Emergence and spread of DS-1-like G3P[8] rotaviruses possessing an equine-like VP7 in the Basque Country (North of Spain), 2015
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Highlights

In 2015, an atypical DS-1-like G3P[8] was detected in Gipuzkoa (Northern Spain)

This strain possesses an equine-like VP7, a P[8] VP4 and a DS-1-like genetic backbone
Phylogenetic data suggested a potential East Asian-Pacific origin
An additional reasssortment (VP6 gene) with a local DS-1-like G2P[4] strain was noted
The study reports the emergence of DS-1-like G3P[8] reassortant strains in Europe

Abstract
In March 2015, an atypical G3P[8] rotavirus with an equine-like VP7 gene was detected in Gipuzkoa (Basque Country, Spain) and spread contributing significantly to the seasonal epidemic. The strain was identified in fecal samples collected from 68 patients, mainly children from rural and urban settings with acute gastroenteritis, representing 16% of the 425 rotavirus strains genotyped between July 2014 and June 2015. Seven patients (10.3%) were hospitalized. Full genome analysis of six of these strains revealed a DS-1-like genotype constellation, G3-P[8]-I2-R2-C2-M2-A2-N2-T2-E2-H2, and showed that most genome segments shared the highest homology with strains isolated in Japan, Thailand, Australia and The Philippines. The strains of Gipuzkoa were similar to novel G3P[8] reassortant rotaviruses with an equine-like VP7 gene and a DS-1-like genetic backbone that emerged in the Asia-Pacific Region in 2013. The study highlights the circulation of DS-1-like G3P[8] reassortant strains outside the Asia-Pacific Region of origin, and their emergence in a European Region. Due to their unusual genotype constellation, these strains pose a challenge for the rotavirus strain surveillance, since G-/P-typing, the most commonly used classification system, cannot identify this type of intergenogroup reassortants.
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1. Introduction
Group A rotaviruses (RVAs) are a leading cause of acute gastroenteritis (AGE) in children and a major cause of mortality in infants in low-income countries. Rotavirus-associated mortality was estimated to cause 37% of diarrhea-related deaths in children aged <5 years in 2008 (Tate et al., 2012). Since 2009, the WHO recommends the universal vaccination of infants against RVAs (WHO, 2013) and the burden of the disease has substantially decreased in countries that have introduced vaccination (Patel et al., 2011). Currently, two live oral vaccines (Rotarix® and RotaTeq®) are licensed in many countries worldwide (WHO, 2013).
The rotavirus genome consists of 11 double-stranded RNA segments that encode six viral structural proteins (VP) and six non-structural proteins (NSP). RVAs are classified into G and P genotypes based on the sequence diversities of the two external proteins VP7 and VP4, respectively, which are the two viral proteins that elicit neutralizing antibody responses (Santos and Hoshino, 2005). To date, at least 27 G-types and 37 P-types have been recognized (Matthijnssens et al., 2011a,Trojnar et al., 2013). The six major G- and P-types combinations of human RVAs circulating worldwide are G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and G12P[8] (Doro et al., 2014a). Currently, these genotypes cause more than 90% of RVA infections in Europe (Iturriza-Gomara et al., 2011). A whole-genome classification system was proposed in which a specific genotype is assigned to each of the 11 genome segments. The RVA VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-NSP4-NSP5 genes are described using the abbreviation Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where “x” represents the number of the genotype), respectively (Matthijnssens et al., 2008). The majority of human RVA genomes are assigned to three genotype constellations, Wa-like (G1/3/4/9-P[8]-I1-R1-C1-M1-A1-N1-T1-E1-H1), DS-1-like (G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2) and the less common AU-1-like (G3-P[9]-I3-R3-C3-M3-A3-N3-T3-E3-H3) (Matthijnssens et al., 2008). Reassortment between RVA strains with different constellations occurs more rarely than within the strains of the same constellation (McDonald et al., 2009).
RVAs are largely host-specific and G-P combinations common in humans are unusual in animals, and vice versa (Matthijnssens et al., 2008). However, interspecies transmission and reassortment between human and animal RVAs contribute significantly to RVA genetic diversity. Surveillance of circulating human RVAs has been conducted in Gipuzkoa (Basque Country, Spain) since 1996 (Cilla et al., 2010). In 2015, a rare human-equine reassortant G3P[8] strain with a DS-1-like backbone emerged and spread in our setting. In the present study, the circulation and clinical impact caused by this atypical RVA, as well as its molecular characterization are described.
2. Material and Methods
2.1 Study population

Circulation of the atypical G3 was observed in the context of the ongoing RVA strain surveillance in Gipuzkoa (Basque Country, Spain). In the period between July 2014 and June 2015, the study covered a population of 643,115 inhabitants of whom 33,171 were children less than 5 years old (2011 census, Basque Institute of Statistics). The study included all patients who sought medical care for AGE (children and adults), both in primary care (outpatient) and in hospitals (emergency department and inpatient) of the Basque Health System, and from whom stool analysis was requested. RVA vaccines were not included in the Basque Health System Expanded Program on Immunization (EPI) schedule and were only dispensed in private practice (estimated vaccination coverage <15%).
2.2 RVA detection and G-/P-typing

The stool samples were sent to the Donostia University Hospital where the presence of RVA was investigated by a commercial multiplex real-time polymerase chain reaction (PCR) assay (FTD® Viral Gastroenteritis, Fast-Track Diagnostics Ltd, Luxembourg). RVA positive samples with leftover material were suspended in B199 medium (Sigma-Aldrich, USA) and total RNA was obtained using the NucliSENS Easy-Mag platform (bioMérieux, USA). G-/P-typing was conducted through multiplex reverse transcription-PCR methods (European Rotavirus Detection and Typing Methods version 4 [http://www.eurorota.net/docs.php]). In each run of RT-PCR, the amplicons of at least one sample of every different genotype were sequenced for genotype confirmation (31% of the PCR-genotyped samples). In addition, the VP6 gene of all the G2P[4] strains detected in 2014 – 2015 season in Gipuzkoa (n=7) was amplified using previously described primers and conditions (Matthijnssens et al., 2008). The amplicons were sequenced using the ABI3730xl DNA Analyzer (Applied Biosystems, USA). The sequences obtained were compared and analyzed in the Basic Local Alignment and Search Tool (http://www.ncbi.nlm.nih.gov/blast/Blast.cgi) and the genotypes were assigned using an automated genotyping tool for RVA, RotaC2.0 (http://rotac.regatools.be) (Maes et al., 2009).
2.3 Next Generation Sequencing

2.3.1 Sample selection

Next Generation Sequencing was performed in six out of 68 atypical G3 strains selected on the basis of having sufficient material leftover and the presence of high viral load inferred from the presence of high intensity bands of VP4 and VP7 amplicons when visualized under ultraviolet light in agarose electrophoresis gel.
2.3.2 dsRNA extraction 

The dsRNA genomes were extracted following previously described methods with minor modifications (Jere et al., 2011). Briefly, the total RNA was extracted adding 1 ml of TRI-REAGENT–LS (Molecular Research Centre, Ohio, USA) in 300 µl of previously suspended stool. This was followed by the addition of 270 µl chloroform, centrifugation at 4 ºC for 20 min at 16000 x g, precipitation of RNA in isopropanol and centrifugation at room temperature for 30 min at 16000 x g. The pellet was re-suspended in 95 μl elution buffer (MinElute gel extraction kit; Qiagen, Germany). Single stranded RNA (ssRNA) was removed by precipitation with LiCl (Sigma, St Louis, MO, U.S.A) to a final concentration of 2 M, incubated at 4 ºC for 16 h and then centrifugated at 16000 x g for 30 min. In order to remove DNA contaminants, the samples were treated with DNAse I (Invitrogen Carlsbad, CA, U.S.A.). The resulting dsRNA was purified using MinElute gel extraction kit (Qiagen, Germany) by following manufacturer´s recommendations. The integrity of the purified dsRNA was evaluated on a 1% agarose gel (TBE) stained with ethidium bromide.

2.3.3 Library preparation

ScriptSeq v2 RNA-Seq Library Preparation Kit (Epicentre, Chicago, IL, USA) was used according to the manufacturer´s protocol with slight modifications for library preparation. An initial denaturation step (95 ºC for 5 min) was added to the protocol and when the concentration of RNA input was less than 50 ng/µl, PCR cycles were increased to 22 to obtain sufficient product for sequencing. Each library was indexed with Illumina compatible barcodes to allow multiplexing. The quality of the libraries was assessed using the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The libraries were quantified with the Qubit dsDNA High Sensitive assay (Life Technologies, Carlsbad, CA, USA), and sequenced using the HiSeq 2500 Illumina platform at the Centre for Genomic Research, University of Liverpool.
2.3.4 Sequencing and data analyses

The paired-end reads (2 x 125 bp) were assembled using Geneious R8. RotaC2.0, an automated genotyping tool for RVA, was used to assign genotypes to all 11 genome segments of the study strains (Maes et al., 2009). Phylogenetic and evolutionary analyses were conducted in MEGA 6 (Tamura et al., 2013) using the Maximun Likelihood (ML) method with 1000 bootstrap replications for branch support. The substitution model for each tree was obtained by ModelTest from MEGA 6 (Tamura et al., 2013). Phylogenetic trees of the genome segments were constructed based on complete nucleotide sequences (at least the coding region) of each gene.

2.4 GenBank accession numbers of sequences obtained in this study
The whole genome sequences of six representative atypical G3 strains, the partial VP7 fragment sequences of five representative usual G3 strains detected throughout the study and the partial VP6 gene sequences of two G2P[4] strains were deposited in GenBank under the following accession numbers: atypical G3 strains KU550262 –KU550327; usual G3 strains KU522125 – KU522129; and G2P[4] strains KU550260 – KU550261.

3. Results
3.1 Rotavirus genotypes during the 2014-2015 epidemic season
From July 2014 to June 2015, a total of 10,443 fecal samples from children and adults with AGE were examined and RVA was found in 462 cases (469 samples). Of these 366 were children <5 years-old (206 male and 160 female), 7 older children ≥5 – 15 years-old, 54 adults >15 – 65 years-old and 35 adults aged >65 years. RVA epidemic in Gipuzkoa (Basque Country) started in February 2015 reaching the maximum incidence in March and finishing in May (Fig. 1). A total of 425 out of 455 (93.4%) RVA positive samples were successfully G-typed. The BLAST searches performed on the proportion of amplicons sequences confirmed the genotypes assigned through RT-PCR with the exception of a number of strains which appeared as G12 by RT-PCR but were identified as an equine-like G3 by sequencing. Consequently, all the VP7 amplicons of strains initially typed as G12 were sequenced and analyzed. After confirmatory sequencing, G12 remained the predominant genotype accounting for 40.2% of circulating strains followed by G1 (34.1%) and equine-like G3 (16.0%) (Fig. 1). 
To investigate the reason for the mistyping of equine-like G3 strains as G12, we performed a multiple alignment of the VP7 sequences derived from the equine-like G3 and common G3 strains detected in 2015 in Gipuzkoa, representative G3 and G12 strains from the GenBank database and the G3- and G12-specific oligonucleotide forward primers (Fig. 2). The alignment showed high degree of homology and the potential for cross-reactivity between the VP7 gene of the  theG3 strains and the G12 forward primer, whilst the equine-like G3 strains displayed e  seven or eight mismatches with G3 forward primer..  

3.2 Distribution of RVA strains with equine-like G3 VP7
The atypical equine-like G3 strain was detected in 68 (16.0%) cases. This strain was detected for the first time on 3rd March 2015 (a month after the onset of the seasonal epidemic) in a 14-month-old child and spread across the area under surveillance. March and April were the months when the equine-like G3 circulated more (28 and 29 strains detected in each month, respectively) and June when the last detection was observed (Fig. 1). The equine-like G3 strains infected patients from rural and urban settings across a wide range of ages (80 days – 93.2 years old, median 1.4 years) although 70.6% (48/68) of the cases were children less than 3 years old. Of those, only three had received three doses of RVA vaccine (RotaTeq®). Seven patients (10.3%) were hospitalized, a similar rate to that observed for G1 (n=15, 10.3%) and G12 (n=22, 12.9%) genotypes in the same season (Chi square=0.60, p=0.74).
3.3 Phylogenetic analyses

Whole genome sequencing of six equine-like G3 strains was performed and sequence analysis revealed a DS-1-like genetic backbone: G3-P[8]-I2-R2-C2-M2-A2-N2-T2-E2-H2. The six strains were highly similar in all but one genome segments. Based on the complete nucleotide sequences of 10 genome segments (VP1 – VP4, VP7 and NSP1-NSP5), the DS-1-like G3P[8] RVA strains of this study had a nucleotide homology of 99.3 – 100%. In contrast, the VP6 gene of the strains from Gipuzkoa separated into two clusters with nucleotide homologies between 96.6 and 96.7%.
The phylogenetic analysis showed that the VP7 gene of the atypical equine-like G3 strains from Gipuzkoa belonged to lineage I, which mostly comprises of animal RVAs (Fig. 3). The strains had 98,8 – 99,9% nucleotide homology with the Thai strains SKT-281 and SKT-289 (G3-P[8]-I2-R2-C2-M2-A2-N2-T2-E2-H2) (Komoto et al., 2016), Australian strains D388, WAPC1740 and WAPC2016 (G3-P[8]-I2-R2-C2-M2-A2-N2-T2-E2-H2) (Cowley et al., 2016) and Japanese strains, S13-30 and S13-45 (G3-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2), detected in 2013 (Malasao et al., 2015). The VP7 gene of all these human strains showed the highest nucleotide sequence homology (90.7 –91.4%) with an equine strain (Erv105) detected in a foal in India during 2004 – 2005 (Gulati et al., 2007). However, the closest human strains to the equine-like G3 strains from Gipuzkoa had homologies between 86.8 – 88.0% (PA260-97, CMH222 and RCH272), and these strains were previously described as the result of an interspecies transmission event (Matthijnssens et al., 2011b,Khamrin et al., 2006,Donato et al., 2014). Comparing against Wa-like G3 strains isolated in our setting during the same epidemic season the homology was lower and ranged between 80.6 – 80.7%.
Besides, the phylogenetic analyses of the VP1-VP4, NSP1-NSP3 and NSP5 genome segments of the atypical G3 strains from Gipuzkoa revealed a close relationship with those of some intergenogroup reassortant strains from Asia-Pacific region: the above mentioned DS-1-like G3 strains, as well as DS-1-like G1P[8] strains detected in Japan (HC12016) (Yamamoto et al., 2014) and The Philippines (strains TGO12-004/012/016/045, GenBank accession numbers: KP007159-KP007169 and KP007181-KP007211) in 2012, and in Thailand (SSKT-41) in 2013 (Komoto et al., 2015) (nucleotide homology >98%) (Fig. 3 and 4).
Nevertheless, the NSP4 gene of DS-1-like G3 strains was distinct from those belonging to the Asian-Pacific DS-1-like G3 strains and showed the highest similarity with classical DS-1-like G2P[4] strains detected in Australia and Indonesia and the above referred DS-1-like G1P[8] strains (Fig. 3).

Among the VP6 genes of the strains from Gipuzkoa one of the clusters (subgroup B) was divergent from those of the Asian-Pacific strains and clustered with those corresponding to pure DS-1-like G2P[4] detected in several parts of the world and also in Gipuzkoa (strain SS96085815) during the same season (nucleotide homology 99.4%; analyzed sequence length 1247bp) (Fig. 3). The VP6 encoding genome segment of the remaining six G2P[4] strains from Gipuzkoa (representative strain SS98244980) were almost identical to each other and had a lower nucleotide homology of 98.2 – 98.5% with those of the subgroup B strains.
4. Discussion

In this study we described the emergence of an atypical G3P[8] RVA strain with an equine-like VP7 gene and a DS-1-like genetic backbone that contributed to the seasonal epidemic in Gipuzkoa (Northern Spain) from March to June 2015. The main characteristics of the infections caused by this strain, such as age of the affected patients, wide spread across the territory, seasonal pattern and the hospitalization rate, were no different from that typically associated with any RVA infections in our setting (Cilla et al., 2010). These equine-like G3 strains were initially mistyped as G12 through the multiplex RT-PCR used. Several studies have previously reported different events of natural variation impacting on the efficiency of RVA genotyping (Adah et al., 1997,Iturriza-Gomara et al., 2000,Aladin et al., 2010,Mitui et al., 2012).  These observations highlight the importance of sequencing strains of different genotypes regularly in order to confirm the results obtained by multiplex RT-PCR.
G3 RVA strains have the broadest host range, having been detected in many animal species including human, canine, feline, bovine, ovine, porcine, equine, avian, simian, lapine, and murine hosts (Matthijnssens et al., 2011a,Khamrin et al., 2006,Martella et al., 2010). Among human RVAs, G3 strains are most frequently associated with P[8] and with Wa genetic backbone (McDonald et al., 2009). McDonald et al. (2009) analyzed the complete genome of 51 G3P[8] strains detected in USA from 1974 to 1991 and found that all the strains belonged to Wa genogroup despite the fact that DS-1-like strains co-circulated during that period. Similar results were obtained when the whole genome of 15 Italian strains collected during the periods 2004-2005 and 2008-2013 was analyzed (Medici et al., 2016). Unexpectedly, the atypical strains analyzed in this study were characterized as G3P[8] in combination with a complete DS-1-like backbone. This unusual association had previously only been detected in Thailand in 2013 (Komoto et al., 2016), and Australia as the dominant strain in 2013 and as the third one in 2014 (Cowley et al., 2016). On the other hand, the phylogenetic analysis of the VP7 gene segment revealed that atypical DS-1-like G3P[8] strains from Gipuzkoa, as well as those of Thailand, Australia and the Japanese DS-1-like G3P[4] strains shared the highest nucleotide sequence homology (90.7 – 91.4%) with an equine strain (Erv105) found in a foal in India (Gulati et al., 2007). Based on these observations, these strains have been designated as human-equine reassortants (Komoto et al., 2016,Cowley et al., 2016,Malasao et al., 2015). There have been other sporadic reports of DS-1-like G3 strains in humans, which resulted from intergenogroup reassortment, in combination with P[4] or P[6] (Iturriza-Gomara et al., 2011,Heylen et al., 2013,Doro et al., 2014b,Ianiro et al., 2015), but they have been mainly limited to isolated cases.
VP1-VP4, NSP1 – NSP3 and NSP5 gene segments of the atypical G3 strains from Gipuzkoa shared a very high nucleotide homology with several Asian DS-1-like G1P[8], and the above referred Thai and Australian DS-1-like G3P[8] and Japanese DS-1-like G3P[4] strains. There was no evidence of DS-1-like G1P[8] strains until Kuzuya et al. (2014) reported the presence of G1P[8] double-reassortants strains (VP6, NSP4 and NSP5 genes) in Okayama, Japan, in January 2012. The novel DS-1 like G1P[8] co-circulated with pure Wa-like G1P[8] strains during 2011-2012 season accounting for 74.1% of all G1P[8] strains (Kuzuya et al., 2014). Subsequently, the detection of G1P[8] RVAs possessing DS-1-like backbone was reported in the same season in different regions of Japan (Yamamoto et al., 2014,Fujii et al., 2014). Thus, this novel intergenogroup reassortant strain has successfully spread to distant regions in Japan and predominated, at least in some of them, during 2011 – 2012 season. In 2013, the DS-1-like G1P[8] strains emerged also at least in Thailand (Komoto et al., 2015) and caused AGE outbreaks in Osaka city, Japan (Yamamoto et al., 2014).
The strains of this study were highly similar in all but one gene segment, as the VP6 gene segregated into two subgroups suggesting an additional reassortment with local G2P[4] strains. Therefore, two clones were responsible for the spread of the atypical G3 strain in our setting. Finally, the origin of the NSP4 gene of the DS-1-like G3P[8] RVA strains from Gipuzkoa was less clear because of the close relationship observed between the study strains and some pure DS-1-like G2P[4] with diverse geographical origins such as Australia and Indonesia. 
The results of this study suggested that the atypical DS-1-like G3P[8] strain, that circulated in Gipuzkoa in 2015, may have originated from multiple reassortment events involving the DS-1-like G1P[8] and the equine-human G3P[4] mono-reassortant RVAs identified in Asia, and for a subset at least reassortment with locally co-circulating pure DS-1-like strains is also possible. The lack of detection of DS-1-like G1P[8] and of the unusual Japanese G3P[4] strains in our setting suggests that the atypical G3P[8] strain originated elsewhere by reassortment and then was imported to Gipuzkoa (Northern Spain). This was further supported by the detection of two strains with the same genotype constellation in Thailand and Australia (Komoto et al., 2016,Cowley et al., 2016) in 2013. With the exception of the subgroup B VP6 genes, all genome segments showed the highest similarity with strains isolated in Japan, Thailand, Australia and The Philippines, which underscores a potential East Asian-Pacific origin. Furthermore, the emergence of this atypical strain in Gipuzkoa coincided with a Japanese gastronomic workshop that took place in the town from which the first case was detected.
5. Conclusions

Atypical human-equine DS-1-like G3P[8] reassortant RVAs, detected in East Asia and Australia since 2013, were associated in 2015 with an important number of cases of AGE in a non-vaccinated population in the Basque Country, showing efficient person-to-person transmission. Such intergenogroup reassortant and others such as DS-1-like G1P[8] strains, detected in East Asia since 2012, could spread without being recognized in other countries since G-/P-typing, which is the most widely used classification system for RVA surveillance, cannot identify this type of intergenogroup reassortment. This study highlights the convenience of regularly confirming by sequencing, typing results obtained by RT-PCR, and of genotyping non-G/P gene(s), to allow the identification of interspecies transmission and reassortment events. It remains unknown if the global emergence of these novel reassortant strains could have implications in RVA vaccine effectiveness.
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Fig. 1.- Monthly distribution of rotavirus G-types detected in Gipuzkoa (Spain), July 2014-June 2015 season.
Fig. 2.- Multiple alignments of the VP7 gene sequences of equine-like G3 and common G3 strains from patients with acute gastroenteritis in Gipuzkoa (Basque Country, Spain) in 2015, other G3 strains representing the different lineages described previously (Wang et al., 2014), a standard G12 strain from the GenBank database and the EuroRotaNet G3- and G12-specific forward primers. The sequences were aligned using Muscle in MEGA 6 (Tamura et al., 2013) and compared with GeneDoc. Dots indicate consensus with the primer.

Fig. 3.- Phylogenetic analysis of the complete VP6, VP7, VP1 and NSP4 encoding genome segments of DS-1-like G3P[8] rotavirus strains from patients with acute gastroenteritis, detected in Gipuzkoa (Basque Country, Spain) in 2015, compared with other representative human and animal strains from the GenBank database. Bootstrap values lower than 70% are not shown. Scale bars indicate the number of substitutions per nucleotide position. Closed circles (() and triangles (() indicate the two subgroups of atypical DS-1-like G3P[8] strains in this study. VP6 tree: The two G2P[4] strains marked with a closed square (() (SS98244980 and SS96085815) covered the 97.0% and 97.7% of the coding region, respectively. VP7 tree: The G3 genotype has been subdivided into lineages according to Wang et al. (Wang et al., 2014).
Fig. 4.- Phylogenetic analysis of the complete VP2-VP4 and NSP1-NSP3 and NSP5 encoding genome segments of human DS-1-like G3P[8] rotavirus strains detected in Gipuzkoa (Basque Country, Spain) in 2015, compared with other representative human and animal strains from the GenBank database. Bootstrap values lower than 70% are not shown. Scale bars indicate the number of substitutions per nucleotide position. Closed circles (() and triangles (() indicate the two subgroups of atypical DS- 1-like G3P[8] strains in this study.
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