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Abstract: Before the introduction of vaccines, group A rotaviruses (RVA) were the leading cause of
acute gastroenteritis in children worldwide. The National Rotavirus Strain Surveillance System
(NRSSS) was established in 1996 by the Centers for Disease Control and Prevention (CDC) to
perform passive RVA surveillance in the USA. We report the distribution of RVA genotypes collected
through NRSSS during the 2009–2016 RVA seasons and retrospectively examine the genotypes
detected through the NRSSS since 1996. During the 2009–2016 RVA seasons, 2134 RVA-positive
fecal specimens were sent to the CDC for analysis of the VP7 and VP4 genes by RT-PCR genotyping
assays and sequencing. During 2009–2011, RVA genotype G3P[8] dominated, while G12P[8] was
the dominant genotype during 2012–2016. Vaccine strains were detected in 1.7% of specimens and
uncommon/unusual strains, including equine-like G3P[8] strains, were found in 1.9%. Phylogenetic
analyses showed limited VP7 and VP4 sequence variation within the common genotypes with
1–3 alleles/lineages identified per genotype. A review of 20 years of NRSSS surveillance showed
two changes in genotype dominance, from G1P[8] to G3P[8] and then G3P[8] to G12P[8]. A better
understanding of the long-term effects of vaccine use on epidemiological and evolutionary dynamics
of circulating RVA strains requires continued surveillance.

Keywords: rotavirus; RVA; genotype; prevalence; surveillance; vaccine

1. Introduction

Prior to the introduction of rotavirus vaccines, group A rotaviruses (RVA) were
the leading cause of severe acute gastroenteritis (AGE) in children < 5 years of age
worldwide [1]. RVA caused 2.7 million gastroenteritis episodes, 410,000 physician visits,
~250,000 emergency department (ED) visits, 55,000–70,000 hospitalizations, and 20–60 deaths
annually, which amounted to approximately USD 1 billion in direct and indirect health
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care costs in the USA [2]. The American Academy of Pediatrics and Advisory Committee
for Immunization Practices (ACIP) recommended two live-attenuated vaccines, RotaTeq®

(Merck and Company Inc., Kenilworth, NJ, USA) and Rotarix® (GlaxoSmithKline Biolog-
icals, Rixensart, Belgium), for the routine immunization of all USA children in 2006 and
2008, respectively [3]. In 2009, the World Health Organization recommended both vaccines
for the vaccination of all children worldwide. In addition to these two widely used vaccines,
other RVA vaccines are available for use on a smaller scale or are being evaluated [4–10].

RotaTeq® is a pentavalent bovine–human reassortment vaccine that expresses four
human RVA VP7 surface antigens (G-genotypes G1, G2, G3 and G4) along with the bovine
RVA VP7 G6 antigen as well as human (P[8]) and bovine VP4 antigens (P[5]) [11]. Rotarix® is
a monovalent vaccine composed of a single human-derived RVA (strain 89–12), with G1P[8]
specificity [12]. Both vaccines are highly effective against RVA-associated hospitalizations
and emergency department visits, with protection rates above 80% in the United States [13].
Rates of severe AGE and RVA-related AGE in the USA pediatric population have declined
dramatically in the post-vaccine era [14–17]. The direct and indirect protective effects of
vaccination with the RVA vaccines are well documented [18–20].

The RVA genome consists of 11 segments of double-stranded RNA (dsRNA), encoding
for 6 viral proteins (VP1–4, VP6 and VP7) and depending on the strain, 5 or 6 nonstructural
(NSP1-NSP5/6) proteins [21]. Two genes encoding the two outer capsid proteins, VP7
(glycoprotein, G-genotype) and VP4 (protease-cleaved, P-genotype), are typically studied
for vaccine effectiveness and epidemiological studies. Historically, a binomial genotyping
classification system GxP[x] has been used based on VP7 and VP4 sequence diversity,
where x represents the number of the genotype [22]. Although the reassortment of genes
could lead to numerous G-P-genotype combinations, only six strains have been associ-
ated with the majority of human infections: G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and
G12 in combination with the P[8] or P[6] genotype [23]. The advancement in sequencing
technologies allowed for binomial classification to be extended to include all 11 genes,
expressed as Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, with x indicating the numbers of the
corresponding genotypes [24]. Full-genome sequencing by next-generation sequencing is
gradually becoming the standard for genetic classification of RVA; however, most laborato-
ries worldwide still focus on VP7 and VP4 genotyping. Recently, Esona et al. [25] redefined
subgenotypic allele constellations for all 11 genes in order to enhance our understanding
of RVA evolution. Using the derived within- and between-cluster distances, subgenotype
alleles were assigned based on phylogenetic clusters on maximum likelihood trees with
bootstrap support of ≥70% and nucleotide identity of ≥95.8% within a cluster.

The National Rotavirus Strain Surveillance System (NRSSS) was established in 1996 by
the Centers for Disease Control and Prevention (CDC) to document genotypes circulating
in the United States before the introduction of the Rotashield® vaccine (Wyeth Laboratories,
Madison, NJ, USA), and continues today [26,27]. A subset of laboratories participating in
the National Respiratory and Enterovirus Surveillance System were recruited for passive
surveillance through NRSSS to provide aliquots of stool that tested positive for rotavirus
antigen by an enzyme immunoassay (EIA) performed as part of routine clinical testing
at clinical laboratories across the country. From its onset, the NRSSS-based molecular
characterization of RVA genotypes on the two outer capsid protein genes (VP7 and VP4)
only using multiplex reverse transcription–polymerase chain reaction genotyping and
nucleotide sequencing. Here, we present the binomial genotyping of samples collected
through NRSSS that were circulating in the USA between 2009 and 2016 and retrospectively
examine RVA genotype trends in the USA as recorded through the NRSSS for the past
20 years. This data set represents the last NRSSS data based solely on EIA and molecular
characterization of the VP7 and VP4 genes only. Beginning with the 2017 RVA season, the
CDC began performing PCR-based multipathogen testing and full-genome characterization
by next-generation sequencing.
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2. Materials and Methods

The project was conducted over 8 RVA seasons October–December of one calendar year
to June–September of the following calendar year, or the fall until the summer (collection
dates were not available for all samples): 1 December 2008 through 14 July 2009 (hereafter
referred to as 2009); 20 November 2009 through 11 June 2010 (hereafter, 2010); 11 October
2010 through 26 August 2011 (hereafter, 2011); 3 October 2011 through 21 August 2012
(hereafter, 2012); 4 November 2012 through 23 July 2013 (hereafter, 2013); 10 December 2013
through 25 September 2014 (hereafter, 2014); 2 October 2014 through 16 September 2015
(hereafter, 2015); and 21 October 2015 through 30 September 2016 (hereafter, 2016). During
the 2009–2016 RVA seasons, 2134 fecal specimens that tested positive by commercially
available EIA or lateral flow devices at NRSSS laboratories were sent to the CDC for
genotyping. Samples were collected at 12 hospital-based laboratories or state health
departments located in Atlanta (GA), Boston (MA), Fort Worth (TX), Indianapolis (IN),
Kansas City (MO), Long Beach (CA), Madison (WI), Minneapolis (MN), Omaha (NE), Salt
Lake City (UT), San Francisco (CA), and Seattle (WA), as well as a national commercial
diagnostic testing laboratory who requested anonymity.

Ten percent stool suspensions were prepared using phosphate-buffered saline (PBS)
followed by centrifugation at 3000 × g for 10 min. RVA RNA or total nucleic acid (TNA)
was extracted from suspension supernatants using two automated extraction systems,
the KingFisher™ Flex Purification System (Thermo Fisher Scientific, Waltham, MA, USA)
with the MagMAX™-96 Viral RNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA,
USA) or MagMAX™ Total Nucleic Acid Isolation Kit (Thermo Fisher Scientific, Waltham,
MA, USA), or the MagNA Pure Compact Instrument (Roche Applied Science, Penzberg,
Germany) with the MagNA Pure Compact Nucleic Acid Isolation Kit I. Extractions were
performed following the manufacturer’s instructions for each kit.

Reverse transcription–polymerase chain reaction (RT-PCR)-based genotyping and
sequencing of VP7 and VP4 genes were performed as described previously [27]. In short,
the following VP7 and VP4 genotyping primers were used: for VP7, forward primer
9Con1-L in combination with reverse primers 9T1–1, 9T1-Dg, 9T2, 9T3P, 9T-4, and 9T-9B;
for VP4, forward primer con3 in combination with reverse primers 1T-1, 1T1-V, 1T1-A, 2T-1,
3T-1, and 4T-1. Six new changes were introduced during this surveillance period: (1) during
the 2013 RVA season, a new G and P genotyping system was adopted [20]; (2) analysis of the
PCR products was performed on a LabChip® GX instrument (PerkinElmer, Inc., Waltham,
MA, USA) in addition to gel electrophoresis as previously described [28]; (3) amplicons
generated for sequencing were analyzed and purified on E-gel® SizeSelect cartridges
(Thermo Fisher Scientific, Waltham, MA, USA) in addition to gel electrophoresis and
column purification, as previously described [27]; (4) purification of the cycle-sequenced
product was performed with a magnetic bead protocol [29], or less frequently with the
commercially available BigDye XTerminator™ Purification Kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s protocol; (5) samples that could not be
amplified by RT-PCR were tested by a real-time RT-PCR (qRT-PCR) assay targeting the
NSP3 gene [30]; and (6) samples that tested positive by NSP3 qRT-PCR but did not produce
an amplicon with other RT-PCR methods were further amplified using a nested-PCR
approach and sequenced [31].

Genotypes were assigned based on size of the amplicons as determined by LabChip
or gel electrophoretic analysis, or by comparison of sequences obtained in the project with
RVA sequences using BLAST v.2.6.0 [32] against a customized database generated using
the Virus Variation Resource [33]. Sequences were generated over eight years (2008–2016).
All sequences were VP7 and VP4 partial sequences. The final set of sequences used in this
report was selected using the following criteria: first, sequences with a minimum length
of 600 nucleotides; second, no ambiguous base calls; and last, no frameshifts in the ORF
sequence. VP7 and VP4 sequences were identified and annotated using VIGOR [34]. Align-
ments were created for each gene (VP7 and VP4, Figure 1 and Supplementary Material,
Figure S1a,b) using MUSCLE v.3.8 [35]. Top BLAST hits along with lineage reference se-
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quences were also included in these alignments. Maximum likelihood trees were generated
in PhyML [34,35] using the approximate likelihood-ratio test (aLRT) option for branch sup-
port. Optimal substitution models were selected using the corrected Aikaike information
criterion (AICc). Reliability of tree topology was evaluated using aLRT values [36]. Tree dia-
grams were generated using the GGTREE R package [37]. The VP7 and VP4 sequences were
deposited in GenBank under the accession number range MZ545747-MZ546123. Figure 1
shows backbone phylogenetic trees, while the Supplementary Material contains the same
VP7 (Figure S1a) and VP4 (Figure S1b) phylogenetic trees at higher resolution with strain
labels and aLRT support values.
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Figure 1. Phylogenetic trees based on aligned nucleotide sequences of the VP7 (585 nt) and VP4
(537 nt) genes of RVAs. Sequence alignments were generated for each genotype using MUSCLE. Top
BLAST hits along with lineage reference sequences were also included in these alignments. Optimal
models were selected using jModeltest2 using the corrected Aikaike information criterion (AICc).
Maximum likelihood trees were generated using PhyML using the approximate likelihood-ratio test
(aLRT) option for branch support (see Supplementary Material for aLRT values). Genotype-specific
sub lineages are color-coded; genotypes, lineages, and alleles are indicated. Scale bars indicate the
number of nucleotide substitutions per site.
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RT-PCR genotyping was confirmed by sequencing a minimum of 15% of the most
prevalent genotype per RVA season (example, G3P[8] during 2009–2011 and G12P[8] during
2013–2016 RVA seasons) and a majority of the less common and rare genotypes. In addition,
samples with genotypes that are found in the two RVA vaccines were tested by vaccine
detection qRT-PCR, as described previously [38]. Unusual strains initially sequenced
by Sanger sequencing for VP7 and VP4 were retrospectively sequenced for all 11 genes
(manuscripts in preparation) and will be described in detail later.

All samples that tested negative by all molecular methods were retested with Premier®

Rotaclone® (Meridian BioScience, Inc., Cincinnati, OH, USA) following the manufac-
turer’s instructions to rule out false-positive results from initial antigen detection testing at
NRSSS sites.

3. Results

Over the eight seasons (2009–2016), 2134 fecal samples that tested positive for RVA at
NRSSS sites and the commercial diagnostic laboratory were sent to the CDC for genotyping.
Out of the 2134 fecal specimens, 322 (15.1%) tested RVA-negative at the CDC by both
Rotaclone and molecular assays (RT-PCR and/or qRT-PCR) and were excluded from further
analysis. Table 1 shows a breakdown of the samples by RVA season and city/submitter
that tested positive at the CDC (n = 1812).

Table 1. Number of Positive Samples Submitted by RVA Season and City, 2009–2016 (n = 1812).

Season

City/Submitter 2009 2010 2011 2012 2013 2014 2015 2016 Total

Atlanta, GA 25 - 23 4 30 12 21 - 115
Boston, MA 22 6 32 - - 1 19 1 80

Fort Worth, TX 44 5 41 1 45 29 - 6 171
Indianapolis, IN 40 8 55 - 45 6 60 - 215

Kansas City, MO * 45 13 59 - 56 3 44 - 221
Long Beach, CA 91 - 20 7 53 - 18 - 188

Wisconsin State Lab, WI - - 64 14 54 6 60 6 204
Minneapolis, MN 20 - - - - - - - 20

Omaha, NE 16 - 30 - - - - - 46
Salt Lake City, UT - 18 - - - - - - 18
San Francisco, CA 32 6 19 5 6 - 25 2 96

Seattle, WA * 27 24 32 15 34 5 12 8 155
Commercial Laboratory - - - 66 94 23 85 14 283

TOTAL 362 80 375 112 417 85 344 37 1812
* Sites that participate in both the National Rotavirus Strain Surveillance System (NRSSS) and the New Vaccine
Surveillance Network (NVSN).

Although this passive system does not attempt to assess the overall national rotavirus
disease burden, a biannual pattern, with a lower number of RVA-positive samples submit-
ted during even-numbered years (2010, 2012, 2014, and 2016; number of samples ranged
from 37 to 112) and a higher number of positive samples during odd-numbered years (2009,
2011, 2013, and 2015; number of samples ranged from 344 to 417), was observed in this
evaluation as has been observed for other USA surveillance systems [39]. The distribution
of G and P types of RVA detected in this surveillance period are summarized in Table 2.

In total, both G and P types could be identified for 1776 (98.0%) samples, comprising
29 different wild-type genotype combinations. The remainders were only partially typeable,
including 14 (0.8%) strains for which the P type was determined, and the G type remained
untypeable and 10 (0.6%) strains for which only the G type could be determined. Both the
G and P type were not determined for 12 (0.7%) samples; these samples tested positive for
RVA only by qRT-PCR and were EIA negative.
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Table 2. G and P Genotyping Results of RVA Strains in the United States during 2009–2016.

RVA Strain
Number (%) of Strains by Season

2009 2010 2011 2012 2013 2014 2015 2016 Total

Common
G1P[8] 45 (12.4) 21 (26.3) 19 (5.1) 26 (23.2) 8 (1.9) 1 (1.2) 2 (0.6) 2 (5.4) 124 (6.9)
G2P[4] 22 (6.1) 9 (11.3) 141 (37.6) 20 (17.9) 22 (5.3) 1 (1.2) 9 (2.6) 2 (5.4) 226 (12.6)
G3P[8] 217 (59.9) 41 (51.3) 148 (39.5) 11 (9.8) 61 (14.6) 7 (8.2) 5 (1.1) 1 (2.7) 491 (27.5)
G4P[8] 3 (0.8) 1 (1.3) - 1 (0.9) - - - - 5 (0.3)
G9P[8] 34 (9.4) 3 (3.8) - - 20 (4.8) 2 (2.4) 1 (0.3) 1 (2.7) 61 (3.4)
G12P[8] 20 (5.5) - 63 (16.8) 34 (30.4) 298 (71.5) 49 (57.6) 307 (88.2) 25 (67.6) 796 (44.5)

Vaccine
Rotateq® 10 (2.8) - 2 (0.5) 5 (4.5) 1 (0.2) 7 (8.2) 3 (0.9) - 28 (1.6)
Rotarix® - - - 1 (0.9) - - 1 (0.3) - 2 (0.1)

Uncommon * 4 (1.1) 1 (1.3) 2 (0.5) 8 (7.1) 2 (0.5) 6 (7.1) 7 (2.0) 4 (10.8) 34 (1.9)
Mixed ** 2 (0.6) 4 (5.0) - - 3 (0.7) - - - 9 (0.5)
Untypeable *** 5 (1.4) - - 6 (5.4) 2 (0.5) 12 (14.1) 9 (4.0) 2 (5.4) 36 (2.0)
TOTAL 362 80 375 112 417 85 344 37 1812

* During the 2009 season, 1 G8P[4] and 3 G2P[6] strains were detected. During 2010, one G12P[6] strain was
detected. During 2011 RV, a G3P[6] and G9P[4] strain were detected. During 2012, 2 G3P[6], G2P[6], G3P[4], G3P
[9], G6P[8], G8P[14], and G12P[6] were detected. During 2013, 2 G12P [9] were detected. During 2014, 5 G3P[6]
and 1 G2P[8] were detected. During 2015, 2 G1P[4], 2 G3P[6], 2 G6P[14], and 1 G4P[6] were detected. During 2016,
2 G9P[4] and 2 G8P[14] were detected. ** During the 2009 season, one G2P[4,8] strain and one G2,3P[8] strain
were detected. During 2010, one G1,3P[8], one G1,9P[8], one G3,9P[8], and one G3,12P[8] were detected. During
2013, one G4,12P[8], one G9,12P[8], and one G3,12P[8] were detected. *** During the 2009 season, 3 G1P[nt],
1 GntP[8], and 1 GntP[nt] were detected. During 2012, 6 GntP[6] strains were detected. During 2013, two G3P[nt]
strains were detected. During 2014, 5 GntP[nt], 4 G3P[nt], 2 GntP[8], and 1 G12P[nt] were detected. During 2015,
6 GntP[nt], 2 GntP[8], and 1 GntP[4] strains were detected. During 2016, two GntP[8] were detected.

Overall, 1703 (94.0%) of the 1812 strains belonged to one of the six globally impor-
tant common human genotype combinations (G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and
G12P[8]). With all sites combined, the predominant genotype during the 2009–2011 seasons
was G3P[8], representing 27.5% of all positive specimens (range of 1.1–59.9% per season).
Genotype G12P[8] replaced G3P[8] as the dominant genotype in 2012 and remained pre-
dominant through the 2016 season, representing 44.5% of all positive specimens, with the
annual proportion of detection ranging from 0 to 88.2%. The third most frequent genotype
was G2P[4] at 12.6%, which ranged from 1.2 to 37.6% per season. Strains G1P[8], G9P[8],
and G4P[8] were present at 6.9%, 3.4% and 0.3% overall, respectively. At the site level (Sup-
plementary Material, Figure S2a,b), most sites demonstrated the change from G3P[8] being
commonly detected until 2012/2013 when G12P[8] became predominant. Examining odd
years (because of the larger number of samples), G1P[8] was the most frequent genotype
only in Boston (2009 and 2011), Seattle (2009) and Atlanta (2011). G2P[4] was the most
prevalent only in 2011, at three sites (Indianapolis, WI, USA and Long Beach, CA, USA).

Thirty samples (1.7%) were identified as vaccine strains, 28 (1.6%) of which were
RotaTeq® and 2 (0.1%) were Rotarix®. Less common genotypes (G1P[4], G2P[6], G2P[8],
G3P[6], G3P[4], G3P[9], G4P[6], G6P[8], G6P [14], G8P[4], G8P[14], G9P[4], G12P[6] and
G12P[9]) were found in a small percentage (1.9%) of samples (Table 2). A total of nine (0.5%)
mixed RVA infections were detected. One mixed infection was a single G-type with two
P-types (G2P[4,8]) while other mixed infections could be classified as multiple G-types with
a single P-type (G1,3P[8], G1,9P[8], G2,3P[8], G3,9P[8], G4,12P[8], G9,12P[8] and G3,12P[8]).

Sequence comparison and phylogenetic analyses of the VP7 and VP4 genes revealed
genotype-specific clustering patterns for strains collected during 2009–2016 season (Figure 1,
Supplementary Material, Figure S1a,b).

G1P[8] strains occupied three different VP7 G1 alleles as defined recently by Esona and
colleagues [25], with most of the strains in allele A (corresponding to previously identified
lineage G1-I) along with common G1 strains circulating in humans presently [40,41]. Two
of the 28 RotaTeq® G1 strains sequenced in this project clustered in allele F (G1-III lineage)
alongside the RotaTeq-WI79-9/1992/G1P7[5] G1 strain (Figure 1, Supplementary Material
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Figure S1a). Three G1 wild-type strains from 2010 to 2015 occupied a para-phyletic group
that clustered in allele B (lineage G1-II) with the Rotarix® G1 gene. The partial VP7 gene
sequences for all wild-type G1 strains have nucleotide and amino acid (669 bp and 223 aa)
identities ranging from 88.1 to 100.0% and 90.8–100.0%, respectively.

Phylogenetic analysis showed that all the G2P[4] strains fell into two VP7 alleles within
the G2-II lineage [42] (Figure 1, Supplementary Material Figure S1a); the majority of strains
collected before 2013 clustered in the larger allele B with other common human strains,
while more recent G2 strains, collected after 2013, clustered predominantly with Asian G2
strains in allele D [42,43]. The majority of the G2 strains clustered closest to other G2 strains
detected within the same season, and all were closely related with nucleotide similarities
(642 bp) ranging from 94.2 to 100.0% and amino acid (214 aa) similarities ranging from 96.2
to 100.0%.

Similarly, phylogenetic analysis determined that all G3 strains, except for two equine-
like G3 strains [44], clustered in alleles A and B within the commonly circulating lineage G3-
I strains [45], regardless of year of detection (Figure 1, Supplementary Material Figure S1a).
Five G3P[6] strains clustered together with other homologous strains in allele B [25], distant
from G3P[8] strains in allele A, in an ancestral position relative to other G3 strains (Figure 1,
Supplementary Material Figure S1a) [46]. All G3 (allele A and B) strains share nucleotide
and amino acid (612 bp and 204 aa) similarities ranging from 94.3 to 100.0% and 95.0
to 100.0%, respectively. Two G3P[8] samples detected in 2015 and 2016, respectively,
were identified to be equine-like G3P[8] strains similar to those that were detected first
in Australia in 2013 [47]. They cluster with the other equine-like G3P[8] strains within
the allele D (G3-II lineage) [25]. These two strains were determined by the conventional
RT-PCR genotyping assay to be the G3P[8] genotype and identified as equine-like G3P[8]
strains by Sanger sequencing of the VP7 and VP4 genes. Subsequently, their full genomes
were sequenced (accession numbers MF997040 [44]; MZ546112).

Four G9P[8] strains detected during the 2013 season clustered within the VP7 G9 allele
B (lineage G9-VI) [25,48], which consisted exclusively of Asian strains, while three other
G9 strains clustered in allele C (lineage G9-III) with common human G9 strains (Figure 1,
Supplementary Material Figure S1a) [46,48]. All G9 strains identified in this report shared
nucleotide and amino acid (705 bp and 235 aa) similarities ranging from 90.7 to 100.0% and
95.3 to 100.0%, respectively.

The majority of G12 RVA strains from this project clustered in allele A (G12-III lineage)
with other G12 strains that have been detected worldwide in human populations [49].
Within lineage G12-III, strains sequenced in this project can be further divided in three
sublineages: the older G12-III sublineage contained most of the strains collected through
the 2011 season, while most strains collected starting in 2012 season clustered into the two
newer G12-III sublineages (Figure 1, Supplementary Material Figure S1a). Four strains
described as G12-III lineage strains could not be assigned to any of the described alleles;
therefore, we denoted them as G12-III orphan strains. In addition, four strains did not
cluster within any of the previously defined lineages. All G12-III strains identified in this
project shared nucleotide and amino acid (603 nt and 201 aa) similarities ranging from 94.8
to 100.0% and 95.5 to 100.0%, respectively.

Uncommon strains (G1P[4], G2P[6], G2P[8], G3P[4], G3P[6], G3P[9], G4P[6], G6P[8],
G6P[14], G8P[4], G8P[14], G9P[4], G12P[6] and G12P[9]) were not included in the phyloge-
netic analysis because they were previously described elsewhere or will be described in
future publications [50–53].

The wild-type P[8] strains (G1P[8], G3P[8], G9P[8] and G12P[8]) all clustered into
allele A (lineage P[8]-III; Figure 1, Supplementary Material Figure S1b) [54–56] regardless
of the year of detection, with nucleotide and amino acid (537 bp and 179 aa) similarities
ranging from 94.9 to 100.0% and 94.8 to 100.0%, respectively.

Similarly to P[8] strains, all P[4] (G2P[4]) strains and P[6] (G3P[6]) strains clustered within
single previously established lineages, P[4]-III (P[4] alleles A, B and C) and P[6]-I (P[6] allele
A), respectively, (Figure 1, Supplementary Material Figure S1b) [46,57,58]. Nucleotide and
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amino acid (579 bp and 183 aa) similarities among P[4] strains ranged from 95.9 to 100.0%
and 97.0 to 100.0%, while among P[6] strains, nucleotide and amino acid (651 bp and 217 aa)
similarities ranged from 93.6 to 100.0% and 94.8 to 100.0%, respectively. Within the P[4]-III
lineage, there are four sublineages, corresponding to previously well-defined alleles A, B
and C, while two P[4] strains cluster with strains which were previously not assigned to an
allele, and, therefore, were designated as P[4]-III (orphan strains). Allele C strains cluster
with P[4] strains from Asia which are associated with the G2 or G9 genotype [59] (Figure 1,
Supplementary Material Figure S1b).

A review of NRSSS surveillance data over 20 years revealed the dominating prevalence
of the RVA genotype G1P[8] during the 1997–2007 seasons (Figure 2).
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Figure 2. The percent distribution of six major genotypes (G1P[8], G2P[4], G3P[8], G4P[8], G9P[8]
and G12P[8]) during the 1997–2016 seasons; data from 1997 through 2008 seasons were obtained from
previously published reports. Rarer genotypes were not accounted for in this graphical representation.
Percentages were calculated using samples which tested positive by EIA at the collection site and
were confirmed at the CDC. Percentage of common genotypes was adjusted to equal 100% per season.
Several co-dominant genotypes were detected at comparable levels during the 2011 and 2012 RV
seasons, denoted on the graph with a gray dashed box. The licensure year of each RVA vaccine is
denoted by the black dashed vertical lines.

Examining the distribution of genotypes with all sites combined, it appears a genotype
shift occurred in the 2008 season, when the G1P[8] genotype was replaced by G3P[8] which
remained the predominant genotype for four years. Two RVA seasons, 2011 and 2012, were
the most diverse due to comparable prevalences of the G1P[8], G2[4], G3P[8] and G12P[8]
genotypes. During the 2012 RVA season, however, genotype G12P[8] rose sharply to
establish itself as the most abundant genotype. During the season when genotypes G1P[8]
and G12P[8] were predominant, both were detected at high percentages of 95.4% and 95.0%,
respectively, whereas genotype G3P[8] prevalence never exceeded 65%. Several genotypes
were represented at comparable levels during the 2011 and 2012 seasons, when the shift
from G3P[8] to G12P[8] predominance occurred. This shift was more gradual compared
to the genotype shift from G1P[8] to G3P[8] during the 2007–2008 RVA season, which
occurred abruptly and during which other major genotypes stayed at levels comparable to
previous seasons.
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4. Discussion

This evaluation presents NRSSS data from the period December 2008 to September
2016 that describe the distribution of genotypes causing RVA acute gastroenteritis in the
USA. We demonstrated that a genotype shift from G3P[8] to G12P[8] occurred during
the surveillance period. This genotype shift is consistent with findings from other US
surveillance systems [39,60] as well as many countries [61–65] that found an increased
incidence of genotype G12 during the 2012 RVA season; more specifically, the G12 lineage-
III (allele A) associated with the P[8] genotype, although G12P[6] was found to be present
at lower levels [18,19]. Phylogenetic analyses showed limited sequence (VP7 and VP4)
variation within the common genotypes; most wild-type strains belonged to one lineage,
with the exception of G1, G3 and G9 strains, which clustered within 2–3 lineages. The allele
designations [25] provided further insight into the diversity of these genotypes. We found
alleles among genotypes G2, G9 and P[4] which contained only our report strains and
RVA strains from Asia. Additionally, we detected equine-like G3P[8] strains like these that
originated in Australia [47], suggesting that new genotype variants emerging from South
East Asia and Australia might be a source of new genotypes observed in the USA now and
in the future. Furthermore, assigning alleles helped us differentiate between the G3 strains
based on their associated P-genotype, and we found clear clustering patterns between the
G3P[8] (allele A) and G3P[6] (allele B) strains. However, we found G12 strains that did
not cluster well within previously defined lineages (four G12 strains that did not cluster
with strains defined within any of the G12 lineages) or alleles (three G12-III lineage orphan
strains). We also found P[4] strains that clustered within a single lineage, but did not cluster
with any of the previously defined alleles. This observation of orphan strains either not
clustering within the lineages and/or the alleles could most likely be due to the use of the
partial sequences for phylogenetic analysis in this report instead of whole-gene sequences
used previously for allele assignment. Similar to previously published US Surveillance
studies [27,39], unusual genotypes and RVA mixed genotypes were identified in small
proportions during this surveillance period.

The number of RVA-positive samples submitted to the CDC varied by RVA season
and ranged from 37 to 417 samples submitted (Tables 1 and 2). A biennial pattern of low
RVA incidence during even years (i.e., 2010, 2012) and high RVA incidence during odd
years (i.e., 2009, 2011) likely directly influenced the numbers of samples submitted for this
project. As stated by Pindyck et al., the shift from annual to biennial RVA peak activity after
the introduction of RVA vaccines is attributed to an insufficient number of RVA-infected
children to support annual transmission [13]. Although the RVA vaccination coverage has
increased (estimated at 73.2% in 2015 [13]), a proportion of children remain unvaccinated,
and in low-RVA seasons, these unvaccinated children might not be exposed to wild-
type RVA infections and remain susceptible in their second year of life. Together with
unvaccinated children from the next birth cohort, they form a larger group of susceptible
children to produce increases in RVA infection in alternate years. This phenomenon was
predicted previously by modeling of RVA transmission in the post-vaccine licensure era
and reflects the nonlinear feedback of herd immunity [66]. Vaccine strain detection levels
varied by season as well (0–8.2%), with RotaTeq® being more frequently detected than
Rotarix®. The highest levels of vaccine strain detection was observed in “even” years when
RVA disease activity was lower and fewer samples were submitted to the CDC.

Examining all sites combined, we observed two temporal changes in genotype domi-
nance: a shift from G3P[8] to G12P[8] in 2012 and an earlier shift from G1P[8] to G3P[8]
during the 2008 season after introduction of RotaTeq®. Temporal and geographical dif-
ferences between the RVA genotypes have been extensively documented [67–69]. The
predominant genotype G1P[8], which circulated along with four other genotypes (G2P[4],
G3P[8], G4P[8] and G9P[8]) during the 1980s to early 2000s, accounted for approximately
75% of all strains worldwide [68,70]. A global decline in G1P[8] strains coincided with the
emergence of G3P[8] strains followed by the emergence of G12P[8] strains in many regions
in recent years [67,71,72]. Similarly, USA genotyping data obtained through an active
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surveillance system, the New Vaccine Surveillance Network, showed a dramatic genotype
change from G1P[8] to G3P[8] in 2009 [73] and then to G12P[8] in 2012 [39]. Globally, a
rise in G12 strains in the post-vaccine era (early 2010) has been reported in countries using
both vaccines and those who have yet to introduce vaccination [30,39,59,62–65,67,68,74–79],
suggesting that this shift in genotypes is a result of natural genotype cycling rather than a
result of vaccine-selective pressures [22,68. Both RotaTeq and Rotarix have demonstrated
good effectiveness against G12P[8] disease for the combined ED/hospitalization outcome
in the NSVN platform [11,20]. A recent report examining antigenic epitopes of VP7 proteins
of G12P[8] strains found that they differed markedly from those of vaccine strains and that
fully vaccinated children were infected with G12P[8] strains more frequently than with
other RVA genotypes [59]. Similar observations were made by McDonald and colleagues
who found that contemporary G12 strains occupied two sublineages within the G12-III
lineage and differed at the nucleotide but not the amino acid level, suggesting that G12
strains diverged prior to the estimated time of G12 introduction into the USA in 2000 [80].
This report emphasizes the need for continued monitoring of RVA vaccine efficacy against
emerging RVA genotypes.

After the introduction of Rotarix® in Brazil (in 2006) and several Australian states (in
2007), a shift to G2P[4] strains was observed compared to previous RVA seasons [81–85],
whereas states in Australia that started using the RotaTeq® vaccine recorded an increase
in G3P[8] genotypes [85]. The hypothesis that two distinctive trends (G3P[8] and G2P[4]
predominance after RotaTeq® and Rotarix® introduction, respectively) are due to vaccine
pressure is challenged by other surveillance findings, such as: the re-emergence of G2P[4]
immediately after the introduction of RotaTeq® [86,87]; a high prevalence of the G2P[4]
genotype in Latin American countries irrespective of RVA vaccine introduction [87–90];
and a global rise in G12 strains regardless of vaccine introduction [63,67,68,91]. Recent
reports from Australia highlight a distinctive pattern in genotype prevalence between
states that use either Rotarix® or RotaTeq® exclusively: continued dominance of G12P[8]
strains in RotaTeq® states and codominance of G2P[4] and equine-like G3P[8] in states and
territories using Rotarix® [92]. In addition, a more recent report from New South Wales in
Australia, where Rotarix® is used exclusively, identified equine-like G3P[8] and G8P[8] to
be the most common genotypes in children older than 6 months [93]. A shift from G1P[8]
to G3P[8] occurred 2 years after the introduction of RotaTeq® and during the year Rotarix®

was introduced in the USA and it occurred in a single season, whereas a shift from the
G3P[8] to the G12P[8] genotype occurred years after the introduction of these two vaccines
and it occurred over the two RVA seasons. RotaTeq® is more widely used in the USA [16].
Shifts in RVA genotypes are probably the result of both immune pressure from vaccines
and natural genotype cycling.

RVA genotype distributions fluctuate both geographically and temporally in the
absence of the vaccine. Natural variation among RVA strains with sometimes rapid changes
over successive RVA seasons has been observed in many locations [39,67]. Determining
whether a change in circulating genotypes, after the introduction of a vaccine, is a result of
natural seasonal shift or vaccine pressure is challenging due to these naturally occurring
changes in RVA genotypes. It has been postulated that if the vaccine is highly effective
against the X genotype but lower against the Y genotype, then the absolute numbers of
both genotypes will decrease, but the Y:X ratio will increase among the remaining RVA
strains, leading to a shift in genotypes in favor of Y strains [94]. Regardless of whether
genotype shifts observed globally are due to natural variation or vaccine pressure, the need
for continual monitoring of RVA genotypes remains.

Following oral vaccination with either RVA vaccine, vaccine strains can replicate in
the gastrointestinal tract and may be shed in the stool [95–97]. Shedding of vaccine strains
following RotaTeq® vaccination was reported for up to 6 months in nonsymptomatic, non-
immunocompromised children [98] and ≥200 days in immunocompromised children [99].
Shedding of Rotarix® has been reported for up to 2 months post vaccination [100,101].
Horizontal transmission of Rotarix® or RotaTeq® from vaccinated to unvaccinated persons



Viruses 2022, 14, 1775 11 of 17

can occur in the absence of gastrointestinal symptoms, and can result in symptomatic
RVA gastroenteritis requiring care [100,102–105]. In addition to horizontal transmission
of vaccine strains, the major concern regarding vaccination with live attenuated vaccines
is the potential of the vaccine strains to evolve and cause disease [103,106,107]. A low
occurrence of vaccine strains was found in our evaluation and may only represent shedding
from infants after vaccination; overall, less than 2% of strains tested positive with qRT-PCR
targeting the Rotarix® NSP2 and VP4 genes, as well as RotaTeq® VP6 and VP3 genes. No
sample was found to contain vaccine strains (either Rotarix® or RotaTeq ®) in combination
with a wild-type strain when VP7 and VP4 genes were analyzed. Reassortment or the
coinfection of the vaccine with wild-type RVA strains was not evaluated based on all
11 genes.

The CDC established the National Rotavirus Strain Surveillance System (NRSSS)
in 1996 in collaboration with laboratories across the United States, as a passive surveil-
lance system to document the genotype circulation before and after introduction of the
Rotashield® vaccine. A subset of laboratories participating in the National Respiratory
and Enterovirus Surveillance System provides aliquots of stool that tested positive for
rotavirus antigen by enzyme immunoassay (EIA) performed as part of routine clinical
testing at clinical laboratories across the country [26,27]. Limited patient information is
collected to include a sample collection date and/or a patient date of birth, while severity
of illness, hospitalization or rotavirus vaccination status are not obtained. The low-cost
NRSSS provides insight into long-term rotavirus-genotyping data in the US; however, it
does not provide in-depth epidemiological and patient data. In contrast, the high-cost New
Vaccine Surveillance Network (NVSN) was established by the CDC in 2006 as an active,
prospective, population-based acute gastroenteritis surveillance system, in anticipation
of two rotavirus vaccines, RotaTeq® and Rotarix®. Using a standardized questionnaire
administered to the consenting parents and medical chart reviews, in-depth patient data
are collected to include demographic and socioeconomic data, as well as medical history
and vaccination status [73]. Both surveillance systems, NRSSS and NVSN, are benefi-
cial in assessing circulating RVA genotypes in the USA and, for genotype tracking, yield
similar results.

There are limitations of this report. A first major limitation is that the NRSSS is
a passive surveillance system, with only limited clinical information collected for each
case. Because it is a passive system providing residual stool samples after rotavirus
testing that was ordered at the discretion of a clinician, the numbers of rotavirus-positive
samples provided by a site do not necessarily correlate with the burden of rotavirus
disease at that location. Secondly, we summarized the prevalence of genotypes from
all sites combined, so for any given season, the results are more representative of the
sites providing the larger numbers of samples. Thirdly, RVA-negative samples were not
examined for other gastrointestinal pathogens and were excluded from the evaluation, and
RVA-positive samples were not screened for other pathogens. To address this limitation
in future studies, starting in the 2017 RVA season, all NRSSS samples were screened with
the multi-pathogen xTAG® Gastrointestinal Pathogen Panel on the MAGPIX® System
(Luminex Corporation, Northbrook, IL, USA) to detect other gastroenteritis pathogens in
addition to RVA. Fourthly, information on circulating strains was limited to two genes
that were partially sequenced and did not provide insight into full genome constellations.
Our partial VP7 and VP4 sequence analysis assigned our sequences to lineages and alleles
previously described [42,108,109] but our allele designations may not align with alleles
established by Esona et al. which were based on full gene sequences [25]. To address
this limitation for the future studies, our lab extended sequencing from two genes to all
11 RVA genes starting with the 2017 RVA season. Fifthly, the number of samples per NRSSS
site was small for geographical differences to be assessed. Sequencing of the complete
RVA genome and monitoring gastrointestinal multipathogen trends will be necessary
to better understand RVA epidemiology and biology as well as to improve vaccination
strategies against RVA disease. Lastly, an improved RT-PCR genotyping system, which
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includes the first season of G12P[8] predominance, was used to generate genotyping data
presented here starting in 2013. Results generated with the new genotyping system were
confirmed by previously used RT-PCR assays as well as nucleotide sequencing, to rule out
the possibility that the observed changes in the genotype prevalence were an artifact of a
new genotyping system.

5. Conclusions

In conclusion, the RVA genotype landscape in the United States has changed over
the last 20 years. Although changes in a major RVA genotype do not occur frequently
and unusual and mixed genotypes (as well as vaccine strains) are detected at low levels,
continuing RVA genotype surveillance is necessary for many reasons. RVA vaccines are
live vaccines; vaccine genes can reassort with vaccine and/or wild-type RVA strains to
cause illness [102,106]. Elimination of RVA, unlike polio or measles, seems unrealistic in the
near future; nonhuman mammals can serve as hosts for RVA, allowing for the reassortment
of human and animal genes and the introduction of animal RVA genes into RVA strains
infecting humans. Additionally, if RVA surveillance ceases, and a resurgence of RVA disease
occurs later, surveillance platforms and systems would require time to resume in order
to answer which genotype(s) are causing the disease. Finally, formulation of future RVA
vaccines will depend on knowledge of genotypes associated with disease today. Therefore,
continuing surveillance studies are needed to monitor the dynamics of RVA genotype
circulation in the USA.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v14081775/s1. Figure S1a,b. Phylogenetic trees based on aligned nucleotide
sequences of the VP7 (585 nt) and VP4 (537 nt) genes of RVAs, respectively. Sequence alignments
were generated for each genotype using MUSCLE. Top BLAST hits along with lineage reference
sequences were also included in these alignments. Optimal models were selected using jModeltest2
using the corrected Aikaike information criterion (AICc). Maximum likelihood trees were generated
using PhyML using the approximate likelihood-ratio test (aLRT) option for branch support shown
as a proportion at nodes. Genotype-specific sub lineages are color-coded and genotypes, lineages,
and alleles are indicated. Current report strains are indicated by circles at branch termini. Scale bars
indicate the number of nucleotide substitutions per site. Figure S2a,b. Percentage distribution of
major Genotyping Results per city/submitter during odd years (2009, 2011, 2013 and 2015) for: (2a)
Atlanta, GA, Boston, MA, Indianapolis, IN, Wisconsin, WI, Kansas City, MO, Omaha, NE, (2b) Fort
Worth, TX, Seattle, WA, Long Beach, CA, San Francisco, CA and a National Commercial Laboratory.

Author Contributions: Conceptualization, G.A.B., S.M., E.R., A.M.R., M.A.P., R.S., J.D., R.C.J., D.D.,
U.D.P., M.M.C. and M.D.B.; methodology, G.A.B., S.M., E.R., A.M.R., M.A.P., R.S., J.D., R.C.J., D.D.,
U.D.P., M.M.C. and M.D.B.; software, J.J.; validation, S.M.-R., J.J., C.P., M.L.W., M.D.E., R.G., J.L. and
J.P.; formal analysis, S.M.-R., J.J., C.P., M.L.W., M.D.E., R.G., J.L. and J.P.; resources, G.A.B., S.M., E.R.,
A.M.R., M.A.P., R.S., J.D., R.C.J., D.D., U.D.P., M.M.C. and M.D.B.; data curation, S.M.-R., J.J., C.P.,
M.L.W., M.D.E., M.S., R.G., J.L. and J.P.; formal analysis, S.M.-R., J.J., C.P., M.L.W., M.D.E., M.S., R.G.,
J.L. and J.P.; writing— S.M.-R. and M.D.B.; writing—review and editing, all coauthors; visualization,
U.D.P., M.M.C. and M.D.B.; supervision, M.D.B.; project administration, U.D.P., M.M.C. and M.D.B.;
funding acquisition, G.A.B., S.M., E.R., A.M.R., M.A.P., R.S., J.D., R.C.J., D.D., U.D.P., M.M.C. and
M.D.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Centers for Disease Control and Prevention.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/v14081775/s1
https://www.mdpi.com/article/10.3390/v14081775/s1


Viruses 2022, 14, 1775 13 of 17

Disclaimer: The findings and conclusions in this report are those of the author(s) and do not
necessarily represent the official position of the Centers for Disease Control and Prevention. Names
of specific vendors, manufacturers, or products are included for public health and informational
purposes; inclusion does not imply endorsement of the vendors, manufacturers, or products by the
Centers for Disease Control and Prevention or the US Department of Health and Human Services.

References
1. Cortese, M.M.; Parashar, U.D. Prevention of rotavirus gastroenteritis among infants and children: Recommendations of the

Advisory Committee on Immunization Practices (ACIP). MMWR Recomm. Rep. 2009, 58, 1–25. [PubMed]
2. Parashar, U.D.; Hummelman, E.G.; Bresee, J.S.; Miller, M.A.; Glass, R.I. Global illness and deaths caused by rotavirus disease in

children. Emerg. Infect. Dis. 2003, 9, 565–572. [CrossRef] [PubMed]
3. Parashar, U.D.; Alexander, J.P.; Glass, R.I. Prevention of rotavirus gastroenteritis among infants and children. Recommendations

of the Advisory Committee on Immunization Practices (ACIP). MMWR Recomm. Rep. 2006, 55, 1–13. [PubMed]
4. Zhen, S.S.; Li, Y.; Wang, S.M.; Zhang, X.J.; Hao, Z.Y.; Chen, Y.; Wang, D.; Zhang, Y.H.; Zhang, Z.Y.; Ma, J.C.; et al. Effectiveness

of the live attenuated rotavirus vaccine produced by a domestic manufacturer in China studied using a population-based
case-control design. Emerg. Microbes Infect. 2015, 4, e64. [CrossRef] [PubMed]

5. Dang, D.A.; Nguyen, V.T.; Vu, D.T.; Nguyen, T.H.; Nguyen, D.M.; Yuhuan, W.; Baoming, J.; Nguyen, D.H.; Le, T.L.;
Rotavin, M.V.T.G. A dose-escalation safety and immunogenicity study of a new live attenuated human rotavirus vaccine
(Rotavin-M1) in Vietnamese children. Vaccine 2012, 30, A114–A121. [CrossRef] [PubMed]

6. World Health Organization. Global Advisory Committee on Vaccine Safety, 11–12 June 2014. Wkly Epidemiol. Rec. 2014, 89,
325–335.

7. Zade, J.K.; Kulkarni, P.S.; Desai, S.A.; Sabale, R.N.; Naik, S.P.; Dhere, R.M. Bovine rotavirus pentavalent vaccine development in
India. Vaccine 2014, 32, A124–A128. [CrossRef]

8. Coldiron, M.E.; Guindo, O.; Makarimi, R.; Soumana, I.; Matar Seck, A.; Garba, S.; Macher, E.; Isanaka, S.; Grais, R.F. Safety of a
heat-stable rotavirus vaccine among children in Niger: Data from a phase 3, randomized, double-blind, placebo-controlled trial.
Vaccine 2018, 36, 3674–3680. [CrossRef]

9. Isanaka, S.; Guindo, O.; Langendorf, C.; Matar Seck, A.; Plikaytis, B.D.; Sayinzoga-Makombe, N.; McNeal, M.M.; Meyer, N.;
Adehossi, E.; Djibo, A.; et al. Efficacy of a Low-Cost, Heat-Stable Oral Rotavirus Vaccine in Niger. N. Engl. J. Med. 2017, 376,
1121–1130. [CrossRef]

10. Kulkarni, P.S.; Desai, S.; Tewari, T.; Kawade, A.; Goyal, N.; Garg, B.S.; Kumar, D.; Kanungo, S.; Kamat, V.; Kang, G.; et al. A
randomized Phase III clinical trial to assess the efficacy of a bovine-human reassortant pentavalent rotavirus vaccine in Indian
infants. Vaccine 2017, 35, 6228–6237. [CrossRef]

11. Vesikari, T.; Matson, D.O.; Dennehy, P.; Van Damme, P.; Santosham, M.; Rodriguez, Z.; Dallas, M.J.; Heyse, J.F.; Goveia, M.G.;
Black, S.B.; et al. Safety and efficacy of a pentavalent human-bovine (WC3) reassortant rotavirus vaccine. N. Engl. J. Med. 2006,
354, 23–33. [CrossRef]

12. Ward, R.L.; Bernstein, D.I. Rotarix: A rotavirus vaccine for the world. Clin. Infect. Dis. 2009, 48, 222–228. [CrossRef]
13. Pindyck, T.; Tate, J.E.; Parashar, U.D. A decade of experience with rotavirus vaccination in the United States-vaccine uptake,

effectiveness, and impact. Expert Rev. Vaccines 2018, 17, 593–606. [CrossRef]
14. Boom, J.A.; Tate, J.E.; Sahni, L.C.; Rench, M.A.; Quaye, O.; Mijatovic-Rustempasic, S.; Patel, M.M.; Baker, C.J.; Parashar, U.D.

Sustained protection from pentavalent rotavirus vaccination during the second year of life at a large, urban United States pediatric
hospital. Pediatr. Infect. Dis. J. 2010, 29, 1133–1135. [CrossRef]

15. Staat, M.A.; Payne, D.C.; Donauer, S.; Weinberg, G.A.; Edwards, K.M.; Szilagyi, P.G.; Griffin, M.R.; Hall, C.B.; Curns, A.T.;
Gentsch, J.R.; et al. Effectiveness of pentavalent rotavirus vaccine against severe disease. Pediatrics 2011, 128, e267–e275. [CrossRef]

16. Payne, D.C.; Boom, J.A.; Staat, M.A.; Edwards, K.M.; Szilagyi, P.G.; Klein, E.J.; Selvarangan, R.; Azimi, P.H.; Harrison, C.;
Moffatt, M.; et al. Effectiveness of pentavalent and monovalent rotavirus vaccines in concurrent use among US children <5 years
old, 2009–2011. Clin. Infect. Dis. 2013, 57, 13–20. [CrossRef]

17. Cortese, M.M.; Immergluck, L.C.; Held, M.; Jain, S.; Chan, T.; Grizas, A.P.; Khizer, S.; Barrett, C.; Quaye, O.; Mijatovic-Rustempasic, S.;
et al. Effectiveness of monovalent and pentavalent rotavirus vaccine. Pediatrics 2013, 132, e25–e33. [CrossRef]

18. Gastanaduy, P.A.; Curns, A.T.; Parashar, U.D.; Lopman, B.A. Gastroenteritis hospitalizations in older children and adults in the
United States before and after implementation of infant rotavirus vaccination. JAMA 2013, 310, 851–853. [CrossRef]

19. Lopman, B.A.; Curns, A.T.; Yen, C.; Parashar, U.D. Infant rotavirus vaccination may provide indirect protection to older children
and adults in the United States. J. Infect. Dis. 2011, 204, 980–986. [CrossRef]

20. Payne, D.C.; Selvarangan, R.; Azimi, P.H.; Boom, J.A.; Englund, J.A.; Staat, M.A.; Halasa, N.B.; Weinberg, G.A.; Szilagyi, P.G.;
Chappell, J.; et al. Long-term Consistency in Rotavirus Vaccine Protection: RV5 and RV1 Vaccine Effectiveness in US Children,
2012–2013. Clin. Infect. Dis. 2015, 61, 1792–1799. [CrossRef]

21. Estes, M.K.; Kapikian, A.Z. Rotaviruses. In Fields Virology, 5th ed.; Knipe, D.M., Griffin, D.E., Lamb, R.A., Martin, M.A.,
Roizman, B., Straus, S.E., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2007; Volume 2, pp. 1917–1974.

http://www.ncbi.nlm.nih.gov/pubmed/19194371
http://doi.org/10.3201/eid0905.020562
http://www.ncbi.nlm.nih.gov/pubmed/12737740
http://www.ncbi.nlm.nih.gov/pubmed/16902398
http://doi.org/10.1038/emi.2015.64
http://www.ncbi.nlm.nih.gov/pubmed/26576341
http://doi.org/10.1016/j.vaccine.2011.07.118
http://www.ncbi.nlm.nih.gov/pubmed/22520120
http://doi.org/10.1016/j.vaccine.2014.03.003
http://doi.org/10.1016/j.vaccine.2018.05.023
http://doi.org/10.1056/NEJMoa1609462
http://doi.org/10.1016/j.vaccine.2017.09.014
http://doi.org/10.1056/NEJMoa052664
http://doi.org/10.1086/595702
http://doi.org/10.1080/14760584.2018.1489724
http://doi.org/10.1097/INF.0b013e3181ed18ab
http://doi.org/10.1542/peds.2010-3722
http://doi.org/10.1093/cid/cit164
http://doi.org/10.1542/peds.2012-3804
http://doi.org/10.1001/jama.2013.170800
http://doi.org/10.1093/infdis/jir492
http://doi.org/10.1093/cid/civ872


Viruses 2022, 14, 1775 14 of 17

22. Estes, M.K. Rotaviruses and Their Replication. In Fields Virology, 3rd ed.; Fields, B.N., Knipe, D.M., Howley, P.M., Chanock, R.M.,
Melnick, J.L., Monath, T.P., Roizman, B., Straus, S.E., Eds.; Lippincott-Raven: Philadelphia, PA, USA, 1996; Volume 2,
pp. 1625–1655.

23. Matthijnssens, J.; Van Ranst, M. Genotype constellation and evolution of group A rotaviruses infecting humans. Curr. Opin. Virol.
2012, 2, 426–433. [CrossRef]

24. Matthijnssens, J.; Ciarlet, M.; McDonald, S.M.; Attoui, H.; Banyai, K.; Brister, J.R.; Buesa, J.; Esona, M.D.; Estes, M.K.; Gentsch, J.R.;
et al. Uniformity of rotavirus strain nomenclature proposed by the Rotavirus Classification Working Group (RCWG). Arch. Virol.
2011, 156, 1397–1413. [CrossRef]

25. Esona, M.D.; Gautam, R.; Katz, E.; Jaime, J.; Leanne Ward, M.; Wikswo, M.E.; Betrapally, N.S.; Rustempasic, S.M.; Selvarangan, R.;
Harrison, C.J.; et al. Comparative genomic analysis of genogroup 1 and genogroup 2 rotaviruses circulating in seven US cities,
2014–2016. Virus Evol. 2021, 7, veab023. [CrossRef]

26. Ramachandran, M.; Gentsch, J.R.; Parashar, U.D.; Jin, S.; Woods, P.A.; Holmes, J.L.; Kirkwood, C.D.; Bishop, R.F.; Greenberg, H.B.;
Urasawa, S.; et al. Detection and characterization of novel rotavirus strains in the United States. J. Clin. Microbiol. 1998, 36,
3223–3229. [CrossRef]

27. Hull, J.J.; Teel, E.N.; Kerin, T.K.; Freeman, M.M.; Esona, M.D.; Gentsch, J.R.; Cortese, M.M.; Parashar, U.D.; Glass, R.I.; Bowen, M.D.
United States rotavirus strain surveillance from 2005 to 2008: Genotype prevalence before and after vaccine introduction. Pediatr.
Infect. Dis. J. 2011, 30, S42–S47. [CrossRef]

28. Esona, M.D.; Gautam, R.; Tam, K.I.; Williams, A.; Mijatovic-Rustempasic, S.; Bowen, M.D. Multiplexed one-step RT-PCR VP7 and
VP4 genotyping assays for rotaviruses using updated primers. J. Virol. Methods 2015, 223, 96–104. [CrossRef]

29. Mijatovic-Rustempasic, S.; Frace, M.A.; Bowen, M.D. Cost-Effective Paramagnetic Bead Technique for Purification of Cycle
Sequencing Products. Sequencing 2012, 2012, 4. [CrossRef]

30. Roczo-Farkas, S.; Kirkwood, C.D.; Bines, J.E.; Australian Rotavirus Surveillance Group. Australian Rotavirus Surveillance
Program annual report, 2015. Commun. Dis. Intell. Q. Rep. 2016, 40, E527–E538.

31. Mijatovic-Rustempasic, S.; Esona, M.D.; Williams, A.L.; Bowen, M.D. Sensitive and specific nested PCR assay for detection of
rotavirus A in samples with a low viral load. J. Virol. Methods 2016, 236, 41–46. [CrossRef]

32. Camacho, C.; Coulouris, G.; Avagyan, V.; Ma, N.; Papadopoulos, J.; Bealer, K.; Madden, T.L. BLAST+: Architecture and
applications. BMC Bioinform. 2009, 10, 421. [CrossRef]

33. Hatcher, E.L.; Zhdanov, S.A.; Bao, Y.; Blinkova, O.; Nawrocki, E.P.; Ostapchuck, Y.; Schaffer, A.A.; Brister, J.R. Virus Variation
Resource-improved response to emergent viral outbreaks. Nucleic Acids Res. 2017, 45, D482–D490. [CrossRef]

34. Wang, S.; Sundaram, J.P.; Spiro, D. VIGOR, an annotation program for small viral genomes. BMC Bioinform. 2010, 11, 451.
[CrossRef]

35. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792–1797. [CrossRef]

36. Anisimova, M.; Gascuel, O. Approximate likelihood-ratio test for branches: A fast, accurate, and powerful alternative. Syst. Biol.
2006, 55, 539–552. [CrossRef]

37. Yu, G. Using ggtree to Visualize Data on Tree-Like Structures. Curr. Protoc. Bioinform. 2020, 69, e96. [CrossRef]
38. Gautam, R.; Esona, M.D.; Mijatovic-Rustempasic, S.; Ian Tam, K.; Gentsch, J.R.; Bowen, M.D. Real-time RT-PCR assays to

differentiate wild-type group A rotavirus strains from Rotarix((R)) and RotaTeq((R)) vaccine strains in stool samples. Hum. Vaccin.
Immunother. 2014, 10, 767–777. [CrossRef]

39. Bowen, M.D.; Mijatovic-Rustempasic, S.; Esona, M.D.; Teel, E.N.; Gautam, R.; Sturgeon, M.; Azimi, P.H.; Baker, C.J.; Bernstein, D.I.;
Boom, J.A.; et al. Rotavirus Strain Trends During the Postlicensure Vaccine Era: United States, 2008–2013. J. Infect. Dis. 2016, 214,
732–738. [CrossRef]

40. Le, V.P.; Chung, Y.C.; Kim, K.; Chung, S.I.; Lim, I.; Kim, W. Genetic variation of prevalent G1P[8] human rotaviruses in South
Korea. J. Med. Virol. 2010, 82, 886–896. [CrossRef]

41. Roy, S.; Esona, M.D.; Kirkness, E.F.; Akopov, A.; McAllen, J.K.; Wikswo, M.E.; Cortese, M.M.; Payne, D.C.; Parashar, U.D.;
Gentsch, J.R.; et al. Comparative genomic analysis of genogroup 1 (Wa-like) rotaviruses circulating in the USA, 2006–2009. Infect.
Genet. Evol. 2014, 28, 513–523. [CrossRef]

42. Esteban, L.E.; Rota, R.P.; Gentsch, J.R.; Jiang, B.; Esona, M.; Glass, R.I.; Glikmann, G.; Castello, A.A. Molecular epidemiology of
group A rotavirus in Buenos Aires, Argentina 2004–2007: Reemergence of G2P[4] and emergence of G9P[8] strains. J. Med. Virol.
2010, 82, 1083–1093. [CrossRef]

43. Dennis, A.F.; McDonald, S.M.; Payne, D.C.; Mijatovic-Rustempasic, S.; Esona, M.D.; Edwards, K.M.; Chappell, J.D.; Patton, J.T.
Molecular epidemiology of contemporary G2P[4] human rotaviruses cocirculating in a single U.S. community: Footprints of a
globally transitioning genotype. J. Virol. 2014, 88, 3789–3801. [CrossRef]

44. Perkins, C.; Mijatovic-Rustempasic, S.; Ward, M.L.; Cortese, M.M.; Bowen, M.D. Genomic Characterization of the First Equine-Like
G3P[8] Rotavirus Strain Detected in the United States. Genome Announc. 2017, 5, e01341-17. [CrossRef]

45. Katz, E.M.; Esona, M.D.; Betrapally, N.S.; De La Cruz De Leon, L.A.; Neira, Y.R.; Rey, G.J.; Bowen, M.D. Whole-gene analysis of
inter-genogroup reassortant rotaviruses from the Dominican Republic: Emergence of equine-like G3 strains and evidence of their
reassortment with locally-circulating strains. Virology 2019, 534, 114–131. [CrossRef]

http://doi.org/10.1016/j.coviro.2012.04.007
http://doi.org/10.1007/s00705-011-1006-z
http://doi.org/10.1093/ve/veab023
http://doi.org/10.1128/JCM.36.11.3223-3229.1998
http://doi.org/10.1097/INF.0b013e3181fefd78
http://doi.org/10.1016/j.jviromet.2015.07.012
http://doi.org/10.1155/2012/767959
http://doi.org/10.1016/j.jviromet.2016.07.007
http://doi.org/10.1186/1471-2105-10-421
http://doi.org/10.1093/nar/gkw1065
http://doi.org/10.1186/1471-2105-11-451
http://doi.org/10.1093/nar/gkh340
http://doi.org/10.1080/10635150600755453
http://doi.org/10.1002/cpbi.96
http://doi.org/10.4161/hv.27388
http://doi.org/10.1093/infdis/jiw233
http://doi.org/10.1002/jmv.21653
http://doi.org/10.1016/j.meegid.2014.09.021
http://doi.org/10.1002/jmv.21745
http://doi.org/10.1128/JVI.03516-13
http://doi.org/10.1128/genomeA.01341-17
http://doi.org/10.1016/j.virol.2019.06.007


Viruses 2022, 14, 1775 15 of 17

46. Stupka, J.A.; Carvalho, P.; Amarilla, A.A.; Massana, M.; Parra, G.I. National Rotavirus Surveillance in Argentina: High incidence
of G9P[8] strains and detection of G4P[6] strains with porcine characteristics. Infect. Genet. Evol. 2009, 9, 1225–1231. [CrossRef]

47. Cowley, D.; Donato, C.M.; Roczo-Farkas, S.; Kirkwood, C.D. Emergence of a novel equine-like G3P[8] inter-genogroup reassortant
rotavirus strain associated with gastroenteritis in Australian children. J. Gen. Virol. 2016, 97, 403–410. [CrossRef]

48. Esona, M.D.; Mijatovic-Rustempasic, S.; Foytich, K.; Roy, S.; Banyai, K.; Armah, G.E.; Steele, A.D.; Volotao, E.M.; Gomez, M.M.;
Silva, M.F.; et al. Human G9P[8] rotavirus strains circulating in Cameroon, 1999–2000: Genetic relationships with other G9 strains
and detection of a new G9 subtype. Infect. Genet. Evol. 2013, 18, 315–324. [CrossRef]

49. Stupka, J.A.; Degiuseppe, J.I.; Parra, G.I.; Argentinean National Rotavirus Surveillance, N. Increased frequency of rotavirus
G3P[8] and G12P[8] in Argentina during 2008–2009: Whole-genome characterization of emerging G12P[8] strains. J. Clin. Virol.
2012, 54, 162–167. [CrossRef]

50. Mijatovic-Rustempasic, S.; Roy, S.; Sturgeon, M.; Rungsrisuriyachai, K.; Reisdorf, E.; Cortese, M.M.; Bowen, M.D. Full-Genome
Sequence of the First G8P[14] Rotavirus Strain Detected in the United States. Genome Announc. 2015, 3, e00677-15. [CrossRef]

51. Esona, M.D.; Geyer, A.; Page, N.; Trabelsi, A.; Fodha, I.; Aminu, M.; Agbaya, V.A.; Tsion, B.; Kerin, T.K.; Armah, G.E.; et al.
Genomic characterization of human rotavirus G8 strains from the African rotavirus network: Relationship to animal rotaviruses.
J. Med. Virol. 2009, 81, 937–951. [CrossRef]

52. Lewis, J.; Roy, S.; Esona, M.D.; Mijatovic-Rustempasic, S.; Hardy, C.; Wang, Y.; Cortese, M.; Bowen, M.D. Full Genome Sequence
of a Reassortant Human G9P[4] Rotavirus Strain. Genome Announc. 2014, 2, e01284-14. [CrossRef]

53. Mijatovic-Rustempasic, S.; Roy, S.; Sturgeon, M.; Rungsrisuriyachai, K.; Esona, M.D.; Degroat, D.; Qin, X.; Cortese, M.M.;
Bowen, M.D. Full-Genome Sequence of a Rare Human G3P[9] Rotavirus Strain. Genome Announc. 2014, 2, e00143-14. [CrossRef]
[PubMed]

54. Arista, S.; Giammanco, G.M.; De Grazia, S.; Colomba, C.; Martella, V. Genetic variability among serotype G4 Italian human
rotaviruses. J. Clin. Microbiol. 2005, 43, 1420–1425. [CrossRef] [PubMed]

55. Arista, S.; Giammanco, G.M.; De Grazia, S.; Ramirez, S.; Lo Biundo, C.; Colomba, C.; Cascio, A.; Martella, V. Heterogeneity and
temporal dynamics of evolution of G1 human rotaviruses in a settled population. J. Virol. 2006, 80, 10724–10733. [CrossRef]
[PubMed]

56. Espinola, E.E.; Amarilla, A.; Arbiza, J.; Parra, G.I. Sequence and phylogenetic analysis of the VP4 gene of human rotaviruses
isolated in Paraguay. Arch. Virol. 2008, 153, 1067–1073. [CrossRef]

57. Mascarenhas, J.D.; Lima, C.S.; de Oliveira, D.S.; Guerra Sde, F.; Maestri, R.P.; Gabbay, Y.B.; de Lima, I.C.; de Menezes, E.M.;
Linhares Ada, C.; Bensabath, G. Identification of two sublineages of genotype G2 rotavirus among diarrheic children in
Parauapebas, Southern Para State, Brazil. J. Med. Virol. 2010, 82, 712–719. [CrossRef]

58. Arista, S.; Giammanco, G.M.; De Grazia, S.; Colomba, C.; Martella, V.; Cascio, A.; Iturriza-Gomara, M. G2 rotavirus infections in
an infantile population of the South of Italy: Variability of viral strains over time. J. Med. Virol. 2005, 77, 587–594. [CrossRef]

59. Ogden, K.M.; Tan, Y.; Akopov, A.; Stewart, L.S.; McHenry, R.; Fonnesbeck, C.J.; Piya, B.; Carter, M.H.; Fedorova, N.B.;
Halpin, R.A.; et al. Multiple Introductions and Antigenic Mismatch with Vaccines May Contribute to Increased Predominance of
G12P[8] Rotaviruses in the United States. J. Virol. 2019, 93, e01476-18. [CrossRef]

60. Payne, D.C.; Currier, R.L.; Staat, M.A.; Sahni, L.C.; Selvarangan, R.; Halasa, N.B.; Englund, J.A.; Weinberg, G.A.; Boom, J.A.;
Szilagyi, P.G.; et al. Epidemiologic Association Between FUT2 Secretor Status and Severe Rotavirus Gastroenteritis in Children in
the United States. JAMA Pediatr. 2015, 169, 1040–1045. [CrossRef]

61. Page, A.L.; Jusot, V.; Mamaty, A.A.; Adamou, L.; Kaplon, J.; Pothier, P.; Djibo, A.; Manzo, M.L.; Toure, B.; Langendorf, C.; et al.
Rotavirus surveillance in urban and rural areas of Niger, April 2010–March 2012. Emerg. Infect. Dis. 2014, 20, 573–580. [CrossRef]

62. Cilla, G.; Montes, M.; Gomariz, M.; Alkorta, M.; Iturzaeta, A.; Perez-Yarza, E.G.; Perez-Trallero, E. Rotavirus genotypes in children
in the Basque Country (North of Spain): Rapid and intense emergence of the G12[P8] genotype. Epidemiol. Infect. 2013, 141,
868–874. [CrossRef]

63. Bucardo, F.; Mercado, J.; Reyes, Y.; Gonzalez, F.; Balmaseda, A.; Nordgren, J. Large increase of rotavirus diarrhoea in the hospital
setting associated with emergence of G12 genotype in a highly vaccinated population in Nicaragua. Clin. Microbiol. Infect. 2015,
21, 603.e1–603.e7. [CrossRef] [PubMed]

64. Esona, M.D.; Buteau, J.; Lucien, M.A.; Joseph, G.A.; Leshem, E.; Boncy, J.; Katz, M.A.; Bowen, M.D.; Balajee, S.A. Rotavirus group
A genotypes detected through diarrheal disease surveillance in Haiti, 2012. Am. J. Trop. Med. Hyg. 2015, 93, 54–56. [CrossRef]
[PubMed]

65. Kirkwood, C.D.; Roczo-Farkas, S.; Australian Rotavirus Surveillance Group. Australian Rotavirus Surveillance Program annual
report, 2013. Commun. Dis. Intell. Q. Rep. 2014, 38, E334–E342. [PubMed]

66. Pitzer, V.E.; Viboud, C.; Simonsen, L.; Steiner, C.; Panozzo, C.A.; Alonso, W.J.; Miller, M.A.; Glass, R.I.; Glasser, J.W.;
Parashar, U.D.; et al. Demographic variability, vaccination, and the spatiotemporal dynamics of rotavirus epidemics. Science 2009,
325, 290–294. [CrossRef] [PubMed]

67. Doro, R.; Laszlo, B.; Martella, V.; Leshem, E.; Gentsch, J.; Parashar, U.; Banyai, K. Review of global rotavirus strain prevalence
data from six years post vaccine licensure surveillance: Is there evidence of strain selection from vaccine pressure? Infect. Genet.
Evol. 2014, 28, 446–461. [CrossRef]

http://doi.org/10.1016/j.meegid.2009.07.002
http://doi.org/10.1099/jgv.0.000352
http://doi.org/10.1016/j.meegid.2013.06.005
http://doi.org/10.1016/j.jcv.2012.02.011
http://doi.org/10.1128/genomeA.00677-15
http://doi.org/10.1002/jmv.21468
http://doi.org/10.1128/genomeA.01284-14
http://doi.org/10.1128/genomeA.00143-14
http://www.ncbi.nlm.nih.gov/pubmed/24675848
http://doi.org/10.1128/JCM.43.3.1420-1425.2005
http://www.ncbi.nlm.nih.gov/pubmed/15750122
http://doi.org/10.1128/JVI.00340-06
http://www.ncbi.nlm.nih.gov/pubmed/16928744
http://doi.org/10.1007/s00705-008-0096-8
http://doi.org/10.1002/jmv.21735
http://doi.org/10.1002/jmv.20496
http://doi.org/10.1128/JVI.01476-18
http://doi.org/10.1001/jamapediatrics.2015.2002
http://doi.org/10.3201/eid2004.131328
http://doi.org/10.1017/S0950268812001306
http://doi.org/10.1016/j.cmi.2015.01.022
http://www.ncbi.nlm.nih.gov/pubmed/25677631
http://doi.org/10.4269/ajtmh.14-0403
http://www.ncbi.nlm.nih.gov/pubmed/25962775
http://www.ncbi.nlm.nih.gov/pubmed/25631596
http://doi.org/10.1126/science.1172330
http://www.ncbi.nlm.nih.gov/pubmed/19608910
http://doi.org/10.1016/j.meegid.2014.08.017


Viruses 2022, 14, 1775 16 of 17

68. Banyai, K.; Laszlo, B.; Duque, J.; Steele, A.D.; Nelson, E.A.; Gentsch, J.R.; Parashar, U.D. 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 2012, 30, A122–A130. [CrossRef]

69. Matthijnssens, J.; Bilcke, J.; Ciarlet, M.; Martella, V.; Banyai, K.; Rahman, M.; Zeller, M.; Beutels, P.; Van Damme, P.; Van Ranst, M.
Rotavirus disease and vaccination: Impact on genotype diversity. Future Microbiol. 2009, 4, 1303–1316. [CrossRef]

70. Leshem, E.; Moritz, R.E.; Curns, A.T.; Zhou, F.; Tate, J.E.; Lopman, B.A.; Parashar, U.D. Rotavirus vaccines and health care
utilization for diarrhea in the United States (2007–2011). Pediatrics 2014, 134, 15–23. [CrossRef]

71. Japhet, M.O.; Famurewa, O.; Iturriza-Gomara, M.; Adesina, O.A.; Opaleye, O.O.; Niendorf, S.; Bock, C.T.; Mas Marques, A.
Group A rotaviruses circulating prior to a national immunization programme in Nigeria: Clinical manifestations, high G12P[8]
frequency, intra-genotypic divergence of VP4 and VP7. J. Med. Virol. 2018, 90, 239–249. [CrossRef]

72. Lartey, B.L.; Damanka, S.; Dennis, F.E.; Enweronu-Laryea, C.C.; Addo-Yobo, E.; Ansong, D.; Kwarteng-Owusu, S.; Sagoe, K.W.;
Mwenda, J.M.; Diamenu, S.K.; et al. Rotavirus strain distribution in Ghana pre- and post- rotavirus vaccine introduction. Vaccine
2018, 36, 7238–7242. [CrossRef]

73. Payne, D.C.; Staat, M.A.; Edwards, K.M.; Szilagyi, P.G.; Gentsch, J.R.; Stockman, L.J.; Curns, A.T.; Griffin, M.; Weinberg, G.A.;
Hall, C.B.; et al. Active, population-based surveillance for severe rotavirus gastroenteritis in children in the United States.
Pediatrics 2008, 122, 1235–1243. [CrossRef] [PubMed]

74. Aly, M.; Al Khairy, A.; Al Johani, S.; Balkhy, H. Unusual rotavirus genotypes among children with acute diarrhea in Saudi Arabia.
BMC Infect. Dis. 2015, 15, 192. [CrossRef] [PubMed]

75. Burke, R.M.; Tate, J.E.; Barin, N.; Bock, C.; Bowen, M.D.; Chang, D.; Gautam, R.; Han, G.; Holguin, J.; Huynh, T.; et al. Three
Rotavirus Outbreaks in the Postvaccine Era-California, 2017. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 470–472. [CrossRef]
[PubMed]

76. Delogu, R.; Ianiro, G.; Camilloni, B.; Fiore, L.; Ruggeri, F.M. Unexpected spreading of G12P[8] rotavirus strains among young
children in a small area of central Italy. J. Med. Virol. 2015, 87, 1292–1302. [CrossRef] [PubMed]

77. Mijatovic-Rustempasic, S.; Teel, E.N.; Kerin, T.K.; Hull, J.J.; Roy, S.; Weinberg, G.A.; Payne, D.C.; Parashar, U.D.; Gentsch, J.R.;
Bowen, M.D. Genetic analysis of G12P[8] rotaviruses detected in the largest U.S. G12 genotype outbreak on record. Infect. Genet.
Evol. 2014, 21, 214–219. [CrossRef]

78. Ndze, V.N.; Esona, M.D.; Achidi, E.A.; Gonsu, K.H.; Doro, R.; Marton, S.; Farkas, S.; Ngeng, M.B.; Ngu, A.F.; Obama-Abena, M.T.;
et al. Full genome characterization of human Rotavirus A strains isolated in Cameroon, 2010–2011: Diverse combinations of the
G and P genes and lack of reassortment of the backbone genes. Infect. Genet. Evol. 2014, 28, 537–560. [CrossRef]

79. Tort, L.F.; Victoria, M.; Lizasoain, A.A.; Castells, M.; Maya, L.; Gomez, M.M.; Arreseigor, E.; Lopez, P.; Cristina, J.; Leite, J.P.; et al.
Molecular epidemiology of group A rotavirus among children admitted to hospital in Salto, Uruguay, 2011–2012: First detection
of the emerging genotype G12. J. Med. Virol. 2015, 87, 754–763. [CrossRef]

80. McDonald, S.M.; McKell, A.O.; Rippinger, C.M.; McAllen, J.K.; Akopov, A.; Kirkness, E.F.; Payne, D.C.; Edwards, K.M.;
Chappell, J.D.; Patton, J.T. Diversity and relationships of cocirculating modern human rotaviruses revealed using large-scale
comparative genomics. J. Virol. 2012, 86, 9148–9162. [CrossRef]

81. Carvalho-Costa, F.A.; Araujo, I.T.; Santos de Assis, R.M.; Fialho, A.M.; de Assis Martins, C.M.; Boia, M.N.; Leite, J.P. Rotavirus
genotype distribution after vaccine introduction, Rio de Janeiro, Brazil. Emerg. Infect. Dis. 2009, 15, 95–97. [CrossRef]

82. Carvalho-Costa, F.A.; Volotao Ede, M.; de Assis, R.M.; Fialho, A.M.; de Andrade Jda, S.; Rocha, L.N.; Tort, L.F.; da Silva, M.F.;
Gomez, M.M.; de Souza, P.M.; et al. Laboratory-based rotavirus surveillance during the introduction of a vaccination program,
Brazil, 2005–2009. Pediatr. Infect. Dis. J. 2011, 30, S35–S41. [CrossRef]

83. Correia, J.B.; Patel, M.M.; Nakagomi, O.; Montenegro, F.M.; Germano, E.M.; Correia, N.B.; Cuevas, L.E.; Parashar, U.D.;
Cunliffe, N.A.; Nakagomi, T. Effectiveness of monovalent rotavirus vaccine (Rotarix) against severe diarrhea caused by serotypi-
cally unrelated G2P[4] strains in Brazil. J. Infect. Dis. 2010, 201, 363–369. [CrossRef] [PubMed]

84. Leite, J.P.; Carvalho-Costa, F.A.; Linhares, A.C. Group A rotavirus genotypes and the ongoing Brazilian experience: A review.
Mem. Inst. Oswaldo Cruz 2008, 103, 745–753. [CrossRef] [PubMed]

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

86. Khawaja, S.; Cardellino, A.; Mast, T.C. Hospital-based surveillance and analysis of genotype variation in Nicaragua after the
introduction of the pentavalent rotavirus vaccine. Pediatr. Infect. Dis. J. 2014, 33, e25–e28. [CrossRef] [PubMed]

87. Patel, M.; Pedreira, C.; De Oliveira, L.H.; Tate, J.; Orozco, M.; Mercado, J.; Gonzalez, A.; Malespin, O.; Amador, J.J.; Umana, J.;
et al. Association between pentavalent rotavirus vaccine and severe rotavirus diarrhea among children in Nicaragua. JAMA 2009,
301, 2243–2251. [CrossRef]

88. Amarilla, A.; Espinola, E.E.; Galeano, M.E.; Farina, N.; Russomando, G.; Parra, G.I. 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. 2007, 13, 333–337.

89. Mandile, M.G.; Esteban, L.E.; Arguelles, M.H.; Mistchenko, A.; Glikmann, G.; Castello, A.A. Surveillance of group A Rotavirus
in Buenos Aires 2008–2011, long lasting circulation of G2P[4] strains possibly linked to massive monovalent vaccination in the
region. J. Clin. Virol. 2014, 60, 282–289. [CrossRef]

http://doi.org/10.1016/j.vaccine.2011.09.111
http://doi.org/10.2217/fmb.09.96
http://doi.org/10.1542/peds.2013-3849
http://doi.org/10.1002/jmv.24949
http://doi.org/10.1016/j.vaccine.2018.01.010
http://doi.org/10.1542/peds.2007-3378
http://www.ncbi.nlm.nih.gov/pubmed/19047240
http://doi.org/10.1186/s12879-015-0923-y
http://www.ncbi.nlm.nih.gov/pubmed/25884670
http://doi.org/10.15585/mmwr.mm6716a3
http://www.ncbi.nlm.nih.gov/pubmed/29698381
http://doi.org/10.1002/jmv.24180
http://www.ncbi.nlm.nih.gov/pubmed/25758365
http://doi.org/10.1016/j.meegid.2013.11.004
http://doi.org/10.1016/j.meegid.2014.10.009
http://doi.org/10.1002/jmv.24123
http://doi.org/10.1128/JVI.01105-12
http://doi.org/10.3201/eid1501.071136
http://doi.org/10.1097/INF.0b013e3181fefd5f
http://doi.org/10.1086/649843
http://www.ncbi.nlm.nih.gov/pubmed/20047501
http://doi.org/10.1590/S0074-02762008000800001
http://www.ncbi.nlm.nih.gov/pubmed/19148411
http://doi.org/10.1097/INF.0b013e3181fefd90
http://doi.org/10.1097/INF.0000000000000074
http://www.ncbi.nlm.nih.gov/pubmed/24042492
http://doi.org/10.1001/jama.2009.756
http://doi.org/10.1016/j.jcv.2014.04.022


Viruses 2022, 14, 1775 17 of 17

90. Degiuseppe, J.I.; Beltramino, J.C.; Millan, A.; Stupka, J.A.; Parra, G.I. Complete genome analyses of G4P[6] rotavirus detected in
Argentinean children with diarrhoea provides evidence of interspecies transmission from swine. Clin. Microbiol. Infect. 2013, 19,
e367–e371. [CrossRef]

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

92. Roczo-Farkas, S.; Kirkwood, C.D.; Bines, J.E.; Enteric Virus Group, M.C.R.I.R.C.s.H. Australian Rotavirus Surveillance Program:
Annual Report, 2016. Commun. Dis. Intell. Q. Rep. 2017, 41, E455–E471.

93. Maguire, J.E.; Glasgow, K.; Glass, K.; Roczo-Farkas, S.; Bines, J.E.; Sheppeard, V.; Macartney, K.; Quinn, H.E. Rotavirus
Epidemiology and Monovalent Rotavirus Vaccine Effectiveness in Australia: 2010–2017. Pediatrics 2019, 144, e20191024. [CrossRef]
[PubMed]

94. Matthijnssens, J.; Nakagomi, O.; Kirkwood, C.D.; Ciarlet, M.; Desselberger, U.; Van Ranst, M. Group A rotavirus universal mass
vaccination: How and to what extent will selective pressure influence prevalence of rotavirus genotypes? Expert Rev. Vaccin. 2012,
11, 1347–1354. [CrossRef] [PubMed]

95. Yen, C.; Jakob, K.; Esona, M.D.; Peckham, X.; Rausch, J.; Hull, J.J.; Whittier, S.; Gentsch, J.R.; LaRussa, P. Detection of fecal
shedding of rotavirus vaccine in infants following their first dose of pentavalent rotavirus vaccine. Vaccine 2011, 29, 4151–4155.
[CrossRef] [PubMed]

96. Esona, M.D.; Mijatovic-Rustempasic, S.; Yen, C.; Parashar, U.D.; Gentsch, J.R.; Bowen, M.D.; LaRussa, P. Detection of PCV-2 DNA
in stool samples from infants vaccinated with RotaTeq(R). Hum. Vaccin. Immunother. 2014, 10, 25–32. [CrossRef]

97. Mijatovic-Rustempasic, S.; Immergluck, L.C.; Parker, T.C.; Laghaie, E.; Mohammed, A.; McFadden, T.; Parashar, U.D.;
Bowen, M.D.; Cortese, M.M. Shedding of porcine circovirus type 1 DNA and rotavirus RNA by infants vaccinated with
Rotarix(R). Hum. Vaccin. Immunother. 2017, 13, 928–935. [CrossRef]

98. Markkula, J.; Hemming, M.; Vesikari, T. Detection of vaccine-derived rotavirus strains in nonimmunocompromised children up
to 3–6 months after RotaTeq(R) vaccination. Pediatr. Infect. Dis. J. 2015, 34, 296–298. [CrossRef]

99. Patel, N.C.; Hertel, P.M.; Estes, M.K.; de la Morena, M.; Petru, A.M.; Noroski, L.M.; Revell, P.A.; Hanson, I.C.; Paul, M.E.;
Rosenblatt, H.M.; et al. Vaccine-acquired rotavirus in infants with severe combined immunodeficiency. N. Engl. J. Med. 2010, 362,
314–319. [CrossRef]

100. Dennehy, P.H.; Brady, R.C.; Halperin, S.A.; Ward, R.L.; Alvey, J.C.; Fischer, F.H., Jr.; Innis, B.L.; Rathfon, H.; Schuind, A.; De Vos, B.;
et al. Comparative evaluation of safety and immunogenicity of two dosages of an oral live attenuated human rotavirus vaccine.
Pediatr. Infect. Dis. J. 2005, 24, 481–488. [CrossRef]

101. Bucardo, F.; Rippinger, C.M.; Svensson, L.; Patton, J.T. Vaccine-derived NSP2 segment in rotaviruses from vaccinated children
with gastroenteritis in Nicaragua. Infect. Genet. Evol. 2012, 12, 1282–1294. [CrossRef]

102. Rivera, L.; Pena, L.M.; Stainier, I.; Gillard, P.; Cheuvart, B.; Smolenov, I.; Ortega-Barria, E.; Han, H.H. Horizontal transmission of a
human rotavirus vaccine strain–a randomized, placebo-controlled study in twins. Vaccine 2011, 29, 9508–9513. [CrossRef]

103. Boom, J.A.; Sahni, L.C.; Payne, D.C.; Gautam, R.; Lyde, F.; Mijatovic-Rustempasic, S.; Bowen, M.D.; Tate, J.E.; Rench, M.A.;
Gentsch, J.R.; et al. Symptomatic infection and detection of vaccine and vaccine-reassortant rotavirus strains in 5 children: A case
series. J. Infect. Dis. 2012, 206, 1275–1279. [CrossRef] [PubMed]

104. Phua, K.B.; Quak, S.H.; Lee, B.W.; Emmanuel, S.C.; Goh, P.; Han, H.H.; De Vos, B.; Bock, H.L. Evaluation of RIX4414, a live,
attenuated rotavirus vaccine, in a randomized, double-blind, placebo-controlled phase 2 trial involving 2464 Singaporean infants.
J. Infect. Dis. 2005, 192, S6–S16. [CrossRef] [PubMed]

105. Payne, D.C.; Edwards, K.M.; Bowen, M.D.; Keckley, E.; Peters, J.; Esona, M.D.; Teel, E.N.; Kent, D.; Parashar, U.D.; Gentsch, J.R.
Sibling transmission of vaccine-derived rotavirus (RotaTeq) associated with rotavirus gastroenteritis. Pediatrics 2010, 125,
e438–e441. [CrossRef] [PubMed]

106. Donato, C.M.; Ch’ng, L.S.; Boniface, K.F.; Crawford, N.W.; Buttery, J.P.; Lyon, M.; Bishop, R.F.; Kirkwood, C.D. Identification of
strains of RotaTeq rotavirus vaccine in infants with gastroenteritis following routine vaccination. J. Infect. Dis. 2012, 206, 377–383.
[CrossRef] [PubMed]

107. Hemming, M.; Vesikari, T. Detection of rotateq vaccine-derived, double-reassortant rotavirus in a 7-year-old child with acute
gastroenteritis. Pediatr. Infect. Dis. J. 2014, 33, 655–656. [CrossRef] [PubMed]

108. Esona, M.D.; Ward, M.L.; Wikswo, M.E.; Rustempasic, S.M.; Gautam, R.; Perkins, C.; Selvarangan, R.; Harrison, C.J.; Boom, J.A.;
Englund, J.A.; et al. Rotavirus Genotype Trends and Gastrointestinal Pathogen Detection in the United States, 2014-16: Results
from the New Vaccine Surveillance Network. J. Infect. Dis. 2021, 224, 1539–1549. [CrossRef] [PubMed]

109. Katz, E.M.; Esona, M.D.; Gautam, R.; Bowen, M.D. Development of a real-time reverse transcription-PCR assay to detect and
quantify group A rotavirus equine-like G3 strains. J. Clin. Microbiol. 2021, 59, e02602-20. [CrossRef]

http://doi.org/10.1111/1469-0691.12216
http://doi.org/10.1093/molbev/msq137
http://doi.org/10.1542/peds.2019-1024
http://www.ncbi.nlm.nih.gov/pubmed/31530719
http://doi.org/10.1586/erv.12.105
http://www.ncbi.nlm.nih.gov/pubmed/23249234
http://doi.org/10.1016/j.vaccine.2011.03.074
http://www.ncbi.nlm.nih.gov/pubmed/21477676
http://doi.org/10.4161/hv.26731
http://doi.org/10.1080/21645515.2016.1255388
http://doi.org/10.1097/INF.0000000000000579
http://doi.org/10.1056/NEJMoa0904485
http://doi.org/10.1097/01.inf.0000164763.55558.71
http://doi.org/10.1016/j.meegid.2012.03.007
http://doi.org/10.1016/j.vaccine.2011.10.015
http://doi.org/10.1093/infdis/jis490
http://www.ncbi.nlm.nih.gov/pubmed/22872730
http://doi.org/10.1086/431511
http://www.ncbi.nlm.nih.gov/pubmed/16088807
http://doi.org/10.1542/peds.2009-1901
http://www.ncbi.nlm.nih.gov/pubmed/20100758
http://doi.org/10.1093/infdis/jis361
http://www.ncbi.nlm.nih.gov/pubmed/22615314
http://doi.org/10.1097/INF.0000000000000221
http://www.ncbi.nlm.nih.gov/pubmed/24326415
http://doi.org/10.1093/infdis/jiab177
http://www.ncbi.nlm.nih.gov/pubmed/33822119
http://doi.org/10.1128/JCM.02602-20

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

