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Two rare G6 rotavirus A (RVA) strains, desig-
nated as RVA/human-wt/ITA/CEC06/2011/G6P
[6] and RVA/human-wt/ITA/PG05/2011/G6PI[9],
were identified in stool specimens from chil-
dren hospitalized in Central Italy. After PCR
genotyping, the samples CEC06 and PGO05
gave G-UD-P[6] and G-UD-P[9] genotypes, re-
spectively. To determine the G-type and to
characterize further the two strains, sequencing
of 8 of the 11 genomic segments was per-
formed. CEC06 and PGO05 strains were found
to possess unusual genotype constellations:
G6-P[6]-12-A2-N2-T2-E2-H2 and G6-P[9]-12-A3-
N2-T3-E3-H3, respectively. This study reports
the first detection of rare G6P[6] and G6P[9]
RVA strains in peninsular Italy. Phylogenetic
analysis of VP4 (VP8*), VP7, VP6, and NSP1-5
showed no evidence of zoonosis or inter-
species reassortment, revealing for both strains
constellations previously associated to human
cases. J. Med. Virol. 85:1860-1869, 2013.
© 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Group A rotaviruses (RVA) are the leading cause of
acute gastroenteritis (GE) in young (<5 years of age)
children, causing approximately 450 000 deaths
worldwide, mostly in developing countries [Tate et al.,
2012]. RVA virions consist of icosaedral, triple-
layered, and non-enveloped particles possessing a
segmented genome made of 11 double-stranded RNA

©2013 WILEY PERIODICALS, INC.

linear segments [Estes and Cohen, 1989]. The RVA
outer layer is composed of two proteins, VP7 and
VP4, expressed by gene 9 and 4, respectively. VP7
(G-type) and VP4 (P-type) genotypes are the basis for
the binary RVA nomenclature [Hoshino et al., 1985].
Although at least 27 G-types and 37 P-types of
rotavirus have been reported [Matthijnssens et al.,
2011; Trojnar et al., 2013], most of RVA infections in
humans worldwide are related to five major G/P
combinations: G1P[8], G2P[4], G3P[8], G4P[8], and
G9P[8] [Gentsch et al., 2005]. However, besides
strains common worldwide such as G1P[8], G3P[8],
and G9P[8], human RVA genotypes circulating in the
African countries also include strains which are
unconventional in Europe and in other developed
areas of the world, with a particularly high preva-
lence of G2P[6] and G8P[6] [Santos and Hoshino,
2005; Todd et al., 2010]. Facing the unusual and
emerging RVA combinations that are increasingly
reported in humans, a new nomenclature system has
been adopted, based on nucleotide sequences and
genotypes of each of the 11 genomic segments
[Matthijnssens et al., 2008a]. This system facilitates
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investigation of the origin of new and potentially
epidemic RVA genotypes, and the evolutionary mech-
anisms these undergo from interspecies transmission
through adaptation to human hosts, including gene
reassortment [Martella et al., 2010].

Despite the large number of genotypes established
for both VP7 and VP4 genomic segments, comprehensive
analysis of sequences for the entire rotavirus genome
available in GenBank suggests that in the majority of
cases rotaviruses can be assigned to two main constella-
tions of genotypes, corresponding to previously known
subgroup I and II of rotavirus prototype strains, Wa and
DS-1 [Kalica et al., 1981]. The former exhibits the G1-P
[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1 formulation, and the
latter is reported as G2-P[4]-12-R2-C2-M2-A2-N2-T2-E2-
H2 [Matthijnssens et al., 2011].

In addition, the unique rotavirus strain AU-1 found
in Japan in 1985 [Matthijnssens and Van Ranst,
2012] is indicated as G3-P[9]-13-R3-C3-M3-A3-N3-T3-
E3-H3.

In 2006, two RVA vaccines were licensed for
human use, and both are now used in an increasing
number of countries worldwide. Their antigenic com-
positions are based on the commonest RVA genotypes
circulating worldwide, the monovalent vaccine
Rotarix® being based on human G1 and P[8] antigen
specificities, whereas the bovine-derived pentavalent
reassortant vaccine Rotateq® is based on G1, G2, G3,
G4, and P[8] antigens [Ruiz-Palacios et al., 2006;
Vesikari et al.,, 2006; Linhares et al., 2008]. The
efficacy of both vaccines is very high against diar-
rhoea caused by the common rotavirus strains,
including G9 RVA which has emerged and spread
rapidly in the 2000s, and has now established as a
major global genotype in humans [Santos and
Hoshino, 2005; Gentsch et al.,, 2009; Matthijnssens
et al., 2010; Iturriza-Gomara et al., 2011].

Recently, novel uncommon RVA genotypes such as
G6, G8, and G12, in association with P[6], P[8], and
P[14], have been reported in sporadic cases of GE in
several countries, particularly in developing areas
[Gerna et al., 1994; Iturriza Gomara et al., 2004;
Matthijnssens et al., 2006; Matthijnssens et al., 2010;
Nordgren et al., 2012b]. Due to their unconventional
G- and P-genotypes, these are regarded as possible
epidemic strains potentially able to escape the im-
mune protection sustained by current vaccines [Offit
and Dudzik, 1988; [jaz et al., 1991; Dunn et al., 1995;
Ward et al., 2006]. These strains are possibly gener-
ated through animal-human transmission involving
reassortment events with multiple strain infections
[Martella et al., 2010].

During the surveillance activity of RotaNet-Italy,
two RVA strains with unusual G/P combinations
G6P[6] and G6P[9] were found in two distinct cities
of Central Italy in 2011 [Ruggeri et al., 2011]. To
understand better their origin, the two strains were
subjected to sequencing of the genes encoding for the
main structural proteins VP7, VP4, and VP6, and for
the non-structural proteins NSP1-5.

1861

MATERIALS AND METHODS
Clinical Cases, and RVA Identification

Stool specimens were collected on admission from
two children with severe disease, aged 10 months
and 21 months, respectively, who were admitted with
acute GE to public hospitals of Cecina (Tuscany) and
Perugia (Umbria), in 2011. Clinical information was
obtained from the anamnesis forms of the RotaNet-
Italy surveillance project filled by the pediatric units,
in compliance with the Informed Consensus Agree-
ment. Additional information including patients’
histo-blood group (routinely performed according to
the hospital standard operative procedures for
patients’ management) was supplied by personal
communications with the parents of both children.

Rotavirus infection was diagnosed at the hospital
pediatric units by the commercial antigen detection
methods in daily use.

Reverse Transcription-Polymerase Chain
Reaction and Nucleotide Sequencing

Total viral RNA was extracted from 140 pl of 10%
fecal suspensions in H,0O, using the Viral RNeasy
Mini Kit (Qiagen, Milan, Italy), according to the
manufacturers’ instructions. RNA was eluted in 60 wl
of RNase-free water, and stored at —80°C until use.

G- and P-genotyping was performed by reverse
transcription nested polymerase chain reaction
(RT-nPCR), using mixtures of primers for either gene
9 and 4, as described previously [Gentsch et al., 1992;
Iturriza-Gomara et al., 2004]. RT-PCR was performed
with the Access RT-PCR kit (Promega, Madison, WI)
following the manufacturers’ instructions.

For sequence analysis, RT-PCR reactions included
primers specific for each of the eight genes investigat-
ed [Matthijnssens et al., 2008a], using a T,, of 50°C
for all the reactions. A 3 min elongation step was
used to obtain VP4 (VP8"), VP7, and NSP2-5 ampli-
cons, whereas for VP6 and NSP1, elongation was
protracted for 6 min. PCR products were visualized
under UV light after electrophoretic separation on a
2% agarose gel stained with ethidium bromide.

Nucleotide sequencing of genes amplified was per-
formed by Macrogen, Inc. (Seoul, South Korea), using
the same primers used for PCR. The sequencing
reaction was based on the BigDye chemistry, and all
sequences were performed twice.

Software Analysis

The sequencing files obtained were analyzed and
corrected with ChromaPro 2.23 (Technelysium,
Queensland, Australia), and consensus sequences
were obtained using SeqMan IT (DNASTAR, Madison,
WI). Multiple sequence alignments, phylogenetic
analysis and analysis of the amino acids within the
VP8" binding domain were performed using the
MEGADS5 software (www.megasoftwares.com).

J. Med. Virol. DOI 10.1002/jmv
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Sequences obtained in this study are available
in GenBank (http://www.ncbi.nlm.nih.gov/genbank/)
under the following accession numbers:

CEC06_VP8 Acc. Num. KC152908; CEC06_VP7 Acc.
Num. KC152909; CEC06_VP6 Acc. Num.
KC152910; CEC06_NSP1 Acc. Num. KC152911;
CEC06_NSP2 Acc. Num. KC152912; CEC06_NSP3
Acc. Num. KC152913; CEC06_NSP4 Acc. Num.
KC152914; CEC06_NSP5 Acc. Num. KC152915.

PGO5 VP8 Acc. Num. KC152916; PGO5 VP7 Acc.
Num. KC152917; PG05_VP6 Acc. Num. KC152918;
PG05_NSP1 Acc. Num. KC152919; PG05_NSP2
Acc. Num. KC152920; PGO05 NSP3 Acc. Num.
KC152921; PGO5 NSP4 Acc. Num. KC152922;
PGO05_NSP5 Ace. Num. KC152923.

PG01_VP8 KC152924; PGO1_VP7 Acc. Num.
KC152925; PGO1_VP6 Acc. Num. KC152926;
PG01_NSP1 Acc. Num. KC152927; PG0O1_NSP2
Acc. Num. KC152928; PGO1_NSP3 Acc. Num.
KC152929; PGO1_NSP4 Acc. Num. KC152930;
PGO01_NSP5 Ace. Num. KC152931.

RESULTS

Two unconventional rotaviruses were detected in
the stools of a child born in Cecina, Tuscany, to
Senegalese parents (CEC06/2011), and of a child born
in Perugia, Umbria, to Rumanian parents (PG05/2011).
Both children were less than 1 year old, had not
received rotavirus vaccination, and were admitted to
public hospitals with a diagnosis of acute GE and
dehydration. The child from Cecina presented acute
osmotic shock, with severe risk for his life. The
disease course was normal in both cases, with no
complication after the oral rehydration therapy. Both
children belonged to the A-type histo-blood group.
Neither children had history of travel to their country
of origin, nor did they have animals at home.

After the first cycle of PCR genotyping, the G/P
combination found for the strains was G-UD-P[6] and
G-UD-P[9], respectively.

In both cases, the VP7 genotype was determined
following sequence analysis of the full gene 9 RT-PCR
product, yielding G6P[6] for strain RVA/human-wt/ITA/
CEC06/2011, and G6P[9] for strain RVA/human-wt/
ITA/PG05/2011.

In addition to genomic segments 9 and 4, genome
segments encoding VP6 and NSP1-5 were also ampli-
fied by RT-PCR, and subjected to nucleotide sequenc-
ing. Although a full-genome sequencing was not
performed for the two Italian strains, analysis of 8
of their 11 genomic segments permitted to address
possible reassortment involving large part of the viral
genes. The genotyping and phylogenetic analysis of
the eight genes investigated for strains RVA/human-
wt/ITA/CEC06/2011 and RVA/human-wt/ITA/PGO05/
2011 revealed the presence of two distinct human
RVA genomic constellations not detected previously

J. Med. Virol. DOI 10.1002/jmv
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in Italy: that is, G6-P[6]-12-A2-N2-T2-E2-H2 and
G6-P[9]-12-A3-N2-T3-E3-H3 (Fig. 1a—h).

The VP7 tree (Fig. 1a) revealed that the two Italian
G6 strains clustered strictly together in a cluster that
included the human G6 strains reported during the
last 10 years in Europe, Japan, and Africa, showing
the highest nucleotide similarity among all genes
investigated (96%). The VP4 (VP8*) tree (Fig. 1b)
showed that the CECO06/2011 rotavirus belonged to
the P[6] genotype, clustering strictly with P[6] strains
circulating in Africa, Bangladesh, Belgium, and USA,
whereas strain PGO05/2011 clustered in the P[9]
group, with a gene 4 closely similar to several human
G3P[9] and G6P[9] strains, identified either in Japan
or in the Italian island of Sicily, and to a feline G3P
[9] strain reported in Southern Italy.

In addition to VP7, strains CEC06/2011 and PGO05/
2011 shared the same genotype only for VP6 and
NSP2 (Fig. 1c and e), but they appeared to belong
to two different clusters, presenting a low similarity
rate (i.e., 92% and 90%).

Phylogenetic analysis of NSP1 and NSP3-5
(Fig. 1d, f-h) revealed that the two Italian strains
clustered separately because of their different geno-
type: strain CEC06/2011 belonged to the genotype 2
for all genes, whereas strain PG05/2011 genes clus-
tered consistently with the genotype 3 group.

In all trees, strain CEC06/2011 showed the highest
similarity with the G6P[6] strains identified in
Burkina Faso (BFA) in 2010 (similarities between
99% and 100%) [Nordgren et al., 2012b], whereas
strain PG05/2011 correlated strictly with the 2010
Japanese strain KF17 [Yamamoto et al., 2011].

To address possible interspecies reassortments
involving the Italian G6 strains, a typical DS-1 like
strain circulating in Central Italy in 2011 (RVA/
human-wt/ITA/PG01/2011/G2P4) was also sequenced,
and used for comparison in each phylogenetic tree.
RVA/human-wt/ITA/PG01/2011/G2P4 showed the
same genotype as CEC06/2011 for VP6 and the NSPs
(G2-P[4]-12-A2-N2-T2-E2-H2). Obviously, it clustered
as an outgroup in the VP7 and VP4 trees, and also
showed major difference with the G6P[9] strain
PGO05/2011 for all the genes grouped in genotype 3
clusters. In the NSP1, NSP3, and NSP5 trees, the
G2P[4] strain PG01/2011 showed strong similarity
(99%) with G6P[6] strain CEC06/2011; conversely, in
trees corresponding to VP6, NSP2, and NSP4, strain
PGO01/2011 clustered separately from strain CECO06/
2011 (96%, 90%, and 92% similarities), while showing
close relatedness to strains GER1H-09 [Pietsch et al.,
2009], DRC86 and DRCS88 [Matthijnssens et al.,
2006] (Fig. 1a—h).

The amino acid homology of the VP8" gene of G6P
[6] (CEC06/2011) and G6P[9] PGO05/2011 strains was
investigated with respect to the reference P[6] and P
[9] strains recently shown to bind specific carbohy-
drates involved in cell binding [Hu et al.,, 2012;
Huang et al., 2012]. The G6P[6] strain CEC06/2011
shared an overall similar VP4 amino acid sequence
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with the reference P[6] RVA strains, and in particu-
lar it shared identical 1101, D187, Y188, S189, S190,
and T191 amino acids (numbering based on RRV
VP8* sequence AY033150.1), which are residues
involved in the rotavirus VP8* binding cleft. However,
the Italian strain presented a deletion at position
134. In the same cleft region, the G6P[9] strain
PG05/2011 showed four different amino acids out of
six (R101, S187, Y188, Y189, L190, T191) with
respect to the G6P[6] CEC06/2011 strain, whereas it
shared the same residues identified in the G6P[14]
strain HALL1166, identified originally in 1994 in Finland
[Gerna et al., 1994], and reported recently to bind
A-type histo-blood cellular antigens [Hu et al., 2012].

a VP7

100
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@ RVA/Human-wt/ITA/CEC06/2011/G6P[6]
RVA/Human-wt/BFA/277-BF/2010/G6P[6]
RVA/Human-wt/BFA/265-BF/2010/G6P[6]
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RVA/Human-wt/FRA/R353/2005/G6P[6]
RVA/Human-wt/BEL/B1711/2002/G6P[6]
RVA/Human-wt/ITA/PA17/03/2003/G6
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DISCUSSION

This study represents the first report in Italy, and
the second in Europe [Matthijnssens et al., 2008b], of
a human G6P[6] RVA strain, whereas G6P[9] RVA
has previously been reported sporadically in Italy,
having caused four infantile GE cases between
1986 and 2003 in Sicily [De Grazia et al., 2011].
Nonetheless, strain PG05/2011 represents the first
case of a G6P[9] genotype circulating in the whole of
peninsular Italy.

No other similar genotypes were found from any
other children with RVA GE in the same areas in
2011, where most of patients were infected with G1P
[8] rotaviruses or, to a lesser extent, with other
common G/P genotypes (not shown).

Results of the phylogenetic analysis refute the
possibility that the two Italian G6 strains could

G6

G3

] L

r RVA/Human-wt/COD/DRC86/2003/G8P[6]

G8

100] RVA/Human-wt/COD/DRC88/2003/G8P[8] ]
10— A RVA/HUman-wt/ITA/PGO1/2011/G2P[4] G2

L RVA/Human-tc/USA/DS-1/1976/G2P[4] ]

— 100 RVA/HUMan-wt/ITA/PG11/2011/G1P[8] 1
L RVA/Human-wt/ITA/CEC07/2011/G1P[8] G1

100
RVA/Human-tc/USA/Wa/1974/G1P[8] ]
—_
0.05
Fig. 1. Phylogenetic trees based on the nucleotide sequence of the entire ORF of genes

encoding for: (a) VP7, (b) VP4 (VP8"), (¢) VP6, (d) NSP1, (e) NSP2, (f) NSP3, (g) NSP4, and (h)
NSP5. G6 strains CEC06/2011 and PG05/2011 are marked with a filled circle; reference DS-1
like strain is marked with a filled triangle. Trees were built with the neighbor-joining method
and bootstrapped with 1,000 repetitions; bootstrap values below 70 are not shown. The Kimura-
2 substitution model was used, as suggested by the MEGA5 ModelTest for best-fit evolutionary
model selection. The bar indicates nucleotide substitutions per site.
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Fig. 1. (Continued)
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have originated from recent zoonotic reassortments
between animal and human RVA strains. In fact, the
VP7 G6 genotype of both strains CEC06/2011 and
PGO05/2011 corresponds closely to the G6 strains that
circulated among humans during the last 10 years
globally, and are probably derived from an earlier
reassortment event with a bovine RVA donor.

Similar conclusions can also be reached from the
analysis of the other genomic segments investigated,
in that, the two Italian G6 strains reflect pre-existing
RVA genotype constellations adapted to humans, not

RVA/Human-tc/USA/Wa/1974/G1P[8]

(Continued)

detected previously in Italy. Compared to a common
DS-1 like G2P[4] RVA identified in the same area in
2011 (PG01/2011), it appears that although it shares
a DS-1 like constellation strain CEC06/2011 repre-
sents a different rotavirus lineage, with marked
differences particularly in VP6, NSP2, and NSP4
genomic segments. The G6P[9] strain PG05/2011
appears even more different in that it exhibited a
mixed constellation not sharing any gene with the
Italian G2P[4] RVA detected in the same city, during
the same period.
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Compared to global strains, the G6P[6] strain
CECO06/2011 was found to be very close to the G6P[6]
viruses circulating in Burkina Faso in 2010 [Nordg-
ren et al., 2012b], whereas the G6P[9] strain PGO05/
2011 was found to be closely similar to strain KF17,
reported in Japan in 2010 [Yamamoto et al., 2011].

The detection of a G6P[6] strain in Italy is remark-
able, considering that similar G6P[6] strains were
responsible for 11% and 23% of the severe paediatric
rotavirus GE cases, occurred in the urban and rural
areas of a main town of Burkina Faso, respectively,
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resulting as the second most prevalent RVA genotype
in that area [Nordgren et al., 2012a,b]. In light of its
possible epidemic potential and because neither G6
nor P[6] are present in current vaccine formulations,
it is obvious to argue whether similar emerging
rotavirus strains would be contrasted effectively by
either Rotarix® and Rotateq®.

The very high sequence similarity between strain
CEC06/2011 and the G6P[6] RVA reported in Burkina
Faso 1 year earlier [Nordgren et al., 2012b] suggests
that this strain may have been imported to Italy
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as such. Nonetheless, it cannot be excluded that
multiple reassortment events between variant genes
of human and animal strains occurring sporadically
in Italy may have also influenced the genome constel-
lation of this specific strain, at least partially. The ill
child infected with the G6P[6] CEC06/2011 strain
was born from Senegalese parents, living within an
African community in the city of Cecina. Although
the patient had no history of travelling to Africa, it is
possible that some members of the community have
carried this RVA strain upon returning from their
country of origin, eventually transmitting infection to
surrounding citizens.

Strain PGO05/2011 represents the second report
worldwide of a G6P[9] genotype in association with
an unusual mix of genomic constellations 2 and 3,
the other strain having been reported recently in
Japan [Yamamoto et al.,, 2011]. In both instances,
RVA were detected in sporadic cases of disease, and
were not related to epidemic outbreaks. The G6P[9]
rotaviruses detected in Japan were suggested to
represent a possible reassortment among uncommon
bovine-like human RVA and human/feline AU-1-like
RVA [Yamamoto et al.,, 2011]. Due to the quasi-
identity between the Italian and Japanese strains in
all eight genome segments sequenced, it is hard to
believe that the G6P[9] strain PGO05/2011 is an
autochthonous strain generated in Italy. Rather, it is
more likely that this strain was imported as such
from Japan or that both the Italian and Japanese
strains shared a common origin from a third country,
events that should have occurred sufficiently close in
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(Continued)

time not to allow significant evolutionary divergence
between the two strains.

The Italian patient infected with strain PG05/2011
lived in Perugia, which is renowned for the presence
of a prestigious University open to foreigners. In fact,
many Japanese students live in that town usually,
and the G6P[9] virus might have been imported
directly from Japan, possibly carried by an asymp-
tomatic adult.

The amino acid sequence analysis of the VP8*
region of the Italian G6P[6] and G6P[9] strains shows
a marked difference between the two strains, as well
as the strict similarity of these strains with other
sialidase-insensitive P[6] or P[9] RVAs, respectively,
investigated recently for the capacity to bind alterna-
tive cell receptors in a genotype-specific manner
[Hu et al., 2012; Huang et al., 2012]. These research-
ers [Huang et al., 2012] proposed that P[6] rotavirus
binding to H type 1 antigens could preferentially
affect Afro Americans, among which they found this
HBGA antigen to be particularly spread, based on
previous unpublished studies. Although we cannot
exclude that such a mechanism might also apply to
the Italian G6P[6] strain, no information could be
obtained regarding the actual expression of H1 anti-
gen or the secretor status in the patient infected with
this strain in Cecina. The patient infected with the
G6P[9] RVA strain PG05/2011 belonged to the A-type
histo-blood group, that was demonstrated to bind the
VP4 of genotype P[9] as well as P[14] rotaviruses
[Hu et al., 2012].
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Overall, this study confirms that uncommon rotavi-
rus strains can be introduced sporadically into a
country, from remote areas of other continents. In
contrast to the usual high rate of reassortment and/or
genetic drift observed among rotaviruses co-circulating
in a specific area, these unusual G6 RVA strains seem
to be highly conserved, an observation that may
either indicate a very recent importation from other
countries or suggest that the maintenance of their
overall gene constellation is necessary for them to
infect humans efficiently. In addition, possible specif-
ic host genetic constraints influencing virus binding
might limit spread of these viruses within smaller
subpopulations, hampering further virus evolution.
This might explain why no major spread of uncom-
mon African rotavirus genotypes has been observed
in Italy this far, despite the increasing international
travelling and major immigration flows across the
Mediterranean Sea.

Notwithstanding, the risk of importing novel RVA
genotypes should not be neglected, particularly as
RVA vaccination in some countries of Africa appears
to be less efficacious than in industrialized countries
[Madhi et al., 2010; Sow et al., 2012]. This may be
related at least partially to the circulation of atypical
genotypes in Africa, such as G6 and G8 in association
with different P-types, not present in vaccines formu-
lation. Together with other G and P types, the G6
RVA strains detected in Italy may thus represent a
threat, and continuation of molecular surveillance
and virus tracking programs may help prevent possi-
ble epidemic expansion of emerging strains.

ACKNOWLEDGMENT'S

We thank Fabrizio Michelotti for providing sample
CEC06/2011, and Letizia D’Annibale for providing
sample PG05/2011.

REFERENCES

De Grazia S, Martella V, Rotolo V, Bonura F, Matthijnssens J,
Banyai K, Ciarlet M, Giammanco GM. 2011. Molecular charac-
terization of genotype G6 human rotavirus strains detected in
Italy from 1986 to 2009. Infect Genet Evol 11:1449-1455.

Dunn SJ, Fiore L, Werner RL, Cross TL, Broome RL, Ruggeri FM,
Greenberg HB. 1995. Immunogenicity, antigenicity, and protec-
tion efficacy of baculovirus expressed VP4 trypsin cleavage
products, VP5(1)" and VP8" from rhesus rotavirus. Arch Virol
140:1969-1978.

Estes MK, Cohen J. 1989. Rotavirus gene structure and function.
Microbiol Rev 53:410-449.

Gentsch JR, Glass RI, Woods P, Gouvea V, Gorziglia M, Flores J,
Das BK, Bhan MK. 1992. Identification of group A rotavirus
gene 4 types by polymerase chain reaction. J Clin Microbiol
30:1365-1373.

Gentsch JR, Hull JJ, Teel EN, Kerin TK, Freeman MM, Esona MD,
Griffin DD, Bielfelt-Krall BP, Banyai K, Jiang B, Cortese MM,
Glass RI, Parashar UD. 2009. G and P types of circulating
rotavirus strains in the United States during 1996-2005 : Nine
years of prevaccine data. J Infect Dis 200:599-S105.

Gentsch JR, Laird AR, Bielfelt B, Griffin DD, Banyai K, Ramachan-
dran M, Jain V, Cunliffe NA, Nakagomi O, Kirkwood CD,
Fischer TK, Parashar UD, Bresee JS, Jiang B, Glass RI. 2005.
Serotype diversity and reassortment between human and animal

J. Med. Virol. DOI 10.1002/jmv

Ianiro et al.

rotavirus strains: Implications for rotavirus vaccine programs. J
Infect Dis 192:5S146-S159.

Gerna G, Sears J, Hoshino Y, Steele AD, Nakagomi O, Sarasini A,
Flores J. 1994. Identification of a new VP4 serotype of human
rotaviruses. Virology 200:66-71.

Hoshino Y, Sereno MM, Midthun K, Flores J, Kapikian AZ,
Chanock RM. 1985. Independent segregation of two antigenic
specificities (VP3 and VP7) involved in neutralization of rotavi-
rus infectivity. Proc Natl Acad Sci USA 82:8701-8704.

Hu L, Crawford SE, Czako R, Cortes-Penfield NW, Smith DF, Le
Pendu J, Estes MK, Prasad BV. 2012. Cell attachment protein
VP8 of a human rotavirus specifically interacts with A-type
histo-blood group antigen. Nature 485:256—259.

Huang P, Xia M, Tan M, Zhong W, Wei C, Wang L, Morrow A,
Jiang X. 2012. Spike protein VP8" of human rotavirus recognizes
histo-blood group antigens in a type-specific manner. J Virol 86:
4833-4843.

Tjaz MK, Attah-Poku SK, Redmond MdJ, Parker MD, Sabara MI,
Frenchick P, Babiuk LA. 1991. Heterotypic passive protection
induced by synthetic peptides corresponding to VP7 and VP4 of
bovine rotavirus. J Virol 65:3106-3113.

Iturriza Gomara M, Kang G, Mammen A, Jana AK, Abraham M,
Desselberger U, Brown D, Gray J. 2004. Characterization
of G10P[11] rotaviruses causing acute gastroenteritis in neo-
nates and infants in Vellore, India. J Clin Microbiol 42:2541—
2547.

Iturriza-Gomara M, Dallman T, Banyai K, Bottiger B, Buesa J,
Diedrich S, Fiore L, Johansen K, Koopmans M, Korsun N,
Koukou D, Kroneman A, Laszlo B, Lappalainen M, Maunula L,
Marques AM, Matthijnssens J, Midgley S, Mladenova Z, Nawaz
S, Poljsak-Prijatelj M, Pothier P, Ruggeri FM, Sanchez-Fauquier
A, Steyer A, Sidaraviciute-Ivaskeviciene I, Syriopoulou V, Tran
AN, Usonis V, Van Ranst M, De Rougemont A, Gray J. 2011.
Rotavirus genotypes co-circulating in Europe between 2006
and 2009 as determined by EuroRotaNet, a pan-European
collaborative strain surveillance network. Epidemiol Infect 139:
895-909.

Iturriza-Gomara M, Kang G, Gray J. 2004. Rotavirus genotyping:
keeping up with an evolving population of human rotaviruses.
J Clin Virol 31:259-265.

Kalica AR, Greenberg HB, Espejo RT, Flores J, Wyatt RG, Kapikian
AZ, Chanock RM. 1981. Distinctive ribonucleic acid patterns
of human rotavirus subgroups 1 and 2. Infect Immun 33:958—
961.

Linhares AC, Velazquez FR, Perez-Schael I, Saez-Llorens X, Abate
H, Espinoza F, Lopez P, Macias-Parra M, Ortega-Barria E,
Rivera-Medina DM, Rivera L, Pavia-Ruz N, Nunez E, Damaso
S, Ruiz-Palacios GM, De Vos B, O'Ryan M, Gillard P, Bouck-
enooghe A. 2008. Efficacy and safety of an oral live attenuated
human rotavirus vaccine against rotavirus gastroenteritis dur-
ing the first 2 years of life in Latin American infants: A
randomised, double-blind, placebo-controlled phase III study.
Lancet 371:1181-1189.

Madhi SA, Cunliffe NA, Steele D, Witte D, Kirsten M, Louw C,
Ngwira B, Victor JC, Gillard PH, Cheuvart BB, Han HH, Neuzil
KM. 2010. Effect of human rotavirus vaccine on severe diarrhea
in African infants. N Engl J Med 362:289-298.

Martella V, Banyai K, Matthijnssens J, Buonavoglia C, Ciarlet M.
2010. Zoonotic aspects of rotaviruses. Vet Microbiol 140:246—
255.

Matthijnssens J, Ciarlet M, Heiman E, Arijs I, Delbeke T,
McDonald SM, Palombo EA, Iturriza-Gomara M, Maes P, Patton
JT, Rahman M, Van Ranst M. 2008a. 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 82:3204-3219.

Matthijnssens J, Ciarlet M, McDonald SM, Attoui H, Banyai K,
Brister JR, Buesa J, Esona MD, Estes MK, Gentsch JR,
Iturriza-Gomara M, Johne R, Kirkwood CD, Martella V, Mert-
ens PP, Nakagomi O, Parreno V, Rahman M, Ruggeri FM, Saif
LJ, Santos N, Steyer A, Taniguchi K, Patton JT, Desselberger
U, Van Ranst M. 2011. Uniformity of rotavirus strain nomencla-
ture proposed by the Rotavirus Classification Working Group
(RCWG). Arch Virol 156:1397-1413.

Matthijnssens J, Heylen E, Zeller M, Rahman M, Lemey P, Van
Ranst M. 2010. Phylodynamic analyses of rotavirus genotypes
G9 and G12 underscore their potential for swift global spread.
Mol Biol Evol 27:2431-2436.



Unusual G6 Human RVA Strains in Italy

Matthijnssens J, Rahman M, Van Ranst M. 2008b. Two out of the
11 genes of an unusual human G6P[6] rotavirus isolate are of
bovine origin. J Gen Virol 89:2630-2635.

Matthijnssens J, Rahman M, Yang X, Delbeke T, Arijs I, Kabue JP,
Muyembe JJ, Van Ranst M. 2006. G8 rotavirus strains isolated
in the Democratic Republic of Congo belong to the DS-1-like
genogroup. J Clin Microbiol 44:1801-1809.

Matthijnssens J, Van Ranst M. 2012. Genotype constellation and
evolution of group A rotaviruses infecting humans. Curr Opin
Virol 2:426-433.

Nordgren J, Bonkoungou IJ, Nitiema LW, Sharma S, Ouermi D,
Simpore J, Barro N, Svensson L. 2012a. Rotavirus in diarrheal
children in rural Burkina Faso: High prevalence of genotype
G6P[6]. Infect Genet Evol 12:1892—-1898.

Nordgren J, Nitiema LW, Sharma S, Ouermi D, Traore AS, Simpore
J, Svensson L. 2012b. Emergence of unusual G6P[6] rotaviruses
in children, Burkina Faso, 2009-2010. Emerg Infect Dis 18:589—
597.

Offit PA, Dudzik KI. 1988. Rotavirus-specific cytotoxic T lympho-
cytes cross-react with target cells infected with different rotavi-
rus serotypes. J Virol 62:127-131.

Pietsch C, Petersen L, Patzer L, Liebert UG. 2009. Molecular
characteristics of German G8P[4] rotavirus strain GER1H-09
suggest that a genotyping and subclassification update is
required for G8. J Clin Microbiol 47:3569-3576.

Ruggeri FM, Delogu R, Petouchoff T, Tcheremenskaia O, De Petris
S, Fiore L. 2011. Molecular characterization of rotavirus strains
from children with diarrhea in Italy, 2007—2009. J Med Virol
83:1657-1668.

Ruiz-Palacios GM, Perez-Schael I, Velazquez FR, Abate H, Breuer
T, Clemens SC, Cheuvart B, Espinoza F, Gillard P, Innis BL,
Cervantes Y, Linhares AC, Lopez P, Macias-Parra M, Ortega-
Barria E, Richardson V, Rivera-Medina DM, Rivera L, Salinas
B, Pavia-Ruz N, Salmeron J, Ruttimann R, Tinoco JC, Rubio P,
Nunez E, Guerrero ML, Yarzabal JP, Damaso S, Tornieporth N,
Saez-Llorens X, Vergara RF, Vesikari T, Bouckenooghe A,
Clemens R, De Vos B, O'Ryan M. 2006. Safety and efficacy of an

1869

attenuated vaccine against severe rotavirus gastroenteritis. N
Engl J Med 354:11-22.

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

Sow SO, Tapia M, Haidara FC, Ciarlet M, Diallo F, Kodio M,
Doumbia M, Dembele RD, Traore O, Onwuchekwa UU, Lewis
KD, Victor JC, Steele AD, Neuzil KM, Kotloff KL, Levine MM.
2012. Efficacy of the oral pentavalent rotavirus vaccine in Mali.
Vaccine 30:A71-A78.

Tate JE, Burton AH, Boschi-Pinto C, Steele AD, Duque J, Parashar
UD. 2012. 2008 Estimate of worldwide rotavirus-associated
mortality in children younger than 5 years before the introduc-
tion of universal rotavirus vaccination programmes: A systemat-
ic review and meta-analysis. Lancet Infect Dis 12:136-141.

Todd S, Page NA, Duncan Steele A, Peenze I, Cunliffe NA. 2010.
Rotavirus strain types circulating in Africa: Review of studies
published during 1997-2006. J Infect Dis 202:S34—-S42.

Trojnar E, Sachsenroder J, Twardziok S, Reetz J, Otto PH, Johne
R. 2013. Identification of an avian group A rotavirus containing
a novel VP4 gene with a close relationship to those of mammali-
an rotaviruses. J Gen Virol 94:136-142.

Vesikari T, Clark HF, Offit PA, Dallas MdJ, DiStefano DdJ, Goveia
MG, Ward RL, Schodel F, Karvonen A, Drummond JE, DiNubile
MJ, Heaton PM. 2006. Effects of the potency and composition of
the multivalent human-bovine (WC3) reassortant rotavirus
vaccine on efficacy, safety and immunogenicity in healthy
infants. Vaccine 24:4821-4829.

Ward RL, Kirkwood CD, Sander DS, Smith VE, Shao M, Bean JA,
Sack DA, Bernstein DI. 2006. Reductions in cross-neutralizing
antibody responses in infants after attenuation of the human
rotavirus vaccine candidate 89-12. J Infect Dis 194:1729-1736.

Yamamoto D, Kawaguchiya M, Ghosh S, Ichikawa M, Numazaki K,
Kobayashi N. 2011. Detection and full genomic analysis of G6P
[9] human rotavirus in Japan. Virus Genes 43:215-223.

J. Med. Virol. DOI 10.1002/jmv



