Infection, Genetics and Evolution 28 (2014) 486-494

Contents lists available at ScienceDirect — :
nfection, Genetics
and Evolution

Infection, Genetics and Evolution

journal homepage: www.elsevier.com/locate/meegid

Prevalence and genomic characterization of G2P[4] group A rotavirus @ CroseMark
strains during monovalent vaccine introduction in Brazil

Mariela Martinez Gémez **, Filipe Anibal Carvalho-Costa®, Eduardo de Mello Volotao*,
Tatiana Lundgren Rose ¢, Marcelle Figueira Marques da Silva ®, Alexandre Madi Fialho*,
Rosane Maria S. Assis ?, Juliana da Silva Ribeiro de Andrade °, Ana Caroline Costa Sa*,
Mark Zeller®, Elisabeth Heylen", Jelle Matthijnssens °, José Paulo Gagliardi Leite **

2 Laboratory of Comparative and Environmental Virology, Oswaldo Cruz Institute-Fiocruz, Rio de Janeiro, R], Brazil
b Laboratory of Clinical and Epidemiological Virology, Department of Microbiology and Immunology, Rega Institute for Medical Research, University of Leuven, Leuven, Belgium

ARTICLE INFO ABSTRACT

Article history: This study aims to: estimate the prevalence of G2P[4] rotaviruses in Brazil between 2001-2011 from
Recewed 10 JUI}’ 2014 patients with acute gastroenteritis; perform phylogenetic analyses of G2P[4] Brazilian strains (from vac-
Received in revised form 8 September 2014 cinated and non-vaccinated children) based on VP7 and VP8* encoding genes and analyze the antigenic

Accepted 10 September 2014

Available online 17 September 2014 regions of these proteins comparing with RV1; and assess the full genetic background of eleven selected

Brazilian strains. The G2P[4] detection rate among RVA positive samples was 0/157 in 2001, 3/226 (1.3%)

Keywords:

Acute gastroenteritis
Group A rotaviruses
G2P[4]

Genomic background
Monovalent vaccine

in 2002, 0/514 in 2003, 0/651 in 2004, 31/344 (9%)/2005, 112/227 (49%)/2006, 139/211 (66%)/2007, 240/
284 (85%)/2008, 66/176 (37.5%)/2009, 367/422 (87%)/2010 and 75/149 (50%)/2011. For the VP7 and VP8*
encoding genes, 52 sequences were analyzed and shared up to 99% nucleotide identity with other con-
temporary G2P[4] strains detected worldwide, grouping into different clusters. Most differences inside
antigenic epitopes of VP7 and VP8* have been maintained in the G2P[4] Brazilian strains along the years,
and all were present before RV1 introduction. Eleven G2P[4] strains (4-vaccinated/7-non-vaccinated)
were completely characterized and possessed the typical DS-1-like genotype constellation (G2-P[4]-12-
R2-C2-M2-A2-N2-T2-E2-H2) sharing up to 99% of nucleotide identity with contemporary worldwide
strains. Reassortments between Brazilian G2P[4] human strains were observed. In conclusion, the data
obtained in the current study suggests that implementation of RV1 vaccination might not influence
the genetic diversity observed in G2P[4] analyzed strains. Several factors might have contributed to
the increased prevalence of this genotype in Brazil since 2005: the introduction of RV1 into the Brazilian
National Immunization Program has resulted in a decrease in the relative prevalence of predominant
Wa-like RVA strains facilitating the increase of the heterotypic (DS-1-like) RVA strain G2P[4] in the
Brazilian population; the genetic diversity found in different geographical regions throughout the years
before, and after the introduction of RV1; the long period of low or no circulation of this genotype in
Brazil previous to RV1 introduction could have created favorable conditions for the accumulation of
immunological susceptible individuals.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

mainly (>80%) in countries in Asia and Sub-Saharan Africa (Tate
et al., 2012). RVA belongs to the Reoviridae family and possesses

Group A rotaviruses (RVAs) were responsible for approximately a segmented dsRNA genome (11 gene segments) encoding six
453,000 deaths worldwide among children <5 years old in 2008, structural proteins (VP1-4, VP6-7) and six non-structural proteins

(NSP1-6). Based on their two outer capsid proteins, VP7 and VP4,
RVAs have been classified into G (Glycoprotein) and P (Protease-
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and 37 P types reported (Matthijnssens et al., 2011; Trojnar et al.,
2013). However, the (intra-)genotype diversity can change from
one RVA season to the other and between different geographical
locations. In addition, sporadic emergence of novel strains and/or
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uncommon genotype combinations have also been reported
(Santos and Hoshino, 2005; Leite et al., 2008; Matthijnssens and
Van Ranst, 2012).

The binary genotype classification system has been extended
to the entire genome to better characterize RVA strains specifying
the genotype of all 11 genome segments (Matthijnssens et al.,
2011). Based on this classification, most of the human RVA
detected worldwide possess either the Wa-like genotype constel-
lation (I1-R1-C1-M1-A1-N1-T1-E1-H1) or the DS-1-like genotype
constellation (I2-R2-C2-M2-A2-N2-T2-E2-H2) also called as
genotype 1 and 2, respectively (Heiman et al, 2008;
Matthijnssens et al., 2008; McDonald et al., 2009; Matthijnssens
and Van Ranst, 2012).

Universal vaccination against RVA has been considered strategic
in order to reduce both mortality and hospitalization due to diar-
rheal diseases, along with other measures such as oral rehydration,
breastfeeding, zinc administration and improvement of sanitation
in developing countries (WHO, 2013). In Brazil, RV1, an attenuated
human monovalent (G1P[8]) vaccine has been included in the
National Immunization Program (NIP) since March 2006. Official
data from the NIP indicated that vaccine coverage in Brazil ranged
between 46.5% (2006) and 87% (2011) (http://pni.datasus.gov.br/).
An increase in the relative frequency of G2P[4] RVAs occurred in
Brazil in the immediate post-vaccine years (Leite et al., 2008;
Carvalho-Costa et al., 2005; Correia et al., 2010; Dulgheroff et al.,
2012). As Brazil, Belgium and several Australian states imple-
mented the use of RV1 in the NIPs since 2006 and 2007, respec-
tively (Matthijnssens et al., 2012). After introduction of RV1, the
three countries shown a relative increase in strains with the
G2P[4] genotype compared with previous RVA seasons, and in
the case of Australia also compared with states using RV5 (Leite
et al, 2008; Correia et al., 2010; Carvalho-Costa et al.,, 2005;
Kirkwood et al,, 2011; Dulgheroff et al., 2012; Matthijnssens
et al,, 2012).

Some studies argued that both events, vaccine introduction and
increase prevalence of G2P[4], were associated suggesting that the
selective pressure generated by RV1 would select heterotypic
G2P[4] strain over (partially) homotypic G1P[8], G3P[8], G4P[8],
GI9P[8] and G12P[8] RVA strains (Nakagomi et al., 2008; Gurgel
et al., 2009; Matthijnssens et al., 2012). However, other Latin
American countries that had not yet introduced universal vaccina-
tion also reported increased detection of G2P[4] at that time
(Amarilla et al., 2004; Ferrera et al., 2007; Patel et al., 2008). Con-
sequently, it has been suggested that this could be due to natural
genotype fluctuation (Leite et al., 2008; Carvalho-Costa et al,,
2009, 2005; Matthijnssens et al., 2009). As described by
Matthijnssens et al. (2012), several factors might influence in
RVA genotype distribution, including natural factors (acquired
homotypic and heterotypic immunity, migration of people, emer-
gence of new RVA strain variants, genetic diversity present in a
particular genotype, among others) and the introduction of a RVA
vaccine into NIPs.

The evolving prevalence rates of different RVA genotypes during
and after vaccine introduction, as well as their epidemiological
characteristics are important issues and represent a challenge to
RVA vaccination programs. In this context, monitoring the emer-
gence of genotypes and escaping strains associated to break-
through infections is considered important in order to assess the
impact of universal vaccination in RVA circulating strains. In the
current study the prevalence of RVA genotype G2P[4] in Brazil
between 2005 and 2011 was assessed. Furthermore, G2P[4] strains
detected in the five regions of Brazil from 2005 to 2011 have been
analyzed for the VP7 and VP8* encoding genes, and compared with
RVA strains available in the Genbank database, including the RV1
vaccine. The complete genome characterization of eleven G2P[4]
Brazilian selected strains was also performed.

2. Material and methods
2.1. Laboratory based RVA surveillance and specimen collection

Laboratory based RVA surveillance was performed with fecal
deidentified samples obtained from patients with acute gastroenter-
itis. Samples were sent to the Regional Rotavirus Reference
Laboratory - Laboratory of Comparative and Environmental Virology
(RRRL-LVCA) by a network of state public health laboratories. These
labs, in turn, receive samples of health centers and hospitals in the
National Health System. We studied samples from the following Bra-
zilian states: Acre (n=372), Alagoas (n=151), Amazonas (n=6),
Bahia (n = 3495), Ceara (n = 667), Distrito Federal (n = 84), Espirito
Santo (n=483), Goias (n =44), Maranhdo (n=557), Minas Gerais
(n=373), Mato Grosso do Sul (n =47), Mato Grosso (n = 3), Paraiba
(n=25), Pernambuco (n=195), Piaui (n=1), Rio de Janeiro
(n=4401), Rio Grande do Norte (n=>50), Rondbnia (n=51), Rio
Grande do Sul (n =3197), Santa Catarina (n = 281), Sergipe (n = 631).

We studied 15,114 fecal samples, from which 3361 (22.2%)
were RVA-positive. Among RVA-positive patients, 361 were fully
(two doses of RV1) vaccinated children. Table 1 presents the
number of samples per year, the RVA detection rates and
prevalence of G2P[4] among RVA-positive patients.

2.2. Group A rotavirus detection and G- and P-genotyping

In order to detect RVA in stool samples, polyacrylamide gel elec-
trophoresis (PAGE) (Pereira et al., 1983) and enzyme immunoassay
(EIA, Premier Rotaclone®, Meridian Bioscience, Inc.; Ridascreen®, R-
Biopharm), according to the manufacture’s protocols. Nucleic acid
was extracted from 10% fecal suspensions by the glass powder
method described by Boom et al. (1990), including modifications
as described by Gomez et al. (2013) and the QIAamp Viral RNA mini
kit (Qiagen®/Westburg, The Netherlands) according to the manufac-
turer’s instructions. In RVA-positive samples, the extracted RNA was
reverse transcribed and G- and P-genotyping was performed using
semi-nested multiplex PCRs as previously described (WHO/IVB/
08.17,2008). G and P RVA genotypes were confirmed by sequencing
for 52 samples. Criteria used to select these samples were: number
of positive samples per year (vaccinated and non-vaccinated),
amount of fecal sample, and quality of extracted RNA. In addition,
eleven selected strains representative from the surveillance period
(2005-2011), based on clusters observed in VP8* and VP7 phyloge-
netic analysis, were investigated by whole genome analysis.

2.3. Genome segments amplification and sequencing

The amplification of the eleven genome segments from selected
strains were performed using a OneStep RT-PCR Kit (QIAGEN®)

Table 1
Detection rate of group A rotavirus (RVA) and prevalence of G2P[4] genotype per year
in Brazil.

Year Studied RVA-positive G2P[4] detection rate among
samples, n samples, n (%) RVA-positive samples, n (%)

2001 801 157 (19.6) 0(0)

2002 840 226 (26.9) 3(1.3)

2003 1856 514 (27.6) 0(0)

2004 2544 651 (25.6) 0(0)

2005 1292 344 (26.6) 31(9)

2006 1576 227 (14.4) 112 (49.3)

2007 1232 211 (17.1) 139 (65.8)

2008 1013 284 (28) 240 (84.5)

2009 980 176 (17.9) 66 (37.5)

2010 1863 422 (22.6) 367 (86.9)

2011 1117 149 (13.3) 75 (50.3)
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following manufacturer’s instructions and the following amplifica-
tion conditions: (i) for VP1-2: 50 °C/30 min (min) - 95 °C/15 min -
35 cycles of 94 °C/30 s (sec)/45 °C/30 s/72 °C/6 min, 72 °C/10 min;
(ii) VP3-4: annealing temperature changed to 47 °C; (iii) for VP6,
VP7, NSP1-4: annealing temperature changed to 50 °C (except for
NSP5, 45 °C), and extension time to 3 min. Primers used to amplify
the 11 gene segments are listed in Supplementary Material 1. The
c¢DNA products were resolved on agarose gels electrophoresis and
purified using the ExoSAP-IT PCR Product Cleanup Kit (Affymetrix,
Miles Rd., Cleveland, OH, USA). Sequencing was performed with an
ABI Prism Big Dye Terminator Cycle Sequencing Ready Reaction
Kit™ on an ABI Prism 3730 Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA) at the Instituto de Tecnologia em
Imunobioldgicos (Bio-Manguinhos/FIOCRUZ), and an ABI Prism
3130 automated sequencer (Applied Biosystems, Foster City, CA,
USA) at the Rega Institute of Medical Research (University of
Leuven, Belgium).

2.4. Sequence and phylogenetic analysis

Sequences obtained in the current study were deposited in the
GenBank database under the following accession numbers:
KJ721696-K]721783; KJ940055-K]J940118. Nucleotide BLAST
searches were performed and multiple sequence alignments were
carried out using the ClustalW program (Thompson et al., 1994).
Phylogenetic trees were constructed using the Neighbor-Joining
method with the Kimura-two parameter model in MEGA5.0
(Tamura et al., 2011). The statistical significance of the branch
was assessed by bootstrap resampling analysis (2000 replicates).

Deduced amino acid sequences of the VP8* and VP7 proteins of
the Brazilian G2P[4] RVA strains were compared with the RV1
strain, and RV5 strain (just VP7) using the Bioedit v.7.2.3 softwear
(Hall, 1999).

3. Results
3.1. RVA Surveillance and G2P[4] prevalence

The frequency of G2P[4] RVA detection between 2001 and 2003
was very low, more specifically only three of the analyzed samples
were positive for this genotype among 801 samples tested in 2001,
840 in 2002 and 1856 in 2003. During 2004, none of the 651 RVA
positive samples analyzed among the 2.554 patients with gastro-
enteritis belonged to this genotype. After 2004, the first G2P[4]
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RVA samples detected in the RRRL-LVCA were in August, 2005 in
Western Brazil (Mato Grosso do Sul State), bordering Paraguay.
Between August and September 2005, 22 additional G2P[4] sam-
ples were detected in the same Brazilian region. In September
2005, seven G2P[4] samples were detected in the State of Acre
(Northern Brazil) bordering Bolivia. In December, 2005, one RVA
positive sample was characterized in Rio de Janeiro, the second
largest Brazilian city, which attracts people from Brazil and foreign
countries (Fig. 1). Therefore, the frequency of detection of G2P[4] in
2005 was 31 out of 344 RVA positive samples (9%) (Table 1).

In the post vaccination era, detection rates of G2P[4] among
RVA positive children with acute diarrheal disease were as follows:
112/227 (49%) in 2006, 139/211 (66%) in 2007, 240/284 (85%) in
2008, 66/176 (37.5%) in 2009, 367/422 (87%) in 2010 and 75/149
(50%) in 2011 (Table 1). Although the lower part of the 5570
Brazilian municipalities have been studied, and the cities surveyed
varied from year to year according to the demands of local health
authorities, it is observed that the proportion of municipalities
with detection of G2 increased between 2005 and 2008, decreasing
in 2009 and increasing again from 2010. As presented in Fig. 1,
G2P[4] has spread from Western cities to the majority of surveyed
municipalities from 2006 on. The proportion of surveyed munici-
palities with G2P[4] detection were as follows: 8 municipalities
with G2P[4] detection/98 surveyed municipalities (8%) in 2005,
24/164 (15%) in 2006, 35/137 (26%) in 2007, 70/173 (40%) in
2008, 22/146 (15%) in 2009, 86/222 (39%) in 2010 and 23/168
(14%) in 2011.

3.2. VP7 and VP8* sequence and phylogenetic analysis

Fifty-two VP7 and VP8*/VP4 sequences (21 and 22 derived from
vaccinated children for VP7 and VP8*, respectively) were obtained
from children with acute gastroenteritis in 13 Brazilian states (four
Brazilian regions) between 2005 and 2011 (Supplementary
Material 2). Nucleotide and amino acid sequence identity among
Brazilian analyzed strains are shown in Table 2. Brazilian G2P[4]
obtained sequences shared a high level of nucleotide identity
(98-99%) with other G2P[4] strains detected worldwide in the last
decade, revealing a close phylogenetic relationship with such
strains, including strains previously reported in Brazil (Gomez
et al., 2005).

VP7 phylogenetic analysis revealed that all G2P[4] Brazilian
strains analyzed belonged to lineage I, and grouped in several
clusters: (a) strains detected between 2005 and 2007 in the

Fig. 1. Spatial spread of G2P[4] group A rotaviruses (RVA) in Brazil. The triangles indicate the cities where G2P[4] strains were detected. The first G2P[4] strains were detected
in August/September 2005 (6 months before the implementation of universal vaccination) in western states and in December 2005 in Rio de Janeiro city (red triangles). In the
following years, G2P[4] spread in vast areas in many surveyed states. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Table 2 Southern, Central Western and Northeastern regions (colored in

Nucleotide (nt) and amino acid (aa) identity values among Brazilian G2P[4] group A cyan); (b) strains detected in 2007 in Rio Grande do Sul state

rotavirus (RVA) strains analyzed in the current study. Values for VP7 and VP8* are . . . ) .

based on all the RVA Brazilian strains analyzed in the current study, while values for (SOUthern Brale). (colored in leet)' (c) strains detected between

the rest of the genes/proteins (NSP1-5, VP1-4, and VP6) are based on the RVA 2009 and 2011 in the Southeastern, Northeastern and Southern

Brazilian strains from which all 11 genes were obtained. regions (colored in blue); (d) strains detected in 2010 in the North-
eastern and Southeastern regions (colored in orange); (e) strains

Encoding gene % nt identity % aa identity X R
Vo7 959100 972-100 detected between 2006 and 2009, and in 2011 in the Southeastern,
VPS* 96.7-100 96.8-100 Northeastern and So‘uthern regions (colored in red) (Flg. 2). 4
NSP1 96.9-100 96.7-100 VP8* phylogenetic analysis revealed that all studied strains
NSP2 97.1-99.8 97.1-100 belonged to lineage V (Fig. 2). Furthermore, Brazilian G2P[4]
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Fig. 2. Phylogenetic analyses based on VP7 and VP8" nucleotide sequences from Brazilian G2P[4] strains detected between 2005 and 2011, and group A rotavirus (RVA)
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detected in 2010 in the Northeastern and Southeastern regions
(Fig. 2).

Phylogenetic analysis based on VP7 and VP8* encoding genes
suggested the occurrence of reassortment among G2P[4] Brazilian
analyzed strains colored in red, blue and cyan (Fig. 2).

Comparison of the deduced amino acid sequences of VP7
Brazilian G2P[4] strains and the RV1 strain revealed that
Brazilian G2P[4] strains showed amino acid substitutions inside
antigenic epitopes at positions, as well as when comparing with
RV5 G2 strain, showing 38% and 86-93% of identity, respec-
tively (Fig. 3).

As observed for VP7, Brazilian G2P[4] strains showed the amino
acid substitutions inside antigenic epitopes of VP8 protein when
comparing with RV1 strain revealing 42-50% (Brazilian G2P[4]
strains that grouped inside cluster “a”, “b”, and “c”) and 54% (Bra-
zilian G2P[4] strains that grouped inside cluster “d”) of amino acid
identity with RV1 (Fig. 3).

RVA detected from vaccinated and non-vaccinated children
shared the same amino acid differences when compared with
RV1 strain for both proteins analyzed.
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3.3. Whole-genome characterization of G2P[4] Brazilian strains

Eleven G2P[4] Brazilian strains, representative of the different
clusters observed when analyzing the VP7 and VP8* encoding
genes, and with sufficient stool material, were selected to perform
complete genome analysis. Four of these strains were detected in
vaccinated children, and seven in unvaccinated children and all
were hospitalized with acute gastroenteritis between 2005 and
2011.

All analyzed strains showed a 12-R2-C2-M2-A2-N2-T2-E2-H2
genomic background (Table 3). Although all strains displayed the
same genotype constellation, different genetic variants of circulat-
ing G2P[4] strains during the study period in Brazil were observed
(Figs. 4 and 5).

The majority of the G2P[4] Brazilian strains analyzed in the cur-
rent study (colored in red) showed close phylogenetic relationship
with G2P[4] human strains detected mainly in Australia (1999,
2000, 2007), USA (2005, 2007), Italy (2006), and Thailand (2009)
(Figs. 4 and 5). In addition, strains RVA/Human-wt/BRA/ES16238/
2009/G2P[4], RVA/Human-wt/BRA/SE19300/2010/G2P[4] (colored

Antigenic residues in VP7 protein
7-1a 7-1b 7-2
87 91 94 96 97 98 99 100 104 123 125 129 130 291 201 211 212 213 238 242 143 145 146 147 148 190 217 221 264
S O N O S | O A |
RVA/Vaccine/USA/Rotarix-A41CB052A/1988/GIP[8] T T N G E W K D Q S V V D K Q NV D N T K D Q NL S MN G
RVA/Vaccine/USA/RotaTeg-SC2-9/1992/G2P[5] A N S D E N . DT MN . D S . S R . N T S D I S
RVA/Human-tc/USA/DS-1/1976/G2P[4] A N S D E N D N . N D N . N R N T S D I S
G2P[4] Brazilian strains N S N E N . D TMN D . SIN R N T S D I SA
Antigenic residues in VP8* protei
8-1 8-2 8-3 8-4
100 146 148 150 188 190 193 194 195 196 180 183 113 114 115 116 125 131 132 133 135 87 88 89
S O N O [ O A | [
RVA/Vaccine/USA/Rotarix-A41CB052A/1988/GIP[8§] D S S N S S N L N N E R N PV DS S N DN N T N
RVA/Human-tc/USA/DS-1/1976/G2P[4] G G N D S Q T N N E N D .
(G2P[4] Brazilian strains: clusters a, b, and ¢ G S/IG S N D NS Q T N N E S D D
(G2P[4] Brazilian strains: cluster d G . S D S T N N E S D D

Fig. 3.

Alignment of the deduced amino acid sequences inside antigenic epitopes of VP7 and VP8* proteins of Brazilian G2P[4] strains analyzed compared with reference DS-1,

RV1 and RV5 G2 strains (VP7). Amino acid differences are indicated with a grey shadow.

Table 3

Genomic background of RV1, RV5, and G2P[4] Brazilian group A rotavirus (RVA) strains. Brazilian G2P[4] strains from vaccinated children are marked with an asterisk, and

genotypes in italic were obtained with partial sequences.

Strain

RVA Vaccines Genomic Background

VP7 VP4

VP6

VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

RVA/Vaccine/USA/Rotarix-A41CB052A/1988/G1P[8]
RVA/Vaccine/USA/RotaTeq-W179-9/1992/G1P[5]
RVA/Vaccine/USA/RotaTeq-SC2-9/1992/G2P[5]
RVA/Vaccine/USA/RotaTeq-WI178-8/1992/G3P[5]
RVA/Vaccine/USA/RotaTeq-BrB-9/1996/G4P[5]
RVA/Vaccine/USA/RotaTeq-W179-4/1992/G6P[8]

P[8]

11

R1 Cl1 M1 Al N1 T1 E1 H1

Brazilian G2P[4] Genomic Background

RVA/Human-wt/BRA/MA19557/2011/G2P[4]*
RVA/Human-wt/BRA/SC19868/2011/G2P[4]*
RVA/Human-wt/BRA/SE19300/2010/G2P[4]
RVA/Human-wt/BRA/RJ17745/2010/G2P[4]*
RVA/Human-wt/BRA/ES16238/2009/G2P[4]
RVA/Human-wt/BRA/RS15851/2008/G2P[4]
RVA/Human-wt/BRA/MA14286/2007/G2P[4]*
RVA/Human-wt/BRA/SE13801/2007/G2P[4]
RVA/Human-wt/BRA/RJ12225/2006/G2P[4]
RVA/Human-wt/BRA/RS13086/2006/G2P[4]
RVA/Human-wt/BRA/MS11142/2005/G2P[4]

VP4 VP6 VP1

VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5
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Fig. 4. Phylogenetic analyses based on NSP1-5 nucleotide sequences from Brazilian G2P[4] strains detected between 2005 and 2011, and group A rotavirus (RVA) strains
available from GenBank. Brazilian G2P[4] strains analyzed in the current study are marked with a filled circle (vaccinated) and a filled triangle (non-vaccinated). Bootstrap
values under 70% are not shown. Genotypes are shown at the right-hand side of each phylogenetic tree. Scale bars represent 0.05 nucleotide substitution per site.

in blue), and RVA/Human-wt/BRA/R]17745/2010/G2P[4] (colored
in orange), showed different phylogenetic pattern comparing with
strains colored in red (Figs. 4 and 5).

Phylogenetic analysis based on NSP1-3, NSP5, VP1-4, and VP6
obtained sequences revealed that strain RVA/Human-wt/BRA/
ES16238/2009/G2P[4] (colored in blue) was closely related with
RVA/Human-wt/ITA/PA133/2011/G2P[4] strain (Figs. 4 and 5).
Depending on the analyzed encoding gene, this strain showed clo-
sely phylogenetic relationship with other human G2P[4] strains.
For the NSP1 and NSP5 encoding gene this Brazilian strain grouped
together with RVA/Human-wt/BRA/R]J17745/2010/G2P[4]; for the
NSP3, with RVA/Human-wt/BRA/SE19300/2010/G2P[4] and RVA/
Human-wt/BRA/SC19868/2011/G2P[4]; and for VP4 with RVA/
Human-wt/BRA/SE19300/2010/G2P[4] strain (Figs. 4 and 5). For
the NSP4 encoding gene strain RVA/Human-wt/BRA/ES16238/
2009/G2P[4] showed close phylogenetic relationship with previous
Brazilian detected strains (2008-2010). Phylogenetic analysis
based on VP3 showed that strain RVA/Human-wt/BRA/ES16238/
2009/G2P[4] was closely related with RVA/Human-wt/ITA/PA133/
2011/G2P[4] strain, strains detected in Bangladesh (2005), Thai-
land (2008), Australia (2010), USA (2011), and showed 97% of
nucleotide identity with a caprine strain detected in 1999 (Fig. 5).

Strain RVA/Human-wt/BRA/R]J17745/2010/G2P[4] (colored in
orange) was closely related to strain RVA/Human-wt/USA/
2007719869/2007/G2P[4]. Depending on the encoding gene, clo-
sely related strains were human G2P[4] strains (Figs. 4 and 5).

For the NSP4 encoding gene this strain showed close phylogenetic
relationship with previous Brazilian detected strains (2006-2008
and in 2010).

RVA Brazilian strains RVA/Human-wt/BRA/SE19300/2010/
G2P[4] (colored in blue) and RVA/Human-wt/BRA/SC19868/2011/
G2P[4] (colored in red) grouped together for the NSP2-5, VP3 and
VP6 encoding genes (Figs. 4 and 5). For NSP1, VP2 and VP4, strain
RVA/Human-wt/BRA/SC19868/2011/G2P[4] grouped together with
other Brazilian strains (2005-2008, 2011) (colored in red) (Figs. 4
and 5). Phylogenetic analysis based on VP1 revealed that strain
RVA/Human-wt/BRA/SC19868/2011/G2P[4] grouped together with
human G2P[4] strains detected in Australia (2006) and Italy (2007),
and a caprine G6P[1] strain detected in 1999, showing 97% of
nucleotide identity (Fig. 5).

The VP2 sequence of strain RVA/Human-wt/BRA/SE19300/
2010/G2P[4] could not be obtained, despite repeated attempts.
Partial sequences of VP1 encoding gene were obtained for RVA/
Human-wt/BRA/RS13086/2006/G2P[4], RVA/Human-wt/BRA/
SE13801/2007/G2P[4], RVA/Human-wt/BRA/RS15851/2008/
G2P[4], RVA/Human-wt/BRA/SE19300/2010/G2P[4] strains.

Analysis of VP1-4, VP6 and NSP1-5 sequences showed that
G2P[4] Brazilian strains shared between 87.3-100%, and 93-100%
of nucleotide and amino acid identity values, respectively (Table 2).
Strain RVA/Human-wt/BRA/ES16238/2009/G2P[4] differed more
than 10% comparing with other Brazilian strains analyzed in the
current study for NSP4 and VP3 encoding genes (data not shown).
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strains available from GenBank. Brazilian G2P[4] strains analyzed in the current study are marked with a filled circle (vaccinated) and a filled triangle (non-vaccinated).
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4. Discussion

G2P[4] has been the most common genotype detected in Brazil
after the onset of RV1 mass vaccination (Gurgel et al., 2007; de
Oliveira et al., 2008; Nakagomi et al.,, 2008; Leite et al., 2008;
Carvalho-Costa et al., 2009, 2005; da Silva Soares et al., 2014).
The emergence of this genotype has motivated a great discussion
and a relationship between this phenomenon and RV1 vaccination
has been proposed suggesting that universal vaccination would
have exerted selective pressure on circulating RVAs, selecting
G2P[4] (Gurgel et al., 2007; Nakagomi et al., 2008; Matthijnssens
et al., 2012).

The results obtained in the current study demonstrate that the
detection rate of G2P[4] in RVA positive samples has been high in
the years after the introduction of mass vaccination with RV1.
With the exception of 2009 this rate has been above 50%,
reaching 87% in 2010. G2P[4] has also been frequently detected
in children vaccinated with RV1. The drop in the detection rate
of G2P[4] in 2009 was associated with an overall reduction in
detection rates of RVA in Brazil and with an increase in the rela-
tive detection of G1, G3 and G9, as well as P[6] in some regions of
the country. In this context, the RVA season in 2009 was of low
intensity. In this period, it was believed that the circulation of
G2 could have gotten into the exhaustion phase (Carvalho-Costa
et al., 2005), which was not confirmed in 2010 and 2011, when
this genotype was again frequently detected. We examine in
more detail the geographical location of G2P[4] positive samples,
trying to identify a route of spread of this genotype during its
process of emergence in Brazil. A very low rate of G2P[4]

detection between 2001 and 2004 was obtained from RVA-sur-
veillance performed in RRRL-LVCA. In the present survey, we con-
firmed that G2P[4] was absent in the RVA positive samples
studied in the first semester of 2005. In this year, the first cities
in which G2P[4] was detected are located in Western Brazil.
Throughout 2005, G2P[4] continued to be detected in this region
and in Amazonian Brazil, being absent from the most populous
Brazilian regions of the Atlantic coast. Only in December 2005,
G2P[4] was detected in the main Brazilian cities in Eastern Brazil,
specifically in Rio de Janeiro. Universal vaccination against RVA
began in March 2006 and, starting this year, G2P[4] was detected
early in all monitored regions, in a phase in which the cohort of
vaccinated children was still very limited.

Analysis of the VP7 and VP8* encoding genes showed that Bra-
zilian G2P[4] strains identified in vaccinated and unvaccinated
children grouped together in the same genetic clusters, and
revealed that contemporary G2P[4] strains (circulating from 2005
to 2011) belonged to distinct lineages from the reference strain
DS-1 and the SC2-9 G2-reassortant strain of RV5, as previously
reported (Fig. 2) (Doan et al., 2011; Gomez et al., 2005; Zeller
et al., 2012; Mouna et al.,, 2013; Do et al.,, 2014; Donato et al.,
2010; Giammanco et al., 2014). Comparison of the RV1 amino acid
sequences inside previous described antigenic epitopes in VP7 and
VP8*, with Brazilian G2P[4] strains revealed several amino acid dif-
ferences as expected since G2 is rather divergent from G1 strains
(Fig. 3). The same differences have been previously described in
G2P[4] strains detected in other countries (Zeller et al., 2012;
Mouna et al., 2013). In addition, most of the differences observed
have been maintained in the Brazilian strains along the sampling
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period and all of them were present before RV1 introduction.
Regarding the G2 VP7 gene of RV5 strain, phylogenetic analysis
showed that Brazilian G2P[4] strains did not share a close phyloge-
netic relationship with RV5 strain, and many amino acid
differences were observed inside antigenic epitopes as previously
observed in Belgium, Tunisia, and Australia (Figs. 2 and 3) (Zeller
etal, 2012; Mouna et al., 2013; Donato et al., 2010). This data sug-
gest that the same genetic variants of RVA genotype G2P[4] VP7
and VP8* proteins have been circulating in the population world-
wide in the last decade, but whether amino acid differences
observed inside antigenic epitopes resulted in a reduced vaccine
efficacy remains to be investigated.

The analysis of the genomic background of G2P[4] strains
identified throughout the process of implementation of mass
immunization with RV1 may be useful to clarify its potential role
on observed changes in the distribution of RVA genotypes which
occurred between 2005 and 2011 in Brazil. The analysis of the
genomic background of eleven Brazilian G2P[4] RVA strains ana-
lyzed in the current study revealed a complete DS-1-like back-
ground, and genetic variants were observed circulating in the
Brazilian population (Figs. 4 and 5). Differently from what was
recently observed by Dennis et al. (2014), phylogenetic analyses
of G2P[4] Brazilian RVA strains based on NSP1-5, VP1-4, and
VP6 showed different clustering patterns (Figs. 4 and 5) suggest-
ing the occurrence of reassortment events among strains. This
discrepancy with the results from Dennis et al. (2014) and results
obtained in our study might be related with the fact that samples
analyzed in the current study were detected in different Brazilian
regions, sometimes geographically distant, and strains detected
during a relatively long time period were analyzed (2005-
2011). On the other hand, similar results regarding NSP4 and
VP3 encoding gene were observed for Brazilian G2P[4] strains,
these two genes were the most divergent among the eleven
RVA genes (Figs. 4 and 5). With the exception of VP1 and VP3
encoding genes, G2P[4] Brazilian strains were all closely related
to other human RVA strains. Strains RVA/Human-wt/BRA/
SC19868/2011/G2P[4] (for VP1) and RVA/Human-wt/BRA/
ES16238/2009/G2P[4] (for VP3) showed close phylogenetic rela-
tionship with RVA/Goat-tc/BGD/G034/1999/G6P[1] animal strain
(97% identity). Similar results were recently described for
G2P[4] RVA strains detected in USA and Italy (Dennis et al,
2014; Giammanco et al., 2014). As happens in other countries,
available data regarding animal RVA strains is still poor and make
it difficult to study the origin of this kind of animal-like genome
segment incorporation into human RVA strains.

In conclusion, our data suggest that the G2P[4] strains circu-
lating in Brazil during implementation of mass immunization
with RV1 are not separated into genetic clusters defined by
pre and post vaccination periods, suggesting that implementa-
tion of RV1 vaccination might not influence the genetic diversity
observed among analyzed strains. Furthermore, Brazilian G2P[4]
strains are closely related with human G2P[4] strains circulating
in other countries, some of which had not yet implemented uni-
versal vaccination against RVA. A possible hypothesis is that the
introduction of RV1 vaccine into the NIP has helped to decrease
the prevalence of predominant Wa-like strains facilitating the
increase of the heterotypic (DS-1-like) RVA strain G2P[4] in the
Brazilian population. In addition, the long period of low or no
circulation of genotype G2P[4] in Brazil previous to RV1 intro-
duction would have created favorable conditions for the accumu-
lation of immunological susceptible individuals (Carvalho-Costa
et al,, 2009; Assis et al., 2013). These facts, together with the
genetic diversity found in different geographical regions
throughout the years before, and after the introduction of the
vaccine might explained the high prevalence of genotype
G2P[4] in Brazil since 2005.

Acknowledgments

This research was supported by funds from the Program of
Research Excellence (PROEP - IOC/Fiocruz/CNPq), the National
Council for Scientific and Technological Development (CNPq),
project PAPES VI/FIOCRUZ - CNPq, Oswaldo Cruz Institute (I0C/
FIOCRUZ), Brazilian Federal Agency for Support and Evaluation of
Graduate Education (CAPES) - project CAPES-MERCOSUL PPCP
023/2011, the General Coordination of Public Health Laboratories
- Secretary of Health Surveillance (CGLAB/SVS), and Carlos Chagas
Filho Foundation for Research Support of Rio de Janeiro State
(FAPER]). M.Z. was supported by the Institute for the Promotion
of Innovation through Science and Technology in Flanders (IWT
Vlaanderen). The authors would like to thank the Secretary of
Public Health of all Brazilian States involved in the study. Mariela
M Gémez has a Postdoc position at the Oswaldo Cruz Institute, Fio-
cruz, Rio de Janeiro, Brazil, and was supported by the CNPq.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.meegid.2014.09.
012.

References

Amarilla, A., Espinola, E.E., Galeano, M.E., Farifia, N., Russomando, G., Parra, G.I,
2007. Rotavirus infection in the Paraguayan population from 2004 to 2005: high
incidence of rotavirus strains with short electropherotype in children and
adults. Med. Sci. Monit. 13(7), CR333-CR337.

Assis, A.S., Valle, D.A., Antunes, G.R,, Tibiri¢a, S.H., Assis, R.M,, Leite, J.P. et al., 2013.
Rotavirus epidemiology before and after vaccine introduction. J. Pediatr. (Rio. J.)
89(5), 470-476.

Boom, R,, Sol, CJ., Salimans, M.M., Jansen, C.L., Wertheim-van Dillen, P.M., van der
Noordaa, J., 1990. Rapid and simple method for purification of nucleic acids. J.
Clin. Microbiol. 28, 495-503.

Carvalho-Costa, F.A., Aratjo, L.T., Santos de Assis, R.M., Fialho, A.M., de Assis Martins,
C.M., Béia, M.N. et al., 2009. Rotavirus genotype distribution after vaccine
introduction, Rio de Janeiro, Brazil. Emerg. Infect. Dis. 15, 95-97.

Carvalho-Costa, F.A., Volotdo, E., de, M., de Assis, R.M., Fialho, A.M., de Andrade, J. da,
S., Rocha, L.N. et al,, 2011. Laboratory-based rotavirus surveillance during the
introduction of a vaccination program, Brazil, 2005-2009. Pediatr. Infect. Dis. ].
30(1 Suppl.), S35-541.

Correia, J.B., Patel, M.M., Nakagomi, O., Montenegro, F.M., Germano, E.M., Correia,
N.B., et al., 2010. Effectiveness of monovalent rotavirus vaccine (Rotarix) against
severe diarrhea caused by serotypically unrelated G2P[4] strains in Brazil. J.
Infect. Dis. 201 (3), 363-369.

de Oliveira, A.S.L., Mascarenhas, ]J.D.P., Soares, L.S., Guerra, S.F.S., Gabbay, Y.B.,
Sanchez, N.O. et al. Reemergence of G2 rotavirus serotypes in Northern Brazil
reflects a natural changing pattern over time. In: The 8th Rotavirus
International Symposium, Istanbul, Turkey, Abstracts, 2008, pp. 60-61.

da Silva Soares, L., de Fatima Dos Santos Guerra, S., do Socorro Lima de Oliveira, A.,
da Silva Dos Santos, F., de Fitima Costa de Menezes, E.M., Mascarenhas, ].D.
et al., 2014. Diversity of rotavirus strains circulating in Northern Brazil after
introduction of a rotavirus vaccine: High prevalence of G3P[6] genotype. ]. Med.
Virol. 86(6), 1065-1072.

Dennis, A.F., McDonald, S.M., Payne, D.C., Mijatovic-Rustempasic, S., Esona, M.D.,
Edwards, K.M., et al., 2014. Molecular epidemiology of contemporary G2P[4]
human rotaviruses cocirculating in a single U.S. community: footprints of a
globally transitioning genotype. J. Virol. 88 (7), 3789-3801.

Do, L.P.,, Nakagomi, T., Doan, Y.H., Kitahori, Y., Nakagomi, O., 2014. Molecular
evolution of the VP7 gene of Japanese G2 rotaviruses before vaccine
introduction. Arch. Virol. 159 (2), 315-319.

Doan, Y.H., Nakagomi, T., Cunliffe, N.A., Pandey, B.D., Sherchand, ].B., Nakagomi, O.,
2011. The occurrence of amino acid substitutions D96N and S242N in VP7 of
emergent G2P[4] rotaviruses in Nepal in 2004-2005: a global and evolutionary
perspective. Arch. Virol. 156 (11), 1969-1978.

Donato, C.M., Zhang, Z.A., Donker, N.C., Kirkwood, C.D., 2014. Characterization of
G2P[4] rotavirus strains associated with increased detection in Australian states
using the RotaTeq® vaccine during the 2010-2011 surveillance period. Infect.
Genet. Evol. pii: S1567-1348(14)00189-0.

Dulgheroff, A.C., Figueiredo, E.F., Moreira, L.P., Moreira, K.C., Moura, L.M., Gouvéa,
V.S, et al., 2012. Distribution of rotavirus genotypes after vaccine introduction
in the Tridngulo Mineiro region of Brazil: 4-year follow-up study. J. Clin. Virol.
55 (1), 67-71.

Ferrera, A., Quan, D., Espinoza, F. Increased prevalence of genotype G2P(4) among
children with rotavirus-associated gastroenteritis in Honduras. In: The 17th


http://dx.doi.org/10.1016/j.meegid.2014.09.012
http://dx.doi.org/10.1016/j.meegid.2014.09.012
http://refhub.elsevier.com/S1567-1348(14)00340-2/h9000
http://refhub.elsevier.com/S1567-1348(14)00340-2/h9000
http://refhub.elsevier.com/S1567-1348(14)00340-2/h9000
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0025
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0025
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0025
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0025
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0040
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0040
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0040
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0040
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0045
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0045
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0045
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0050
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0050
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0050
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0050
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0060
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0060
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0060
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0060

494 M.M. Gémez et al./ Infection, Genetics and Evolution 28 (2014) 486-494

European Congress of Clinical Microbiology and Infectious Diseases ICC,
Munich, Germany, 2007.

Giammanco, G.M., Bonura, F., Zeller, M., Heylen, E., Van Ranst, M., Martella, V., et al.,
2014. Evolution of DS-1-like human G2P[4] rotaviruses assessed by complete
genome analyses. J. Gen. Virol. 95 (Pt. 1), 91-109.

Goémez, M.M., de Mendonga, M.C., Volotdo Ede, M., Tort, L.F., da Silva, M.F., Cristina,
J. et al,, 2011. Rotavirus A genotype P[4]G2: genetic diversity and reassortment
events among strains circulating in Brazil between 2005 and 2009. J. Med. Virol.
83(6), 1093-1106.

Goémez, M.M,, da Silva, M.F,, Zeller, M., Heylen, E., Matthijnssens, ]J., Ichihara, M.Y.,
et al., 2013. Phylogenetic analysis of G1P[6] group A rotavirus strains detected
in Northeast Brazilian children fully vaccinated with Rotarix™. Infect. Genet.
Evol. 19, 395-402.

Gurgel, R.Q., Cuevas, L.E., Vieira, S.C., Barros, V.C., Fontes, P.B., Salustino, E.F., et al.,
2007. Predominance of rotavirus P[4]G2 in a vaccinated population, Brazil.
Emerg. Infect. Dis. 13 (10), 1571-1573.

Gurgel, R.G., Bohland, A.K., Vieira, S.C., Oliveira, D.M., Fontes, P.B., Barros, V.F., et al.,
2009. Incidence of rotavirus and all-cause diarrhea in northeast Brazil following
the introduction of a national vaccination program. Gastroenterology 137 (6),
1970-1975.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucl. Acids Symp. Ser. 41, 95-98.
Heiman, E.M., McDonald, S.M., Barro, M., Taraporewala, Z.F., Bar-Magen, T., Patton,
J.-T., 2008. Group A human rotavirus genomics: evidence that gene
constellations are influenced by viral protein interactions. J. Virol. 82 (22),

11106-11116.

Leite, J.P., Carvalho-Costa, F.A,, Linhares, A.C., 2008. Group A rotavirus genotypes
and the ongoing Brazilian experience: a review. Mem. Inst. Oswaldo Cruz 103
(8), 745-753.

Kirkwood, C.D., Boniface, K., Barnes, G.L., Bishop, R.F., 2011. Distribution of rotavirus
genotypes after introduction of rotavirus vaccines, Rotarix® and RotaTeq®, into
the National Immunization Program of Australia. Pediatr. Infect. Dis. ]J. 30
(Suppl. 1), S48-S53.

Matthijnssens, J., Ciarlet, M., Heiman, E., Arijs, 1., Delbeke, T., McDonald, S.M., et al.,
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.

Matthijnssens, ]J., Bilcke, J., Ciarlet, M., Martella, V., Banyai, K., Rahman, M., et al.,
2009. Rotavirus disease and vaccination: impact on genotype diversity. Fut.
Microbiol. 4 (10), 1303-1316.

Matthijnssens, J., Ciarlet, M., McDonald, S.M., Attoui, H., Banyai, K., Brister, J.R,, et al.,
2011. Uniformity of rotavirus strain nomenclature proposed by the Rotavirus
Classification Working Group (RCWG). Arch. Virol. 156 (8), 1397-1413.

Matthijnssens, J., Van Ranst, M., 2012. Genotype constellation and evolution of
group A rotaviruses infecting humans. Curr. Opin. Virol. 2 (4), 426-433.

Matthijnssens, J., Nakagomi, O., Kirkwood, C.D., Ciarlet, M., Desselberger, U., Van
Ranst, M., 2012. Group A rotavirus universal mass vaccination: how and to what

extent will selective pressure influence prevalence of rotavirus genotypes? Exp.
Rev. Vacc. 11 (11), 1347-1354.

McDonald, S.M., Matthijnssens, J., McAllen, ].K,, Hine, E., Overton, L., Wang, S., et al.,
2009. Evolutionary dynamics of human rotaviruses: balancing reassortment
with preferred genome constellations. PLoS Pathog. 5 (10), e1000634.

Mouna, B.H., Hamida-Rebai, M.B., Heylen, E., Zeller, M., Moussa, A., Kacem, S., et al.,
2013. Sequence and phylogenetic analyses of human rotavirus strains:
comparison of VP7 and VP8(*) antigenic epitopes between Tunisian and
vaccine strains before national rotavirus vaccine introduction. Infect. Genet.
Evol. 18, 132-144.

Nakagomi, T., Cuevas, L.E., Gurgel, R.G., Elrokhsi, S.H., Belkhir, Y.A., Abugalia, M.,
et al.,, 2008. Apparent extinction of non-G2 rotavirus strains from circulation in
Recife, Brazil, after the introduction of rotavirus vaccine. Arch. Virol. 153 (3),
591-593.

Patel, M.M., de Oliveira, L.H., Bispo, A.M., Gentsch, ]., Parashar, U.D., 2008. Rotavirus
P[4]G2 in a vaccinated population, Brazil. Emerg. Infect. Dis. 14 (5), 863-865.

Pereira, H.G., Azeredo, R.S., Leite, ].P., Candeias, J.A., Racz, M.L., Linhares, A.C,, et al.,
1983. Electrophoretic study of the genome of human rotaviruses from Rio de
Janeiro, Sdo Paulo and Par4, Brazil. J. Hyg. (Camb.) 90, 117-125.

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(1), 29-56.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28
(10), 2731-2739.

Tate, J.E., Patel, M.M., Cortese, M.M., Lopman, B.A., Gentsch, J.R., Fleming, J., et al.,
2012. Remaining issues and challenges for rotavirus vaccine in preventing
global childhood diarrheal morbidity and mortality. Exp. Rev. Vacc. 11, 211-
220.

Thompson, ].D., Higgins, D.G., Gibson, TJ., 1994. CLUSTAL W improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting position-specific gap penalties and weight matrix choice. Nucleic
Acids Res. 22 (22), 4673-4680.

Trojnar, E., Sachsenrdder, J., Twardziok, S., Reetz, ]., Otto, P.H., Johne, R., 2013.
Identification of an avian group A rotavirus containing a novel VP4 gene of close
relationship to those of mammalian rotaviruses. J. Gen. Virol. 94 (Pt. 1), 136-
142.

WHO/IVB/08.17, 2008. Manual of Rotavirus Detection and Characterization
Methods.

WHO, 2013. Rotavirus vaccines WHO position paper: January 2013 -
Recommendations. Vaccine.

Zeller, M., Patton, ].T., Heylen, E., De Coster, S., Ciarlet, M., Van Ranst, M.,
Matthijnssens, J., 2012. Genetic analyses reveal differences in the VP7 and
VP4 antigenic epitopes between human rotaviruses circulating in Belgium and
rotaviruses in Rotarix and RotaTeq. ]. Clin. Microbiol. 50 (3), 966-976.


http://refhub.elsevier.com/S1567-1348(14)00340-2/h0070
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0070
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0070
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0080
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0080
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0080
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0080
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0080
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0085
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0085
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0085
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0090
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0090
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0090
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0090
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0095
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0095
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0100
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0100
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0100
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0100
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0105
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0105
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0105
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0110
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0110
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0110
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0110
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0110
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0110
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0115
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0115
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0115
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0115
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0120
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0120
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0120
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0125
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0125
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0125
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0130
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0130
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0135
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0135
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0135
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0135
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0140
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0140
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0140
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0145
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0145
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0145
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0145
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0145
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0145
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0150
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0150
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0150
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0150
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0155
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0155
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0160
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0160
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0160
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0170
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0170
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0170
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0170
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0175
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0175
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0175
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0175
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0180
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0180
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0180
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0180
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0185
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0185
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0185
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0185
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0200
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0200
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0200
http://refhub.elsevier.com/S1567-1348(14)00340-2/h0200

	Prevalence and genomic characterization of G2P[4] group A rotavirus strains during monovalent vaccine introduction in Brazil
	1 Introduction
	2 Material and methods
	2.1 Laboratory based RVA surveillance and specimen collection
	2.2 Group A rotavirus detection and G- and P-genotyping
	2.3 Genome segments amplification and sequencing
	2.4 Sequence and phylogenetic analysis

	3 Results
	3.1 RVA Surveillance and G2P[4] prevalence
	3.2 VP7 and VP8* sequence and phylogenetic analysis
	3.3 Whole-genome characterization of G2P[4] Brazilian strains

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


