strains and 
the human strain isolated in India in 2009 (N-1/
G6P[14]) at residues N133D and N194H (8-3 and 
8-1 respectively) (Figure 2). 

The alignment of the deduced amino acid sequences 
inside antigenic epitopes of VP8* proteins from 
analyzed strains also showed four amino acid 
differences compared to the human strain detected 
in Hungary in 2004 (BP1062/G8P14) (at position 
I89T, S113Q, N133E and N196D), the bovine strain 
isolated in Japan in 2004 (Sun9/G8P14) (at position 
I89A, S113Q, N133D and T180I) and the guanaco 
strain identified in Argentina (Chubut/G8P14) (at 
position I89V, S113P, N114S and N133D) (Figure 
2). Five changes were noted between these strains 
and a rabbit strain detected in Italy in 1996 (30-96/
G3P14) (at position I89T, S113Q, N114S, Q116R 
and N133D) (Figure 2).

Conversely, no amino acid change was shown in the 
four compared antigenic regions of the VP8* protein 
between the MA166, MA167, MA178, MA197, 
MA198 and MA235 strains and the P[14] strain 
isolated from goat (Ch_S12/G6P[14]) or bovine 
(Bas1:2S/G10P[14]) strains detected in Morocco in 
2014 (Figure 2).

Comparison of the VP8* from Moroccan P[14] 
strains with the four VP8* antigenic regions of the 
P[8] vaccine strains Rotarix™ (A41CB052A) and 
RotaTeq™ (WI79-4) showed 20 and 22 amino acid 
substitutions, respectively (Figure 2).

To our knowledge, one study is available in Morocco, 
in which the authors reported the circulation of the 
RVA strains with P[14] genotype among neonatal 
diarrheic calves in the central region of Morocco 
(Laarayche, Kenitra, and Moulay Bouslham) (Ennima 
et al., 2016). In addition, Moroccan P[14] goat RVA 
strains were presented as an oral communication by 
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Figure 2: Alignment of the deduced amino acid sequences inside antigenic epitopes of VP8* proteins of Moroccan P[14] stains analyzed and 
compared with vaccines and field P[14] strains retrieved from GenBank database.

Alaoui et al at the 6th European Rotavirus Biology 
Meeting (ERBM), held in Dijon, France, from Mai 
17 to 20, 2015. Of note, the authors reported the 
molecular analyses of the Moroccan caprine rotavirus 
strains detected during a severe outbreak of diarrhea 
in April 2012 in Bouaarfa, Eastern part of Morocco. 

RVA strains with a P[14] genotype have not been 
reported in Moroccan vaccinated children previously, 
thus it was of interest to us to characterize a P[14] 
rotavirus strain detected in our state. Here we report 
the molecular characterization and VP4 phylogenetic 
relationships of P[14] RVA strains circulating in 
infants who had been administered Rotarix vaccine 
and who had subsequently presented with rotavirus 
gastro-enteritis during the study period (2013-2014). 
In addition, the antigenic disparities between these 
strains and RVA vaccines strains were investigated 
by comparing the amino acid composition of the 
antigenic epitopes on the VP8* domain; to evaluate 
their possible implication on the RVA vaccine 
effectiveness.

Due to lack of availability of tests for rotaviruses 
analysis, the RotaCheck (VEDA LAB, France) was 
used as a routine rotavirus diagnosis in our laboratory 
while validated for the detection of RVA.

Despite the unsuccessful characterization of the 
VP7 genotype in our study, Moroccan P[14] bovine 
strains were identified by Ennima and coworkers as 
combined with the G10 genotype (Ennima et al., 
2016), also the G10P[14] combination was detected 
from a nomadic goat (KT461288), while G6 genotype 
was found to predominate in association with P[14] 

genotype among goats surveyed in Eastern part of 
Morocco (goat rotavirus sequences were available 
in GenBank database under accession numbers: 
KT461280-KT461287), thus it has been suggested 
by Alaoui et al, that the Bedouin livestock farming 
systems may favor the introduction of new strains 
from a heterologous host by interspecies transmission 
given their nomadic lifestyle [Alaoui et al., 2015, oral 
presentation, 6th ERBM, France].

A fraction of rotavirus strains cannot be typed for 
P or G genotype or for both P and G genotypes. 
Untypeable rotavirus strains may result from an 
insufficient or degraded RNA, the presence of 
residual stool inhibitors in the RNA extract, technical 
problems with the assay itself, the presence of a novel 
strains, or a genetic variation in common strains. 
Since the successful identification of the P (VP4) 
genotype using the same RNA extract, we suggest 
that the inability to identify the G (VP7) genotype 
in our study might be result of the presence of a novel 
rotavirus strains, or a genetic variation in common 
strains.

Seven lineages have been reported within the P[14] 
genotype, and all of them include human strains 
(Tam et al., 2014). The VP4 gene from RVA strains 
reported in this study belongs to lineage I within 
the P[14] genotype together with human and 
Artiodactyl P[14] strains detected in Morocco and 
others countries (Matthijnssens et al., 2008; Ennima 
et al., 2016; Matthijnssens et al., 2009; Delogu et al., 
2016; Chitambar et al., 2011). Phylogenetic analysis 
of our strains revealed close relatedness (100% 
bootstrap value) to several zoonotic goat and bovine 
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strains reported in Morocco in 2014. In addition, all 
Moroccan P[14] strains (human and animal) were 
very related to the P[14] strains isolated from an 
Italian child in 2012 (BA01/G8P[14]) (Delogu et al., 
2016) and human B10925/G6P[14] strains identified 
in Belgiumin 1997 (Matthijnssens et al., 2008). 

In the last decades, the unusual RVA strains with P[14] 
genotype, have been associated with gastroenteritis 
in humans in several countries (Mullick et al., 2013; 
Ghosh et al., 2007; Medici et al., 2008; Banyai et al., 
2010; El Sherif et al., 2011; Cowley et al., 2013). The 
P[14] genotype is commonly found in rabbits (always 
associated with G3) (Ciarlet et al., 1997), but it has 
also been identified in other ruminants such as cattle, 
goats, sheep, guanacos, and antelope (in association 
with G6, G8, or G10), suggesting that the human 
P[14] strains have common origins with those of the 
even-toed ungulates belonging to the mammalian 
order Artiodactyla (Matthijnssens et al., 2009).

Based on the data reported above, we can speculate 
that the P[14] strains isolated in Moroccan children, 
maybe, represent an example of a direct zoonotic 
transmission event. This hypothesis might partially 
reinforced by the fact that the human and animal (goat/
bovine) P[14] strains were isolated in the same area 
in Morocco (Rabat and Kenitraare located in central 
region of Morocco, and both Oujda and Bouaarfa 
are located in Eastern part of Morocco). In addition, 
the transmission of P[14] genotype between goats, 
bovines and humans was probable due to the close 
relationship between human and domestic animals 
in areas where the samples were retrieved during the 
study period, as has being described for G6 and G10 
genotype [Alaoui et al., 2015; oral presentation, 6th 
ERBM, France]. 

Even the fact that the segmented nature of the RVA 
genome facilitates the reassortment between and 
among human and animal strains (Estes and Kapikian, 
2007), the full‐genome classification system, as 
described by Matthijnssens and Coworkers (2011), 
is important to better understand the evolution of 
reassortments and viral interspecies transmission. 
Thus, the identification of the 11 genomic segments 
of our strains is mandatory to confirm the suggested 
direct interspecies transmission. 

The four VP8* antigenic regions of our P[14] strains 
shared 100% amino acid similarity with VP8* antigenic 

regions of P[14] strains identified in goats and bovines 
in Morocco except the substitution noted within 8-1 
region ofMA176 strains (L146V). A high amino 
acid identity (96%) was noted between our strains 
and human P[14] strains isolated in Egypt (AS970) 
[KU317469], in Italy (PR457) (Medici et al., 2015) 
and in Australia (MG6 and V582) (Matthijnssens et 
al., 2008; Cowley et al., 2013). They also shared a 96% 
amino acid similarity with the sheep P[14] strains 
(OVR762) isolated in Spain in 2002 (Matthijnssens 
et al., 2008). However, amino acid similarity was 
lower compared to the P[14] human strains isolated 
in India (92%) and Hungary (84%) (Mullick et al., 
2013; Banyai et al., 2010).

The VP8* region of the P[14] VP4 protein has been 
shown to interact with type A histo-blood group 
antigens of humans (Hu et al., 2012; Liu et al., 2012) 
as well as bovine and porcine mucins, as consequent, 
it has been suggested by Liu et al., 2012 that this 
mechanism is thought to play a role in cross-species 
transmission of P[14] RVAs (Liu et al., 2012).

The results of this study reinforce the potential role 
of inter-species transmission and reassortment in 
generating novel and unusual rotavirus strains which 
infect humans as previously reported in diverse parts 
of the worlds (Estes and Kapikian, 2007; Gentsch et 
al., 2005; Mullick et al., 2013; Matthijnssens et al., 
2008; El Sherif et al., 2011).

The comparison of the P[14] amino acid sequences 
inside previous described antigenic epitopes in VP8*, 
with the P[8] protein from Rotarix and Rotateq strains 
was made, and revealed several amino acid differences 
as expected since P[14] is rather different from P[8]. 
The same substitutions have been previously described 
by Delogu et al. (2016). 

However, it is unclear whether the changes described 
within the VP8* of P[14] strains isolated from 
vaccinated children might imply a reduced effectiveness 
of the immunity produced by Rotarix™ vaccines 
in protection against infection with reassortants or 
animal-like rotavirus strains. The possible implication 
of this amino acid changes in reduction of the vaccine 
effectiveness against genotypes of non-human origins 
is still unknown and their evaluation with a broad cross-
neutralization studies may be important. However, 
the efficacy of Rotarix and Rotateq was supported 
by strong vaccine trials and field studies indicating 
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that the two vaccines provide a significant protection 
against severe rotavirus gastroenteritis caused by 
homotypic, partially heterotypic, and heterotypic 
circulating rotavirus (Patel et al., 2011; Payne et al., 
2013). In addition, and as suggested for G8 strains in 
preliminary studies conducted in Sub-Saharan Africa 
(Heylen et al., 2015), the bovine genetic background 
present in the RotaTeq™ vaccine may provide a good 
effectiveness against animal-like strains.
 
Conclusions and Recommendations

In conclusion, our study while restricted to a VP4 gene 
analysis of a limited number of cases, demonstrated 
the circulation of animal-like RVA strains with a 
P[14] genotype in Rotarix vaccinated children in 
Morocco and provides important findings of antigenic 
differences between VP4 of these strains, vaccines and 
P[14] field strains. Our results may be of relevance 
in explaining recent evolving of non-human RVA 
strains with a P[14] genotype worldwide (Mullick et 
al., 2013; Tam et al., 2014; Delogu et al., 2016; Ghosh 
et al., 2007; Medici et al., 2008; Banyai et al., 2010; El 
Sherif et al., 2011; Cowley et al., 2013). Surveillance 
of human rotaviruses, especially identification of 
rare/new G-types and P-types may be important to 
estimate the origin of the emerging human rotavirus 
and their possible effect on decreasing the efficacy of 
rotavirus vaccines.

Authors Contributions

HB, SM and NT defined the research theme and 
protocol. HB wrote the paper. FH contributed to the 
samples collection and analyses. HB extracted the 
RNA virus. HB and SA carried out the RT-PCR. 
HB and MM did the sequencing and phylogenetic 
analyses. HB and NT discussed, interpreted, and 
presented the data under the supervision of SM and 
EE. All authors have read and approved the final 
manuscript.

Conflict of interest
The authors have declared no conflict of interest.

References

Angel, J., M.A. Franco and H.B. Greenberg. 2007. 
Rotavirus vaccines: recent developments and 
future considerations. Nat. Rev. Microbiol., 5(7): 
529. https://doi.org/10.1038/nrmicro1692

Bányai, K., H. Papp, E. Dandár, P. Molnár, I. Mihály, 
M.V. Ranst, V. Martella and J. Matthijnssens. 
2010. Whole genome sequencing and 
phylogenetic analysis of a zoonotic human G8P 
[14] rotavirus strain.  Infect., Genet. Evolut., 
10(7): 1140-1144. https://doi.org/10.1016/j.
meegid.2010.05.001

Bányai, K., B. László, J. Duque, A.D. Steele, E.A.S. 
Nelson, J.R. Gentsch and U.D. Parashar. 2012. 
Systematic review of regional and temporal 
trends in global rotavirus strain diversity 
in the pre rotavirus vaccine era: insights 
for understanding the impact of rotavirus 
vaccination programs. Vaccine, 30: A122-130. 
https://doi.org/10.1016/j.vaccine.2011.09.111

Benhafid, M., N. Elomari, M. AzzouziIdrissi, 
A. Rguig, J.R. Gentsch, U. Parashar and R. 
Elaouad. 2015. Effect of monovalent rotavirus 
vaccine on rotavirus disease burden and 
circulating rotavirus strains among children in 
Morocco. J. Med. Virol. 87(6): 944-953. https://
doi.org/10.1002/jmv.24122

Benmessaoud, R., I. Jroundi, M. Nezha, C. Moraleda, 
H. Tligui, M. Seffar, M.J.A. Martínez, M.J. 
Pons, S. Chaacho, E.B. Hayes, J. Vila, P.L. 
Alonso, Q. Bassat and J. Ruiz. 2015. Aetiology, 
epidemiology and clinical characteristics of 
acute moderate-to-severe diarrhoea in children 
under 5 years of age hospitalized in a referral 
paediatric hospital in Rabat, Morocco. J. Med. 
Microbiol., 64: 84–92. https://doi.org/10.1099/
jmm.0.079830-0

Boulahyaoui, H., S.A. Amine, M. Melloul, C. 
Loutfi, R. Tagajdid, H. El-Annaz, N. Touil, 
Y.S. Malik, E. El Fahime and S. Mrani. 2019. 
Molecular characterization of G2P [4] and G9P 
[8] rotaviruses strains isolated from Moroccan 
children fully vaccinated with Rotarix™ 
between 2013 and 2014. Alex. J. Med., 55(1): 
7-14. https://doi.org/10.1080/20905068.2019.
1592887

Chitambar, S.D., R. Arora, A.B. Kolpe, N.M. 
Yadav and C.G. Raut. 2011. Molecular 
characterization of unusual bovine group A 
rotavirus G8P[14] strains identified in western 
India: emergence of P[14] genotype.  Vet. 
Microbiol.,  148(2-4): 384-388. https://doi.
org/10.1016/j.vetmic.2010.08.027

Ciarlet, M., M.K. Estes and M.E. Conner. 1997. 
Comparative amino acid sequence analysis of 
the outer capsid protein VP4 from four lapine 

https://doi.org/10.1038/nrmicro1692
https://doi.org/10.1016/j.meegid.2010.05.001
https://doi.org/10.1016/j.meegid.2010.05.001
https://doi.org/10.1016/j.vaccine.2011.09.111
https://doi.org/10.1002/jmv.24122
https://doi.org/10.1002/jmv.24122
https://doi.org/10.1099/jmm.0.079830-0
https://doi.org/10.1099/jmm.0.079830-0
https://doi.org/10.1080/20905068.2019.1592887
https://doi.org/10.1080/20905068.2019.1592887
https://doi.org/10.1016/j.vetmic.2010.08.027
https://doi.org/10.1016/j.vetmic.2010.08.027


April 2020 | Volume 7 | Issue 2 | Page 37

Hosts and Viruses
rotavirus strains reveals identity with genotype 
P[14] human rotaviruses.  Arch. Virol., 
142(5): 1059-1069. https://doi.org/10.1007/
s007050050142

Clarke, E. and U. Desselberger. 2015. Correlates 
of protection against human rotavirus disease 
and the factors influencing protection in low-
income settings. Mucosal Immunol. 8: 1-17. 
https://doi.org/10.1038/mi.2014.114

Cowley, D., C.M. Donato, S. Roczo-Farkas 
and C.D. Kirkwood. 2013. Novel G10P 
[14] rotavirus strain, northern territory, 
Australia.  Emerg. Infect. Dis.,  19(8): 1324. 
https://doi.org/10.3201/eid1908.121653

Delogu, R., G. Ianiro, A. Morea, M. Chironna, 
L. Fiore and F.M. Ruggeri. 2016. Molecular 
characterization of two rare human G8P 
[14] rotavirus strains, detected in Italy in 
2012. Infect. Genet. Evol., 44: 303-312. https://
doi.org/10.1016/j.meegid.2016.07.018

El-Sherif, M., M.D. Esona, Y. Wang, J.R. Gentsch, B. 
Jiang, R.I. Glass, S. Abou-Baker and J.D. Klena. 
2011. Detection of the first G6P [14] human 
rotavirus strain from a child with diarrhea in 
Egypt. Infect., Genet. Evol. 11(6): 1436-1442. 
https://doi.org/10.1016/j.meegid.2011.05.012

Ennima, I., G. Sebbar, B. Harif, S. Amzazi, C. Loutfi 
and N. Touil. 2016. Isolation and identification 
of group A rotaviruses among neonatal diarrheic 
calves, Morocco.  BMC Res. Notes. 9(1): 261. 
https://doi.org/10.1186/s13104-016-2065-8

Esona, M.D., A. Geyer, K. Banyai, N. Page, M. 
Aminu, G.E. Armah, J. Hull,  D.A. Steele, 
R.I. Glass and J.R. Gentsch. 2009. Novel human 
rotavirus genotype G5P [7] from child with 
diarrhea, Cameroon. Emerg. Infect. Dis., 15(1): 
83. https://doi.org/10.3201/eid1501.080899

Estes, M.K. and A. Kapikian. 2007. Rotaviruses. 
In: Knipe, D.M. Howley, P.M. Griffin, D.E. 
Lamb, R.A. Martin, M.A. Roizman, B. Straus, 
S.E. (eds), Fields Virology. 5th ed. Kluwer/
Lippincott, Williams and Wilkins, Philadelphia 
PA. pp. 1917–1974.

Gentsch, J.R., R.I. Glass, P. Woods, V. Gouvea, 
M. Gorziglia, J. Flores, B.K. Das and M.K. 
Bhan.1992. Identification of group A rotavirus 
gene 4 types by polymerase chain reaction.  J. 
Clin. Microbiol., 30(6): 1365-1373. https://doi.
org/10.1128/JCM.30.6.1365-1373.1992

Gentsch, J.R., A.R. Laird, B. Bielfelt, D.D. 
Griffin, K. Bányai, M. Ramachandran, V. Jain, 

N.A. Cunliffe, O. Nakagomi, C.D. Kirkwood, 
T.K.  Fischer, U.D.  Parashar, J.S.  Bresee, 
B. Jiang and R.I.  Glass. 2005. Serotype 
diversity and reassortment between human 
and animal rotavirus strains: implications 
for rotavirus vaccine programs.  J. Infect. Dis. 
192(Supplement_1): S146-159. https://doi.
org/10.1086/431499

Ghosh, S., V. Varghese, S. Samajdar, M. Sinha, T.N. 
Naik and N. Kobayashi. 2007. Evidence for 
bovine origin of VP4 and VP7 genes of human 
group A rotavirus G6P [14] and G10P [14] 
strains.  J. Clin. Microbiol., 45(8): 2751-2753. 
https://doi.org/10.1128/JCM.00230-07

Heylen, E., M. Zeller, M. Ciarlet, J. Lawrence, D. 
Steele, M.V. Ranst and J. Matthijnssens. 2015. 
Comparative analysis of pentavalent rotavirus 
vaccine strains and G8 rotaviruses identified 
during vaccine trial in Africa.  Sci. Rep.,  5: 
14658. https://doi.org/10.1038/srep14658

Hu, L., S.E. Crawford, R. Czako, N.W. Cortes-
Penfield, D.F. Smith, J. Le Pendu, M.K. 
Estes and B.V. Prasad. 2012. Cell attachment 
protein VP8* of a human rotavirus specifically 
interacts with A-type histo-blood group 
antigen.  Nature,  485(7397): 256. https://doi.
org/10.1038/nature10996

Iturriza-Gómara, M., G. Kang and J. Gray. 2004. 
Rotavirus genotyping: Keeping up with an 
evolving population of human rotaviruses.  J. 
Clin. Virol.,  31(4): 259-265. https://doi.
org/10.1016/j.jcv.2004.04.009

Liu, Y., P. Huang, M. Tan, Y. Liu, J. Biesiada, J. 
Meller, A.A. Castello, B. Jiang and X. Jiang. 
2012. Rotavirus VP8*: Phylogeny, host range, 
and interaction with histo-blood group 
antigens.  J. Virol., 86(18): 9899-9910. https://
doi.org/10.1128/JVI.00979-12

Matthijnssens, J., M. Ciarlet, E. Heiman, I. Arijs, 
T. Delbeke, S.M. McDonald, E.A. Palombo, 
M. Iturriza-Gómara, P.  Maes, J.T.  Patton, M. 
Rahman and M.V. Ranst. 2008. Full genome-
based classification of rotaviruses reveals a 
common origin between human Wa-Like and 
porcine rotavirus strains and human DS-1-like 
and bovine rotavirus strains.  J. Virol.,  82(7): 
3204-3219. https://doi.org/10.1128/
JVI.02257-07

Matthijnssens, J., J.C. Bilcke, M. Ciarlet, V. Martella, 
K. Bányai, M. Rahman, M. Zeller, P.  Beutels, 
P.V. Damme and V.M. Ranst. 2009. Rotavirus 

https://doi.org/10.1007/s007050050142
https://doi.org/10.1007/s007050050142
https://doi.org/10.1038/mi.2014.114
https://doi.org/10.3201/eid1908.121653
https://doi.org/10.1016/j.meegid.2016.07.018
https://doi.org/10.1016/j.meegid.2016.07.018
https://doi.org/10.1016/j.meegid.2011.05.012
https://doi.org/10.1186/s13104-016-2065-8
https://doi.org/10.3201/eid1501.080899
https://doi.org/10.1128/JCM.30.6.1365-1373.1992
https://doi.org/10.1128/JCM.30.6.1365-1373.1992
https://doi.org/10.1086/431499
https://doi.org/10.1086/431499
https://doi.org/10.1128/JCM.00230-07
https://doi.org/10.1038/srep14658
https://doi.org/10.1038/nature10996
https://doi.org/10.1038/nature10996
https://doi.org/10.1016/j.jcv.2004.04.009
https://doi.org/10.1016/j.jcv.2004.04.009
https://doi.org/10.1128/JVI.00979-12
https://doi.org/10.1128/JVI.00979-12
https://doi.org/10.1128/JVI.02257-07
https://doi.org/10.1128/JVI.02257-07


April 2020 | Volume 7 | Issue 2 | Page 38

Hosts and Viruses
disease and vaccination: impact on genotype 
diversity. Future Microbiol., 4(10): 1303-1316. 
https://doi.org/10.2217/fmb.09.96

Matthijnssens, J., C.A. Potgieter, M. Ciarlet, V. 
Parreño, V. Martella, K. Bányai, L. Garaicoechea, 
E.A. Palombo, L. Novo, M. Zeller, S. Arista, 
G. Gerna, M. Rahman and M.V. Ranst. 2009. 
Are human P[14] rotavirus strains the result 
of interspecies transmissions from sheep or 
other ungulates that belong to the mammalian 
order Artiodactyla? J. Virol., 83(7): 2917-2929. 
https://doi.org/10.1128/JVI.02246-08

Matthijnssens, J., M. Ciarlet, S.M. McDonald, H. 
Attoui, K. Bányai, J.R. Brister, J. Buesa, M.D. 
Esona, M.K. Estes, J.R. Gentsch, M. Iturriza-
Gómara, R. Johne, C.D. Kirkwood and V. 
Martella. 2011. Uniformity of rotavirus strain 
nomenclature proposed by the Rotavirus 
Classification Working Group (RCWG). Arch. 
Virol., 156(8): 1397-1413. https://doi.
org/10.1007/s00705-011-1006-z

Medici, M.C., L.A. Abelli, M. Martinelli, G. 
Dettori and C. Chezzi. 2008. Molecular 
characterization of VP4, VP6 and VP7 genes of 
a rare G8P [14] rotavirus strain detected in an 
infant with gastroenteritis in Italy.  Virus Res. 
137(1): 163-167. https://doi.org/10.1016/j.
virusres.2008.07.005

Medici, M.C., F. Tummolo, B.M. Bonica, E. Heylen, 
M. Zeller, A. Calderaro and J. Matthijnssens. 
2015. Genetic diversity in three bovine-like 
human G8P[14] and G10P[14] rotaviruses 
suggests independent interspecies transmission 
events.  J. Gen. Virol.,  96(Pt 5): 1161-1168. 
https://doi.org/10.1099/vir.0.000055

Mullick, S., A. Mukherjee, S. Ghosh, G.P. Pazhani, 
D. Sur, B. Manna, J.P. Nataro, M.M. Levine, 
T. Ramamurthy and M. Chawla-Sarkar. 2013. 
Genomic analysis of human rotavirus strains 
G6P [14] and G11P[25] isolated from Kolkata 
in 2009 reveals interspecies transmission and 
complex reassortment events. Infection, Genet. 
Evol.,  14: 15-21. https://doi.org/10.1016/j.
meegid.2012.11.010

Parashar, U.D., C.J. Gibson, J.S. Bresee, R.I. 
Glass. 2006. Rotavirus and severe childhood 
diarrhea.  Emerg. Infect. Dis.,  12(2): 304-306. 
https://doi.org/10.3201/eid1202.050006

Patel, M.M., D. Steele, J.R. Gentsch, J. Wecker, 
R.I. Glass and U.D. Parashar. 2011. Real-world 

impact of rotavirus vaccination.  Pediatr. Infect. 
Dis. J., 30(1): S1-S5. https://doi.org/10.1097/
INF.0b013e3181fefa1f

Payne, D.C., J.A. Boom, M.A. Staat, K.A. Edwards, 
P.G. Szilagyi, E.J. Klein, R. Selvarangan, P.H. 
Azimi, C. Harrison, M. Moffatt, S.H. Johnston, 
L.C. Sahni, C.J. Baker, M.A. Rench, S. Donauer, 
M. McNeal, J.  Chappell, G.A. Weinberg, A. 
Tasslimi, J.E. Tate, M. Wikswo, A.T. Curns, 
I. Sulemana, S. Mijatovic-Rustempasic, M.D. 
Esona, M.D. Bowen, J.R. Gentsch, U.D. 
Parashar. 2013. Effectiveness of pentavalent and 
monovalent rotavirus vaccines in concurrent 
use among US children< 5 years of age, 2009–
2011. Clin. Infect. Dis.,  57(1): 13-20. https://
doi.org/10.1093/cid/cit164

Sadiq, A., N. Bostan, K.C. Yinda, S. Naseem, S. 
Sattar. 2018. Rotavirus: genetics, pathogenesis 
and vaccine advances. Rev. Med. Virol., 28(6): 
e2003. https://doi.org/10.1002/rmv.2003

Santos, N. and Y. Hoshino. 2005. Global 
distribution of rotavirus serotypes/genotypes 
and its implication for the development and 
implementation of an effective rotavirus 
vaccine. Rev. Med. Virol., 15(1): 29-56. https://
doi.org/10.1002/rmv.448

Tam, K.I., S. Roy, M.D. Esona, S. Jones, S. 
Sobers, V. Morris-Glasgow, G. Rey-Benito, 
J.R. Gentsch and M.D. Bowen. 2014. Full 
genomic characterization of a novel genotype 
combination, G4P [14], of a human rotavirus 
strain from Barbados.  Infection, Genet. 
Evol.,  28: 524-529. https://doi.org/10.1016/j.
meegid.2014.09.020

Trojnar, E., J. Sachsenröder, S. Twardziok, J. Reetz, 
P.H. Otto and R. Johne. 2013. Identification 
of an avian group A rotavirus containing a 
novel VP4 gene with a close relationship to 
those of mammalian rotaviruses. J. Gen. Virol., 
94(1): 136-142. https://doi.org/10.1099/
vir.0.047381-0

Wangchuk, S., M.T. Mitui, K. Tshering, T. Yahiro, 
P. Bandhari, S. Zangmo, T. Dorji, K. Tshering, 
T. Matsumoto, A. Nishizono and K. Ahmed. 
2014. Dominance of emerging G9 and G12 
genotypes and polymorphism of VP7 and VP4 
of rotaviruses from Bhutanese children with 
severe diarrhea prior to the introduction of 
vaccine. PLoS One, 9(10): e110795. https://doi.
org/10.1371/journal.pone.0110795

https://doi.org/10.2217/fmb.09.96
https://doi.org/10.1128/JVI.02246-08
https://doi.org/10.1007/s00705-011-1006-z
https://doi.org/10.1007/s00705-011-1006-z
https://doi.org/10.1016/j.virusres.2008.07.005
https://doi.org/10.1016/j.virusres.2008.07.005
https://doi.org/10.1099/vir.0.000055
https://doi.org/10.1016/j.meegid.2012.11.010
https://doi.org/10.1016/j.meegid.2012.11.010
https://doi.org/10.3201/eid1202.050006
https://doi.org/10.1097/INF.0b013e3181fefa1f
https://doi.org/10.1097/INF.0b013e3181fefa1f
https://doi.org/10.1093/cid/cit164
https://doi.org/10.1093/cid/cit164
https://doi.org/10.1002/rmv.2003
https://doi.org/10.1002/rmv.448
https://doi.org/10.1002/rmv.448
https://doi.org/10.1016/j.meegid.2014.09.020
https://doi.org/10.1016/j.meegid.2014.09.020
https://doi.org/10.1099/vir.0.047381-0
https://doi.org/10.1099/vir.0.047381-0
https://doi.org/10.1371/journal.pone.0110795
https://doi.org/10.1371/journal.pone.0110795

