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The surveillance studies for the presence of caprine rotavirus A (RVA) are limited in India, and the data for the whole-genome analysis of the caprine RVA is not available. This study describes the whole-genome-based analysis of a caprine rotavirus A strain, RVA/Goat-wt/IND/K-98/2015, from a goat kid in India. The genomic analysis revealed that the caprine RVA strain K-98, possess artiodactyl-like and DS-1 human-like genome constellation G8P[1]-I2-R2-C2-M2-A3-N2-T6-E2-H3. The three structural genes (VP2, VP4, and VP7) were close to caprine host having nucleotide-based identity range between 97.5 and 98.9%. Apart from them, other gene segments showed similarity with either bovine or human like genes, ultimately pointing toward a common evolutionary origin having an artiodactyl-type backbone of strain K-98. Phylogenetically, the various genes of the current study isolate also clustered inside clades comprising Human-Bovine-Caprine isolates from worldwide. The current findings add to the knowledge on caprine rotaviruses and might play a substantial role in designing future vaccines or different alternative strategies combating such infections having public health significance. To the best of our knowledge, this is the first report on the whole-genome characterization of a caprine RVA G8P[1] strain from India. Concerning the complex nature of the K-98 genome, whole-genome analyses of more numbers of RVA strains from different parts of the country are needed to comprehend the genomic nature and genetic diversity among caprine RVA.
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INTRODUCTION

Rotaviruses (RVs) are the major viral pathogens that often leads to severe diarrhea in young neonates of animals as well as humans. It affects multiple livestock species, including newborn calves (1), pigs (2), foals (3), small ruminants (4), incurring significant economic losses (5). The virus is a non-enveloped, triple-layered, and the genome consists of 11 segmented dsRNA encoding for six structural genes and six non-structural proteins (6). Based on antigenic and genetic properties, RVs are further classified into eight recognized species A-H and two tentative species rotavirus I and rotavirus J (7, 8).

As per recommendations of the Rotavirus Classification Work Group (RCWG), nucleotide percent similarity cut-off values of all 11 viral gene segments are used to determine a genotypic scheme Gx–P[x]–Ix–Rx–Cx–Mx–Ax–Nx–Tx–Ex–Hx designating VP7–VP4–VP6–VP1–VP2–VP3–NSP1–NSP2–NSP3–NSP4–NSP5/6 genes, respectively (9, 10).

Globally, data regarding epidemiology, prevalence, and circulating genotypes of small ruminant RVA is scarce compared to other domesticated species. To date, three rotavirus species (RVA, RVB, and RVC) have been reported in the caprine population worldwide (11, 12). Association of RVs with diarrhea in the caprine population and their prevalence have been described from the United Kingdom (13), Italy (14), Spain (15), Japan (16), South Korea (16), Egypt (17), Bangladesh (18), Turkey (19), and Argentina (20). Apart from these published reports, a few GenBank sequence records of caprine RVA are available from Argentina (21), China (22), and India (23) but are unpublished. To best of our knowledge, there are only two reports from India describing the detection and characterization of caprine RVA (24, 25). Past studies reported G2, G3, G6, G8, G9, and G10 and with P[1], P[3], P[4], P[5], P[8], P[11], P[14] and P[15] genotype circulation in caprine and ovine population worldwide (26). To sum up the count of whole-genome reports available for caprine RVA, there are only four complete genomes published from Argentina (20), Bangladesh (18), China (22), and Uganda (27).

Based on the 20th livestock census, the combined cattle and buffalo population of India stands at 302.34 million (56.42%), and small ruminants constitute around 223.14 million (41.64%) in livestock, which are a notable species reared by the marginal farmers for their livelihood. Goats contribute around 27.8% (148.88 million) of livestock. India lacks epidemiological and molecular studies on caprine RVs. The proximity of the caprine population to human settlements is a matter of concern with regards to the interspecies transmission of caprine and human RVA between them (27, 28). Several studies have documented zoonotic as well as zooanthroponotic transmission of common RV genotypes between the caprine-bovine-human population (18, 29–32). We, for the first time characterized the whole-genome of a caprine isolate and studied its possible origin. The findings of this study contribute to the understanding of re-assortment events, interspecies transmission, and the emergence of unusual RVA isolates.



MATERIALS AND METHODS


Sampling, Screening, and Primers Designing

During an investigation of the outbreak of diarrhea in goat population located in an unorganized sector, reared by local people randomly, a sample K-98 was collected from a goat kid in the Northern state of Uttar Pradesh, India was found positive using an antigen-capture sandwich ELISA for RVA infection (33).

In the preliminary testing, RNA–polyacrylamide gel electrophoresis (34, 35) revealed eleven dsRNA bands of RVA with 4:2:3:2 pattern after silver staining.

The sample was processed by preparing 10% (w/v) fecal suspension in 1X PBS, followed by RNA extraction using Qiazol lysis reagent (Qiagen, Hilden, Germany). The extracted RNA was then reverse-transcribed using MuMLV RT (Promega, Wisconsin, USA). PCR for the detection/diagnosis of RVA was carried out using previously described primers based on the VP6 gene, the positive samples yielded a specific amplicon of 226 bp on agarose gel electrophoresis (36). Structural genes VP2, VP3, VP4, VP6, VP7, and non-structural genes NSP1, NSP2, NSP3, NSP4, and NSP5 were amplified using earlier reported primers (18, 37, 38) whereas two new pair of overlapping primers for VP1 gene were designed to amplify its partial gene for nearly ~1,400 bp (Supplementary Data 1). Standalone software like MEGA 7.0 (39) and online primer designing tool IDTs Oligoanalyzer (https://eu.idtdna.com/calc/analyzer) were used to design and verify the primers sets (33).



Complete Genome Amplification—Cloning, Sequencing, and Genotyping

The PCR amplified products of all the gene segments were cloned in pDrive vector (Qiagen, Hilden, Germany) and sequenced bi-directionally with universal sequencing primer pairs T7 and SP6. The open reading frames (ORFs) along with respective untranslated regions (UTR) were located using the EditSeq tool, DNASTAR software (Lasergene, USA) for all the gene segments. The VP7 gene is responsible for eliciting neutralizing antibodies through its antigenic epitopes. The VP7 trimer consists of two structurally distinct antigenic epitopes: 7-1 and 7-2. The 7-1 epitope extends to the inter-subunit boundary and is further subdivided into 7-1a and 7-1b (40). Comparison between the amino acid residues that contains the 7-1a, 7-1b, and 7-2 epitopes of the strain K-98 and other G8 type VP7 genes from different species was conducted using the MegAlign tool of DNASTAR (Figure 4). All eleven gene segments were assigned a particular genotype by comparing them against the available reference sequences in NCBI GenBank using the nucleotide BLAST tool (BLASTn) search. Further, their genotype was also ascertained using the online Rotavirus A Genotype Determination tool (https://www.viprbrc.org). Nearest isolates to eleven gene segments were also determined and compared using the BLAST tool and RVA genotyping tool of ViPRBRC (https://www.viprbrc.org).



NCBI GenBank Submissions

Each gene segment for the caprine strain RVA/Goat-wt/IND/K-98/2015 was submitted to NCBI GenBank under the accession number MT501452 to MT501462.



Phylogenetic Analysis and Percent Identity Calculation

Phylogenetic analysis was conducted using MEGA 7.0 software (39) using the maximum likelihood (ML) method. Before applying the ML method, best substitution models were selected according to the individual datasets of all the 11 gene segment through “find model” program incorporated in MEGA 7.0. Based on the “find model” analysis, datasets of six genes (NSP1, NSP2, VP1, VP2, VP3, and VP7) were assigned the GTR+G+I substitution model, whereas four genes (NSP3, NSP4, VP3, and VP4) and one single gene (NSP5) were assigned GTR+G and HKY+G substitution models, respectively.



Recombination Detection

In silico study was performed to identify the possible chances of recombination in the virus genes using the recombination detection program 4 (RDP 4 v 4.95) (41). Following the detection of a “recombination signal” with BOOTSCAN (42), MAXCHI (43), CHIMERA (44), 3SEQ (45), GENECONV (46), LARD (47), and SISCAN (48), RDP4 determines approximate breakpoint positions using a Hidden Markov Model, BURT. It then identifies the recombinant sequence using the PHYLPRO (49), VISRD (50), and EEEP methods (51, 52). The RDP 4 program was used for all the 11 gene segments to find out any possible recombination.



Selection Pressure Analysis

The datamonkey web server (http://www.datamonkey.org/), was used to analyze the major genes (VP7, VP4, VP6, and NSP4) for selection pressure analysis to test the rate of non-synonymous to synonymous (dN/dS) ratio (53). Several codon-specific models like Fixed-Effect-Likelihood (FEL), Single Likelihood Ancestor Counting (SLAC), Mixed Effects Model of Evolution (MEME), and Fast, Unconstrained Bayesian AppRoximation were used for Inferring Selection (FUBAR) methods incorporated in the datamonkey web server. Sites identified significant by at least three models were considered under positive selection.




RESULTS


Whole-Genome Sequencing and Genotype Constellation

The 11 genes of the RVA including six structural genes VP1, VP2, VP3, VP4, VP6, VP7, and five non-structural genes NSP1, NSP2, NSP3, NSP4, and NSP5 for the strain K-98 were sequenced and compared with other RVA sequences available in the GenBank database. Nucleotide sequencing analysis in ViPR and BLASTn analysis of each gene revealed a genotype constellation G8P[1]-I2-R2-C2-M2-A13-N2-T6-E2-H3. The lengths of the nucleotide sequences obtained for each of the 11 genomic segments of strain K-98 are shown in Table 1.


Table 1. Size and accession number of 11 gene segments of caprine strain RVA/Goat-wt/IND/K-98/2015.
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All genotypes have been reported earlier, and its comparison to known genotype constellations of human, bovine, and small ruminant are shown in Figure 1. The genotype constellation of strain K-98 reveal a mixed backbone of RVA wherein five genes (VP1, NSP1, NSP3, NSP4, and NSP5) were derived from a bovine host, three genes (VP3, VP6, and NSP2) were derived from a human host, and three caprine gene segments (VP2, VP4, and VP7) were derived from caprine species (Figure 1). Based on the genotype constellation, it was observed that apart from NSP1, where an unusual bovine like A13 genotype was observed, all other genes exhibited genotypes that have been described in the caprine host in earlier studies. The genomic combination of G8P[1] has also been reported in the Argentinian caprine population earlier (20). Reports of G8P[1] genotype being diagnosed in small ruminants of Turkey emerged in 2012 and recently in 2020 (19, 54).
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FIGURE 1. Comparison of genomic constellations of RVA/Goat-wt/IND/K-98/2015 with those of selected human and animal RVA strains with known genomic constellations. Individual gene segments of all strains are color coded based on the maximum homology with the RVA strains available in the public domain.




Phylogenetic and Percent Identity Analysis of Non-structural Proteins (NSP1-5)

In phylogenetic analysis, K-98 NSP1 gene clustered with A13 type bovine and bovine-like human (SI-R56) and Lapine (K1130027) RVA isolates (Figure 2). Rest all other small ruminant isolates from worldwide clustered inside a single clade of A11 genotype. The nucleotide sequence of the NSP1 gene for K-98 showed the maximum similarity of 95.7% with a bovine isolate from South Africa (KP752872) (Supplementary Data 2). Strain K-98 showed 94.2% nucleotide similarity with its next nearest neighbor, a bovine-like Lapine, and human RVA isolates.


[image: Figure 2]
FIGURE 2. Phylogenetic dendrograms of all non-structural gene segments of caprine strain RVA/Goat-wt/IND/K-98/2015/G8P[1] with those of representative RVA strains. Phylogenetic dendrogram was constructed by the maximum likelihood method using MEGA software version 7. Phylogenetic distances were statistically supported by bootstrapping with 1,000 replicates. In all the dendrograms, the position of strain K-98 is indicated by the red colored text. The scale bar indicates nucleotide substitutions per site. The genotypes are indicated at the right-hand side of each dendrogram.


In the phylogenetic analysis of the NSP2 gene, the isolate K-98 formed a separate cluster along with human RVA isolates MCS-KOL-383 and N-1 from India inside the N2 genotype clade (Figure 2). All major small ruminant strains from worldwide also clustered inside the same branch of the N2 genotype. It showed the highest percent nucleotide similarity of 98.1% with a human isolate (KU292526) from Kolkata, India. Further, the percent nucleotide similarity with the nearest human isolate was 94.7% (KX655458) from Uganda, whereas it was found to be 94.6% (JX040428) with a caprine isolate from Bangladesh, respectively (Supplementary Data 2).

The NSP3 gene of isolate K-98 clustered inside a clade comprising other small ruminant isolates belonging to the T6 genotype (Figure 2). The NSP3 gene of K-98 isolate showed 99.5% identity with a bovine isolate BR91 (JX442772) from India, which is an artiodactyl-like human RVA strain. Apart from BR91, the next nearest neighbor to the K-98 NSP3 gene was an Italian human isolate PR457 (KP198633), showing 98.6% similarity (Supplementary Data 2).

The NSP4 gene of K-98 isolate also grouped inside a clade comprising other E2 genotype isolates from bovine, human, and caprine species (Figure 2). Apart from E2 type NSP4, E12 genotype has been previously described in Argentinian caprine RVA isolate 0040. Notably, a camel RVA (JX968472) carrying E15 NSP4 genotype appeared inside the major clade of E2. The NSP4 gene of K-98 was closely related to a bovine isolate 86 (GU984765) of western India, sharing a nucleotide percent identity of 98.4% (Supplementary Data 2).

In the phylogenetic analysis of the NSP5 gene segment, K-98 clustered alongside humans, bovine, caprine, and ovine RVA isolates inside the major clade of the H3 genotype. It showed the highest percent nucleotide similarity of 99.0% with bovine isolate RUBV81 (EF200580) from India (Supplementary Data 2). The nearest caprine isolate was Ugandan BUW-14-085 (KY055437), with a nucleotide percent identity of 98.4% (Figure 2).



Phylogenetic and Percent Identity Analysis of Structural Proteins (VP1-4 and VP6-7)

Phylogenetic analysis of the VP1 gene segment revealed that all the small ruminant RVA were found to fall in the R2 genotype clade except the Argentinian caprine strain 0040 (KF577838), which possessed the R5 genotype. The current study isolate K-98 clustered with an Indian bovine rotvairus A BoRVA isolate M1 (HQ440220), which also shared the highest similarity of 97.5% at the nucleotide level. The percent similarity with human, ovine, and caprine isolates ranged from 88.5 to 88.9%, belonging to group R2 genotype (Figure 3 and Supplementary Data 2).
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FIGURE 3. Phylogenetic dendrograms of all structural gene segment of caprine strain RVA/Goat-wt/IND/K-98/2015/G8P(1) with those of representative RVA strains. Phylogenetic dendrogram was constructed by the maximum likelihood method using MEGA software version 7. Phylogenetic distances were statistically supported by bootstrapping with 1,000 replicates. In all the dendrograms, the position of strain K-98 is indicated by the red-colored text. The scale bar indicates nucleotide substitutions per site. The genotypes are indicated at the right-hand side of each dendrogram.


The VP2 gene of isolate K-98 is grouped within the C2 genotype clade with all other small ruminant strains worldwide (Figure 3). Caprine strain GO34 (GU937878) from Bangladesh was the nearest neighbor in the phylogeny having 97.5% nucleotide similarity (Supplementary Data 2). Apart from GO34, an Indian human RVA isolate having a 95.3% identity at the nucleotide level also appeared inside the same branch (Figure 3). The percent nucleotide similarity with other isolates like the prototype DS-1 human RVA isolate was 95.3%, whereas it ranged between 85.5 and 89.4% with small ruminant origin strains worldwide.

The phylogenetic analysis of the VP3 gene clustered the K-98 isolate close to two human isolates from Italy and India inside a major clade comprising the M2 genotype (Figure 3). Apart from PR457 human RVA isolate from Italy, it clustered alongside an Indian human RVA isolate CMC-00022 (MN066958) with a nucleotide similarity of 96.9%. The M2 genotype clade is also comprised of small ruminant origin isolates from worldwide sharing close relationships. The percent nucleotide identity of the VP3 gene of the K-98 isolate showed the highest similarity of 97.5% with a human RVA isolate PR457 (KP198630) from Italy (Supplementary Data 2).

In a phylogenetic analysis of the outer capsid VP6 gene, K-98 clustered alongside human RVA isolates from eastern and southern India within the I2 clade (Figure 3). The I2 clade also includes the caprine and ovine origin strains from China, Bangladesh, Uganda, Spain, and Argentina. The percent nucleotide similarity of K-98 showed the highest similarity of 97.4% with a human RVA isolate MCS-KOL-383 (KU292523) from India (Supplementary Data 2).

The phylogenetic analysis of the VP4 gene grouped the caprine RVA K-98 isolate with caprine and a human RVA isolate of P[1] genotype having the highest similarity of 97.4% at the nucleotide level with a caprine RVA isolate GO34 (GU937878) from Bangladesh (Supplementary Data 2 and Figure 3). Apart from our study, P[1] genotype have been reported from Bangladesh, Argentina, and Ugandan caprine strains. Genotype P[1] has been the major P-type reported worldwide in small ruminant, whereas P[14] and P[15] has only been reported in Spain and China, respectively.

In the phylogenetic analysis, VP7 gene of the K-98 isolate clustered into a clade comprising G8 genotype strains (Figure 3). Apart from the current study, small ruminant origin G8 genotype strains have been reported from Argentinian caprine strain 0040, Spanish, and Turkish ovine strain OVR762 and Kutahya, respectively. Other G-types of small ruminants that clustered separately in the phylogenetic tree include G6 and G10. The VP7 gene of the K-98 isolate shows the highest percent nucleotide identity with bat isolate Rota_MNO_76 (MK674285) from Bangladesh. The next nearest neighbor to isolate K-98 is a Bangladeshi caprine RVA isolate GBNL0022. Moreover, the maximum nucleotide identity with other G8 type RVA species like caprine, human, bovine, and the ovine isolate was 98.9, 98.6, 98.1, and 85.5%, respectively (Supplementary Data 2). The major antigenic epitopes of the VP7 gene were also analyzed with those of other reported G8 genotypes of different species worldwide (Figure 4). Among all the 29 antigenic epitopes, residues number 87 showed extensive change concerning other G8 genotype reported in different species.
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FIGURE 4. The VP7 antigenic epitopes analysis of caprine strain RVA/Goat-wt/IND/K-98/2015 with selected G8 strains. The alignment of residues in VP7 is divided into three antigenic epitopes (7-1a, 7-1b, and 7-2). Residues that differ from the strain K-98 caprine strain are highlighted by yellow color. Majority of the residues were observed to be in consensus with the caprine strain K-98 except the site 87 where extensive variation was observed throughout the species.




Recombination Detection by RDP 4.0

Analysis of all the genes from K-98 isolate for any possible recombination revealed recombination events in segment 1 (VP1) gene. The statistical results supported that K-98 (isolated in this study), HuRVA_M1_2010 (GenBank no. HQ440220), and OvRVA_Lamb-NT_2007 (GenBank no. FJ031024) are three recombinants exhibiting unique genetic recombination patterns (recombinant score >0.68, P < 0.001) (Supplementary Data 1). Recombination events were further confirmed by SimPlot analysis (55). SimPlot analysis detected recombination breakpoints at position number 408 and 630 (Figure 5).


[image: Figure 5]
FIGURE 5. SimPlot output for VP1 gene segment of caprine RVA strain K-98. (A) The image shows RDP 4.0 output depicting the major and minor parents by blue and green color on a phylogenetic tree. (B) The right-side window in the image generated using SimPlot analysis shows the recombination crossover points (408 and 630) in the gene depicted by a green and blue color line across them.




Selection Pressure Analysis

Using the datamonkey web server, site by site-selective pressure analysis by FEL, SLAC, MEME, and FUBAR methods were tried with no positively selected sites in any of the four genes chosen for the analysis. For each of the four genes, either one or two models gave positive selection sites, but as per the thumb rule, those sites which are identified as significant by at least three models are only considered positively selected. In the current study, none of the genes showed a positive selection at least by three models.




DISCUSSION

RVs are the major diarrheic pathogens which causes severe diarrhea in humans as well as domesticated animals. There have been ample reports regarding RVA infection in large ruminants from different parts of the world, but data concerning RVA infections in small ruminants (sheep and goats) is very scarce. We aimed to investigate RVA associated diarrhea in the goat population of India. In India, only few studies have been done on RVA infection in goat population (24, 25). Apart from these two previous studies, there is only an NCBI GenBank submission for a partial length VP7 gene segment (KC416965) of the G8 genotype from India in the year 2011. Following a shortage in reports of RVA infection status in goat population of India, the data on its characterization is also less. The scarcity of well-characterized caprine RVA strains in NCBI GenBank from goat species India also needs to be addressed. This report characterizes the first whole-genome of a caprine isolate RVA/Goat-wt/IND/K-98/2015 from India.

Upon characterization of the caprine RVA isolate K-98, it possessed the genotype constellation of G8P[1]-I2-R2-C2-M2-A13-N2-T6-E2-H3, which is exhibited by RVA strains human and artiodactyl (bovine, caprine, and ovine) type species (9, 28, 56). Human G8P[1], G10P[11], G6P[14], G8P[14], and G10P[14] strains also display this type of consensus genotype constellation (29, 57–60). Previously, whole-genome caprine RVA strains reported from China, Bangladesh, Argentina and Uganda showed multi-reassortant backbone wherein few genes were also found to have been derived from human. Majority, of the previously described caprine RVA backbones, were showing closeness to artiodactyl-type species where they were not significantly associated with any other rotavirus strains known till date.

In the phylogenetic analysis of non-structural protein gene segments of K98, NSP1, NSP3, NSP4, and NSP5 were found clustering with bovine isolates, whereas only NSP2 is branching alongside a human RVA isolate. Gene segment NSP1 and NSP5 of K-98 clustered with bovine RVA isolates from South Africa (MRC-DPRU456) and India (RUBV81) having 95.7% and 99.0% of nucleotide similarity, respectively. It was observed that these two bovine RVA isolates from South Africa (61) and India (62) are only NCBI GenBank records for which no publications were found. Therefore, their origin and association with a particular species could not be determined. Gene segment NSP2 was located closer to Indian human RVA isolate KOL-383 (KU292526) having a close identity with Indian human rotavirus A HuRVA strain N-1 and Bangladeshi caprine RVA strain GO34 possessing human origin (63). Thus, NSP2 reflects a true human-origin having 98.2% nucleotide similarity with HuRVA isolate KOL-383 (KU292526). Gene segment NSP3 was found closer to a bovine RVA isolate HR-B91 in phylogenetic analysis having an artiodactyl-like backbone with 99.5% of nucleotide similarity (32). Similarly, gene segment NSP4 shared a high nucleotide similarity of 98.4% with a bovine RVA isolate 86 (GU984765) clustering alongside three human-like bovine RVA isolates from western India (64).

In the structural protein gene analysis, the VP1 gene of the current study isolate K-98 clustered with an Indian BoRVA isolate M1 (HQ440220) (65) within the R2 clade sharing the highest similarity of 97.5% at the nucleotide level. This particular bovine RVA isolate M1 has been described to be close to Italian human strains. The VP2 gene of isolate K-98 grouped with caprine GO34 (GU937878) and human CMC-00014 isolates from Bangladesh (18) and India (66) inside the C2 genotype clade having 97.5 and 95.3% nucleotide similarity, respectively. The study regarding the caprine isolate GO34 indicated its closeness to a Chinese lamb isolate Lamb-NT (67), which suggests it to be of small ruminant origin. Similarly, the VP4 gene was also found closer to caprine GO34 isolate in the phylogenetic analysis, which also shared a high nucleotide-based identity of 97.4%. The GO34 VP4 gene sequence was found closer to a bovine isolate A5 from Thailand. Two gene segments VP3 and VP6 also clustered close to human RVA isolates in phylogeny having 97.5% and 97.4% nucleotide-based identity. Moreover, the human RVA isolate PR457 close to VP3 K-98 had been described to possess a bovine-like VP3 gene in its respective publication. Similarly, the human RVA isolate KOL-383 from Kolkata, India also contained a porcine/bovine like VP6 gene. In a phylogenetic analysis of the VP7 gene of the K-98 isolate clustered into a clade comprising G8 genotype strains. It showed the highest percent nucleotide identity with bat isolate Rota_MNO_76 (MK674285) from Bangladesh (68). This caprine RVA VP7 G8 isolate from Bangladesh was described to have transmitted from human or livestock to bats. It shared high a high similarity to human, bovine as well as porcine RVA strains. As reported in the recently concluded study, the closeness of VP7 gene of K-98 to this bat RVA isolate from Bangladesh points toward the possibility that bats may have acquired the RVA infection as they share the water bodies while drinking which lie in close proximity to livestock as well as humans (68). The next nearest neighbor to isolate K-98 is a Bangladeshi caprine RVA isolate GBNL0022, which also appeared to be a GenBank submission (69).

Phylogenetic and percent identity analysis indicated that five gene segments (NSP1, NSP3, NSP4, NSP5, and VP1) and three gene segments (NSP2, VP3, and VP6) out of the eleven gene segments of caprine strain K-98 were derived from a heterologous host species, bovine and human, respectively. Notably, the RNA binding protein VP2 and the two surface protein genes VP4 and VP7, which are responsible for stimulating the production of neutralizing antibodies, were found to be of caprine origin. Cumulatively, it was observed that out of the eleven gene segments, 4 NSPs (NSP1, NSP3, NSP4, NSP5) and 6 VPs (VP1-VP7) were found having their origin from artiodactyl-like RVA strains.

In the antigenic epitope analysis of VP7, apart from the residue number 87, all other residues in the three putative antigenic regions showed that the VP7 gene of strain K-98 might have shared origin with human, bovine, and small ruminant origin G8 genotype. There were very few sporadic changes in the antigenic epitope regions, which point toward the conservation of pivotal epitopes that are responsible for attachment of the virus to the host.

Upon analyzing the two major neutralizing genes VP4 and VP7, along with the background data, we observed that G8P[1] is quite a common genotype circulating in caprine and ovine population, which is also found in humans, cattle, monkey, guanaco, goats, dogs, and other hosts (19, 54, 60, 70, 71). In Asia, Central America and Europe, this G8P[1] genotype combination has also been described to possess bovine-like gene segments in different mammalian species (72–75). In India, a partial G8 genotype has also been reported from North India in the year 2011, which had been submitted to NCBI GenBank (ca/KRR81/IVRI). The G8 genotype has been published worldwide in artiodactyl type species (ruminants and camelids) (20, 71). It was also described earlier in Hungary, where a zoonotic RVA strain had spread from goat and sheep to human (76). Although G8 genotype is quite commonly found in humans (77), the close proximity of humans and goats to each other may be responsible for the host switching of G8 genotype. Moreover, the finding of genotype A13 of NSP1, which is usually a common bovine genotype also sheds lights toward the interspecies transmission of artiodactyl-type genes among different farm animals.

Recombination analysis by RDP and Simplot software revealed putative recombination events in gene segment VP1. It was observed to have recombined with an Indian human-like bovine and a Chinese lamb RVA strains. These in-silico based analyses suggest the continuous recombination tendency of RVA strains having zoonosis potential between human and caprine origin RVA strains.



CONCLUSION

The first full-length genome sequencing of a K-98 caprine isolate from India revealed a complex bovine or a human reassortant RVA strain backbone. In total, the strain K-98 possessed an artiodactyl type genomic constellation, which seems to have acquired the majority of genes from bovine, porcine, or caprine host. Due to these conjectures, it is tough to determine the particular RVA backbone's exact ancestral origin. Diarrheal diseases due to rotavirus have been a significant burden to the large ruminant industry. Still, the burden of such etiologies in the small ruminant industry has not been explored widely in previous studies from India.

Due to the simultaneous circulation of identical RVA genotypes in humans, large and small ruminants, the utmost importance for the surveillance studies targeting these three species is needed in the future. The full genomic analysis of strain K-98 has provided significant insights into the whole genetic makeup of caprine RVA strain from India and its genetic relatedness to different RVA from other host species. Concerning the complex nature of the K-98 genome, whole-genome analyses of RVA strains from different parts of the country are needed to comprehend the genomic nature and genetic diversity of caprine RVA. The current study's findings add to the knowledge on caprine rotaviruses and might play a substantial role in designing future vaccines or other alternative strategies combating such infections having public health significance.
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