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Abstract

Rotaviruses are the most common infectious agents causing severe diarrheal diseases in young 

children globally. Three rare human rotavirus strains, two G3P[9] and one G3P[6], were detected 

in stool samples of children under 5 years of age hospitalized for gastroenteritis in Lebanon during 

the course of a surveillance study. Complete genomes of these strains were sequenced using 

VirCapSeq-VERT, a capture based high-throughput sequencing method. Genomic sequences were 

further characterized by using phylogenetic analyses with global RVA G3P[6]/P[9] strains, other 

vaccine and reference strains. Genetic analysis revealed that the G3P[6] strain emerged as a 

DS-1/Wa-like mono-reassortant strain with a potential Ethiopian origin. The two G3P[9] strains 

possessed a mixed DS-1/Wa/AU-1-like origin indicating that these may have evolved via multiple 

reassortment events involving feline, human and bovine rotaviruses. Furthermore, analysis of these 

strains revealed high antigenic variability compared to the vaccine strains. Additional studies are 

essential to fully understand the evolutionary dynamics of G3P[6]/P[9] strains spreading 

worldwide and their implications on vaccine effectiveness.
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1. Introduction

Human group A Rotavirus (RVA) infection is the leading cause of acute gastroenteritis in 

young children and infants worldwide. RVA infection accounts for approximately 228,000 

fatalities annually including 128,500 fatalities in children under five years of age (GBD 2016 

Diarrhoeal Disease Collaborators, 2018). Globally, the RVA burden is greatest in children 

living in low-and middle-income countries, especially due to unhygienic living condition, 

poor and limited supply of clean drinking water, and inadequate sanitation (Sindhu et al., 

2017). In Lebanon, RVA was detected in 27.7–30.3% of children under 5 years of age who 

were hospitalized for gastroenteritis (Ali et al., 2016; Dbaibo et al., 2013). Approximately 

83% of total RVA cases in Lebanon were detected in children under 2 years of age.

Rotaviruses are members of the family Reoviridae, and its genome consists of 11 segments 

of double stranded RNA (dsRNA) coding for six structural proteins (VP). A binary 

classification system exists based on sequence similarities of the glycoprotein VP7 and the 

protease-sensitive VP4 that form the outer capsid of the virus and define the “G” and “P” 

viral genotypes, respectively. VP7 and VP4 also play major roles in eliciting the production 

of neutralizing antibodies in the host immune response to rotavirus infection (Nair et al., 

2017; Taniguchi et al., 1991). More recently, full genome-based classification system was 

introduced by which a specific genotype is assigned to each of the 11 genomic segments 

using the convention Gx-P[x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx, where x indicates the 

genotype number. This classification system established three human RVA genogroups 

exhibiting the Wa-like constellation (I1-R1-C1-M1-A1-N1-T1-E1-H1), the DS-1-like 

constellation (I2-R2-C2-M2-A2-N2-T2-E2-H2), or the AU-1-like genotypes (I3, R3, C3, 

M3, A3, N3, T3, E3 and H3) (Matthijnssens et al., 2008; Matthijnssens and Van Ranst, 

2012).

To date, at least 27 G and 37 P genotypes have been reported globally (Desselberger, 2014). 

G1P[8], G2P[4], G3P[8], G4P[8] and G9P[8] are the predominant strain combinations of 

genotypes that have been responsible for >90% of human RVA infections worldwide 

(Bányai et al., 2012a; Kirkwood, 2010). According to the most recent data from Lebanon, 

G1P[8] is the most prevalently reported genotype (36%) followed by G9P[8] (26.4%), 

G2P[4] (17.8%) and G4P[8] (15.9%) (Ali et al., 2016). Less common genotypes, such as 

G12P[8], G12P[6], G2P[8], G4P[6], and G3P[6] were also reported with lower rates of 

incidences in different countries (EuroRotaNet: Annual Report 2017. Available from: http://

www.eurorota.net/, n.d.; László et al., 2012; Stupka et al., 2012; Usonis et al., 2012). 

Similarly, other rare genotypes were also detected in Lebanon, including G3P[6] and G3P[9] 

isolates (Ali et al., 2016).

G3 RVA has a very broad range (Martínez-Laso et al., 2009). The G3P[6] genotype has been 

identified in different parts of the world less frequently (Bourdett-Stanziola et al., 2011; 

Heylen et al., 2013a; Ianiro et al., 2015). Whole genome characterization of recently 
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identified G3P[6] strains revealed a DS-1-like genotype constellation (Heylen et al., 2013a; 

Ianiro et al., 2015; Nyaga et al., 2018; Utsumi et al., 2018). G3P[9] strains have been 

commonly recovered from cats with diarrhea (Jeong et al., 2014a) and occasionally in 

humans (De Grazia et al., 2010a; Grant et al., 2011a; Hwang et al., 2011; Khananurak et al., 

2010). Reassortant strains of feline/human or feline/canine G3P[9] rotaviruses have also 

been reported in humans (Khamrin et al., 2007; Martella et al., 2011; Theamboonlers et al., 

2013; Tsugawa and Hoshino, 2008).

In this study, we sequenced the complete genomes of two G3P[9] and one G3P[6] RVA 

strains from Lebanon using a capture based, sensitive and targeted viral sequencing method, 

VirCapSeq-VERT during a prospective, multicenter, hospital-based surveillance study 

conducted between 2011 and 2013 (Ali et al., 2016). These three genomic sequences were 

further characterized based on phylogenetic analyses with global RVA and vaccine strains.

2. Materials and methods

2.1 Sample collection:

The study was conducted in seven hospitals distributed across Lebanon (North, Central and 

South Lebanon) to determine the rate of RVA-associated gastroenteritis in hospitalized 

children under 5 years of age. During 2011 through 2013, 428 subjects were diagnosed with 

RVA-associated gastroenteritis (RVGE) by consensus PCR. Three of the 428 positive 

samples; N235, N566, and N568 revealed rare genotypes with PCR and Sanger sequencing 

of partial VP4 and VP7 segments as previously described (Ali et al., 2016).

These three samples, N235, N566 and N568, were collected from children hospitalized with 

severe gastroenteritis as assessed by using the Vesikari scoring system (Table 1) (Lewis, 

2011; Ruuska and Vesikari, 1990).

2.2. Ethical considerations:

Subject recruitment and stool specimen collection were approved by the American 

University of Beirut Institutional Review Board (IRB). Stool samples were de-identified to 

ensure confidentiality. A written consent was obtained from the subjects’ parents prior to 

sample collection.

2.3. Nucleic Acid Extraction and VirCapSeq-VERT library preparations-

Forty μl of total nucleic acid was extracted from 240 μl of stool suspension using the 

NucliSENS easyMAG automated platform (BioMérieux, Boxtel, The Netherlands). 

Individual VirCapSeq-VERT libraries were prepared using the Hyper Prep kit (KAPA 

Biosystems, Boston, MA, USA) and unique barcodes. Superscript III and random hexamer 

primers were used to generate first strand cDNA (Life Technologies, Carlsbad, CA, USA). 

Second-stranded cDNA synthesis for HTS was carried out by random primer extension with 

Klenow enzyme (New England Biolabs, Ipswich, MA, USA). Double stranded DNA 

preparations were sheared (E210 sonicator; Covaris, Woburn, MA, USA) for an average 

fragment size of 200 base pairs and added to Agencourt AMPure XP beads (Beckman 

Coulter, Brea, CA, USA) for purification, and libraries were prepared with the Hyper Prep 
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kit (KAPA Biosystems, Wilmington, MA, USA). Libraries were pooled and hybridized with 

the VirCapSeq-VERT probe set prior to a final PCR and sequencing (Illumina HiSeq 4000).

2.4. VirCapSeq-VERT data analysis and Genotyping:

Illumina adaptor sequences were removed from the raw sequence reads using cutadapt (v 

1.8.3) (Martin, 2011). Adaptor trimming was followed by generation of quality reports using 

FastQC software (v 0.11.5) (Andrew, 2010), which were used to determine filtering criteria 

based on the average quality scores of the reads, presence of indeterminate nucleotides and 

homopolymeric reads. The FastQ reads were then imported into Geneious 11.0.2 (https://

www.geneious.com) for further processing and sequence assembly.

The reads were trimmed to remove low quality sequences and were assembled using the 

map-to-reference tool and a reference rotavirus genome obtained from GenBank.

The assembled nucleotide sequences were aligned with reference sequences obtained from 

the NCBI database using the CLUSTALW multiple alignment tool in BioEdit software 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.html).

The consensus sequence for each genome segment was then manually edited. The Virus 

Pathogen Database and Analysis Resource (VIPR) (https://www.viprbrc.org/brc/

rvaGenotyper.spg?method=ShowCleanInputPage&decorator=reo) was used to determine the 

genotype of each genome segment.

2.5. Phylogenetic analyses:

Phylogenetic analyses of genome segments were carried out using MEGA6.06 (Tamura et 

al., 2013). Phylogenetic trees were constructed using maximum likelihood method based on 

the best-fit nucleotide substitution model. The reliability of the branching order was 

estimated from 1000 bootstrap replicates (Felsenstein, 1985). The results of phylogenetic 

analyses were validated using several other genetic distance models, such as Tamura Nei, 

Tamura 3-parameter and General Time Reversible (GTR) (data not shown).

2.6. Accession Numbers:

The full genome sequences are submitted to the GenBank NCBI under the following 

accession numbers: N235 (MN029110 - MN029120), N566 (MN029121- MN029131) and 

N568 (MN029132- MN02914).

3. Results

3.1. Full genome-based classification

Based on the full genome characterization, the N568, N566 and N235 strains had the 

following genome constellations: G3-P[6]-I2-R2-C2-M2-A2-N2-T1-E2-H2, G3-P[9]-I2-R2-

C2-M2-A3-N2-T1-E2-H2 and G3-P[9]-I2-R2-C2-M2-A3-N1-T6-E2-H3, respectively (Table 

2). The N568 strain has DS1-like VP1–3, VP6, NSP1, NSP2, NSP4 and NSP5 genes. The 

N566 strain has same genotypes combination except for NSP1, which belonged to the AU-1-

like A3 genotype, and VP4. The NSP3 genes of N566 and N568 strains are of Wa-like 
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genogroup-1 origin. Therefore, N568 strain was classified as a DS-1/Wa-like mono-

reassortant strain, while the N566 strain was considered a double reassortant DS-1/Wa/

AU-1-like strains.

Concerning the N235 strain, the VP1–3, VP6 and NSP4 genes are of DS-1-like genogroup-2 

origin. While, the NSP1 and NSP5 genes are related to AU-1-like genogroup-3. The NSP2 

gene is related to Wa-like strain. The NSP3 gene has a T6 genotype. Thus, N235 strain can 

be considered a DS-1/Wa/AU-1-like reassortant further mixing with a fourth strain of 

genogroup-6 origin.

3.2. Phylogenetic analysis

To further investigate the genetic relationships among the N235, N566, and N568 strains and 

other RVA strains, phylogenetic trees were constructed based on nucleotide sequences of the 

entire open reading frame of the 11 gene segments. The nucleotide similarity between the 

Lebanese and other reference strains was determined (Supplementary Table).

The VP4 gene of the N568 strain clustered with other P[6] human strains, where it exhibited 

the maximum nucleotide sequence identities (NSId) with those isolated from Belgium 

(98.7%), Ethiopia (97.8%), Togo (97.5%) and Ghana (95.1%). The VP4 gene of the N235 

showed the highest NSId with the Thailand human strain (CU365-KK) (NSId 95.3%) and 

the Japanese canine strain (RAC-DG5) (95.1%). Whereas the VP4 gene of N566 showed the 

highest similarity (93.1%, 92.8%) with Japanese human (AU-1) and feline FRV-1 strains, 

respectively. The N235 and N566 clustered with P[9], harboring a number of animal-origin 

(feline and canine) rotavirus strains in addition to several human strains from different 

countries including USA, Brazil, Italy and China (Figure 1 ).

The VP7 genes showed that the N566 and N568 strains (NSId 99.9%) clustered with other 

human G3 strains isolated from Belgium (NSId 98.6%, 98.7%), Ethiopia (NSId 95.2%, 

95.3%), and Ghana (NSId 91.5%, 91.6%). While the N235 strain clustered with the human 

(12US1134) (NSId. 96.9%) and feline G3 strains (BA222) (NSId 98%) isolated in USA and 

Italy, respectively (Figure 1).

The phylogenetic analysis of the VP1, VP2, VP3, and VP6 genes of the G3P[6] and G3P[9] 

strains revealed that they all clustered within their corresponding genogroup-2 clusters 

(Figure 1). In the VP1 tree, the Lebanese strains could be assigned to genotype R2. Both 

N566 and N568 (NSId 99.9%) belonged to an R2 sub-cluster that harbored other G3P[6] 

human RVA strains from Ethiopia (NSId 98.4%), Belgium (NSId 97%), and Togo (NSId 

96.2%). Interestingly, this subcluster included two G2P[4] RVA strains isolated in Italy 

(NSId 97.2%) and Bangladesh (NSId 98%). The N235 strain fell into an R2 sub-cluster 

including Italian, Japanese, and Korean human G3P[9] strains (Figure 2 A).

In the VP2 tree, the Lebanese strains could be assigned to genotype C2. The N566 and N568 

strains (NSId 99.4%) belonged to a C2 subcluster that harbored other G3P[6] human RVA 

strains from Ethiopia (NSId 97.9–98.1%). This subcluster also included two G2P[4] strains 

PA84 and MMC6 (NSId for N566, 97.2 and 98.2%, respectively; NSId for N568, 97.5% and 

98.5%, respectively). The N235 strain belonged to a subcluster including Italian feline 
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strains BA222 (G3P[9] (NSId 97.4%) and was adjacent to a subcluster harboring the bovine 

strain 1603 (NSId 90.3%) isolated in South Africa (Figure 1).

In the VP3 tree, the Lebanese strains fell in the M2 genotype. The N566 and N568 strains 

(NSId 99.4%) belonged to a subcluster harboring G3P[6], G3P[9], G2P[4] and G1P[9] RVA 

strains from Brazil, Italy, Ghana, and other countries (NSId 85.3–88.7%). The N235 strain 

belonged to the subcluster including the Italian feline strain BA222 (G3P[9]; NSId 92.5%), 

the Argentinian Guanaco strain (G8P[14]; NSId 86.8%), and the South African bovine strain 

1603 (G6P[5]; NSId 89.3%) in addition to human G3P[6], G3P[9], and G6P[9] strains 

isolated in several countries (Figure 1).

The Lebanese strains VP6 gene belonged to the I2 genotype. The N566 and N568 (NSId 

99.9%) strains belonged to the subcluster harboring the Argentinian Guanaco strain 

(G8P[14]; NSId 92.7–92.8%) and South African bovine strain (G6P[5]; NSId 93.4–93.5%). 

The N235 strain belonged to the subcluster including the Italian feline strain BA222 

(G3P[9]; NSId 96.9%) along with human strains of the G3P[6], G3P[9], and G6P[9] 

genotypes (Figure 1).

The NSP1 gene of N566 and N235 (NSId 94.9%) clustered within the A3 genotype, which 

also harbored human (NSId 91.2–96.5%) and feline G3P[9] strains (NSId 90–93.7%), a 

bovine G6P[5] (NSId 83–85.4%), and a G8P[14] strain (NSId 90.3–94.2%) of Camelidae 

origin, respectively. The N568 strain belonged to the A2 genotype, which mainly 

accommodated human G3P[6] isolates from several countries including Ethiopia (Figure 1).

Regarding the NSP2, the N235 strain harboring N1 genotype closely clustered with the 

feline strain BA222 (G3P[9]; NSId 96.6%). Moreover, both the N566 and N568 strains 

(NSId 99.9%) were tightly clustered within N2 along the Bangladeshi strain MMC6 (NSId 

98.3–98.4%), the Italian strain PA84 (NSId 98–98.1%), and the Ethiopian strain MRC-

DPRU1844-08 (G3P[6]; NSId 94%–94.1%) (Figure 1).

NSP3 gene analysis showed that the N235 strain with other human Italian G3P[9] strains 

(NSId 94.5–94.6%) in the T6 genotype, which included artiodacyl-like RVA strain of 

camelid (G8P[14]; NSId 92.4%) and bovine (G6P[5]; NSId 90.2%) origins and feline 

G3P[9] strain (NSId 85.5%) (Figure 1). On the other hand, the N566 and N568 strains (NSId 

97.2%) clustered distantly within the T1 genotype that was mainly comprised of human 

G1P[8] stains (NSId 80–86.1%).

The Lebanese RVA strains NSP4 clustered in the E2 genotype. N235 clustered among the 

bovine strain 1603 (G6P[5]; NSId 92.2%) from South Africa and the feline strain BA222 

(G3P[9]; NSId 92.6%) from Italy. This E2 subcluster also included other human G3P[9] 

strains from Italy and USA (NSId 93.4%). The N566 and N568 (NSId 99.7%) fell within the 

E2 subcluster that consisted mainly of human G3P[6] strains from other countries such as 

Belgium (NSId 98.9–99.3%), Ethiopia (NSId 92.9–93%), Italy (NSId 94.4–95%), and 

G2P[4] strain (NSId 97.6–97.8%) from Bangladesh (Figure 1).

N235 belonged to an NSP5 subcluster of the H3 genotype, harboring human G3P[9] strains 

from Italy (NSId 98.2%), USA (NSId 95.3%), Korea (NSId 96.7%), and a Japanese G6P[9] 
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strain (NSId 97.7%). This H3 subcluster also accommodated bovine 1603 (G6P[5]) (NSId 

97.3%) and feline BA222 G3P[9] (NSId 97.7%) strains. The N566 and N568 strains 

clustered closely with the H2 genotype along with G3P[6] strains from Belgium (NSId 

92.5%) and Ethiopia (NSId 91.5%), G2P[4] strains from Bangladesh (NSId 93.3%) and Italy 

(NSId 92.7%) (Figure 1).

3.3. Comparison of the circulating Lebanese G3 strains with RotaTeq and Rotarix 
vaccines

The VP4 and VP7 proteins constitute the outer capsid proteins of the virus and are thus the 

key targets for the host immune response (Zeller et al., 2012). The VP4 is cleaved into VP8* 

(globular head) and VP5* (stalk domain), containing four (8–1 to 8–4) and five (5–1 to 5–5) 

surface-exposed antigenic epitopes (37 amino acids), respectively. Seven out of the 25 VP8* 

and 6–8 out of 12 VP5* antigenic residues were conserved in the N568 P[6] strain compared 

to RotaTeq and Rotarix VP4 component. In total, 35% and 40% of the VP4 antigenic 

residues of N568 were identical to RotaTeq and Rotarix, respectively. N235 VP4 displayed 

the greatest antigenic divergence compared to the P[8] VP4 of the vaccines, with 30 amino 

acids (81%) being different from RotaTeq and 27 amino acid (73%) changes compared to 

Rotarix. N566 possessed 28 amino acid (75.6%) differences in the VP4 antigenic sites 

compared to RotaTeq and 25 amino acid (67.5%) changes compared to Rotarix (Figure 2).

The VP7 epitopes of the Lebanese G3 strains compared to vaccine strains (G1, G2, G3, and 

G4) showed that 5 amino acids were fully conserved among them (Figure 2). Because the 

G3 VP7 is not included in Rotarix, the comparison is only described for RotaTeq. The N235 

G3P[9] strain contain four residues (14%) in the VP7 epitopes that differ from those of 

RotaTeq (WI78–8 strain), distributed within the 7–1a and 7–1b epitopes (residues 87, 212, 

238, and 242). The N566 G3P[9] and N568 G3P[6] strains have five changes (17%) 

compared to RotaTeq (WI78–8) distributed within the 7–1b and 7–2 epitopes (residues 212, 

238, 242, 146, and 221). All three strains possessed a K238N change, which creates a 

potential N-linked glycosylation site that is absent in the RotaTeq G3 strain (Umair et al., 

2018).

4. Discussion

In this study, we report the full genome characterization of three rotavirus strains, one 

G3P[6] (N568) and two G3P[9] (N235 and N566), that were sporadically detected in 

Lebanon between 2011–2013 (Ali et al., 2016). G3 is one of the most frequently detected 

RVAs worldwide. It presents the broadest host range in combination with P[4], P[6], P[9], 

and P[8] (Degiuseppe et al., 2014; Santos and Hoshino, 2005). G3P[8] is the most prevalent 

G3 genotype infecting humans worldwide (Bányai et al., 2012b; Heylen et al., 2013b; 

Martínez-Laso et al., 2009). Human G3 with P[3] and P[9] types sharing ancestry with feline 

or canine strains have been reported (Grant et al., 2011b). G3P[6] strains were identified in 

different parts of the world at a considerable rate following the Rotarix vaccine introduction 

(Abebe et al., 2018, 2014; da Silva Soares et al., 2014; Heylen et al., 2013c; Lartey et al., 

2018; Ndombo et al., 2017; Seheri et al., 2014). In Lebanon, only one G3P[6] and two 
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G3P[9] isolates were detected among 428 rotavirus-positive specimens collected over a 

period covering three RVA seasons (Ali et al., 2016).

G3P[6] strains are often reported to possess a Wa-like genogroup-1 constellation, speculated 

to be of porcine origin (Kaneko et al., 2018; Zhou et al., 2015). Nonetheless, G3P[6] strains 

with a DS1-like genogroup-2 constellation were first reported during the 2008–2009 season 

in Belgium (Heylen et al., 2013a). The VP4 P[6] of these strains is very similar to those 

isolated in Africa (mainly Ethiopia), suggesting an African origin. The Belgian strains also 

share a high degree of similarity with a G2P[6] strain isolated during an American outbreak, 

indicating a reassortant background (Heylen et al., 2013a). Interestingly, the Lebanese N568 

strain (G3P[6]) exhibited a high degree of similarity with two Belgian strains, namely 

F01498 and F01322 in all genes, except the NSP3. Moreover, N568 is closely related to the 

Ethiopian strain MRC-DPRU1844-08 (G3P[6]) in all gene segments except for the VP6 and 

NSP3 genes. Our strain had a T1 NSP3 on a DS-1 backbone. The Ethiopian G3P[6] was 

shown to have a pure DS1-like genogroup-2 constellation same as the Belgian and Ghanaian 

G3P[6] strains. Both N568 and MRC-DPRU1844-08 possessed an I2 VP6, but subclustered 

separately. The Lebanese strains might have emerged from a DS1-like G3P[6] strain of 

Ethiopian origin where Ethiopians represent over 70% of the migrant domestic workers in 

Lebanon, that acquired a Wa-like NSP3 gene.

In contrast to P[6] RVA strains, P[9] strains are not frequently detected and do not show a 

specific pattern of geographical distribution. Human G3P[9] strains frequently show 

common origins with feline RVAs, particularly AU-1-like strain (Jeong et al., 2014b). Other 

strains, including the Lebanese N235 G3P[9] strain, did not display a pure AU-1-like 

genogroup-3. The VP4, VP7, NSP1, and NSP5 genes were AU-1-like genotype, while VP1, 

VP2, VP3, VP6, and NSP4 display a DS-1 like genotype. Intriguingly, N235 had an 

artiodactyl-like T6 NSP3 genotype. Overall, the Lebanese N235 strain shows the highest 

degree of similarity to the Italian feline strain BA222 (G3P[9]). This feline G3P[9] strain 

revealed a constellation of G3-P[9]-I2-R2C2-M2-A3-N1-T3-E2-H3, and share common 

origins with animal and zoonotic human RVAs. Several other G3P[9] RVA strains of feline-

or human-origin with similar mosaic genomic constellations have been reported to have a 

relatively stable assortment of genes, G3-P[9]-I2-R2-C2-M2-A3-(N1/N2)-(T1/T6)-E2-H3, 

differentiating them from G3P[9] strains with a pure genogroup-3 backbone (Mijatovic-

Rustempasic et al., 2014). Two Italian G3P[9] (PAI58/96 and PAH136/96) that clustered 

close to N235 possess high resemblance for G6/G8P[14] human or bovine/other artiodactyl-

like rotaviruses and human/feline AU-1–like RVAs (De Grazia et al., 2010b, 2008). Their 

VP7 and VP4 genes were also highly similar to the Cat2 G3P[9] strain (G3-P[9]-I3-R3-C2-

M3-A3-N1-T6-E3-H3). These findings suggest that such G3P[9] strains might be the result 

of reassortment events among feline/human AU-1–like rotaviruses, feline Cat2-like 

rotaviruses, and G6/G8P[14] human or artiodactyl-like rotaviruses. This hypothesis is 

reinforced in our study as the N235 strain clustered with the bovine strain 1603 (G6P[5]) in 

the VP1–3, VP6, NSP1, andNSP3–5 trees, with the feline strain BA222 (G3P[9]) in all gene 

trees except NSP3, and with the feline strain Cat2 (G3P[9]) in the VP4, VP7, NSP1, NSP2, 

NSP3, and NSP5 trees.
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N566, another G3P[9] strain was more closely related to the G3P[6] N568 than to the 

G3P[9] N235 strain. N566 and N568 has a similar genomic constellation and cluster 

together in all the genes except for VP4 and NSP1. N566 and N568 also share the T1 

genotype, as opposed to the T6 genotype of N235 strain. Thus, N566 might be a result of an 

intergenotypic reassortment event by which an N568-like G3P[6] strain obtained its VP4 

(P[9]) and NSP1 (A3) genes from a G3P[9] strain. Interestingly, all G3P[9] strains of animal 

and human origins consistently possess an A3 genotype. The unique combination of VP4 

and NSP1 genes might provide these viruses with a competitive replicative capacity in 

various hosts (Feng et al., 2011).

Currently, there are two globally approved vaccines for rotavirus: RotaTeq, a pentavalent, 

live bovine-human reassortant vaccine containing the G1, G2, G3, G4, and P[8] genotypes; 

and Rotarix, a single, live attenuated human G1P[8] rotavirus strain (Soares-Weiser et al., 

2012). Analysis of the Lebanese G3P[6] and G3P[9] strains revealed high antigenic 

variability compared to the vaccine strains. The N568, N566, and N235 strains displayed 

65%, 75.6%, and 81%, respectively, divergence in the antigenic epitopes from RotaTeq’s 

P[8] components, and 60%, 67.5%, and 73% divergence from Rotarix P[8] components. 

When compared to RotaTeq, four to five amino acid changes were observed within the 7–1b 

and 7–2 VP7 antigenic epitopes of N568, N566, and N235 strains. These strains showed a 

K238N substitution similarly to all Pakistani G3 strains in contrast to the G3 strain of 

RotaTeq (Umair et al., 2018). This substitution introduces a potential N-linked glycosylation 

site in the vicinity of the 7–1a epitope that has been previously shown to reduce 

neutralization of animal RVA strains by hyperimmune sera and alter serotype reactivity with 

monoclonal antibodies (Ciarlet et al., 1997). Further investigation of the antigenic variability 

and their impact is required to understand the significance of these differences and their 

influence on vaccine efficacy.

In conclusion, the present study provides important insights into the genetic background of 

G3 RVA and their antigenic relatedness to the vaccine strains. Further studies are essential to 

fully understand the evolutionary dynamics of G3P[6]/P[9] strains spreading worldwide and 

its implications on vaccine effectiveness. Finally, the “One Health” approach necessitates 

simultaneous monitoring of RVA strains in humans and animals for a better understanding of 

RVA ecology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

RVA Human group A Rotavirus

VP structural proteins

NSP nonstructural proteins
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Highlights:

• The genetic background of Lebanese G3P[6]/P[9] RVAs was elucidated.

• VirCapSeq-VERT was used to recover full RVA genomes.

• G3P[6]/P[9] RVAs possess a mixed DS-1/Wa-like or DS-1/Wa/AU-1-like 

backgrounds.

• Lebanese G3P[6] and Ethiopian G3P[6] RVAs share common ancestry.
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Figure 1. 
Phylogenetic trees of the 11 gene segments of the Lebanese G3 RVA strains and 

representative RVA strains. The phylogenetic trees were inferred using the maximum-

likelihood analysis based on the best-fit nucleotide substitution model for each individual 

gene. The Lebanese strains are bolded, whereas those of the animal and vaccine strains are 

underlined and italicized, respectively. Brackets and colored tones are used to show the 

clustering patterns in the phylogenetic trees. Bootstrap values equal or greater than 70% are 

shown. Scale bars indicate the substitutions per nucleotide.
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Figure 2. Alignment of the amino acid residues in VP4 and VP7 antigenic epitopes of the 
Lebanese G3 RVA strains and those of vaccine strains.
Amino acids that differ between Rotarix and RotaTeq are indicated in yellow. Blue colored 

residues are residues that are different from Rotarix, and green colored residues are different 

from RotaTeq. Residues colored in orange are different from both Rotarix and RotaTeq.
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Table 1.

Clinical features of Lebanese children infected with G3 RVA.

Sample 
name

Collection 
year Origin Age of Patient Gender Vesikari 

score
Duration of 

hospitalization Vaccination status

N235 2011 North 
Lebanon 6 months Male 18 4 days N/A

N566 2013 North 
Lebanon 23 months Male 13 3 days N/A

N568 2013 North 
Lebanon 37 months Male 12 6 days N/A

N/A: not available
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Table 2.

Genotype constellations of the eleven gene segments of the G3 RVA strains.

The colors on the cells correspond to those used in figure 1 designating the various subclusters in the phylogenetic trees.

‘^’
Lebanese strains (LBN) detected in this study are in bold.

‘X’
indicates that no sequence data were available in the GeneBank database.

‘*’
indicates that the corresponding segment is missing in the trees.
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