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Inter-genogroup reassortant group A rotavirus (RVA) strains possessing a G3 VP7 gene of putative equine origin
(EQL-G3) have been detected in humans since 2013. Here we report detection of EQL-G3P[8] RVA strains from
the Dominican Republic collected in 2014-16. Whole-gene analysis of RVA in stool specimens revealed 16 EQL-
G3P[8] strains, 3 of which appear to have acquired an N1 NSP1 gene from locally-circulating G9P[8] strains and
a novel G2P[8] reassortant possessing 7 EQL-G3-associated genes and 3 genes from a locally-circulating G2P[4]

strain. Phylogenetic/genetic analyses of VP7 gene sequences revealed nine G3 lineages (I-IX) with newly-as-
signed lineage IX encompassing all reported human EQL-G3 strains along with the ancestral equine strain. VP1
and NSP2 gene phylogenies suggest that EQL-G3P[8] strains were introduced into the Dominican Republic from
Thailand. The emergence of EQL-G3P[8] strains in the Dominican Republic and their reassortment with locally-
circulating RVA could have implications for current vaccination strategies.

1. Introduction

Group A rotaviruses (RVAs) are members of the Reoviridae family,
and are a ubiquitous pathogen that causes acute gastroenteritis (AGE)
resulting in morbidity and mortality in young children (Estes et al.,
2013). RVA infection was responsible for an estimated 128,500 deaths
among children < 5 years of age throughout the world in 2016 (GBD,
2016 Diarrhoeal Disease Collaborators, 2018; Troeger et al., 2018).

RVAs are characterized by a segmented, double-stranded RNA
(dsRNA) genome, composed of 11 genes encoding six structural viral
proteins (VP1 to VP4, VP6, and VP7) and five or six non-structural
proteins (NSP1 to NSP5/NSP6) (Matthijnssens et al., 2008a). Current
genotyping nomenclature incorporates Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-
Ex-Hx, where x represents integers that specify the corresponding
genotypes of the VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-
NSP5 genes, respectively (Matthijnssens et al., 2008a). RVAs infecting
humans typically possess either the Wa-like genogroup-1 constellation,

Gx-P[x]-11-R1-C1-M1-A1-N1-T1-E1-H1; the DS-1-like genogroup-2
constellation, Gx-P[x]-12-R2-C2-M2-A2-N2-T2-E2-H2; or the less
common AU-1-like genogroup-3 constellation, Gx-P[x]-I3-R3-C3-M3-
A3-N3-T3-E3-H3 (Matthijnssens et al., 2008a). The Wa-like and DS-1-
like strains share a common origin with porcine and bovine RVAs, re-
spectively, underlining the evolutionary relationship existing among
human and animal RVAs (Matthijnssens et al., 2008b). To date, the
Rotavirus Classification Working Group (RCWG) recognizes 36 G, 51 P,
26 I, 22R, 20C, 20M, 31 A, 22N, 22T, 27E, and 22 H genotypes
among the RVAs that infect humans and animals (https://rega.
kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg).
Previous studies indicate that the VP7 gene of human RVAs may
derive a G3 genotype from various animal RVAs, such as those detected
in feline, canine, porcine, and lapine species (D6r6 et al., 2016). In-
terspecies reassortment(s) derived from zoonotic transmission(s) in-
crease the genetic diversity among circulating RVAs, and are more
frequently detected in humans than animal strains (Cowley et al.,

* Corresponding author. Viral Gastroenteritis Branch, Division of Viral Diseases, National Center for Inmunization and Respiratory Diseases, Centers for Disease
Control and Prevention, Mailstop H18-7, 1600 Clifton Road NE, Atlanta, GA, 30329-4027, USA.

E-mail address: mkb6@cdc.gov (M.D. Bowen).

https://doi.org/10.1016/j.virol.2019.06.007

Received 15 March 2019; Received in revised form 12 June 2019; Accepted 12 June 2019

Available online 13 June 2019
0042-6822/ Published by Elsevier Inc.


http://www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2019.06.007
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg
https://doi.org/10.1016/j.virol.2019.06.007
mailto:mkb6@cdc.gov
https://doi.org/10.1016/j.virol.2019.06.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2019.06.007&domain=pdf

E.M. Katz, et al.

2016). The segmented structure of the RVA genome facilitates re-
assortment in vivo during co-infection with multiple RVAs, allowing for
intra- and inter-genogroup reassortment events (Estes et al., 2013;
Cowley et al., 2016). Although RVAs derived from inter-genogroup
reassortment(s) occur globally, they generally exhibit decreased evo-
lutionary fitness compared to the parental strains and are selected
against in nature (McDonald et al., 2009). Recently, novel DS-1-like
inter-genogroup reassortant (IGR) strains possessing genotype con-
stellations G1/2/3/8-P[8]-12-R2-C2-M2-A2-N2-T2-E2-H2 have
emerged and spread among human populations (Dér6 et al., 2016;
Cowley et al., 2016; Arana et al., 2016; Fujii et al., 2014; Guerra et al.,
2016; Hoa-Tran et al., 2016; Komoto et al.,, 2015, 2016, 2018;
Nakagomi et al., 2017; Perkins et al., 2017; Pietsch and Liebert, 2018;
Tacharoenmuang et al., 2016; Yamamoto et al., 2014, 2017). Of these,
DS-1-like G1P[8] strains exhibit the earliest date of collection (2012)
thus far; however, DS-1-like G3P[8] strains have emerged on at least
five continents (Asia, Australia, Europe, North America, and South
America) since 2013 (D6r6 et al., 2016; Cowley et al., 2016; Guerra
et al., 2016; Komoto et al., 2016; Perkins et al., 2017). These ‘equine-
like G3’ (EQL-G3) strains possess a VP7 gene of putative equine origin
and exhibit the highest genetic similarity with equine RVA strain RVA/
Horse-wt/IND/Erv105,/2003-2005/G3P[X] ([Erv105], GenBank ac-
cession #: DQ981479.1). The earliest reported EQL-G3 strains were
detected in children from Japan in 2013 (Cowley et al., 2016; Komoto
et al., 2016; Malasao et al., 2015) — strains RVA/Human/JPN/S13-30/
2013/G3P[4] and RVA/Human/JPN/S13-45/2013/G3P[4] possessed a
G3-P[4]-12-R2-C2-M2-A2-N2-T2-E2-H2 constellation and may be re-
garded as the prototype EQL-G3 strains (Malasao et al., 2015). No ad-
ditional EQL-G3 strains possessing a P[4] have since been reported, but
double IGR EQL-G3 strains possessing a novel G3-P[8]-12-R2-C2-M2-
A2-N2-T2-E2-H2 (EQL-G3P[8]) constellation have emerged among
human populations spanning the socioeconomic spectrum in Australia,
Brazil, Germany, Hungary, Indonesia, Japan, Spain, Taiwan, and the
USA, with reports of endemic circulation confirmed in Australia and
Brazil (D6r6 et al., 2016; Cowley et al., 2016; Arana et al., 2016; Guerra
et al., 2016; Komoto et al., 2016, 2018; Perkins et al., 2017; Pietsch and
Liebert, 2018; Luchs et al., 2018; Roczo-Farkas et al., 2018; Utsumi
et al., 2018). The first EQL-G3P[8] strains were identified in specimens
collected in 2013 from Australia and Thailand (Cowley et al., 2016;
Komoto et al., 2016). More recently, EQL-G3 reassortant strains were
identified in specimens collected in 2016 exhibiting a G3-P[8]-12-R2-
C2-M2-A2-N1-T2-E2-H2 (Guerra et al., 2016; Pietsch and Liebert, 2018)
or G3-P[6]-12-R2-C2-M2-A2-N2-T2-E2-H2 constellation (Utsumi et al.,
2018).

In 2004, the Pan American Health Organization (PAHO), in part-
nership with the World Health Organization, began regional RVA sur-
veillance among Latin America and Caribbean countries to obtain RVA
disease-burden data for use when implementing RVA vaccination pro-
grams (de Oliveira et al., 2009). The network was initially established
with seven countries and expanded to 11 countries by the end of 2007
(de Oliveira et al., 2009). The U.S. Centers of Disease Control and
Prevention (CDC) serves as a regional reference laboratory for the
network and conducts strain monitoring and genetic characterization of
detected RVA strains to assess strain ecology in the post-RVA vaccine
introduction era.

Mixed infections with RVA strains have been previously reported
from the Dominican Republic (DOM) (Bourdett-Stanziola et al., 2011;
Esona et al., 2017) and are a prerequisite for viral reassortment events.
Many residents of the DOM experience low-income living conditions,
including instances of humans and farm animals living together in the
same dwelling (Bourdett-Stanziola et al., 2011). Prior to the introduc-
tion of the live-attenuated G1P[8] RVA vaccine Rotarix (RV1: GSK
Biologics, Belgium) (O'Ryan, 2007; Chavers et al., 2018) into the DOM's
national immunization program (NIP) in 2012 (Pan American Health
Organization, 2012; PATH, 2016), an estimated 61.9% of children
suffered diarrhea linked to RVA infection (Santos et al., 2016) and
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surveillance data from the DOM in 2013 revealed that a population of
1,061,290 children < 5 years of age experienced a RVA mortality rate
of 9.1 (per 100,000 children) (World Health Organization, 2016). As of
2016, vaccine coverage in the DOM was relatively low (75%) compared
with mainland Latin American countries (Chavers et al., 2018); how-
ever, a systematic literature review confirmed RVA vaccination to be
effective and well tolerated in the Caribbean (Velazquez et al., 2017).
Unfortunately, limited RVA genotype data was reported from the DOM
during the years prior to vaccine introduction; however, data from
2002 to 2006 revealed that G1P[8] strains predominated among hu-
mans (Bourdett-Stanziola et al., 2008, 2011), and surveillance data
from 2012 collected from the bordering country of Haiti indicated G1P
[8] (29%) and G9P[8] (21%) strains were the predominant genotypes
(Esona et al., 2015a).

Analysis of RVA whole-gene sequences from all 11 genes provides
valuable data to better understand the contemporary diversity among
RVAs resulting from the accumulation of point mutations, gene re-
arrangement, genetic reassortment, and genetic recombination (Estes
et al., 2013; Matthijnssens et al., 2008a; Ramig, 1997). In addition, RVA
whole-gene analysis (WGA) facilitates accurate interpretations of the
origin of a given strain, and assists in tracing its evolutionary patterns
(Matthijnssens et al., 2008a; Ghosh and Kobayashi, 2011). Although the
effects of vaccine-induced selective pressure on RVA strain selection
remain unclear, previous studies suggest that RVA vaccines exert im-
munological pressures that influence the diversity of RVAs in con-
temporary circulation (Roczo-Farkas et al., 2018; Kirkwood et al., 2011;
Kirkwood and Roczo-Farkas, 2014; Jere et al., 2018). WGA provides a
powerful tool for characterization of circulating RVA strains post-vac-
cine introduction and identifying the evolutionary processes that lead
to the emergence of atypical strains under vaccine pressure (Jere et al.,
2018). The purpose of this study was to conduct WGA of RVA-positive
surveillance specimens, collected in the DOM during 2014-2016, to
thoroughly characterize the circulating strains.

2. Materials and methods
2.1. Clinical specimens

Stool specimens were collected at two PAHO sentinel surveillance
sites in the DOM, the Dr. Robert Reid Cabral Children's Hospital, Santo
Domingo Province, and the Dr. Arturo Grullon University Regional
Children's Hospital, Santiago Province. Specimens were collected from
hospitalized children who presented symptoms concordant with the
WHO case definition for RVA gastroenteritis (WHO Coordinated
Rotavirus Surveillance Network, 2012). One exception, specimen
3000503714 ([DOM-3714], hereafter study RVA strains are referenced
using the format ‘DOM-xxxx’), was inadvertently collected from a six
year child who otherwise satisfied the WHO case definition for RVA
gastroenteritis, and was included in the study. Unfortunately, patient
RVA vaccination histories were not available for the specimens in-
cluded in our study. Specimens were screened for RVA antigen by en-
zyme immunoassay (EIA) at the surveillance site laboratories using the
ProSpecT Rotavirus Microplate Assay (Oxoid, Ltd., UK), according to
the manufacturer's instructions. Forty-nine EIA confirmed RVA-positive
specimens, collected from children during July 21st, 2014 through May
11th, 2015 (2015 season) and July 13th, 2015 through April 28th, 2016
(2016 season), were included in the study. Collected specimens were
stored frozen at — 20 °C at the surveillance sites until they were shipped
on cold packs to the CDC. At the CDC, specimens were briefly stored at
4°C prior to RNA extraction, and confirmatory testing by EIA for a
subset of specimens was conducted using Premier Rotaclone (Meridian
Diagnostics, Inc., USA).

2.2. RNA extraction for VP7 and VP4 genotyping

For EIA positive stool specimens, viral RNA was extracted from 10%
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stool suspensions, prepared using phosphate-buffered saline (PBS). RNA
was extracted using the MagMax™-96 Viral RNA Isolation Kit (Life
Technologies, USA) on the automated Kingfisher Flex purification
system (ThermoFisher Scientific, USA) according to the manufacturer's
instructions, with the addition of 2.0 uL of 10® units/uL of MS2 bac-
teriophage (ZeptoMetrix, USA) internal process control (IPC) to each
sample prior to processing (Gautam et al., 2016). The inclusion of an
IPC allows for the detection of reverse-transcription polymerase-chain-
reaction (RT-PCR) inhibition using a quantitative RT-PCR (qRT-PCR)
assay described in section 2.3 (Gautam et al., 2016). All resulting RNA
extracts were immediately stored at —80 °C until testing.

A subset of the RNA extracts could not be genotyped initially; these
specimens were subjected to an alternate RNA extraction method using
the MagNA Pure Compact RNA Isolation Kit (Roche Applied Science,
USA) according to the manufacturer's ‘RNA isolation from tissue’ pro-
tocol, aside from minor modifications (Gautam et al., 2016; Esona et al.,
2013). In brief, the starting sample (98.0 UL supernatant) was sourced
from freshly prepared and homogenized 10% stool suspensions, fol-
lowing centrifugation at 3000 rpm for 10 min to pellet solids. In addi-
tion, 2.0 uL of 10® units/uL of MS2 bacteriophage (ZeptoMetrix, USA)
IPC was added to each pre-isolation sample, prior to the addition of
250.0 uL of the Tissue Lysis Buffer provided in the kit (Gautam et al.,
2016). Samples were extracted on the MagNA Pure Compact System
(Roche Applied Science, USA) using the “RNA Tissue” instrument
protocol. All resulting RNA extracts were immediately stored at —80 °C
until testing.

2.3. VP7 and VP4 genotypes

RVA VP7 and VP4 genotypes were identified and confirmed by a
conventional RT-PCR assay and Sanger sequencing. In brief, dsRNA
specific to the VP7 and VP4 genes was amplified by multiplexed one-
step RT-PCR using the One-Step RT-PCR kit (Qiagen, USA) on either a
GeneAMP PCR System 9700 or a Veriti Thermal Cycler (Applied
Biosystems, USA) as described previously (Esona et al., 2015b). The
resulting RT-PCR products underwent VP7 and VP4 fragment analysis
using the DNA 5K Reagent Kit with the DNA 5K/RNA/Charge Variant
Assay LabChip on the LabChip® GX instrument (Caliper Life Sciences-
Perkin Elmer, USA), according to the manufacturer's instructions.
Analytical results were used to identify VP7 and VP4 genotypes. The
VP7 and VP4 genotypes identified by RT-PCR were confirmed by
Sanger sequencing as described previously (Mijatovic-Rustempasic
et al., 2016). In brief, RVA dsRNA specific to the VP7 and VP4 genes
was amplified by RT-PCR using primers 9Conl-L with VP7-RDg and
con3 with con2, respectively (Freeman et al., 2008; Gentsch et al.,
1992), in combination with the One-Step RT-PCR kit (Qiagen, USA) on
either a GeneAMP PCR System 9700 or a Veriti Thermal Cycler (Ap-
plied Biosystems, USA). Thermal cycling conditions remained as de-
scribed previously (Mijatovic-Rustempasic et al., 2016), except that the
extension step of ‘1 min at 72 °C’ was replaced by ‘45s at 72°C’. The
resulting RT-PCR products underwent electrophoresis using SeaKem
ME agarose gels (Lonza Group Ltd., Switzerland), gel band excision and
purification (QIAquick Gel Extraction Kit, Qiagen, USA), cycle se-
quencing (BigDye Terminator v3.1 Cycle Sequencing Kit, ThermoFisher
Scientific, USA) and bead-based purification (BioMag Carboxyl beads,
Bangs Laboratories, Inc. USA) as described previously (Mijatovic-
Rustempasic et al., 2012, 2016); except that RT-PCR products under-
went electrophoresis in 1.5% SeaKem ME agarose gels (Lonza Group
Ltd., Switzerland) in place of 1.0% agarose gels. Automated separation
and base-calling of purified cycle sequencing products was conducted
using an ABI 3130xl sequencer (Applied Biosystems, USA). The re-
sulting sequence data were analyzed using Sequencher 5.4 software
(Gene Codes Corporation, USA), and genotype assignments were de-
termined using the RotaC online classification tool (http://rotac.
regatools.be) and the Basic Local Alignment Search Tool (BLAST) to
query nucleotide (nt) identities compared to the currently available
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RVA sequences in the GenBank database (Altschul et al., 1990; Maes
et al., 2009).

Specimens that could not be genotyped and confirmed by RT-PCR
amplicon analysis and Sanger sequence analysis underwent additional
screening for RVA antigen by EIA using Premier Rotaclone (Meridian
Diagnostics, Inc., USA), and/or alternative assays according to the
manufacturer's instructions or previously described methods, including:
a qRT-PCR assay targeting the NSP3 gene to detect amplifiable RVA
nucleic acid (Katz et al., 2017); VP7 and/or VP4 genotype-specific
singleplexed qRT-PCR assays (Gautam et al., 2016).

2.4. Whole-gene sequencing and analysis

The VP7 and VP4 genotype results were used to select a subset of
stool specimens for Next Generation Sequencing (NGS), to generate
sequence reads for WGA. In brief, viral RNA was extracted from 30%
stool suspensions using the MagNA Pure Compact as described in sec-
tion 2.2, except that the MS2 bacteriophage IPC was not included. RNA
extracts were enriched for RVA dsRNA using a LiCl precipitation (Diaz-
Ruiz and Kaper, 1978), followed by bead-based RNA purification using
Agencourt RNAClean XP reagent (Beckman Coulter Life Sciences, USA)
according to the manufacturer's instructions. Sample library prepara-
tion was conducted using the NEBNext~ Ultra™ RNA Library Prep Kit for
Ilumina’ with NEBNext™ Multiplex Oligos for Illumina’ Index Primer
Sets 1 and 2 (New England BioLabs Inc., USA) on the Illumina MiSeq
System using the MiSeq Reagent Kit v2 500-cycles (Illumina Inc., USA)
and the standard 250 bp paired-end reads method.

The resulting MiSeq data were analyzed using CLC Genomics
Workbench 10.1.1 software ([CLC bio], https://www.
giagenbioinformatics.com/), incorporating a combination of de novo
assembly and reference-guided assembly methods using the default
parameters, to generate contigs and consensus sequences. Study strains
yielding CLC bio-assembled sequence reads resulting in ‘nucleotide-
based RVA whole-gene consensus sequence covering the complete open
reading frame’ (hereafter referred to as ‘ORF sequence’) for all 11 genes,
were deposited into GenBank under accession numbers:
MG652301-MG652356 (VP7 and VP4); MG670591-MG670786 (VP6,
VP1, VP2, VP3, NSP1, NSP2, NSP3); and MG701172-MG701227 (NSP4
and NSP5; Table S1).

2.5. Genetic analyses

Genetic analyses of ORF sequences were conducted for each gene
and for the concatenated ORF sequences using the Molecular
Evolutionary Genetics Analysis Version 6.0 software (MEGA6) (Tamura
et al.,, 2013). Using the MUSCLE algorithm with default parameters
(Edgar, 2004) embedded within MEGA6, gene-specific multiple-se-
quence alignments (MSA) were created using the ORF sequences from
each study strain along with that of reference strains retrieved from
GenBank. The resulting MSAs from each gene were translated to con-
firm the expected ORF lengths and the amino acid (aa) sequences.
Optimal evolutionary models were then identified for each gene-spe-
cific MSA using the Model Testing tool within MEGA6, based on the
corrected Akaike information criterion (Tamura et al., 2013; Esona
et al., 2018; Hurvich and Tsai, 1989). Gene-specific phylograms were
constructed using the optimal substitution model, including eight sub-
stitution rate categories and bootstrap testing using 1000 replicates to
estimate branch support, applied within the Construct/Test Maximum
Likelihood Tree tool found in MEGAG6. In addition, the shared nt and aa
sequence identities among strains were calculated for each gene, using
distance matrices prepared using the p-distance algorithm in MEGAG6.
Lastly, the aa sequences within the VP7 antigenic regions (Ciarlet et al.,
1997; Dyall-Smith et al., 1986; Nishikawa et al., 1989) were analyzed
using the NCBI-based Amino Acid Explorer online tool (https://www.
ncbi.nlm.nih.gov/Class/Structure/aa/aa_explorer.cgi?display =0): aa
substitutions were categorized as either ‘conservative’, ‘moderate’, or
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Fig. 1. The cumulative RVA genotyping results (A) and the genotyping results differentiated by surveillance site and season (B), for RVA-positive specimens collected
from the Dominican Republic during 21st July 2014 through 11th May 2015 (2015 season) and 13th July 2015 through 28th April 2016 (2016 season). Non-typeable

RVAs are designated GNTP[NT].

‘radical’ by referencing the aa substitution matrix BLOSUM62 (Henikoff
and Henikoff, 1992) scores and changes in the resulting aa chemistry
(e.g. molecular charge; chemical bonds; the addition/removal of side
chains).

3. Results

Of the 49 stool specimens submitted from the DOM to the CDC for
genotype identification, 47 were confirmed positive for the detection of
RVA and 46 were successfully assigned VP7 and VP4 genotypes using at
least two of the molecular assays described previously.

3.1. VP7 and VP4 genotypes

The RVA genotyping results from the VP7 and VP4 genes (Fig. 1A)
featured: 27 monotypic G3 strains (57%), including 21 G3P[8] strains
(45%) and 6 G3P[6] strains (13%); as well as 5 G1P[8] strains (11%)
and 5 G2P[4] strains (11%). Results from the 2015 season included: 10
G3P[8] strains (38%); 5 G1P[8] strains (19%); 4 G3P[6] strains (15%);
while G9P[8], G12P[8], G1G3P[6]P[8], or non-typeable (GNTP[NT])
strains were identified in lower quantities (Fig. 1B). Results from the

2016 season included: 11 G3P[8] strains (52%), with only 1 G3P[8]
strain detected at the Santiago site; 5 G2P[4] strains (24%); while G3P
[6], G2P[8], and mixed infection G2G3P[4]P[8] strains were identified
in lower quantities (Fig. 1B).

RotaC analyses of partial RVA VP7 sequences (avg. fragment
size = 796 bp) confirmed 27 G3P[x] strains. The BLAST results from 21
(78%) of these sequences demonstrated =99% shared nt sequence
identity with EQL-G3 strains previously deposited into GenBank, and
91% shared sequence identity with equine RVA strain Erv105.
Seventeen of these study strains were selected for WGA using NGS data;
EQL-G3 strains DOM-3722, DOM-3724, DOM-3732, and DOM-3737
lacked the volume of stool required for the NGS assay, and therefore
were not analyzed further.

3.2. RVA whole-gene analysis

Whole-gene analysis of the NGS data confirmed eight unique gen-
otype constellations including: double (i.e., VP7 and VP4 genes) and
triple (i.e., VP7, VP4, and NSP2 genes) IGR EQL-G3P[8] strains; an IGR
G2P[8] strain possessing EQL-G3-associated genes and genogroup-2
genes; typical genogroup-1 and genogroup-2 strains; and G1/3-P[6]/
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Fig. 2. Maximum likelihood phylogram revealing the genetic relatedness of the concatenated, whole-gene ORF sequences (17,545 base pairs) for the 26 monotypic
RVA study strains characterized by whole-gene analysis. The strain-specific genotype constellations are included to the right of each strain, and were identified using
the assembled ORF sequences. Shape and color coding denotes genotype characteristics. Color coding was not included for the H2 (NSP5) genes that lacked the
phylogenetic resolution needed to assign them as EQL-G3-associated or non EQL-G3 genogroup 2 genes. Bootstrap values = 70% are indicated at branch nodes where
applicable and the scale bar indicates the number of nucleotide substitutions per site. Mixed genotype specimen 3000503705 was omitted.

[8]-11/2-R1/2-C1/2-M1/2-A1/2-N1/2-T1/2-E1/2-H1/2 mixed infec-
tion strain DOM-3705 (Fig. 2 and Table S1). For analytical purposes,
strain DOM-3705 is hereafter differentiated using hypothetical parent
strains ‘DOM-3705-A’ (genogroup-1 backbone) or ‘DOM-3705-B’ (gen-
ogroup-2 backbone) (Fig. 3A-B, 4A-4B, 5A-5D, SIA-S1K and Tables 1
and S1). In addition, the monotypic EQL-G3P[8] study strains and
DOM-3705-B are hereafter referred to as the ‘DOM-EQL-G3 strains’
when describing results universal to this set. A detailed summary of the
resulting NGS data from each study strain is included in Table S1.

3.3. Sequence identity and phylogenetic analyses

The ‘GTR + G’ nt substitution model was shown to best fit the RVA
NSP4 gene-specific MSA and the concatenated MSA, while the
‘GTR + G + I’ was shown to best fit the other 10 gene-specific MSAs.
Mixed infection strain DOM-3705 was excluded from phylogenetic
analyses of the concatenated ORF sequences sourced from the mono-
typic study strains (17,545 base pairs, Fig. 2). In contrast, genes asso-
ciated with DOM-3705-A and DOM-3705-B were included in gene-
specific phylogenetic analyses and for the calculation of genetic simi-
larities (Fig. 3A-B, 4A-4B, 5A-5D, S1A-S1K and Table 1). Analysis of
the concatenated ORF sequences revealed four different RVA strain
groups (Fig. 2): the EQL-G3P[8] strains possessing a constellation si-
milar to previously reported EQL-G3P[8] strains; reassortant strains
derived from EQL-G3P[8] strains and locally circulating RVA strains
(DOM-3701, DOM-3706, DOM-3721, DOM-3734); the non-equine-like
genogroup-2 strains; and the genogroup-1 strains (Fig. 2).

The G3 (VP7) ORF sequences from the DOM-EQL-G3 strains and
previously reported EQL-G3 strains occupied a distinct and well-sup-
ported phylogenetic group (bootstrap value = 100%, Figs. 3A and
S1A). The DOM-EQL-G3 sequences shared nt and aa sequence identities
of: 299.2% nt (=98.8% aa) among each other; 98.3-99.9% nt
(=97.9% aa) with previously reported EQL-G3 strains; 90.4-91.1% nt
(96.9-97.9% aa) with equine strain Erv105; and 81.7-82.1% nt
(91.7-92.3% aa) with genogroup-1 G3P[8] study strain DOM-3692
(Figs. 3A and S1A and Table 1). These results along with the G3
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diversity observed throughout Figs. 3A and S1A motivated additional
analyses to update G3 lineage criteria and the resulting delineations.
Preliminary G3 lineages were identified using G3 lineages described by
previous studies (Martinez-Laso et al., 2009; Stupka et al., 2009;
Chakraborty et al., 2016; Collins et al., 2008); however, multi-para-
meter metrics were then applied to delineate the G3 lineages reported
here (Figs. 3A and S1A and Table 2). In this study the G3 sequences
within each described lineage ‘occupied a distinct, well-supported
monophyletic group (bootstrap support =99%)’ and ‘collectively
shared =89.9% nt identity’; using these criteria G3 lineages I-IX were
identified (bootstrap support =99%), which exhibited at least
89.9-96.0% shared nt identities (Figs. 3A and S1A and Table 2). Inter-
lineage nt homology values ranged from 78.8 to 89.5% when com-
paring G3 sequences from any two lineages (Table 2). The G3 sequences
from the DOM-EQL-G3 strains, previously reported EQL-G3 strains, and
the ancestral equine strain Ervl105 occupied novel G3 lineage IX
(bootstrap = 99%, Figs. 3A and S1A), which diverged into sublineages
separating the EQL-G3 strains (bootstrap = 100%) from equine strain
Erv105 (Figs. 3A and S1A). In contrast, the G3 sequence from non-EQL-
G3 strain DOM-3692 clustered with G3 sequences from previously re-
ported genogroup-1 strains within G3 lineage I (bootstrap = 99%,
Figs. 3A and S1A). The inter-lineage aa homology values between
strains from G3 lineage IX (almost entirely EQL-G3 strains) and strains
from G3 lineages I-VIII ranged from 88.7 to 98.8% resulting in part
from inter-lineage aa differences observed within multiple VP7 anti-
genic sites (Fig. 6 and Table S2). The aa substitutions identified within
the VP7 antigenic regions (Ciarlet et al., 1997; Dyall-Smith et al., 1986;
Nishikawa et al., 1989) were universally observed at surface exposed
residues except for those at aa site 89 (Fig. 6). Relative to the common
aa sequence compositions observed among RVA strains from G3
lineages I-VIII, the EQL-G3P[8] study strains exhibited: conservative
(site 87) and moderate (DOM-3727 & DOM-3739 at sites 89 & 90, re-
spectively) aa substitutions within antigenic site A; moderate (site 147)
aa substitutions within antigenic site B; conservative and moderate
(sites 212-213) aa substitutions within antigenic C; and moderate and
radical (site 242) aa substitutions within antigenic site F (Fig. 6 and
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RVA/Human-wt/DOM/3000503706/2014/G3P[8]
RVA/Human-wt/DOM/3000503710/2015/G3P[8]
RVA/Human-wt/DOM/3000503705/2014/G1G3P[6]P[8]-B
RVA/Human-wt/DOM/3000503701/2014/G3P[8]
RVA/Human-wt/DOM/3000503702/2014/G3P[8]
RVA/Human-wt/DOM/3000503707/2014/G3P|[8]
RVA/Human-wt/DOM/3000503715/2015/G3P[8]
RVA/Human-wt/DOM/3000503714/2015/G3P(8]
RVA/Human-wt/DOM/3000503728/2016/G3P(8]
RVA/Human-wt/DOM/3000503731/2016/G3P([8]
RVA/Human-wt/DOM/3000503739/2016/G3P[8]
RVA/Human-wt/DOM/3000503718/2015/G3P([8]
RVA/Human-wt/DOM/3000503727/2016/G3P([8]
RVA/Human-wt/DOM/3000503721/2015/G3P(8]
RVA/Human-wt/DOM/3000503712/2015/G3P([8]
RVA/Human-wt/DOM/3000503717/2015/G3P[8]
RVA/Human-wt/DOM/3000503720/2015/G3P(8]
L RVA/Human-wt/JPN/i51078/2015/G3P(8]
RVA/Human-wt/THA/SKT-281/2013/G3P(8]
RVA/Human-wt/THA/SKT-289/2013/G3P[8]
RVA/Human-wt/USA/3000390639/2015/G3P(8]
RVA/Human-wt/ESP/S$75915299/2015/G3P[8]
RVA/Human-wt/ESP/S598242319/2015/G3P[8]
RVA/Human-wt/ESP/SS98244047/2015/G3P[8]
| RVA/Human-wt/IDN/SOEP128/2016/G3P([6]
RVA/Human-wt/IDN/SOEP156/2016/G3P[6]
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RVA/Human-wt/HUN/ERN8148/2015/G3P[8]
RVA/Human-wt/IDN/SOEP144/2016/G3P[8]
RVA/Human-wt/IDN/SOEP033/2015/G3P[8]
RVA/Human-wt/IDN/SOEP044/2015/G3P[8]
RVA/Human-wt/IDN/SOEP018/2015/G3P[8]
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95 RVA/Cow-wt/IND/RUBV3/2005/G3P[3]
99 RVA/Cow-xx/IND/B31/XXXX/G3P[X]
100 RVA/Horse-wt/IND/ERV80/2003-2005/G3P[X]
RVA/Cow-wt/IND/J63/1996/G3P[X]
RVA/Bat/CHN/MSLH14/2011/G3P[3]
100 RVA/Dog-tc/ITA/RV52-96/1996/G3P([3]
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RVA/Human-wt/BRA/QUI-135-F1/2010/G3P[9]
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99 RVA/Human-wt/CHN/R107/2003/G3P[8]
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Fig. 3. Maximum likelihood (ML) phylograms (including genetic lineages) revealing the genetic relatedness among the RVA ORF sequences for the VP7 gene,
including: A) a phylogram for G3 strains with other G type clades collapsed and B) a phylogram for non-G3 strains with the G3 clade collapsed. Representative RVA
strains of known human and animal genotypes were included in addition to the study strains from the Dominican Republic. The shape and color coding of strains for
all trees (Fig. 3A-B, 4A-4B, 5A-5D, S1A-S1K) are as indicated in Fig. 3A and B. Bootstrap values = 70% are indicated at branch nodes where applicable and scale

bars indicate the number of nucleotide substitutions per site.
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Fig. 3. (continued)
Table S2). identity. In contrast, strains DOM-3734, DOM-3726, and DOM-3730

The G1, G2, and G9 (VP7) ORF sequences from the DOM study
strains occupied phylogenetic lineages (Figs. 3B and S1A) that were
well resolved using previous lineage descriptions (Stupka et al., 2009;
Araujo et al., 2007; Esteban et al., 2010; Ghosh et al., 2011; Khamrin
et al., 2007; Le et al., 2010; Mascarenhas et al., 2010; Parra et al., 2005;
Phan et al., 2007; Trinh et al., 2010) and therefore additional lineage
analyses were not conducted. The G2 sequences from: strains DOM-
3726 and DOM-3730; IGR strain DOM-3734; and a subset of previously
reported G2P[4] strains, including RVA/Human-tc/USA/DS-1/USA/
1976/G2P[4] (DS-1), occupied a monophyletic group (boot-
strap = 80%) that diverged to form G2 lineages I, II, and V (Figs. 3B
and S1A). Lineage V (bootstrap = 99%, Figs. 3B and S1A) included the
sequences from strains DOM-3734, DOM-3726, DOM-3730, and all
sequences within this lineage shared 97.8-99.8% nt (=98.7% aa)
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were genetically less similar (92.8% nt [95.7-96.0% aa]) with strain
DS-1 identified in G2 lineage I (Figs. 3B and S1A and Table 1). The G1
sequences from DOM-3705-A and the Wa-like G1P[8] study strains
DOM-3704, DOM-3708, DOM-3711, and DOM-3695 clustered with
previously reported G1 strains within G1-lineage I (bootstrap = 100%,
Figs. 3B and S1A). Lineage I diverged into sublineages, one of which
included the four Wa-like study strains above, DOM-3705-A, and RVA/
Human-wt/IND/RV1326,/2013/G1P[8] (86%, Figs. 3B and S1A), which
shared =99.5% nt sequence identity.

The P[4], P[6], and P[8] (VP4) ORF study sequences occupied
phylogenetic lineages (Fig. 4A-B, S1B) that were well resolved using
previous lineage descriptions (Stupka et al., 2009; Araujo et al., 2007;
Ghosh et al., 2011; Mascarenhas et al., 2010). All of the P[8] study
sequences occupied P[8] lineage III (bootstrap = 100%, Figs. 4A and
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RVA/Human-wt/DOM/3000503706/2014/G3P[8]
RVA/Human-wt/DOM/3000503714/2015/G3P(8]
RVA/Human-wt/DOM/3000503712/2015/G3P(8]
RVA/Human-wt/AUS/WAPC1740/2013/G3P(8]
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Fig. 4. Maximum likelihood (ML) phylograms (including genetic lineages) revealing the genetic relatedness among the RVA ORF sequences for the VP4 gene,
including: A) a phylogram for P[8] strains with other P type clades collapsed and B) a phylogram for non-P[8] strains with the P[8] clade collapsed. Representative
RVA strains of known human and animal genotypes were included in addition to the study strains from the Dominican Republic. The shape and color coding of strains

are as indicated in Fig. 3A-B. Bootstrap values > 70% are indicated at branch nodes where applicable and scale bars indicate the number of nucleotide substitutions
per site.
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RVA/Human-wt/BGD/Dhaka12/2003/G12P[6]
RVA/Human-wt/BGD/RV176/2000/G12P[6]
RVA/Human-wt/BEL/F01498/2009/G3P[6]
99 RVA/Human-wt/TGO/MRC-DPRU5138/2010/G3P[6]
RVA/Human-wt/DOM/3000503705/2014/G1G3P6P8-B
RVA/Human-wt/BEL/B1711/2002/G6P[6]
76 83 RVA/Human-wt/IDN/SOEP156/2016/G3P[6]
RVA/Human-wt/IDN/SOEP128/2016/G3P[6]
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Fig. 4. (continued)

S1B). Sequences from the monotypic EQL-G3P[8] study strains, pre-
viously reported EQL-G3P[8] strains, IGR G2P[8] strain DOM-3734,
and additional non-G3 IGR RVAs collected post-2011 all occupied a
sublineage of P[8], lineage III (bootstrap = 99%, Figs. 4A and S1B). The
P[8] sequences from the EQL-G3P[8] study strains shared sequence
identities of: =99.6% nt (=99.5% aa) among each other and
99.1-99.9% nt (=99.2% aa) with IGR strains within the same sub-
lineage (Figs. 4A and S1B and Table 1); 88.3-88.5% nt (92.9-93.2% aa)
with OP354-like, EQL-G3P[8] strain RVA/Human-wt/IDN/SOEP075/
2016/G3P[8] (P[8] lineage IV, Figs. 4A and S1B); 95.7-99.9% nt
(=97.7% aa) with the non-EQL-G3 study strains that occupied P[8]
lineage III (Figs. 4A and S1B and Table 1); and 90.0-90.2% nt
(93.6-93.8% aa) sequence identity with reference strain RVA/Human-
wt/USA/Wa/1974/G1P[8] (P[8] lineage I, Figs. 4A and S1B). In con-
trast to the G3 VP7 gene, the P[8] VP4 gene of the EQL-G3P[8] strains
was less phylogenetically distinct from and exhibited greater shared
sequence identities with non-EQL-G3P[8] strains (Figs. 4A and S1B and
Table 1). Mixed infection strain DOM-3705 possessed sequences en-
coding P[6]P[8] genotypes (Fig. 4A-B, S1B and Table S1). The P[6]
sequence (DOM-3705-B) occupied a sublineage (bootstrap = 76%) that
included Indonesian EQL-G3P[6] strains RVA/Human-wt/IDN/
SOEP156/2016/G3P[6] and RVA/Human-wt/IDN/SOEP128/2016/
G3P[6] (Figs. 4B and S1B). These three sequences shared a sequence
identity of 96.7% nt (96.9% aa) and clustered with additional se-
quences to form P[6] lineage I (100%, Figs. 4B and S1B). Lastly, the
VP4 sequences from DOM-3726 and DOM-3730 occupied P[4] lineage
IIT (bootstrap = 100%, Figs. 4B and S1B), and shared 92.7% nt (95.2%
aa) sequence identity with lineage I reference strain DS-1 (Figs. 4B and
S1B).

The NSP2 ORF sequences from the DOM-EQL-G3 strains encoded 3
N1-associated- and 13 N2-associated-EQL-G3P[8] study strains, as well
as N1/N2-associated mixed infection EQL-G3 strain DOM-3705
(Figs. 5A and S1H). Monophyly of the N1 sequences from EQL-G3P[8]
study strains DOM-3701, DOM-3706, DOM-3721, previously reported
N1-associated-EQL-G3P[8] strains from Brazil and Germany, and all
genogroup-1 study strains and DOM-3705-A, was well-supported

122

(bootstrap = 100%, Figs. 5A and S1H). This group diverged into sub-
groups that separated the Brazilian and German EQL-G3P[8] strains
from the other N1 strains (Figs. 5A and S1H). The N1 sequences from
DOM-3701, DOM-3706, and DOM-3721 shared the greatest similarity
with G9P[8] study strains DOM-3696 and DOM-3700, and monophyly
of these strains was well-supported (bootstrap = 99%, Figs. 5A and
S1H). The sequences from the N1-associated-EQL-G3P[8] study strains
shared sequence identities of: =99.9% nt (=99.7% aa) among each
other; 97.3-97.9% nt (98.1-98.7% aa) with previously reported N1-
associated-EQL-G3P[8] strains; and =97.3% nt (=98.1% aa) with all
other Nl-associated study strains (Figs. 5A and S1H and Table 1).
Monophyly of the N2 sequences from all other EQL-G3 study strains
(including DOM-3705-B); strain DOM-3734; and EQL-G3P[8] strains
RVA/Human-wt/THA/SKT-281/2013/G3P[8] (SKT-281) and RVA/
Human-wt/THA/SKT-289/2013/G3P[8] (SKT-289) was supported
(bootstrap = 80%, Figs. 5A and S1H). This subgroup was nested within
a broader group (bootstrap = 74%) that included previously reported
N2-associated-EQL-G3 strains; non-G3 IGR strains; and previously re-
ported G2P[4] strains (Figs. 5A and S1H). The N2 sequences from the
EQL-G3 study strains shared sequence identities of: =99.6% nt
(=99.4% aa) among each other; =98.5% nt (=98.7% aa) with pre-
viously reported N2-associated-EQL-G3 strains (Table 1); =98.8% nt
(=99.0% aa) with non-G3 IGR strains, including strain DOM-3734; and
98.3-99.1% nt (=99.0% aa) with the aforementioned G2P[4] strains
(Figs. 5A and S1H and Table 1).

The E2 (NSP4) ORF sequences from the DOM-EQL-GS3 strains, strain
DOM-3734, and a subset of previously characterized EQL-G3 strains
occupied a monophyletic subgroup (bootstrap = 95%, Figs. 5B and
S1J) that shared =98.3% nt (=96.6% aa) sequence identity. This
subgroup was nested within a broader group (bootstrap = 93%) that
included Australian bovine-like strains RVA/Human-wt/AUS/RCH272/
2012/G3P[14] (RCH272) and RVA/Human-tc/AUS/MG6/1993/G6P
(Komoto et al., 2016) (Figs. 5B and S1J). All strains in the above sub-
group shared 96.2-97.2% nt (97.7-99.4% aa) sequence identity with
strain RCH272. The above sequences exhibited lesser similarity with E2
sequences from a subset of G2P[4] strains, including DOM-3726 and
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RVA/Human-wt/DOM/3000503712/2015/G3P([8]
RVA/Human-wt/DOM/3000503714/2015/G3P([8]
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RVA/Human-wt/DOM/3000503702/2014/G3P(8]
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RVA/Human-wt/THA/SKT-281/2013/G3P[8]
RVA/Human-wt/THA/SKT-289/2013/G3P[8]
RVA/Human-wt/DOM/3000503715/2015/G3P[8]
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RVA/Human-wt/DOM/3000503727/2016/G3P[8]
RVA/Human-wt/DOM/3000503739/2016/G3P[8]
RVA/Human-wt/DOM/3000503718/2015/G3P[8]
RVA/Human-wt/DOM/3000503728/2016/G3P[8]
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RVA/Human-wt/IDN/SOEP101/2016/G3P(8]
RVA/Human-wt/JPN/15R429/2015/G3P[8]
RVA/Human-wt/IDN/SOEP018/2015/G3P[8]
RVA/Human-wt/DEU/GER34-16/2016/G3P(8]
RVA/Human-wt/IDN/SOEP003/2015/G3P[8]
RVA/Human-wt/IDN/SOEP033/2015/G3P(8]
RVA/Human-wt/IDN/SOEP044/2015/G3P(8]
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RVA/Human-wt/JPN/JP11435/2013/G1P(8]
RVA/Human-wt/JPN/HC12016/2012/G1P[8]
RVA/Human-wt/PHI/TGO12-012/2012/G1P[8]
84| |RVA/Human-wt/JPN/HK14-3/2014/G1P[8]
*{ RVA/Human-wt/JPN/T014-37/2014/G9P[8]
RVA/Human-wt/JPN/To14-41/2014/G1P[8] N2
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RVA/Human-wt/ESP/S596217158/2015/G3P[8]
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RVA/Human-wt/JPN/IS1078/2015/G3P[8]
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RVA/Human-wt/AUS/CK20033/2006/G2P[4]
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Fig. 5. Maximum likelihood phylograms revealing the genetic relatedness among the RVA ORF sequences for genes: A) NSP2, B) NSP4, C) VP2, and D) VP3.
Representative RVA strains of known human and animal genotypes were included in addition to the study strains from the Dominican Republic. The shape and color

coding of strains are as indicated in Fig. 3A-B. Bootstrap values =
nucleotide substitutions per site.
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Fig. 5. (continued)
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Fig. 5.

DOM-3730; previously reported EQL-G3 strains; and a subset of non-G3
IGR strains that occupied a separate and distinct group (boot-
strap = 84%, Figs. 5B and S1J). The EQL-G3-associated E2 sequences
that occupied the two distinct groups shared 86.6-88.4% nt
(92.6-96.0% aa) between each other.

A subset of the VP2 and VP3 sequences from the DOM study strains
were divided among two genogroup-2 lineages; interestingly, the se-
quences from IGR G2P[8] study strain DOM-3734 grouped with G2P[4]
study strains DOM-3726 and DOM-3730 rather than the EQL-G3P[8]
study strains (bootstrap support = 70%, Fig. 5C-D, S1E-S1F). The VP1,
VP6, NSP1, and NSP3 sequences from the DOM study strains also oc-
cupied one of two genogroup-2 lineages, but rather separated the DOM-
EQL-G3 strains and IGR G2P[8] study strain DOM-3734 from the G2P
[4] study strains DOM-3726 and DOM-3730 (bootstrap support =79%,
Figs. S1C-S1D, S1G, S1I). Monophyly of the R2 (VP1) sequences from
all EQL-G3 study strains (including DOM-3705-B); strain DOM-3734;
and EQL-G3P[8] strains RVA/Human-wt/THA/SKT-281,/2013/G3P[8]
(SKT-281) and RVA/Human-wt/THA/SKT-289/2013/G3P[8] (SKT-
289) was supported (bootstrap = 84%, Fig. S1D). For all six genes, the
sequences from the genogroup-1 study strains and DOM-3705-A
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(continued)

occupied one of three genogroup-1 lineages, which separated G3P[8]
strain DOM-3692; G9P[8] strains DOM-3696 and DOM-3700; and G1P
[8] strains DOM-3695, DOM-3704, DOM-3708, DOM-3711, and DOM-
3705-A (bootstrap support =81%, Fig. 5C-D, S1IC-S1G, S1I).

The H2 (NSP5) ORF sequences from the DOM-EQL-G3 strains; strain
DOM-3734; previously reported EQL-G3 strains; a subset of non-G3 IGR
strains; and previously reported G2P[4] strains, including RVAs iden-
tified in Australia and Southeast Asia as early as 1999, occupied a
monophyletic subgroup (bootstrap = 73%, Fig. S1K). Monophyly of
these strains with additional G2P[4] strains, including DOM-3726 and
DOM-3730, was well supported (bootstrap = 97%, Fig. S1K).

4. Discussion

Despite vaccine mediated decreases in the global burden of RVA
(GBD, 2016 Diarrhoeal Disease Collaborators, 2018; Troeger et al.,
2018), continued global RVA surveillance remains important to docu-
ment and characterize strains in contemporary circulation. RVA sur-
veillance data are essential for future studies investigating RVA vaccine
effectiveness (Velazquez et al., 2017), and the increasingly apparent
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Fig. 5. (continued)

effects of vaccine-induced strain selection on local strain ecology
(Roczo-Farkas et al., 2018; Kirkwood et al., 2011; Kirkwood and Roczo-
Farkas, 2014; Jere et al., 2018). From WGA of surveillance specimens
collected two to four years post-introduction of Rotarix into the DOM's
NIP (Pan American Health Organization, 2012; PATH, 2016), our re-
sults confirmed novel IGR EQL-G3P[8] strains that possessed VP7 se-
quences of putative equine origin (Cowley et al., 2016; Komoto et al.,
2016; Malasao et al., 2015) that occupied novel G3 lineage IX (Figs. 3A
and S1A), EQL-G3-associated VP4 genes that occupied P[8] lineage III
(Figs. 4A and S1B) (Araujo et al., 2007), and a DS-1-like genetic
backbone composed of seven or eight EQL-G3-associated genes (Fig. 2).
Our findings indicate EQL-G3P[8] strains emerged in the DOM no later
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than November 2014 and predominated the 2015 and 2016 RVA sea-
sons (Fig. 1). The EQL-G3P[8] study sequences and those described
previously were highly conserved across all 11 genes, aside from EQL-
G3P[8] strains derived from local reassortment events (e.g. DOM-3701,
DOM-3706, and DOM-3721; Figs. 2, 3A,4A and 5A-5D, S1A-S1K and
Table 1). Our results also revealed a novel IGR G2P[8] strain possessing
seven EQL-G3-associated genes and three genes from a locally-circu-
lating G2P[4] strain, an EQL-G3 mixed infection, and RVA strains
possessing typical genogroup-1 or genogroup-2 genotype constellations
(Figs. 2, 3A-3B, 4A-4B, 5A-5D, S1A-S1B and Table S1).

Genetic analyses indicate that the EQL-G3P[8] study strains and
those described previously share a common origin with DS-1-like G1P
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Table 1

Summary of observed sequence identities among the ORF sequences of each homologous genotype®.

Gene (genotype)

Shared Sequence
Identity (%)

RVA Strains Compared (group A with group B)

NSP1 (A2) NSP2'(N1) NSP2'(N2) NSP3(T2) NSP4 (E2) NSP5 (H2)

VP1 (R2) VP2(C2) VP33 (M2)

VP4 (P[8]) VP6 (12)

VP7 (G3)

=99.7
=99.0

=99.2

=>99.2
=99.0
>97.2%
>97.1%
=96.5
>98.4

=99.6
=99.4
=>98.5
=98.7
=96.8
=>98.1

=>99.9
=99.7

=99.5
=99.2

=99.7
=99.6
=96.6
=97.6

=>99.6
=99.5

=99.5
=99.4

=99.4
=99.4

>99.6°
>99.5¢
>95.7

=97.7
95.7-99.9

=99.2
=98.8

Nucleotide Identity

Among EQL-G3 Study Strains

>98.8
>87.1%
>93.7%
=87.5

Amino Acid Identity
Nucleotide Identity

99.0-99.8°
97.5-99.5¢

=98.7
>99.0
=>99.2
=>98.5

98.4-99.9 97.3-97.9%

95.7-99.9 98.6-99.9 99.2-99.9

98.0-99.8 99.0-99.9

=97.5

98.3-99.9
=97.9

EQL-G3 Study Strains with Previously Reported EQL-

98.1-98.7%
=97.3
=>98.1

=979

=99.4

Amino Acid Identity
Nucleotide Identity

G3 Strains
EQL-G3 Study Strains with non-EQL-G3 Study Strains

94.1-99.9 97.1-97.4 87.2-87.6 97.6-99.9

97.9-99.9 99.3-99.7 92.7-93.3

81.7-82.1¢
91.7-92.3¢

N/A
N/A

=94.3

=97.3

=98.9

=97.7
99.1-99.9

Amino Acid Identity

WAPCD388-like EQL-G3 Strains” with Intergenogroup  Nucleotide Identity

97.3-99.9 N/A

98.6-99.9
>98.4

98.7-99.4 98.9-99.8 99.4-99.8 98.8-99.8 98.8-99.9 N/A

98.7-99.5 99.4-99.9

N/A

=97.8

98.6-99.9 97.9-99.8 N/A

=99.5

=99.2

Amino Acid Identity

Reassortant Strains®

? Sequence identity values calculated using the p-distance algorithm in MEGA6.

> Included EQL-G3 strains that clustered with P[8]-containing EQL-G3P[8] prototype strain WAPCD388 in a supported clade (bootstrap support =70%), in the resulting phylograms generated in this study.

¢ Included G1P[8]/G9P[8]/G8P[8] strains, possessing a genogroup 2 backbone, that were collected post-2011 and that clustered with EQL-G3P[8] prototype strain WAPC1740 in a distinct and supported clade

(bootstrap support =70%), in the resulting phylograms generated in this study. Does not include G2P[8] study strain DOM-3734.

4 Comparison of EQL-G3 study strains with Wa-like strain RVA/Human-wt/DOM/3000503692,/2014,/G3P[8].
¢ Resulting values exclude P[8] from mixed infection strain RVA/Human-wt/DOM/3000503705/2014/G1G3P[6]P[8].

f Shared sequence identity values based solely on strains with the same genotype.

& Comparisons allowed for the inclusion of 10 EQL-G3 strains identified in Brazil (gene sequences with the complete ORF, previously deposited into the GenBank database).
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[8] strains (Figs. 4A, 5A-5D, S1B-S1K and Table 1). These atypical IGR
strains appear to have emerged around the same time in Southeast Asia
and/or Australia (Cowley et al., 2016; Fujii et al., 2014; Komoto et al.,
2015, 2016; Yamamoto et al., 2014, 2017) and exhibited conserved
sequences at the VP1-VP4, VP6, NSP1-NSP3, and NSP5 genes (Figs. 4A,
5A, 5C-5D, S1B-S1I, S1K and Table 1). The currently available data
indicate that the DS-1-like G1P[8] strains predate the EQL-G3P[8]
strains; therefore, the prototype EQL-G3P[8] strain may have been
derived from reassortment of an unknown novel G3 strain and a DS-1-
like G1P[8] strain. However, further study is required to elucidate the
mechanisms and origins associated with the EQL-G3P[8] strains.
Nevertheless, the EGL-G3P[8] strains and the DS-1-like G1P[8] strains
were also genetically similar to a subset of G2P[4] strains at the
VP2-VP3, VP6, NSP1-NSP3, and NSP5 genes, including G2P[4] strains
circulating in Australia and Southeast Asia during the post-vaccine in-
troduction era (Figs. 5A, 5C-5D, S1C, S1E-S1H, S1K and Table 1).
Therefore, one or both types of these atypical IGR strains were partially
derived from G2P[4] strains in contemporary circulation in the geo-
graphic area of origin, and both the DS-1-like G1P[8] and EQL-G3P[8]
strains share a common origin with these G2P[4] strains.

Atypical EQL-G3P[8] strains were likely introduced into the DOM
from another country through virus dispersal of highly conserved EQL-
G3P[8] strains. The monotypic EQL-G3P[8] study strains and in many
cases those previously reported (D6r6 et al., 2016; Cowley et al., 2016;
Arana et al., 2016; Guerra et al., 2016; Komoto et al., 2016, 2018;
Perkins et al., 2017; Pietsch and Liebert, 2018; Luchs et al., 2018;
Roczo-Farkas et al., 2018; Utsumi et al., 2018) exhibit and share unique
genetic constellations and conserved sequences distinct from all other
RVA strains reported thus far (Figs. 2, 3A, 5A-5D, S1A, SIC-S1H, S1J
and Table 1). Excluding the NSP2 genes from DOM-3701, DOM-3706-,
DOM-3721 (Fig. 2), the monotypic EQL-G3P[8] study strains and many
of those previously reported from multiple geographic locations were
highly genetically similar across all 11 genes (Figs. 3A, 4A, 5A-5D,
S1A-S1K and Table 1). The resulting phylograms, particularly the VP1
and NSP2 genes, suggest the EQL-G3P[8] study strains are most similar
to previously reported EQL-G3P[8] strains SKT-281 and SKT-289 from
Thailand (Figs. 5A, S1D, S1H). These two strains predate the EQL-G3P
[8] study strains, and therefore may be the source of the EQL-G3P[8]
strains emergent in the DOM. Regardless, our results indicate that EQL-
G3P[8] strains were more likely introduced into to the DOM from
elsewhere, versus derivation solely from strains local to the DOM;
especially when considering the novel and distinct nature of the EQL-
G3 sequence. Our results also corroborate the previous suggestion of a
globally co-circulating pool of highly conserved EQL-G3P[8] strains
(Pietsch and Liebert, 2018).

Highly conserved EQL-G3P[8] strains appear to be spreading to new
areas; our results also show that EQL-G3P[8] strains can reassort with
local genogroup-1 and genogroup-2 RVA strains resulting in novel EQL-
G3 reassortants (Figs. 5A and S1H). The N1 sequences from DOM-3701,
DOM-3706, DOM-3721 were genetically distinct from previously re-
ported N1l-associated EQL-G3P[8] strains (Figs. 5A and S1H), rather
these study strains exhibited the greatest genetic similarity with the N1
sequences from locally circulating G9P[8] strains (Figs. 5A and S1H and
Table 1). Therefore, these novel triple IGR EQL-G3P[8] study strains
were derived from reassortment of an EQL-G3P[8] strain and G9P[8]
strain in local circulation (Figs. 5A and S1H and Table 1). Thus far,
multiple studies have reported EQL-G3P[8] strains exhibiting a N1
genotype at the NSP2 gene (Guerra et al., 2016; Pietsch and Liebert,
2018), indicating an increased probability of reassortment at the NSP2
gene among EQL-G3 strains relative to the rest of the genetic backbone.
A similar phenomena has been reported among recently emergent DS-1-
like G1P[8] strains (Jere et al., 2018). The above reassortment events
were all reported from countries known to use Rotrarix, therefore the
NSP2 gene may serve as a valuable marker for monitoring vaccine-
triggered changes to the rotavirus landscape. Novel IGR G2P[8] strain
DOM-3734 possessed seven EQL-G3-associated genes, and three
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Table 2
Summary of the G3 (VP7) lineages described in this study®.
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G3 Lineage Source of Lineage Designation Bootstrap Support Intra-Lineage Nucleotide Homology Inter-Lineage Nucleotide Homology
Lineage I Martines-Laso et al., 2009; Stupka et al., 2009 99% 89.9-99.8% 78.8-89.5%
Lineage II Martines-Laso et al., 2009; Stupka et al., 2009° 99% 90.7-99.2% 80.1-89.0%
Lineage IIT Martines-Laso et al., 2009; Stupka et al., 2009 100% 96.0-98.3% 78.9-89.2%
Lineage IV Martines-Laso et al., 2009; Stupka et al., 2009 100% 94.9-96.0% 78.8-89.1%
Lineage V Chakraborty et al., 2016 100% 93.6-99.8% 80.1-89.5%
Lineage VI Collins et al., 20084 100% 92.5-100.0% 80.3-89.2%
Lineage VII This Study 100% 92.1-99.2% 79.5-89.0%
Lineage VIII This Study 100% 91.4-100.0% 80.6-88.4%
Lineage IX This Study 99% 90.4-100.0% 80.7-88.7%

2 Genotype-specific, multi-parameter metrics were determined and applied to delineate these G3 lineages. The shared nucleotide identities were based on distance
matrices prepared using the p-distance algorithm in MEGA6, and phylograms incorporated bootstrap testing using 1000 replicates to estimate branch support.
b This lineage was initially identified by referencing the included sources, however, was subsequently revised to satisfy the multi-parameter metrics applied to

revise and identify the G3 lineages reported in this study.

¢ Revised from lineage I (Chakraborty et al., 2016) to lineage V in this study.
4 Revised from lineages G3A and G3B (Collins et al., 2008) to lineage VI in this study.

genogroup-2 genes that exhibited the greatest genetic similarity with
locally circulating G2P[4] strains (Figs. 2, 3B, 4A, 5A-5D, S1A-S1K);
therefore, this strain was likely derived from reassortment(s) of an EQL-
G3P[8] and G2P[4] strains in local circulation. Our results for mixed
infection strain DOM-3705 (G1G3P[6]P[8]) did not allow for identifi-
cation of the parental strains; however, WGA for DOM-3705-A and
DOM-3705-B suggest that DOM-3705 resulted from co-infection invol-
ving a Wa-like G1-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1 strain and an
EQL-G3P[6] strain (G3-P[6]-12-R2-C2-M2-A2-N2-T2-E2-H2) in local
circulation. If so, the EQL-G3P[6] may have been derived from re-
assortment of an EQL-G3P[8] and a typical G3P[6] strain, known to
exist in local circulation. However, additional RVA surveillance among
human populations in the DOM is required to further elucidate the
origins of novel EQL-G3P[8] strains derived from local reassortment
events.

Genetic analyses involving a dynamic subset of G3 (VP7) sequences
deposited into GenBank thus far, including those from the DOM de-
scribed here, led to the new delineation of G3 lineages I-IX (Figs. 3A
and S1A and Table 2). The interior partitioning observed within G3
lineage IX (Figs. 3A and S1A) is attributed to the lesser sequence si-
milarity shared between the EQL-G3 strains and ancestral equine strain
Erv105 (90.4-91.1% [96.9-97.9%]). Novel G3 lineage VII was com-
prised animal strains, including bovine-, equine-, and bat-strains
(Figs. 3A and S1A and Table 1). Lineage II was revised from previous
descriptions (Martinez-Laso et al., 2009; Stupka et al., 2009), such that
strains RVA/Simian-tc/USA/RRV/1975/G3P[3] and RVA/Dog-tc/ITA/
RV52-96/1996/G3P[3] remained within the newly delineated lineage
II, while strain RVA/Human-wt/THA/CMH222/2001/G3P[3], pre-
viously classified within lineage II, exhibited greater genetic similarity
with a cluster of strains described here as novel lineage VIII (Figs. 3A
and S1A). Lineage I as described previously (Chakraborty et al., 2016)
was re-designated here as lineage V to preserve the integrity of earlier,
more universally accepted lineage I descriptions (Figs. 3A and S1A)
(Martinez-Laso et al., 2009; Stupka et al., 2009), and previously de-
scribed equine lineages G3A and G3B (Collins et al., 2008) were com-
bined and re-designated here as lineage VI (Figs. 3A and S1A). Lineages
I, III, and IV remained as described previously (Figs. 3A and S1A)
(Martinez-Laso et al., 2009; Stupka et al., 2009). The G3 lineage deli-
neations described here provide valuable data to better understand the
contemporary diversity among RVAs resulting from the accumulation
of point mutations and genetic reassortment events.

Our results indicated minimal differences (< 3.0% aa divergence)
in the encoded proteins across all 11 gene segments among the EQL-G3
study strains and when compared against the larger set of reported EQL-
G3 strains (Fig. 6 and Tables 1-2, S2). Analyses comparing the aa se-
quence differences observed among each EQL-G3 study strain and the
other previously reported EQL-G3 strains included in phylogenetic
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analyses indicated <3 amino acid differences across the VP7 antigenic
regions (Fig. 6 and Table S2). Therefore, the EQL-G3P[8] study strains
did exhibit surface exposed aa sequence differences within the VP7
antigenic regions; however, only minimal differences were observed
most which involved conservative or moderate aa substitutions (Fig. 6).
Nevertheless, we recommend in-depth future study investigating the
functional changes that exist among these emergent atypical G3 strains,
specifically potential vaccine escape mutations.

Atypical double and triple IGR EQL-G3 strains were identified in
children residing in the DOM, varying from 5 months of age through 5
years of age. These strains were first collected from 1-year-olds on
November 11th, 2014 and April 14th, 2015 at the Santiago and Santo
Domingo sites, respectively. During the 2015 season, EQL-G3 genotypes
were identified in ten specimens accounting for 38% of the RVA strains
collected that season (Fig. 1A-B). EQL-G3 strains also predominated the
2016 season and increased in prevalence, identified in thirteen speci-
mens accounting for 62% of the RVA infections collected that season
(Fig. 1A-B). Although this study only includes surveillance data across
two RVA seasons, our results indicate short-term endemic circulation of
EGL-G3 strains in the DOM. Additional RVA surveillance in the DOM is
recommended to further monitor the prevalence of these endemic IGR
strains.

Previous studies investigating the emergence of EQL-G3 strains have
all included G3 sequences that shared the greatest nt identity (outside
of themselves) with equine-strain Erv105. Naturally, most of these
studies have indicated the EQL-G3 strains were of equine origin.
Interestingly, strain Erv105 is the only RVA strain, equine or otherwise,
with complete coding sequence deposited into the GenBank database
exhibiting > 90% shared nt identity with any of the EQL-G3 strains
reported thus far. Furthermore, for strain Erv105 the VP7 sequence was
the only sequence deposited into GenBank, which was generated as part
of published study that was subsequently retracted (https://www.ncbi.
nlm.nih.gov/pmc/articles/PMC1932979/); although the retraction no-
tice made no statement suggesting submission of erroneous VP7 se-
quence for strain Erv105. Lastly, according to sequences deposited into
the GenBank database thus far, the highest shared nt identity between
strain Erv105 and any other equine strain is 87%. These results may
indicate that strain Erv105 is less likely of equine origin but rather was
derived from some alternative mechanism(s) of origin (e.g. a human
RVA G3 strain that infected a member of the equine family). Therefore,
we suggest continued RVA surveillance of human and equine popula-
tions to help to elucidate the definitive origin of these emergent, human
reassortant RVAs possessing a novel G3 genotype.

Since 2013, the rapid emergence and spread of EQL-G3 strains has
been anecdotally attributed to Rotarix-induced selective pressure.
Interestingly, a recent study including analysis of two decades of
Australian surveillance data found that G1P[8] strains dominated the
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Fig. 6. A summary of the amino acid sequences across the VP7 antigenic regions A, B, C, and F for all G3 RVA strains included in phylogenetic analyses; including
those exhibiting conservative- (green), moderate- (yellow), and radical- (red) aa substitutions.

pre-vaccine era (1995-2006), while following vaccine introduction
(2007-2015) genotype distribution varied based on localized vaccine
use, with G12P[8] strains dominant in areas using RotaTeq, and EQL-
G3P[8] and G2P[4] strains dominant in areas using Rotarix (Roczo-
Farkas et al., 2018). Roczo-Farkas et al., suggested that both RVA
vaccines exerted different immunological pressures that influenced the
diversity of RVA strains circulating in Australia (Roczo-Farkas et al.,
2018). Rotarix was introduced into the DOM's NIP in 2012 and our
results confirm the emergence of EQL-G3P[8] strains no later than
November 2014. The DOM was one of the first countries to approve
licensure for use of Rotarix in 2004 (Dennehy, 2008), therefore the
DOM could prove an ideal candidate to investigate post-Rotarix-li-
censure strain ecology. Although RVA surveillance of specimens col-
lected post-Rotarix introduction from the DOM prior to 2014 could
benefit studies investigating vaccine-induced selective pressure, such
specimens may not be available. In addition, if EQL-G3P[8] strains were
indeed introduced into the DOM through virus dispersal from another
country, such as Thailand, access to older specimens from the DOM may
not indicate the emergence of EQL-G3P[8] strains prior to those iden-
tified here. Our results are consistent with the hypothesis that existence
of EQL-G3 strains in the DOM may be attributed to vaccine-induced
immunological pressures that influence the diversity of RVAs in con-
temporary circulation (Roczo-Farkas et al., 2018) but the possibility
that these atypical DS-1-like strains simply may have a general fitness
advantage that has allowed for their increased prevalence cannot be
ruled out. Further studies are needed to help to elucidate the me-
chanism(s) responsible for the increased prevalence of these atypical
DS-1-like strains among populations using Rotarix.

This study confirmed the emergence and spread of dynamic and
diverse RVA strains to the DOM. Whole-gene analysis of RVAs identi-
fied from the DOM exhibit the invaluable benefits of multi-year global
RVA surveillance studies. Our results allow for a better understanding
of the ubiquitous nature and diversity of RVAs, facilitate accurate in-
terpretations to determine the origin and evolutionary patterns of a
given RVA strain, and confirm the need for studies investigating the
role of vaccine-induced pressure on the contemporary RVAs in circu-
lation. The IGR events confirmed here, along with others occurring
globally, may facilitate the emergence of RVA mixed genotype con-
stellations from both human and animal viruses that could have
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implications for current RVA vaccination strategies.
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